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Abstract: & .

The changes in the physiological properties of the sinoatrial
node which follow a programme of exercise trainjng have been examined in
the rat. The influence on the intrinsic sinoatrial frequency (ISF) of
altered levels of autonomic nervous activity accompan;ing the physica]i
training has been studied in two series of experiments combining daily
pharmacological agents with ten weeks of treadmill exercise. The first
series (Study 1) examined the influence on the ISF of the increased
parasympathetic activity reported in the Erained state by blocking with
atropine or stimulating with carbachol the receptors of the parasympa-
thetic system in the heart. The second series (Study 2) examjnedfthe
influence on the ISF of the ingreased sympathetié activity which occur§
during exereise by stimulating with noradrenaline or isoprenaline, or
blocking with propranolol the receptors of the sympathetic systeﬁ in the

heart. The content of potassium (K) and sodium.(Ni) in the plasma and

myocardium were measured in all animals at the completion of the ten week

period, and an estimate of electrophysiological changes was derived from

the plasma to myocardial K+ ratio (K:/K:). In addition, the chronotropic

response of the sinaatrial node to acetylcholine and noradrenaline was
- examined in vitro for all animals in Studies 1 and 2. The chronotropic
responses of the sinpatrial node to exercise and noradrenaline were

further explored in the in vivo experiments of Study 3.

In Study 1, ISF was reduced with training. Blockade of the

parasympathetic receptors with atropine also reduced ISF, and the effects
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of exercise and atropine appeared to be additive. Stimulation of the
parasympathetic receptors with carbachol had little effect on ISF. In
Study 2, stimulation of the sympathetic receptors with either noradrenaikne
or isoprenaline caused a reduction in ISF, but when combined with exercise,
no reduction occurred. Sympathetic receptor blockade with propranolol '
reduced ISF, and propranolol plus e;ercise also reduced ISF. It appears
that the exercise-induced reduction of ISF was not a consequence of
increased parasympathetic activity in the trained state, or of increased
sympathetic activity during exercise. The K;/K: was reduced with training.
This was consistent with a more negative maximum diastolic repolarization,
and a reduced ISF. The K;/K: of the drug treated groups indicated that

ISF was probably reduéed through factors ofher than a more negative maximum

diastolic repolarization. No difference was found in the sensitivity of

the atria of any group to acetylcholine in vitro. Increased chronotropic
sensitivity to noradrenaline was found in vitro in the two chronicé11y

noradrenaline treated groups. @The maximum response to noradrenaline was

‘Feduced in vitro. The maximum cardiac frequency in response to either

eiercise or noradrenaline infusion in vivo was also reduced. This
reduction of maximum frequency in both the atria and the intact heart
was observed to be positively correlated with the ISF, tﬁus those hearts
with a low ISF obtained a low maximum frequency. This observation led

to the proposAI that electrophysiological properties of.the sinoatrial
node which establish the ISF af§1a1so involved in imposing a 1imit on the

maximum sinoatrial frequency.
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I: INTRODUCTION

The sinoatrial node is the pacemaker of the heart. In the absence
of nsyra] influences on the sinoatrial node,‘the property of autorhythmicity
of {he sinoatrial cells maintains cardiac contraction at a frequency deter-
mined solely by the intrinsic properties of the sinoatrial cells. This
discharge frequency of the denervated sinoatrial node is defined as the
intrinsic sinoatrial frequency (ISF).

The ISF can be determined in man by the pharmacological blockade of
tHe receptors fgr the sympathetic and parasympathetic nervous activity to
the sinoatrial node.’ This was first accomplished by Jose (1966) employing
atropine, a muscarinic (parasympathetic receptor blocker) in combination
with propranolol, a beta-adrenergic (sym;;thetic) receptor blocker. 1In
animals, sympathetic and parasympathetic nervous activity to the heart may
be interrupted by pharmacological receptor blockade (Jose and Stitt, 1969;
Donald and Samueloff, 1966) or by surgical denervation (Cannon, Lewis and
Britton, 1926; Cooper et al, 1961). The heart has also been investigated
in the iso]ated'organ bath to study intrinsic properties of the sinoatrial
node (Bolter, Hughson and Critz, 1973). ’

In 1967, Sutton et -al (1967) studied the ISF in a group of young
men by the method of Jose (1966). These investigators observed a wide
range of values of ISF and noted the lowest values to be in a group of
highly trained endurance athletes. Sutton furgher observed a significant
correlation between the ISF and the maximum aerobic capacity throughout

the entire group. To show that ISF was related to the fitness Tevel of an

individual, Sutton et al (1967) trained a group of young men and observed
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that a reduction in ISF accompanied the anticipated increase in aerobic
capacity. .

More recent animal experimentation has confirmed the findings of
Sutton et al (1967). Lin and Horvath (1972) found a lower ISF in a group
of swim trained rats than in inactive controls. Bolter, Hughson and Critz
(1973) observed the ISF 1n the 1s50lated right atrium of swim trained rats
to be lower than inactive controls. These findings suggest that some
aspect of physical training is responsible for the observed reductiop in
ISF, but no studies have examined this problem. _

In this thesis the question of the reduction of ISF with physical
training nas been investicated. Raab (1969) postulated that changes 1n
the autorhythmicity (ISF) of the sinoatrial node may result from altera-
tions in the balance of autonomic nervous activity. The relative impor-
tance of the parasympathetic or sympathetic nervous activity was not
apparent to Raab (1969) from his review of the literature. It was sugges-/

\

ted, therefore, that "the autonomic nervous effects of the acts of exer- \

1 \

cising and the resulting®state of being trained"”” should be studied

independently to assess the re]ative\fnf1uence of each on the [SF. An
increase 1n resting parasympathg}isrnérvous activity is the major change
in autonomic nervous control of the heart associated with the state of
being trained (Hall, 1964; Tipton and Taylor, 1965; Bolter, Hughson and
Critz, 1973; Ekbl%n, Kilbom anﬁ Soltysiak, i973). and in increase in

sympathetic activity 1s'the major change jin autonomic nervous control of

the heart associated with exercise (Vendsalu, 1969; Ekblom, Kilbom and

1. Raab, W. {1969) Myocardial electrolyte derangement: crucial
feature of pluricausal, so-called coronary, heart disease. Ann. N.Y. Acad.
Sci. 147: 629-686 p. 658.



Soltysiak, 1973). Based on these changes in au&onomi; activity associated
with the two components of physical training (the state of being trained
and the act of exercise), this thesis first examined the reduction of ISF
in terms of altered autonomic nervous balance. Study 1 and Study 2 were
designed to investigate the following questions:

(1) Study 1: Does an increase in resting parasympathetic nervous
activity in the trained state act on the sinoatrial
node to produce the exercise-induced reduction of
ISF?

(2) Study 2: Does the increase in sympathetic nervous activity
during physical exercise act on the sinoatrial node
to pfoduce the exercise-induced reduction of ISF?

These were the first questions asked in this/ thesis, and will be

examined 1n\deta11 in the Discussion under the headings: "Study 1: Para-
\ sympathetic fnf1uencés on ISF", and "Study 2: Sympathetic Influences on
ISF". The questions were investigated by the combination of treadmill
exercise iraining in the rat, with stimulation or blockade of the parasym-
pathetic receptors of the sinoatrial node in Study 1, and by'the combina-
tion of exercise training with stimulation or blockade of the sympathetic
receptors of the sinoatrial node in Study 2. This thesis has employed
treadmill exercise in contrast with the previous’investigations employing
swimming training of Lin and Horvath (1972) and Bolter, Hughson and Critz
(1973) since swimming is associated with possible alterations in autonoﬁ1c
activity and changes in body temperature independent of the exercise,‘&s
will be described in the Discussion,

The electrophysiological properties qf the sthoatrial nodal cells

must change with the exercise-induced reduction of ISF. Raab (1969) had
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proposed that‘a]terations in autonomic nervous balance would change the
myocardial electrolyte distribution resulting in the reduction of\L§i.
Although it is clear that electrolyte distribution‘is a major contributor
to the electrophysiology of the sinoatrial node, other properties such as
membrane permeability also influence the ISF (Hodgkin and Katz, 1949;
Brady, 1974; Noble, 1975). This thesis has employed electrolyte content
in the plasma and the myocardium to give an indication of e]ectro]yte
distribution and membrane potential. Using this method, the questions can
be asked:

(3) Is the exercise-induced reduction of ISF associated with
changes in electrolyte Histribution between the myocardium
and plasma?

(4) Are any changes in ISF produced by pharmaqubgical inter-
vention associated with similar shifts in electroliyte
distribution as found with exercise?

These questions will be examined in detail in the Discussion under

the heading "Electrophysiology of ISF".

Cardiac frequency in the intact animal is dependent not on1y§upon
the ISF, but also upon the influence of the autonomic nervous system. The
neurotransmitter of the parasympathetic nervous system, acetylcholine, acts
on the sinoatrial node to decrease cardiac frequency. The néurotransmitter
of the sympathetic system, noradrenaline, acts on the sinoatrial node to
itncrease cardiac frequency. The balance of parasympathetié‘and sympathetic
activities to the sinoatrial node determines the cardiac fréuqency (Grodner
et al, 1970). Sensitivity of the sinoatrial node to the neurotransmitters

has been reported to change following training. Bolter, Hughson and Critz,



(1973) observed a reduced sensitivity to acetylcholine in swim trained rafs.
This finding was interpreted as an indication of increased resting vagal
activity, based on the inverse relationship between vagal activity and
acetylcholine responsiveness established by Bito, Dawson and Petrinova~
(1970). Sensitivity of the sinoatrial node to noradrenaline has been
proposed to decrease following training. In humans, Brundin and Cernigliaro

(1976) interpreted a lower cardiac frequency with similar urinary catechol-

amines post-training to suggest decreased sensitivity to noradrenaline.

o

Ekblom et al (1973) observed a smaller cardiqg frequency rgsponée in
treadmill trained rats to 6—hydrox§dopamine, a drug which causes acute
release of norédrena]ine during terminal axon destruction (Haeusler, 1971;
Thoeman and Tranzer, 1968). Ekblom et al suggested a decreased sensitivity
ﬁo catecholamines could be a part of thg adaptation mechanism. Both the
study qf Brundin and 6ernig1iaro (1975) and éf ékb]om et al (1973) represent
ipdirect assessments of sinoatrial sensitivity to catecholamine. There are
no reports of directly measured sensitivity of the sinoatrial node to
noradrenaline. Two further questions arise in the study of sinoatrial
sensitivity to the natural autonomic transmitters:
(5) Is there a decreased sensitivity to acetylcholine with physical
training in the présent Studies ag in the work of Bolter,
Hughson and Critz (1973), and what are the effects of the
drugs of Study 1 and Study 2 on acetylcholine sensitivity?
(6) Is there a decreased sensitivity to noradrenaline with
physica1 training as suggested in the literature, and what

are the effects of the drugs employed in Study 1 and Study 2

on noradrenaline sensitivity?
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,The answers to these questions were sought emq]oying a modification
of phe method of Bolter, Hugh;on and Critz (1973) for studying the isolated
r{;ht atrial preparation: The results will be discussed under the headings: &
"Chronotropic Responses to Acetylcholine in vitro", and "Chronotropic N
Responses to Noradrenaline in vitro".

In the course of Study 1 and Study 2, it became apparent that the
réiponsiveness of the sinoatrial node of trained rats to noradrenaiine was
different From the control response. Atria with low values of ISF obtained
low maximal frequencies in response to noradrenaline. This observation was
felt to be similar to the findings in humans of a decrease in maximum
cardiac frequency following a training programk(Brorson et al., 1976), and
may also be importaht in view of the findjngs of Sutton et al (1967) that
ISF is reduced by physical training. The ig_gi%ﬁg findings of Study 1 and
Study 2 led to the formation of the question in Study 3:

(7) Study 3: Does a decrease in ISF result in a reduction of

maximum cardiac frequency ig_!ing

To answer this questgon, a‘group of rats with a wide range of
values of iSF were studied fér the maximum cardiac frequency responsés to "

exercise and to noradrenaline iq{usion. The results of Study 3 will be

discussed.under the heading: "In-Vivo Chronotropic Responses"”.

e

I-1: Sdmmacy

This thesis will examine the reduction of the intrinsic sinoatrial

T

frequency, (ISF) with physical training, and also the role of the ISF in

gstabgishing cardiac frequency at rest and with-mgximal'sympathetic

st L Nedg

stimulation. A series of seven major questions were asked and the answers




will be sought in the following studies.

Study 1 will examine question nuﬁber (1) concerning the role of
increased resting parasymﬁkthetic activity in the reduction of ISF. In
addition the changes in electrolytes described in questions (3) and (4)
will be investigated in Study 1, as well as the possible changes in
sensitivity to acetylcholine (quéstion (5)) and noradrenaline (question

(6)).

P N e s s L

v ’ .
Study 2 will examine question number (2) concerning the role of

increased sympathetic activity during exercise in the reduction of ISF.

gl R

The same questions described above concerning changes in electrolytes
' “

(questions (3) and (4)) &nd the sensitivity to acetylcholine (question

(5)) and to noradrenaline (question (6)) will also be investigated in

_ Study 2. o ‘ &

s e

Study 3 will investigate the relationship proposed in question (7)

ot e
~

between ISF and maximum cardiac frequency in vivo.
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II: HISTORICAL OVERVIEW .

[T-1: Intrinsic Sinoatrial Frequency

"Indeed, one may wonder if the blood or spirit earlier has that

throbbing within it . .."1

This vitalistic assessment of the contraction

of the heart was made by William Harvey (1578-1657) while describing the
p—— Y - -

circulation. We now understand that rather than a "spirit" initiating

the contraction of the heart, "the heart beat arises in a relatively small

A
area which, because it possesses the property of automaticity to the
highest degree, initiates impulses for the rest of the heart.”2 The area

initiating the cbntraction of the heart hgs been identifﬁed as the
sinoatrial node (Keith and Flack, 1907).

The property of autorhythmicity in the he;rt was recognized by the
" Aztecs. The continued beatina bf the heart torn from the bod; of a
sacrifice by the Aztec high pgiest (Figure 1) was aisymbo1 of good fortune
(Leake, 1960). William Harvey had noied the continued beating of the
heart 6f an eel placed upon a board (Whitteridge, 1971). In the late
1800's, the study of the -intrinsic rhythmicity 9f~the heart was advanced
By the deve]opéent of a physiological sa]t’so]ut?sh rgported by Ringer

i -
(1882) in a series of fascinating articles which demonstrated that an

isolated heart could be maintained for prolonged periods given the correct

1. Harvey, W. (1963) The €irculation of the Blood, Translated by
K. J. Franklin, Dent, London, p. 36

2. Eyster, J.AE. and W.J. Meek (1921) The origin and conduction
of the heart beat. Physiol. Rev. 1:1-43 p. 1. : /
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Canﬁon, Lewis and Britton (1926) attempted to destroy all neural connections
to the heart, but concluded that this was virtually impossible. Cooper et
al (1961) succeeded in obtaining total surgical denervation. Donald and
Samueloff (1966) employed the method of Cooper et al (1961) to denervate
the heart of racing dogs. During exercise, a tachycardia was observed in
these animals, however, blockade of the ;ympathetic receptors of the heart
with propranolol eliminated the tachycardia which had resy ted from circu-
1$ting catécho]amines. Surgical denervation is a relatively permanenf
procedure and is not useful for long term studies, or for experimentation
in humans. Tné development of pharmacological receptor blocking<agents
has advanced‘the study of‘ISF making repeated determinations in animals or
humans safe and feasible.

The first reports of combined sympathetic and parasympathetic
receptor blockade were made in 1996 by Jose (1966) and Robinson et al (1966)
in human experimentation and by Donald and Samueloff (1966) in animal
studies. dJose (1966) employed combined doses of 0.2 mg/kg propranolol
(sympathetic, beta-adrenergic receptor blocker) and 0.04 mg/kg atropine
(parasympathetic receptor blocker). This method was employed by Jose and
co-workers (Jose, 1966; Jose and Taylor, 1969; Jose<and Collison, 19?0;
Jose, Stitt and Collison, 1970) in studying a wide range of human subjects.
These investigators observed reductions in ISF with age and with heart
disease. In contrast, Sutton et al (1967) using the same experimental
methods” in a groﬁp of young male subjects, observed a reduction of ISF
with increased aerobic fitness. Further support for the finding of a low

ISF with high aerobic fitness could be found in the physical training
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studies of Sutton et al (1967)and Frick, Elovaino and Somer (1967) in
which an increased fitness level was associated with a reduction in ISF.
More recent animal training studies have confirmed the exercise-induced
reduction of ISF. Lin and Horvath (1972) reported a lower ISF measured

by pharmacological receptor blockade "in swim trained rats compared with
inactive controls. A lower ISF measured in the isolated right atrial
preparation was also reported in swim trained rats by Bolter, Hughson

and Critz (1973). Reductions in ISF must be associated with changes in
the electrophysiological properties of the sinoatrial node. The following
section will review the progress in the understanding of the autorhyth-

Q
micity of the sinoatrial node.

I1I-2: Electrophysiology of the Sinocatrial Node:

The electrical activity associated with the contraction of the

heart has been recognized since the late 1800's when Waller (1887) '

‘\w"’

detected electrical currents on the body surface. Refinements of this
observation have led to the development of the electrocardiographic
recorder, a very useful tool in modern day medicine. Sir Thomas Lewis
had recordéd electrical activity from the surface of the heart (Lewis,
1910), but Bozler (1942-43) was the first to detect the slow depolari-
zation typical of cardiac pacemaker cells. Bozler (1942-43) employed a
surface electrode and obtained only a crude piéture of the membrane
properties of pacemaker cells qnd the slow depolarization which he called
the prepotential. With the development of the microelectrode by Ling and
Gerard (1949), the study of the membrane -potential across a single cell

became possible. The first recording of a sinoatrial nodal action
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potential was obtained by West (1955) employing the F]oa¢jng microelectrode
of Woodbury and Brady (1956). The sinoatrial node exhibits spontaneobs
rhythmical discharge with a frequency dependent on three primary factors:

the maximum diastolic repolarization ("resting membrane potent%a]"); the

_slope of the prepotential; and the threshold firing level (West, 1972).

In non-pacemaker tissues, the resting membrane potential is deben-
dent on the ionic distribution across the membrane and on the permeability
of the membrare to each ion species (Eodgkin and Katz, 1949). In pacemaker
cells, the maximum diastolic repolarization level is dependent not only on
the same factors as the resting membrane potential, but also on the
voltage ﬁnd timé'dependent changes in ion permeability (Hall, Hutter and
Noble, 1963). Changes in the three major detérminants of sinoatrial

frequency have been observed. The maximum diastolic repolarization changes

et

with varying concentrations of extracellular ions in the bathing solution \
of isolated tissues (Vick et al, 1973), or with stimulation of the para-
sympathetic nervous system and the release of acetylcholine (Hutter and
Trautwein, 1956). The sler of the prepotential and the threshoid

potential have not been observed @9 chahge chronically, éut do change

acutely in response to' the autonomic transmitters acetylcholine and
noradrenaline (Hutter and Trautwein, 1956).

It was postulated by Bolter, Hughson and Critz (1973), that the
jonic balance across the sinoatrial nodal cells may be a]tered’with
physical training as suggested\by Raab (1969), but concluded that no data
on the myocardial electrolyte distribution in the trained mammal was
available to support this concept. Since the jonic distribution acros;

the myocardial cell membrane will giQe an indication of the maximum

-
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diastolic repolarization (resting potential), the electrolyte content of
the myocardium and p1a§ma will be examined to yield a clue as to the
myocardial e1ectroph§;§ology. N
- §

11-3: Responsiveness of the Sinoatrial Node to Neurotransmitters:

RV RN

The response of the sinoatrial node to the autonomic neurotrans-

mitters has 1uong been recognized. The slowing of a frog heart perfused

.

with a solution which had passed through another heart during the stimu—;

lation of the second heart's vagus nerve provided the initial evidence
for a chemical trarsmitter of the autonomic nervous system (Loewi, 1921,
see Burton, 1965). The chemical transmitter released in response to

vagal stimulation was acetylcholine. The sympathetic neurotransmitter

I s b e s 7 e it i

was identified as noradrenaline by Euler (1946). /Noradrena]ine increases
the frequency of discharge of the sinoatrial nod{i It has only recently
been recognized that changes in the sensitivity ﬁ? the autonomic trans-

. . Y ¢ 3
mitters may occur. " i

Following the report of Bito, Dawson and Petrinovia (1971), of an ‘
inverse relationship between .the tanic parasympath%yét activity to the
iris and its responsiveness to'acety]cho]iqe, Bolﬁér, Hughson and Critz
(1973) examined the effgcés of swim training on.the sinoatrial sensitivity
to acetylcholine in the rat. These investigators found a reduced
sensitivity in trained animals égmpared with inactive controls. This
finding suggésted that fonic vagal activity to the héart had been

increased in the trained animals.

.1 The question of altered sensitivity to catecholamines in the

hyperthyroid state has been pursued for many years. A review of earlier

L T .
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experimentation in this area can be found in the study of Cairolli and
Crout (1967). These investigators demonstrated that there was no change
in sensitivity, but rather an increase in the maximum responsiveness of
hyperthyroid animals. Recent investigations have asked the question about
tHe responsiveness of the heart of trained humans or animals to noradrena-
1ine. Brundin and Cernigliaro (1975) obs%rved lower cardiac frequencies
in eJ;rcising humans following training in spite of similar urinary
catecholamine outputs at a fixed work load pre- andpost-training. From
these findings, Brundin and Cernigliaro (1975) concluded that the sensiti-
vity to catécholamines decreased with physical training. These investiga-
fors did not, however, measure parasympathetic activity and the balance
between sympathetic and paéasympathetic nervous activity has been shown to
be important in establishing cardiac frequency (Grodner et al, 1970). In
treadmill-trained rats, Ekblom et al (1973) observed a smaller cardiac
frequency response to 6-hydroxydopamine, a drug which acutely stimulates
the release of n;radrenaling from the terminal axon (Thoenen and Tranzer,
1968). ‘This response wai interpreted as an indicatidn 6f reduced sensiti-
vity to catecholamines. Both of these studies represent indirect assess-
ments of the sensitivity of the sinocatrial node to noradrenaline. A more
direct measurement of the sympathetic influence on cardiac frequency
during exercise was obtained in trained humans by Ekblom, Kilbom and
Soltysiak (1973). The sympathetic response to exercise was determined
during parasympathetic receptor blockade with atropine. This study
indicated a lower cardiac fréquency at all levels of power output following

training. These investigators concluded that the activity of the

sympathetic nervous system was reduced following training, but made no

-
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conclusions about the sensitivity of the sinoatrial node to sympathetic

stimulation.

I1-4: Summary

In the "Historical Overview", the development of understanding of
the physiology of the sincatrial node has been briefly reviewed. The
experimental methods employed in the present thesis to answer the questions
posed in the "Introduction" have been based upon many of these original

studies.
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IIT: METHODS:

In the Introduction, seven questions were asked and formulated
into three major studies. To answer these questions, it was necessary to
employ an animal experimental model. This model allowed for the comparison
of control and drug treated animals in exercised and non-exercised groups
to study cardiac frequency responses in the intact animal (in vivo) and in
the isolated atrial preparation (in vitro). as well as the measurement of

myocardial electrolytes.

III-1: Animals:

The animals used in all gxperiments were rats of the Sprague-
Dawley strain. Male rats were used in Study 1 and Study 2 and female rats
in Study 3. The animals were housed in pairs within their own groups, and
maintained on a diet of standard rat chow and water ad libitum. The
environmental conditions- were controlled as to light:dark (12:12) and

temperature (22°C).

I111-2: Experimental Design:

The work reported in this thesis consisted of three separate
investigations. Study {: The role of the.parasympgthetic nervous
influences on the intrinsic sinoatrial frequency. Study 2: The role of
sympathetic influences on the intrinsic sinoatrial frequency. Study 3:

The in vivo role of the intrinsic sinoatrjal frequency in limiting

————

maximal cardiac frequency.

17
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Study 1 and Study 2 included daily physical exercise and/or drug‘
administration for 10 weeks as set out below. In Studies 1 and 2, in vivo
measurements were made of resting cardiac frequency and intrinsic sinoatrial
frequency. At the completion of 10 weeks, the animals were anaesthetized
and the right atrium was removed for studies of the chronotropic responses
to acetylcholine and noradrenaline. The- ventricles and a plasma sample

were prepared for analysis of electrolyte content.

III-3: Experimental Groups:

I11-3-1: Study 1. Role of Parasxmpathetic‘Inf1uences

The rats were randomly assigned to six groups each containing 10
animals. Half of the experimental groups were inactive, the other half
exercised on a treadmill five days/week. Each pair of inactive and
exercised groups received injections five days/week. The first pair
acted as a control, receiving injections of 0.2 ml saline (0.9% w/v).
The second pair were injected with 5 mg/kg atropine to produce parasym-
pathetic blockade. The third pair received injections of 0.15 mg/kg
carbachol ‘to produce parasympathetic stimulation.

II1-3-2: Study 2. Role of Sympathetic Influences

The rats were randomly assigned to eight groups of 10 animals. As

in Study 1, half of the groups were inactive, the other half exercised on

a treadmill five days/week. Each pair of inactive and active groups
received injections five days/week. The first ﬁair acted as a control,
receiving injections of 0.1 ml carrier medium (lanolin in peanut 0il).
The second pair-was injected with naradrenaline in o0il suspension to

produce sympathetic stimulation. “Pure beta-adrenergic receptor stimulation
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was achieved in the third paigéby injection of isoprenaline in oil
suspension. The fourth pair of animals received sympathetic blockade by
Administration of propranolol in the drinking water. These latter groups

also received sham injections of the carrier medium.
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Experimental Groups

TABLE 1

Study 1. Role of Parasympathetic Influences ‘\\\“_u_///

20

Drug

Inactive

Exercise

Saline Contrq]
(0.2 ml/day)

Inactive Control

Exercise Control

Atropine
(5 mg/kg.day)

Atropine Inactive

-Atropine plus Exercise

{ Carbacho]_
(0.15 mg/kg.day)

Carbachol Iqactive

Carbachol plus Exercise

¢

s~

Study 2. Role of éympathetﬁc Influences

Drug’

Inactive

Exercise

Control
(0.1 ml/day of o0il)

' Inactive Control

Exergcise Contfo]

NoradrenafThe
(1.0 mg/kg.day in 0il)

A

Noradrenaline Inactive

Noradrenaline plus Exercise

L4

Isoprénaline
(0.1 mg/kg.day in o0il)

-

Isoprenaline Inactive

Isoprenaline plus Exergise

Propranolol

1(5 mg/kg.day orally
plus 0.1 ml/day of o0il)

Propranolol Inactive

Propranolol plus Exercise
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II1I-4: Physical Training:

The exercised animals followed a ten week physical training

programme on the treadmill, A Quinton treadmill was modified to accomodate

up to 12 rats at a time by the addition of indiyidual boxes supported by a

wooden frame (Figure 2). The animals were observed throuéhout the training

session and.were kept running by light prodding when neceséary.

Initially the rats exercised at a treadmill speed of 19 m/min. a%
0% grade %or 15 min. This workload was gradually increased to a final
workload of 19 m/min, 5% grade for 45 m%nutgs over the last two wegks of
the training programme. Since the animals were randomly assignéd to
exercised gfoups, the rate of increase in workload was established by the
weakest animals.

Na

I1I-5: Chronic Drug Administration: 3

The éonéentrations of each drug employed for chronic drug adminis-

t*/

tration in Study I‘and Study 2 were determined by pre11m1nary studies as

reported in the Appendlx

II1I-5-1: Parasympathetic Receptor ‘Acdonists and Antagonists:

Blockade of the parasympathetic receptors of the heart was
obtained with the antagonist ﬁtropine (atropine su]phéte, B.D.H:‘Ltd.).
Administration of 5 @g/kg atropine dissolved in saline (0.9% w/v) elicited
a tachycardia of sii hour duration.(Appendix 3b5.’ No adverse effects were

observed with this concentration._

“

Stimulation of the parasympathetic'receptors of gyé heart was
achieved w1th the’ agon1st carbachol (carbachol B.D.H. Ltd.). Admin%stra-

tion of 0. 25-mg/kg carbachol dissolved in satine (0.9% w/v) caused a :A'
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?igure 2.
rats. Four-rats ar
wOof twelve animals ¢

The modified Quinton ‘treadmill used to exercise the
e shown in the centre row of the treadmill. A total]
ould be exercised at one time.
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bradycardia of approximately four ‘hours duration (Appendix 3c). This

o

concentration of carbachol also was. observed to cause heavy lacrimation
and salivation.

The control inactive and exercise groups of Stﬁgy 1 also received
daily injections of 0.2 ml ndrma]igafinéias a sham control procedure
(Appendix 3a). .

I11-5-2: Sympathetic Receptor Agonists and Antagonists:

Stimuiation of the sympathetic receptors of the heart was achieved
with the adrenergig.agonﬁsts noradrenaline (1-levophed bitértrate,
winthrop) and isoprenaline (isuprel, Winthrop). Both drugs were suspended
ih'a lanolin-peanut 0i1 mixture to prolong the duration of activity. A )
concentration of 1.0 mg/kg nofadrenaline suspeﬁded in oil has been previously
shown to produce a hypertensive respbnse for four hoursa(Linna et al, 1965),
however, the cardiac frequency response observed (Appendix 4a5 showed a
bradycardia resulting from the baroreceptor reflex. Isoprenaline injected '
in a concentration of 0.1 mg/kg evoked a marked tachycardia of foﬁr hours
duration (Appendix 4b).

Blockade of the sympathetic receptors of the heart was achieyed
with the antagonist propranolol (propranolol hydrochloride, Ayerst). The
propranolol was administered in the .drinking water in a concentration of
~ 1.0 mg/ml and this water was available for 12 hours per day, with normal
~drinking water available at other times. The animals réceived 5pproximate1y
5 mg/kg per day. Measurement of cardiac frequency showed that a significant
bradycardia was.achieved by this concentration of propraﬁb]o] (Appen&ix 4c).

These animals received sham injections as described below.
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The inactive and exercise control animals received sham injectioﬁs
with the carrier medium employed in the noradrena]ine and isoprenaline
administrations. A volume of 0.1 ml of lanolin and peanut 0il was injected.
In all groups, the injections were subcutaneous, and administered: under the

skin of the back.

II11-6: lﬂ,vivo measurements:

In all animals in Study 1 and Study 2 resting cardiac frequency and
intrinsic sinocatrial frequency were measured before the commencement of the
studies and at three week intervals during the studies. Cardiac frequency
measurements during the studies were made 48 hours following the last
exercise period or drug administration.

II1I-6-1: Resting Cardiac Frequency

Resting cardiac frequency was obtained from subcutaneously atyached

small safety pin electrodes. Records were made on a standard electrocar-

diograph (Cambridge\VS5) (Appendix 1).‘ The animals displayed no signs of
discomfort from the electrodes. The ;ats were placed 1ndividua]1y'into
small plastic buckets and followin§ 20 minutes of quiet rest, a cardiéc
frequency measurement was obtained. Cardiac frequency was obtained from a
count of QRS complexes in a 15 second period. Another measurement wa§
obtained at 30 minutes, and the lTower of the two @easurements at 20 and 30
minutes was taken as the resting cardiac frequency.

}11-6-2: -Intrinsic Sinoatrial Frequency:

The in vivo ISf was the cardiac frequency measurement obtain

minutes after the intraperitoneal injection of 3 mg/kg atropine sulpha

(B.D.H. Ltd.) énd 8 mg/kg propranolol hydrochloride (Ayerst Laboratorie
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These concentrations of atropine and propranolol resulted in a plateau of
cardiac frequency between 15 and 30 minutes (Appendix 2a). No further
change in cardiac frequency was observed with the administration of
additional atropine or propranolol, indicating total autonomic blockade

(Appendix_2b).

[Ii-7: In Vitro Studies:

At the completion of the ten week exercise or drug administration

programmes, the aniqa]s weré prepared for in vitro studies. The rats were
anesthetized with ether, the chest was opened, and blood was taken from
the left ventricle for plasma electrolyte determination. The heart was
removed and placed in cooled (2—4°C) physiological saline. The right
atrium was dissected free, ensuring an intact sinoatrial node, then
attached to bipolar recording electrodes and placed in an organ ba£h.
The ventriéles were stored in Tiquid nitrogen for later analysis of
myocardial'electrolytes.

Physiological saline of the following composition in g/1 was

employed: NaCl 6.92, KC1 0.35, CaCl, 0.28, KH,PO, 0.16, MgSO4 0.15,

4
NaHCO3 2.1, and glucose 2.0. The organ baths were non-circulating 50 ml ~

&~

vessels immersed in a constant temperature water bath at 30°C. The

- physiological saline was aerated with a mixture of 95% 02, 5% Cozu Similar

composition solution aerated with a similar gas mixture was shown previously

to have a P02 of 211 mmHg, PCO2 of 36.4 mmHg and a pH of 7.32 when measured
at 379 (Hdghson and Ledsome, 1975).
The preparations were allowed to sfabi]ize for 60 minutes prﬁor to

studying the chronotropic responses to acetylcholine or noradrenaline. Any

preparation which'showed an arrhythmia was discarded. Half of the preparations
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from each group were'studied with acetylcholine first, the other half
with noradrenaline first,

The drugs used, acetylcholine chloride (Sigma Chemical) and
noradrenaline (1-1levophed bjtartrate, Winthrop), were dissolved in
physiological saline. Drugs were added to the organ bath in 0.1 ml
volumes to yield bath concentrations for acetylcholine of 1077, 1078

10°°, 1074, 1073

, anc 1072 M, and for noradrenaline of 10-9, 10"8, 10'7,

10°%, 1075, and 107% .

Chronotropic dose-response curves were constructed for each drug
by the addition of increasing concentrations of drug in a cumdiative
-fashion. Preliminary trials with each drug indicated a stable maximum

respogse by three minutes ‘Appendix 5a, 5b), therefore, the frequency of

contraction of the preparation at three minutes was taken as the chrono-

tropic response at that drug concentration. Following the attainment of -

a maximum response, the preparations were double washed and allowed to

stabilize for 30 minutes before the addition of the other drug.

I111-8: Electrolyte Determination:

The ventricles were removed from the 1iquid nitrogen and weighed.

«

The tissue was placed in 4 ml of 0.5 N nitric acid and homdgenized using

26
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a Polytron. The homogenate was centrifuged for 10 minutes at 10,000 r.p.m.

and the supernatant removed for analysis.

The blood téken from each animal was centrifuged immgdiately and
the plasma stored at -20°C until analyzed.

Sodium and potassium contents were determined for both the plasma
and myécardium using flame photomei;;>(Technicon Auto Analyzer).
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[11-9: Maximum Cardiac Frequency Response (Study 3):

To examine the in vivo role of the intrinsic sinoatrial frequency
in limiting the maximum cardiac frequency, female Sprague-Dawley rats were
studied under exercise and noradrenaline stimulation, The investigation

of the reduction of maximum cardiac frequency in relation to the decrease

in ISF required a wide range of values of ISF. To achieve this wide range

in -ISF, the observation from Study 1 that atropine reduces ISF was employed.

The animals in the present Study 3 were divided into two groups. One half

were injected with 5 mg/kg atropine five days per week for 10 weeks as in

Study 1, the other half were untreated. This pretreatment successfully
established a range in ISF values with over 100 beats/minute difference.

At the completion of 10 weeks, the drug administration was stopped for 72
hours, then tne intrinsic sinoatrial frequency was determined as previously

described.

[1I-9-1: Maximum Exercise Cardiac Frequency:

The maximum cardiac frequency response to exercise was determined
48 hours following the measurement of intrinsic sinoatrial frequency. The
animals had not previously exercised on a treadmill. Electrodes were

attached subcutaneously to the limbs to provide a standard lead II config-

uration. Cardiac frequency was monitored on a Cambridge electrocardiograph.

Following a short period of familiarization with treadmill walking at

19 m/min., the speed of the treadmill was increased to 30 m/min. Maximum
exercise was achieved by progressively increasing the grade of the treadmill
by 3% every two minutes. The animals were encouraged to continue by gentle

prodding until they were unable to match the treadmill speed. Cardiac

P L T -



28

H

frequency was measured during each work load, and the maximum response

was taken as the maximum exercise cardiac frequency.

I11-9-2: In Vivo Noradrenaline Response:

The maximum chronotropic response to noradrenaline was determined

in the same animals used in the study of maximum exercise cardiac frequency.

The animals were anesthetized with nembutal, 0.5 ml. Rectal temperature
was measured and kept constant at 38°¢C by a heating pad. Electrodes were
attached for monitoring cardiac frequency, gnd a catheter was p1a;ed in the
jugular vein for the injection of noradrenaline. Preliminary experiments
monitoring blood pressure showed 6 mg/kg hexamethonium to be effective in
producing ganglionic blockade (Appendix 6). Noradrenaline was dissolved

in 0.9% (w/v) sa]ing»and injected via the jugular catheter in total doses
of 0.01 ug, 0.1 ug, 1.0 pg, 10 ug and 100 pg. Cardiac frequency was
measured continuously and the maximum respons; was taken as the maximum

n vivo cardiac frequency response to noradrenaline.

—

I[1-10: Statistical Methods:

The comparison of the mean values of each group to the inactive
sham injected control group of Study 1 or Study 2 was made by the
computation of a t-statistic employing the group variance obtained by
one-way analysis of variance (Armitage, 1971). The appropriate p-values
were recorded. This technfhue was employed for the following measurements:

in vivo ISF, resting cardiac frequency, body weight, heart weight, heart

weight:body weight, plasma and myocardial electrolytes, in vitro ISF,
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mé%imum noradrenqlipeftéronotropic response, and EDSO values for acetylcholine
and noradrenali<; chronotropic responses. Linear‘regression equations were
calculated for each group for the in vivo ISF with respect to time, with 95%
confidence Timits for slope determined to assess the changes in ISF with time.
The relationship between in vitro ISF and maximum noradrenaline stimulated
frequency was assessed by calculation of the linear regression equation and
the correlation coefficient. Similarly in Study 3, the relationship between
in vivo ISF and either max Hnum egercise cardiac frequency or maximum

noradrenaline stimulated frequency was assessed by calculation of the linear

regression equation and the correlation coefficient.
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IV: RESULTS

Iv-1: Study 1

Study 1 has examined the role of high levels of resting parasympa-
thetic activity in reducing the intrinsic sinoatrial frequency. Measure-

ments have been made of resting cardiac frequency and ISF in vivo. The

animals were sacrificed and additional information obtained concerning
myocardial and plasma electrolytes, especially the KZ/K;, and the respon-
siveness of the sinoatrial node to the neurotransmitters acetylcholine

and noradrenaline.

IV-1-1: Resting cardiac frequency:

The resting cardiac frequency showed COQ§1derab1e week-to-week
variability (Figure 3). Howéver, the pattern of fluctuation is similar in
animals studied at the same time. The first set of animals studied con-
sisted of the groups: inactive control, exercised control, carbachol
inactive, and atropine plus exercise. The second set of animals consisted
of the carbachol plus exercise and the atropine inactive groups. This
cyclic nature of resting cardiac frequency makes interpretation of resting
data very difficult. The absolute values of resting cardiac frequency are
displayed in Table 2. While caution should be used in 1nterhret1ng these
values, especially of the atropine inactive and the carbachol plus exercise
groups, resting cardiac frequency 1s insignificantly lower than the

inactive control in the exercise control and the carbachol inactive groups,
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Figure 3. The change in resting cardiac frequency observed
during Study 1. Each point represents the mean value for that group.
Symbols: Inactive control (OS’, Exercise control (O), Atropine
inactive (), Atropine plus exercise (E), Carbachol inactive (&)

and Carbachol plus exercise (A)
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and significantly lower in the two atropine groups.

IV-1-2: Intrinsic sinoatrial frequency in vivo:

‘

A1l six experimental groups showed a linear decrease in ISf with
time. The calculated slope and 95% confidaﬁgé 1imits for the.slope
(Table 4), indicate that the decrease in ISF with time was significant at
the 0.05 level or greater. Contrary to the measurement of resting cardiac
frequency, no cyclic variation could be observed, and the two sets of
animals studied at different times could not be distinguished.

In comparison with the inactive control, the exercised control
group had a significantly (p<0.05) greater reduction in ISF (Figure 4).
The atropine inactive group had a significantly greater (p<0.05) reduction
in ISF than the inactive control. The atropine plus exercise group
demonstrated that the effects of exercise and atropine were additive in
reducing the ISF, as this group had the greatest reduction in ISF (p<0.001).
The carbachol inactive and carbachol plus exercise groups had reductions

in ISF which did not differ significantly from the inactive control.

IV-1-3: Electrolytes:

The plasma concentration of potassium was similar to the inactive
control animals in all groups (Table 5). Plasma sodium content was
significantly lower than the inactive control in the exerci§é“contro1 and
the atropine plus exercise droups. In the myocardium, the sodium content,
expressed in mEq/100g wet weight of ventricular tissue, was similar in all
groups. Myocardial potassium content was significantly greater than the

inactive control in the exercised control.. The atrop1ne‘1nactive group
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Figure 4. Change in intrinsic sinoatrial frequency-during
Study 1. Symbols: Inactive control (O), Exercise control (O),
Atropine inactive (O). Atropine plus exercise (@), Carbachol
inactive (a), Carbachol plus exercise (A). Differences from the inactive
control at week 9: exercise control (p<0.05), atropine inactive (p<0.05),
and atropine plus exercise (p<0.001). : ,

— )
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Regression lines fitted to change in ISF (Y) against time in weeks (X)

TABLE 4

of the form Y = mX+b 95% confidence 1limits for slope in brackets.

Inactive control
Exercise control
Atropine inactive
Atropine plus exercise
Carbachol inactive

Carbachol plus exercise

< < =<

= -2.19X+0
= -4.74X-2.37
= -3.92X-9.02

= ~-7.88X-11.53 -

Y = -2.67X-1.17

= ~2.89X+0

"

(-0.37¥m 3 -3.99)
(-1.793 = 3 -7.69)
(-1.603m » -6.23)
(-5.30 »v3-10.25)
(-1.093~3 -4.25)
(-1.663m > -4.12)

36-

A A o i RS e T

T, Juas

R




37

'G0°0>d xx ST°0>d &

,

1S|9Aa| aduedijiubys burjuasaudaua sjoquhs BulMO||04 BY3 YILM €D13SL3P}S-3 @ 4O uOLIe|Nd{Ed

3y} Aq passaSSE’IUaM |0JJUOD WOJS SIJUUBLLL(Q

"W'3'S T 7 UeaW dY3 d4e san|ep

it
' 21’0 +G6°0 810 *66°§ TT°0 *9L°€| S°0 ¥6°G| 9°0 ¥ 2°TpT | 8Stouax] snid joyoeque)
80°0 ¥98°0 81°0 #6079 80°0 ¥9S°E| €0 1°'G| 8'2 7 v'8ET 9AL3ORUT [Oydeque)
90°0 +98°0 L1°0 7 98°S IT°0 +€9°€} €°0 +1°G| I°¢ # L'9€T | 9SLo43x3 snid asurdodyy
£0°0 ¥ 0670 xPT°0 *GS5°G |xxIT°0 * @mum v'0 +0°G] 8L F6"LET 9AL3ORUT 3uldosly
90°0 ¥ 6£°0 | xx#1°0 ¥ 82°9 80°0 *+29°€} €°0 ¥0°G| L2 ¥9'9¢€T Lo43u0) mmwugmxu
G0°0 ¥ (8°0 210 ¥ 86°9 ZT'0 F9p°E| €0 F eS| LT FOeyl [043uU0) 8AL3ORUT
p| w BN b BN .
Lo (3ybiem 3am 6001/bJu) (34311 /b3uw)
wx\+x LBLpARIOAY ewseld dnoug

*2 Apn3S ul $93A|04309|3 ewse|d pue |°LPARIOAK

S 318vYl



v ettt e S s gt ot -

38 ‘
had a myocardial potassium content significantly less than inactive :
control, while exercise increased myocardial potassium to a level where

atropine plus exercise did not differ from the inactive control. The

P

carbachol inactive group had a myocardial potassium content similar to

the control, and exercise produced a small, but non-significant, increase

A

in potassium in the carbacho] plus exercise group. The ratio of myocardial
to plasma potassium content (KZ(K?)(Tab]e 5) was significantly less than
inactive control in the exercise control group, and significantly greater
in the atropine inactive group. The KQ/K? was similar to the inactive ‘

control in the other three groupg, .

IV-1-4: Heart Weight:Body Weight

The heart weights of all groups were similar to the inactive contrbl
(Table '6). However, because the weight gain was less than the inactive
control in the exercised animals (exercised control p<0.01, atropine plus
exercise p<0.05, and carbachol plus exercise p<0.05), the heart weight to .
body weight ratio was greater than the inactive control., The heart ratio
of the exercise control and of the atropine plus exercise groups were both
significantly (p<0.05) greater than the inactive control, indicating a

relative cardiac hypertrophy.

IV-1-5: Intrinsic Sinoatrial Frequency In Vitro:

The values of the ISF in vitro (the spontaneous contraﬁtion fre-

©

Aquéncy) are shohn in Tabie 7. The two groups which had the greatest

reductfon in ISF in vivo, exercise control and atropine plus exercise,

have the lowest ISF in vitro. The ISF in vitro was significantly less than

Yo
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TABLE 7

>

Intrinsic sinoatrial frequency in vitro in Study 1.

Group ISF (beats/min)
Inactive Control 140.7 + 7.4
Exercise Control | 123.3 + 6.8*
Atropine Inactive 138.3 + 7.5
Atropine plus Exercise, ., 119.0 =+ 5.0%
Carbachol Inactive - ' 137.4 + 7.8
Carbachol plus Exercise 136.4 + 8.5

Values are the mean ¥ 1 S.E.M. Differences from inactive control
were éa]éulaféd by a t-statistic. The '*' indicates different from

inactive control, p<0.05.
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the inactive control in the exercise control (p<0.05) and the atropine
plus exercise {p<0.01) groups. A1l other groups had jg_!jigg ISF values
similar to control. The number in brackets beneath each value of ISF

gives the number of atrial preparations which did not develop arrhythmias.

IV-1-6: Acetylcholine Chronotropic Responses:

Assessment of the sensitivity of the chronotropic responses to
acetylcholine by calculating ED50 values indicated no significant

difference from inactive control for any group (Figure 5, Table 8).

IV-1-7: Noradrenaline Chronotropic Responses:

The E050 values for the chronotropic dose-response curves to
noradrenaline indicated no significant difference for any group from the
inactive control (Figure 6, Taﬁ]e 8). There was, however, a significant
reduction in maximum chronotropic response (Figure 6) from the inactive
control in the exerctse control (p<0.05) and the atropine plus exercise
(p<0.05) aroups. The other groups were not significantly different from
control. A highly significant relationship was observed between the
in vitro ISF and the maximum noradrenaline stimulated frequency in vitro
{(r=0.75) (Figure 7). The findings displayed in Figures 7 and 8 indicate
that atria with a high ISF obtain a higher maximum frequency in response

to noradrenaline.

IV-2: Study 2

Study 2 has examined the role of increased sympathetic activity

during exercise in causing a reduction in ISF. As in Study 1, measurements
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of resting cardiac frequency and ISF have been made in vivo, and

electrolyte concentrations and sinoatrial responsiveness to acetylcholine

and noradrenaline have been determined in vitro.

IV-2-1: Resting Cardiac Frequency:

The variability in resting cardiac frequency was not as marked as
in Study 1 (Figure 8). As all eight groups of rats were studied at the
same time, no differences in week-to-week measurements would be expected
as in Study 1. Following an initial decline in resting cardiac frequency
over the first three weeks, no further change in resting cardiac frequency
occurred. There were no significant differences from the inactive control
in any group for either the reduction in resting cardiac frequency, or

the absolute value of resting cardiac frequency (Table 9).

IV-2-2: Intrinsic Sinoatrial Frequency In Vive:

The inactive control group showed a tendency to reduce ISF with
time (Figure 9), however, the slope of the calculated regression line

(Table 11) was not significantly different from zer The slope of the

0.
regression lines for exercise control, noradrenaline {nactive, isoprena11ne‘
inactive, and propranolol inactive and exercise indicated that these groups
displayed a significant trend to decrease ISF with time (Table 11). -In
contrast, the slopes of noradrenaline plus exeréise, and isoprenaline plus
éxerc1se were not significantly different from zero. ‘The decrease in ISF
achieved by week nine was significantly greater than that of the inactive

control in the exercise control (p<0.05), the noradrenaline inactive

(p<0.1) the isoprenaline inactive (p<0.01) .the propranolol inactive (p<0.05)
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TABLE 11
Regression lines fitted to change in ISF (y) against time in weeks (X)
of the form Y = mX+b, 95% confidence limits for slope in brackets.
Inactive control Y], 61X-9.5 (0.632m™2 -3.86)
A .
Exercise control ” Y = -2.38X-1.5 (-0.933m > -3,82)
Noradrenaline Inactive Y = -2.40X-1.8 (-0.502m 3 -4.30) ‘
Noradrenaline plus Exercise Y = -1.24%X-3.4 (0.80 2w »-3.27) o
. ' H
Isoprenaline Inactive Y = -6.34X-2.5 (-4.552m 2 -8,13)
Isoprenaline plus Exercise Y = 0.11X+1.6 (2.933m> -2.71)
Propranolol Inactjve Y = -3.32X+2.8 (~1.243m> -5.40) 1
Propranolol plus Exercise Y = -4,42X-3.9 (-2.142m3 -6.70)

I T T R it L o N T
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and the propranolol exercise (p<0.01) groups (Figure 9). In contrast with
the effects of either exercise or a sxppathomimetic (qgradrena]ine or
isoprenaline) alone, exercise in combiﬁation with a sympathomimetic drug
produced.no significant decrease in ISF (Table 11), and the change in ISF

was not significantly different from the inactive control (Figure 9)

IV-2-3: Electrolytes:

In the plasma, there were no differences in the sodium content of
any group (Table 12). The plasma potassium tended to be lower in the
exercised group of each pair, but there were no significant differenées.
The myocardial sodium was not significantly different from inactive
control in any group. Myoqardial:potassium was higher, but not signifi-
cantly, in the exercise control aqima1s. In three of the sympathomimeti-
cally treated groups, noradrenaline inactive, isoprenaline 1nacﬁive and
isoprenaline plus exercise, the'pyocardial potassium was significantly
less than in the inactive control'(p<0.05). The inactive and exercise
propranolol treated groups were not different from the inactive control.
The K;/K: ratio was signi%icant]y less than the inactive control enly in
the exercise control group (Table 12). The 6ther exercised groups also

tended to have lower ratios of plasma to myocardial potassium.

JIV-2-4: Heart Weigﬁt:Bbdy Weight

The isoprenaline treated groups had higher heart weights than the
inactive control (Table 13), and the difference was significant in the
isoprenaline plus exercise group (p<0.1). Body weights were very much

lower in all four exercised groups inlcomparison with the inactive control.

I
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Figure 9. Change in intrinsic sinoatrial frequency during Study 2.
Symbols: Inactive control (O), Exercise control (@), Noradrenaline
inactive (1), Noradrenaline plus exercise (@), Isoprenaline inactive (A),
Isoprenaline plus exercise (A), Propranolol inactive (v), and ngranolﬂ
plus exercise (Vv), Differences from the inactive control at week 9:
Exercise control (p<0.05), Noradrenaline inactive (p<0.1) Isoprenaline
inactive (p<0.01), Propranolol inactive (p<0.05) and Propranoiol plus
exercise (p<0.01). , .
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As a consequence of the lower body weight in the exercised animals, all
four exercised groups also had greater heart weight to body weight ratios
(Table 13).

)

IV-2-5: Intrinsic Sinoatrial Frequéncy In Vitro:

There was no difference between the in vitro ISF of the ipactive

~

control and any other group (Table 14).

IV-2-6: Acetylcholine Chronotropic Responses:

As in Study 1, there were no differences detected in the sensitivity

to acetylcholine, as assessed by the ED50 (Table 15)(5n any of the eight

. 4
groups (Figure 10). \

N

IV-2-7: Noradrenaline Chronotropic Responses

In comparison with the inactive control group, the two chronically

noradrenaline treated groups, noradrenaline inactive and noradrenaline plus

exercise, were both more sensitive to noradrenaline in vitro (Figure 11). -

The E050 values calculated for the two noradrenaline treated groups were
significantly (p<0.05) less than the inactive control {Table 15). No
other group showed a change in sensitivity to noradrenaline.

The maximum chrahotropic response was reduced significantly from
the inactive confro] in the propranolol inactive (p<0.05) and the
propranolol plus exercise (p<0.05) groups (Figure 11). In the exercise
control, and the two isoprénaiine treated groups, the maximum chronotropic

response was reduced, but not significantly.
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TABLE 14

Intrinsic sinoatrial frequency in vitro in Study 2.

Group ' ISF (beats/min)
Inactive Control S 144.4 + 5.1
Exercise Control 142.5 + 12.3
Noradrenaline Inactive 143.3 + 9.9
Noradrenaline plus.Exerc{se 149.8 + 6.2
IsoprenalineInactive 1833 : 6.8
Isoprena]jne plus Exercise 160.3 + 12.6
Propranolol Inactive 156.3 + 8.1
Propranolol ﬁlus Exercise 151.4 + 4.2

Values are the mean ¥ 1 S.E.M. No values are different from

-

the Inactive Control.
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Assessment of sensitivity to acetylcholine and noradrenaline in vitro
in Study 2,
Acetylcholine E050 Noradrenaline ED50
-4 -8 .
(X10™" Moles/Litre) | (X107~ Moles/Litre)
Inactive Control 16,1 £ 9.6 12.0 £ 5.6
Exercise Control 8.30 + 3.68 9.40 * 4,42
Noradrenaline Inactive 7.92 + 3.32 1.92 = 0.91*
Noradrenaline plus Exercise 9.67 + 5.64 1.09 + 0.29*
Isoprenaline Inactive 30.3 # 11.0 4,77 + 1.22
Isoprenaline plus Exercise 30.0 + 25.5 5.83 + 2.14
Y
Propranolol Inactive 31.5 + 21.6 3.25 + 1.11
Propranolol plus Exercise 7.11 = 4,78 5.12 £ 0.89

Values are the mean X 1 S.E.M. Differences from the
Control were calculated by a t-statistic. The "*" indicates

from inactive control, p<0.05.

Inactive

different
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A significant linear relationship was obtained between the in vitro
ISF and the maximum frequency in response to noradrenaline in vitro
(r = 0.63) (Figure 12)., As in Study 1, this relationship indicates that
those atria with a high spontaneous rhythmicity obtain the highest

maximum frequency when maximally stimulated by noradrenaline.

IV-3: Study 3

In Study 3, the maximum chronotropic response has been assessed

in vivo in response to exercise and noradrenaline infusion.

—— ————

IV-3-1: Intrinsic Sinoatrial Frequency In Vivo:

-

The experimental manipulation of ISF by administration of

atropine to five of ten animals over a period of eight weeks produced a

wide range of values of ISF (280 to 420 beats/min.).

IV-3-2: Maximum Exercise Cardiac Frequency:

The attainment of maximum exercise cardiac frequency in the group

of ten rats by progressively increasing the treadmill grade produced a

range of maximum cardiac frequencies from 480 to 570 beats/min. (Figure 13).

The maximum exercise frequency was linearly related to the ISF in vivo
Y = 0,49 x +355 (r = 0.76) where Y = maximum cardiac frequency and X = ISF.

As in Studies 1 and 2, the highest ISF attains the highest maximum

frequency.

IV-3-3: Maximum Noradrenaline-Induced Cardiac Frequency:

The range of the maximum respohses to noradrenaline infusion in
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the same animals while under anesthesia and ganglionic blockade was 480 to
620 beats/min. (Figure 14). The maximum cardiac frequency obtained under
these experimental conditions was linearly related to the ISF in vivo

Y =0.58X + 350 (r = 0.61), where Y = maximum car&iac frequency and X = ISF.
The maximum frequency obtained with the noradrenaline {nfusion was higher

than with exercise, but the difference was not significant.
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v: DISCﬂSSION

The intrinsic sinoatrial frequency (ISF) decreases in the rat with
physical training (Lin and Horvath, 1972; Bolter, Hughson and Critz, 1973).
This thesis has examined the role of alterations in autonomic nervous
activity in producing the exercise~induced reduction of ISF, The shifts in
myocardial and plasma sodium and potassium contents associated with the
reduction of ISF have been studied. In addition, the chronotropic
responses of the sinoatrial node have been examined firstly in vitro to
the natural autonomic neurotransmitters acetylcholine and noradrenaline,

and secondly in vivo to exercise and noradrenaline,

V-1: The Experimental Procedures:

In contrast with the two previous studies of the reduction of ISF
with physical training in the rat (Lin and Horvath, 1972; Bolter, Hughson
and Critz, 1973), the present thesis employed treadmill rather than
swimming exercise. The reasons for this were two-fold. Firstly, it is
at present unclear what the cardiac frequency response is to swimming
exercise. Although swimming is more demanding in terms of oxygen
requirements (Dawson, Roemer‘and Horvath, 1973) than treadmill exercise
at 19 m/min. (Popovic et al, 1969), the recent report of Lin and Baker
.(1975) confirms the findings in other mammals (Andersen, 1966) of a
bradycardia associated with water'immersién. Personal observation of the
rats trained 1h the study ?f'Bolter, Hughson and Critz (1973) revealed '
that swimming rats spend a considerable amount of time totally immersed
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in the water. It therefore appears Tikely that high levels of parasym-
pathetic activity may also be present during the swiﬁning exercise in
addition to the high levels of sympathetic activity normally associated
with physical exercise (Ekblom, Kilbom and Soltysiak, 1973). The second
factor whichldetracted from the use of swimming as a model for training
in the present thesis was the temperature effect of swimming. Body
temperature in the rats swimming for one hour in 32°C water fell from
the pre-exercise level of 37°C to 35°C in spite of the heat production
associated with exercise (Bolter, Hughson and Critz, unpub]ished, 1972),
The use of swimming training would have nectessitated the formation of
complex control groups involving immers%on and cooling, Treadmill exercise
eliminated these problems.

The intensity of the exercise employed in the present thesis was
near maximal for the animals involved. No pre-selection was made on the

basis of running ability as in the studies of Holloszy and co-workers
(for review see Holloszy anq'Booth, 1976). Al1 animals progressed in
Study 1 at the rate of the weaker members of the running groups and the
animals of Study 2 followed £his same exercise programme. Animals were
observed thro&ghout the exercise periads, and encouraged to run by
mechani;a] prodding if they attempted to avoid exercise by holding the
edges of the individual compartment. In this manner, all animals received
equal exercise training. n

. The measurement of cardiac frequency has beeén described in the
Methods. The animals appeared to accept tﬁe'attachment of the subcutaneous
electrodes wiFh 1ittle pain or discomfort, Most animals rested quietly in

the bottom of the buckets when the cardiac frequency measurements were

Y
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being made (Appendix 1). QL

The concentrations of drugs employed and the resulting cardiac
frequency responses are detailed in the Appendix sections 2, 3 and 4.
The ISF was measured with the selective beta-adrenergic receptor
blocker propranolol and the parasympathetic receptor blocker atropine.
The concentrations employed have been used by previous investigators
(8 mg/kg propranolol, Walsh, 1969; Lin and Horvath, 1973, and 3 mg/kg
atropine, Walsh, 1969), but were confirmed to produce total blockade by
the failure of additional doses to cause a further change in cardiac
frequency (Appendix 2a).

The drugs employed 1n'Study 1 to chroniTally alter the activity’
levels at the parasympathetic receptors of the sinoatrial node have been
described brief]y in the Methods and in Appéndix 3. Atropine is a
muscarinic blocker and can produce total competitive Qlockade a£ a
concentration of about 1 mg/kg (Lin and Horvath, 1972).\Study 1 emﬁ]oyed
5 mg/kg atropine sulphate. Large (1975) has demonstrated that a concentration
of 1 mg/kg atropine had a very small effect as a ganglionic blocker in
rats. fhe action of atropine in thg present study was probably, therefore,
that of a muscarini; blocker, but partial §ang1ionic blockade may have
contributed to its actions. The mechanism of the tachycardia produced
by atropine is unclear, however, Appendix 3 shows the duration of the
tachycardia to be in excess of six hours. It was felt that this was a
significant proportion.of the total dajily parasympathetic activity
(approximately 25%) which was being blocked by this concentration.

. Although no adverse effects were noted in any animal receiving daily

atropine, doses higher tﬁan this are frequently lethal. Carbachol was

.t kel A S e e
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chosen as the stimulant of the parasympathetic receptors of the heart

because it is longer acting than acetylcholine. Carbachol, however, may

increase the sympathetic receptor activity in the myocardium by a reflex

baroreceptor response to the arterial hypotension rgsu]ting from a stimulation

of cho]ine?gic vasodilator receptors (Bolme and Fuxe, 1967), and also from

a direct release of noradrenaline from the adrenergic neurons (Steinsland

and Furchgott, 1975). Thus, there was probably a mixture of direct

cholinergic and indirect adrenergic stimulation as a result of this drug.

A marked resting bradycardia was achieved with 0.15 mg/kg carbachol

(Appendix 3). In preliminary trials with the drug, a ten fold increase

in concentration was lethal. Heavy lacrimation was observed in the animals

receiving daily carbachol, but no other adverse effects were noted. It was

felt that this was the maximum dose which could be safely used in this study.
The drugs emp}oyed in Study 2 to chronically alter the levels of

activity at the sympathetic receptors were noradrenaline, isoprenaline

and propranclol (Methods and Appendix 4). Noradrenaline was used as it is

the neurotransmitter écting on the /3-adrenergic receptors of the heart

(Euler, 1946). However, noradrenaline also acts on the adrenergic

receptors of the vasculature («-receptors, Alhquist, 1948) causing elevated

KAppendix da). While the

suspension of noradrenaline in 0il prolongs the action of the drug on the

blood pressure and a reflex slowing of the heart

blood pressure response {Linna et al, 1965), the cardiac frequency
méasuremeﬁt of‘the present study showed that the duratién of interaction
with the myocardial adrenergic rgceptors could not be confirmed (Appendix’
4a). To achieve stimulation of the adrenergic receptors of the myocardium

!

with no effect on the «-adrenergic receptors, the selective A-stimulant

s drn v ke e e & W

PO SS.

Do At b el R 5T N e A Sl i s S s ooy P ot As Sl VL

T a5 e a




69

1soprena1§ne (Ahlquist, 1948) was employed. Appendix 4b shows that

the duration of action of 0.1 mg/kg isoprenaline was three hours.

This duration of adrenrgic stimulation was of a similar order of magnitude
as the duration of the tachycardia resulting from exercise. Blockade of ¢
the ,3-adrenergic receptor was achieved with propranolol (Black et al, 1964;

Barret and Fitzgerald, 1968). This drug was administered orally (Methods).

The concentration chosen has been proven effective in blocking a
. L ]

noradrenaline induced hypertension (Vavra, Tom and Greselin, 1973) and in the

present study elicited a bradycardia (Appendix 4c). The drug was available
in the drinking water and to ensure that the drug was taken, the water was
available for approximately 12 hour periods. The measurement of a
significant bradycardia confirms the effectiveness of the concentration

of propranolol. ’

The investigations in vitro employed a modification of the methods
of Bolter, Hughson and Critz (1973). Cumulative dose~response curves were
constructed for the chronotropic response of isolated right atria to
acetylcholine and noradrenaline. Any preparations which developed
arrhythmias were discarded to eliminate the possible influence of non-
sinoatrial rhythms on the results. The frequency response of the isolated
arium to the administered drugs is displayed in Appendix 5.

Myocardial and plasma sodium and potassium contents were deter-
mined by flame photometry. The comparisan of the results obtained in this
thesis with the published values will be made in more detail in the later
section "Electrophysiology of the ISF". In addition, the influence of

various factors on measured content will be discussed.

The investigation of maximum exercise cardiac frequeqcy in Study 3
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inv@?ved the obtainment of a poorly defined end boint. While most animals

clearly attempted to coritinue to keep pace with the treadmill as the work

.

refused to go further.‘éince it was impossible for the investigator to;%e !

* Toad increased, some animals either reached their maximum earlier, or

sure which factor brought about the early compislion of the test, all

reults have been treated equally. The uremafit of the maximum cardiac
frequency response to infused noradrenaline in the anesthetized, ganglion
blocked rat had a more clearly defined end point. It was assumed that the
concentration of hexamethonium determined by preliminary investigation to 1
produce blockade of the reflex bradycardia and fall in blood pressure i
(Appendix 6) was effective in providing total blockade. In all animals, :
a constant body temperature of 38°C was maintained. This may'have been

a possible source or error as some animals had an initial temperature

4
i
'
4

of less than 38°C when measured shortly after anesthetization. An elevation
in body temperature would result in an increase in ISF (Jose, Stitt and
Collison, 1970) which would alter the relationship between ISF measured

earlier in vivo and the maximum cardiac frequency response to noradrenaline.

-

.
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y-2: Body Wefght and Heart Weight:

In both Study 1 and Study 2, body weight increased linearly with
time. Exercised control groups gained less weight than the inactive
control group§i This pas been a consistant finding in previous studies
(Oscai, Mole and(ﬂplloszy. 1971; Bolter, Hughson and Critz, 1973; Ekstrom,
1974). AN exerciseq groups which were also drug treated had body weights
significantly below the inactive control groups. There were no differences
between the body w3§ghts of the drug treated inactive rats and the inactive
controls.

An ancreqée in hedart weight above the inactive controls was observed
only in the two;ﬁsoprena]ine treated groups. This ﬁgs been observed
previously (LeBlanc, qufieres and Vachon, 1972; Harri and Valtola, 1975).

The failure of treadmill exercise to induce a cardiac hypertrophy is a

common finding (Johnson and Thorp, 1975; Ekstrom, 1974; Oscai et al, 1971). //

In agreeyént with these previous studies, the heart weight to body weight

ratio bas been increased as a consequence of the lower body weights of™the

exercised animals. N\

V-2-1: Summary

The exercised animals gained weight at a lower rate than the inac-
tive animals. As a consequence, the heart weight to body weight ratio was
greater in the exercised animals. Isoprenaline was the only drug to

increase heart weight,




'
~—

72

V-3: Study 1: Parasympathetic Influences on ISF

V-3-1: Introduction

Does an increase in resting parasympathetic nervous activity in the-

trained state act on the sinoatrial node to produce the exercise-induced
reduction of ISF? This was the question formylated in the Introduction to
this thesis concerning Study 1. In an attempt to answer this question, an
experimental design was employed which combined physical training with daily
blockade or stimulation of the receptors of the parasympathetic nervous
system in the heart. The first premise in Study 1, however, was that an
inﬁrease in resting parasympathetic activity was produced by the treadmill
training. This was examined by the acetylcholine chronotropic response

s

in vitro (Bolter, Hughson and Critz, 1973). and will be discussed under

the heading "Chronotropic Responses to Acetylcholine in vitro" later in
the Discussion. To block the reported high parasympathetic activity in
the trained state (Bolter, Hﬁghson and Critz, 1973; Ekblom, Kilbom and
Soltysiak, 1973), atropine was employed. Thg concentration of atropine
employed produced parasympathetic receptor blockade for more than six
hours (Aﬁpendix.3b). Stimulation of the parasympathetic receptors of

the heart was obtained with carbachol (Appendix 3c). Administration of
drugs to exercised and inactive animals allowed for the differentiation
between exercise and drug induced effects on the ISF. Six groups were
formed: dinactive control, exercised control, atropine inac@ive, atropine

plus exercise, carbachol inactive, and carbacho1.p1us exercise.
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V-3-2: Findings and Discussion:

The ISF of both the inactive and the exercised control groups
decreased during the ten weeks of the study. The reduction of ISF in the
exercised control group was significantly greater than that of the
inactive control group, confirming the previous swim training studies of
Lin and Horvath (1972) and Bolter, Hughson and Critz (1973) and the initial
report of a reduction in ISF with treadmill training by Hughson et al
(1975) which hés been subsequently confirmed by Barnard, Corre and
Cho (1976). No previous study in rats has reported on the*thange in ISF
in inactive animals with time, but the linear nature of the reduction in
ISF was similar to that observed in humans by Jose (1966). This observation
indicates that the finding of é‘;éduction in ISF in the inactive animals
was probably related to age.

The results of Study 1 indicate that high resting levels of

parasympathetic activity were not associated with a reduction of ISF.

Blockade of parasympathetic activity with atropine in the exercised
animals did not prevent the exercise-induced reduction of ISF. Further,
increased parasympathetic activity with carbachol did not bring about a
reduction in ISF in the inactive animals. It must be noted that carbachol
can indirectly increase'sympathetic receptor activity, thus any response
may not reflect solely the effeci of increased parasympathetic receptor
stimulation by carbachol. In contrast to the initial suggestion that
éiropine may block the exercise-induced reduction in ISF was the finding
that atropine reduced ISF in ‘the inactive animals. This finding will be

" discussed in more detail UHder "Electrophysiology of the ISF". As a final

confirmatibn that increased nesfihg parasympathetic activity-does not
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cause the reduction of ISF with exercise are the findings to be discussed

later that no increased resting parasympathetic activity was detected by

e

the acetylcholine in vitro chronotropic response.

The hypothesis for Study 1 was based largely on the proposal of

.y et f
b SRS

Raab (1969) that the trained state must be examined for its influence on

the ISF., Raab had implicated chronically high levels of parasympathetic

“
A
B
activity in the necessary redistribution of myocardial electrolytes %
which would lead to an alteration in ISF. The findings of Study 1 §
indicate that high levels of parasympathetié activity neither are necessary §

for nor cause a reduction itn ISF, and that blockade of parasympathetic
a;tivity does not prevent a reduction in ISF. The corresponding electralyte
changes associated witH exercise and drug administration will be dealt with
later. The answer to the first question is, therefore, no, an increase in
resting parasympathetic activity did not cause a reduction in ISF in the

trained rats.

V-3-3: Summary:

In study 1, a reduction in ISF was observed in the inactive control

animals. This reduction was probably age-dependent. A significantly
greater reduction in ISF was meqsured in the exércise control group. High
1eveis of resting parasympathetic activity were not responsible for the
reduction of ISF.'Rather, parasympathetic receptor blockade with daily
atropine injections cau;ed a reduction in ISF, and the effects of exercise
. and atropine appeared to-be additive. Daily stimulation of the para-

sympathetic receptors with carbachol had no significant effect on ISF.

— .
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V-4: Study 2: Sympathetic Influences on ISF‘

V-4-1: Introduction:

Does the increase in sympathetic nervous activity during physical
exercise act on the sinoatrial node to produce the exercise-induced
reduction of ISF? The second study of this thesis was designed to
examine this_question which was advanced in the Introduction. The
experimental design of .Study 2 combined the effects of physical exercise
with stimulation or blockade of the sympathetic receptors of the heart,
During a period of exercise, the sympathetic activity increases (Ekblom,
Kilbom and Soltysiak, 1973). Study 2 employed the sympathetic receptor
stimulants noradrenaline and isoprenaline to mimic the effects of
increased sympathetic activity and the sympathetic receptor blocker
propranolol to reduce sympathetic activity to the heart. As in Study 1,
the effects of the drugs were studied in inacéive and exercised animals
to allow for the differentiation between exercise and drug induced
effects. Eight experimental groups were formed: dinactive control, °
exercise control, noradrenaline inactive, noradrenaline plus exercise,
isoprenaline inactivg, isoprenaline plus exercise, propranolol inactive,

and propranolol plus exercise.

LY

V-4-2: Findings an& Qiscussion:
As in Study 1, the ISF decreased in both the inactive and exeréised

control groups. The ISF decreased significantly more in the exercised

than the'inactive control. In contrast with Study 1,‘fhé absélute

decrease in ISF was not as great in either of the control groups. It is
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difficult to offer a definite reason for the deviations between Study 1
and Study 2, however, ghe two.studies were carried out a different times
of the year and a seasonal variation in response may have occurred.
Sympathetic receptor stimulation with either noradrenaline or
isoprenaline produced results which were qualitatively similar. The small
diffgtgnces in response to the two sympathomimetics probably reflects a
dose dependent effect of the two drugs. Either noradrenaline or isopren-
aline administered to the 1n;ctive animlas resulted in a decrease in ISF.
However, the combination of exercise plus either noradrenaline or isopren-
aline produced an ISF which did not differ from control. It appears that
noradrenaline and isoprenaline evoke similar reéponses due to a direct
action of the sympathomimetic on the cells of the sinoa%ria]lnode. The fear
expressed earlier that the increased parasympathetic stimulation associated
with noradrenaline administration may influence the response to this drug
appears to be unfounded from the observed changes in ISF in Study 2.
Thus both the bradycardia assoFiated with noradrenaline and the'tachycardia
with isoprenaline administratibn'resu]ted in-similar changes in ISF. The
effects of the‘sympathomjmetics on the ISF in the inactive and exercised
animals-seem to be in conflict. Exercise alone induces high sympathetic
activity, and noradrenaline or isoprenaline administration produces high
levels of sympathetic‘receptor activity, and both the factors exercise or
sympathomimetic adminsfration, caused reductions in ISF. Exercise combined
with éympathomimetic administration, howeyer, did.not result in a redugtion
of fSﬁ. The-two factors may -act through different mechanisms, the effects
of which cancel when combined. This possibility will be discussed further

~

under the heading "Electrophysiology of the ISF".
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Propranglol administration to fhe inactive group resu{ted in a
decrease in ISF. This decrease was similar in magnitude to that produced
by exercise. The combination of propranclol plus exercise resulted in a
reduction of ISF which was slightly greater than that due to propranolol
alone, however, it is not possible to say that the effects were additive.

The question raised concerning the role of elevated levels of
sympathetic activity associated with physical exercise can be answered in
the negative. From the results of the present Study 2, it does not appear
that the reduction in ISF with physical training is a consequence of the
elevated sympathetic nervou; activity during the exercise. This finding
would appear to refute the second proposal by Raab (1969) that aufbnom{c
nervous activity associated with exercise may cause changes in myocardial
electrolyté distribution resluting in a reduction of ISF. The resultant
myocardial and plasma electrolyte contents from Study 2 will be considered
under "Electophysiology of the ISF".

z

V-4-3: Summary:.

Study 2Aobserved a reduction in ISF in the exercised control
group which was greater than the inactive controls.

Stimulation of the sympathetic receptors with either noradrenaline
of isoprena[iné caused similar responses of the ISF. The drugs given to
inactive animals resulted in a decrease in ISF, while the drugs in
combination with exercise resulted in no significént decrease in ISF.

Blockade of the sympathetic receptors of the heart with propranolol

in the inactive animals caused a reduction in ISF which was greater than

that in the inactive control. Propranolol plus exercise resulted-in_a



slightly greater reduction in ISF, but it was felt that a conclusion

regarding the additive nature of the two effects was not possible.
It was concluded that thée increased sympathetic activity

associated with the exercise was probably not the factor responsible

for the reduction of ISF with training.

78
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V-5 E]eétréphysioiogy of the ISF:

V75-1: Introduction:

In the Introduction, two questions were asked concerning the
electrolyte content of the myocardium and plasma, The first w&s: Is the
exercisg—induced reduction of ISF associated with cﬁanges in electrolyte
distribution between the myocardium and plasma? Secondly, are any changes
in I§F produced by phérmacoiogical intervention associated with similar
shifts in electrolyte distribution as found with exercise? These questions
were examined in Studies 1 and 2, '

The distribution'of eiectrblytes is a single factor affecting the
membrane potential and the ISF. In a simple resting muscle cell or neuron

the membrane potential is the resultant of the interaction between the

_electrolyte distribution and the perméability of the membrane to that ion

(Hodgkin and Katz, 1949). For any single fon, the equilibrium potential

is given by the classical Nerst equation, for example for potassium

EK RT In Lé;—— where EK is the potassium equilibrium potential, R is ,
the gas constant, T is temperature.in degrees absolute, F is the Faraday
constant, and [K+]o and [K+]i are the concentrations of potassium ions |
outside and inside the membrane respectively, and the sum of all ionic'

potentials is given by the more complex Goldman constant field equation

~_RT . PNa ENa™Yo + Pk (K)o + Py (C17)

Em = In * where Em is the membrane
F™ " Pra (NaT)T + P (K7)1 + Py (C1 o

equilibrium potential and P is the permeability of the membrane to each

‘{on-subscripted, (Hodgkin and Katz, 1949; Brady, 1974). This latter

equation considers both the ionic distribution and membrane permeability.

for all fons. In pacemaker cells, the changes in membrane permeability
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are more complex. Noble (1975) reviewed recent knowledge concerning membrane
permeability changes during the crdiac cycle, specifically as they apply |
to the Purkinje fibres (Figure 15). The electrophysiology of the sinoatrial
node is not as clearly understood. In ventricular muscle, the resting ,
membrane potential can be seen to vary directly as a functioﬁ of (K;/K:)
over a wide range of potassium values above a [K; ]of 4 mEqg/L. The membrane
. potential of atrial muscle and especially the sinoatrial node are less
acurately described by the (K;/K;) (Noma and Irisawa, 1975) because of

the influence of a decreased PK/PNa’ of the metabolic pumping of N;+

and K+, and of the movement of calcium ions (Noble, 1975). Recent work

with frog atrial muscle indicates that changes in PK are important in
producing the pacemaker potential in the sinoatrial node (Brown, Clark

and Noble, 1976). While the measured maximum diastolic potential in

the sinoatrial node is approximately -60 millivolts, the EK is probably

. much larger than this indicating that (K;/K:) is only a single factor
influencing membrane potentia] The rakio (K+/K+) is, however, the only

indicator 6f membrane e]ectrophy51o1ogy available in this thesis and wil}

‘-—**"“‘*“B§_E§§6_f*‘“*VE—En indication of the probable direction of change of

maximum diastolic potential. No assessment was made of the slope of the

prepotential or the threshold potential which are the other factors

inf]uencinglthe frequency of pacemaker cells (West, 1972) (see Figure 16).
The estimate of myocardial intracellular ion concentration in

the ‘present studies was obtained from whole ventricular homogenate. This

method will under-estimate pota551um and over- est1mate sodium contents.

Typical va]ues of inoic distribution in the myocard1um and plasma were

given by Vick et ‘al (1973):

e PRI T a o P M e

———_—
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Intracellular Extracellular

(mEq/100 g tissue) (mEq/kg water)
Na" 3.09 148.2
K* 7.54 5.4
c1- 2.36 131.4

From these values, it is c]ear,that inclusion of extracellular fluid
with a Tow K* content will lower the content of K obtained on the whole
ventricle. A simple calculation will reveal, however, that higher
intrace]]uﬁar potassium contents will be more affected by this estimate.
Based on 4hg estimate of Vick ét al (1973) for extracellular space of
approximafe]y 15g water/100g t}ssue the measured K' content for the values
of Viék et al by the present method would be: |

(7454 mEq/100g tissue) (0.85) + (5.4 mEq/kg water) (0.15) = 6.49
mEq/100g b} whole tissue. This value is 1.05 mEq/100g below the true

}#)”/4”,,,,///””Vé1ue. If, however, the intracellular K+ js increased hy 0.40 mEq/lOOb

as found bysKorge, Masso and Roosson (1974), with physical trajning, then
the measureg\ggffent based on whole ventricle would be: : N

(7.94 mEq/}OOg tissge) (0.85) + (5.4 mEq/kg water) (0.15) = 6.75
mEq/100g of whole tissue. This value is 1.19 mEq/100g bélow the true
value. It is apparent from these calculations that changgs observed in
myocardial potassium content from Who]é ventricular homogenate wil1
underestimate the actual changes which occur. Thﬁs, in the'present>study
as the expected chahge in myocardial potassium is an increase (Korge,
Masso and Roosson, 1974), the method will tend to underestimate the true

value.
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~ The values calculated from the aboye data of Vicket al (1973)
according to the dilution with 15% extrace11u1ér fluid are 3,85 and 6.49

mEq/1 whole tissue for intracellular sodium and potassium respectively.

le tissue, results in close agreement with the published values. While
it is difficult to apply the myocardial electrolyte content of ventricular
muscle to the sinoatrial node, the studies of deMello (1961) indicated
that the ratio of ionic distribution was similar throughout the myocardium.
The ratio of plasma (Ko+) to myocardial (Ki+) potassium (K;/K;) was,
therefore, taken as a guide to the maximum diastolic repolarization level.
A decrease in the K;/K? ratio would indicate a more negative potassium
_equi]ibrium°potentia1 EK and infer a more negative maximum diastolic
repolarization. A1l changes in K;/K: in Study 1 and Study 2 have been
dealt with by this reasoning as the'only indicator of membrane electro-

. physiology available in this Thesis.

V-5-2: Findings and Discussion

In Study 1, a hnger myocardial potassium content was observed in
the exercised control animals than the inactive controls. This finding
is in agreement with the recent swimming training programme. of Korge,'
Masso and Roosson (1974), and with the reports of increased myocardial
potassium content fb]]owing single bouts of exercise (Bajusz, 1964;
_Prioreschi and Gabbiani, 196§). As the fwo groups had similar plasma
pot:ssium conteqts, the ratic of plasma to myocardial potassium (K;/K:)
was less in the exercised than the inactive animals. As described in the

Introduction to this section, a.lower K;/K: is consistent with a more
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negative EK and probably, therefore, a more negat%ve maximum diastolic
repolarizatign. Thus from a simple analysis, it is possible that the
decrease in ISF is the consequence of this more negative maximum diastolic
repolarization. This would be in agreement with the proposal of Raab
(1969) that it is the alteration of electrolyte balance which is respon-
sible for the reduction in ISF with physical training. It is not, however,
possible to conclude that tﬁis is tﬁe only mechanism respoﬁsible for the
reduction of ISF. This statement will be evident when the electrolyte
contents in the atropine treated groups are considered below.

Daily administration of atropine to inactive animals resulted in a
decrease in myocardial potassium content in comparison with non-ﬁrug
treated inactive controls. This loss of myocardial potassium appears
similar to the report quoted by Raab (1969) of Fizel' and Fizel'ova.

Since the plasma potassium content was similar in the inactive control
and the atropine %nactive groups, the ratio K:/K: was higher in the
‘atropine inactive animals indicating a lower EK and a less negative
maximum diastolic repolarization. The reduction of ISF in the atropine
inactive group was greater than that in the inactive control. fhere is,
“therefore, a conflict between the findings of the atropine inactive
compared with the inactive control. A similar reduction in ISF was
observed in the atropine inactive and the exercise control. yet the f
estimate of maximum diastolic repolarizafion indicated direcfiondl]y
opposite changes. from the inactive control. It must be ;onsidered,
therefore,. that changeé in the other major factors listéd by West (1972)
-as controlling the ISF, that is, thé slope of the prepotential anq the

threshold potential, may have resulted in the decréase in ISF obseryed
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in the atropine inactive group.

The atropine plus exercise group had the greatest reduction in
ISF observed in Study 1. The myocardial potassium content was similar
to the inactive control, thus, exercise increased potassium content over
the atropine inactive group. Since the plasma potassium was also similar
in the {naetive control and the atrop{32§p1us exercise groups, the
K;/K: ratio in the two groups was siﬁi]ar. The greatest reduction in
ISF, therefore, occurred without any significant differences in maximum
diastolic repolarization as estimated from the K;/K: ratio. The
argument applied above to infer that changes in the slope of the prepo-
tential must have occurred to account for the reduction of ISF can also
be applied to the atropine plus exercise group. From the discussion of
changes in membrane elecfrophysio]ogy in the two atropine treated groups,
it becomes evident that even in the exercised control group changes in
slope of the prepotential or the threshold potential may also contribute
to the reduction jn ISF.  Only by intracelluler recording.of membrane
electrophysiology will the definitive answer be found.

The other two groups of Study 1, the carbachol inactive.and the
carbachol plus exerc%se groupé did not have significant differences from

inactive control of the d1str1but1on of electrolytes. This would seem

~*

to be consistent with the absence of a difference of ISF compared with </

the.inactive control.

The results of Study 2 are consistent with those of Study 1. As
in Study 1, exercise resulted in a decrease in the K+/k+ ratio, however;
the absolute increase in myocardial potassium in the exercised group was

less than in Stud& This decrease in K /K1 is consistent with a more

B s P VP UNE SISV
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negatiye paximum diastolic repolarization, and it is possible to attribute
all or part of the reduction in ISF in the exercise control group to this
change. As in Study 1, it is apparent that reductions in ISF are not
related solely to a more negative maximum diastolic repolarization, but
probably also to changes in the slope of the prepotential and the
threshold potential,

The sympathomimetics noradrenaline and isoprenaiine had similar .
effects not only on the ISF as described previously, but also on myocardial
and plasma electrolyte contents. Both noradrenaline or isoprenaline
injected daily in the inactive rats caused a loss of myocardial potassium,
Small éoncentrations of catecholamines administered intravenously result
in potassium accumulation by the myocardium (Robertson and Payser, 1951),
however, losses of potassium occur with largg concentrations (2603to 500
mg/kg) adrenaline. The present Study 2 employed 0.1 mg/kg isoprenaline
and 0.1 mg/kg noradrenaline, but release was delayed by suspé;sion in oil.
It appears, however, that these concentrations caused a reduction %n the
myocardial potassium content, The ratio K;/K: was not different from the
inactive control. The decrease in ISF in the sympathomimetic treated
inactive animals occurred without any evidence of a more negative maximum
diastolic repolarnization level, tgerefore, a change in the slope of the
prepotential or in the threshold potential probably contributed to the
reduction in ISF. ‘

A combination of exercise and catecholamine administration
resulted in a myocardial potassium content which was similar to the
inactive control. Exercise, therefore, has countered the potassium

losing effect of the catecholamines. The resultant K:/K: ratio for the

noradrenaline plus exercise and the isoprenaline plus exercise groups
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was less than that for the inactive control, however, there was no
reduction of ISF in these two groups, It may be possible that the
effects of exercise and of catecholamine administration on the ISF may
have been mediated by different electrophysiological mechanisms which
negate each other when acting in combination. Only a more direct
assessment of membrane electrophysiology will answer this problem.
Propranolol, the beta-adrenergic blocker, had negligable effects
on myocardial sodium or potassium, or on the K;/K: for e1ther.thé,inactive
or exercised groups. The ISF was, however, lower than the {nactive control
in both the propranolol 1nac£}ve, and the propranolotpp]us exercise groups.
The changes in ISF must be a consequence of an alteration in some other
aspect of membrane electrophvsiology than the maximum diastolic repolari-
2ation and should be investigated by direct measurements with an intra-
cellular electrode.

The first question posed in the Introduction to this section can

be answered in the affirmative, that is, changes in the distribution of

electrolytes between the plasma and the myocardium do occur with exercise.
Furthermore, the distribution of electrolytes following training is
consistent with a Tower ISF, which can be accounted for in whole or in
part by a more nggative maximum diastolic repolarization.

The seébnd question asked in the Introduction to this section cannot
be answered conclusively. The changes in plasma to myocardial electrolyte
distribution associated with atropin®, noradrenaline or isoprenaline
administration indicated directionally opposite shifts 1in K;/K; compared

with exercise. For these groups, the reduction in ISF must have been

~
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accompanied by electrophysiological changes in factors ather than the
maximum diastolic repolarization, In the carbachol and propranoio]

. treafed groups, no shift in electrolyte content was evident in comparison
with the inactive control.

It was concluded that the compliete understanding of the electro-
physiological changes for both the exercised and drug treatea groups
which resulted in the reduction of ISF can only be gained by 1ntrace11u1;r
microelectrode studies. The following is a brief account of the complex
interactions involved in the electrophysiology of pacemaker cells, This
discussion will partially explain the difficulty in assessing the
electrophysiology of the sinoatrial node from the simple measurement of
electrolyte distribution from plasma to myocardium.

Noble (1975) concluded that much work remains to be done in the
area of understanding cardiac pacemaker aétivity. This conclusion would
seem to gain additional support from the findings above. Normally
quiescent atrial muscle will assume the property of autorhythmicity if a
constant depolarizing current is applied which will reduce membrane
potential from the resting level of -80 millivolts to a level of -50
mitlivolts (Brown and Noble, 1969). At the membrane potential of -50
millivolts an outward current is measured. This current increases as the
potential moves further from the initial potential. The depolarization .
caused by an outward current is the equivalént of the prepotential of
the sinoatrial node. The cause of the pacemaker-like activity is a
decrease in potassium conductance {gK) (Noble,*1975). Little is known of

the factors which can chronically change membrane electrophysiology. A

B s S v P
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decrease in Na-K-ATPase activity has been observed in the myocardium of
exhausted rats (Korge, Masso and Roosson, 1974). The acute effects of
" the neurotransmitters, however, serve to illustrate the variety of
changes which can influence pacemaker electrophysiology.

The parasympathetic neurotransmitter, acetylcholine, decreases
cardiac frequency. This is accomplished by the influence of acetyl-
choline on potassium conductance (gK) resulting in a higher gk and a
’hyperpolarization of the membrane and a Tower slope of the prepotential
(Trautwein, Kuffler and Edwards, i956) as a consequence of increased
potassium efflux (Hutter, 1961) (Figure 16). The sympathetic neuro-
transmitter, noraérenaline, increases cardiac frequency. This action
is achieved by the interaction of at least three mechanisms. Firstly,
a hyperpolarization of the membrape occurs, and there is an increase of
a current dé%ignated 1x by Noble (Brown and Noble, 1974). The ix is a
component of the pacemaker current, thus increasing this current will
increase the rate of rise of the prepotenfial. Secondly, it appears
that inward calcium current is increased, also affecting the rate of
rise of the prepotential (Brooks and Lu, 1972; Brown and Noble, 1974).
Finally, the activity of the Na-K-ATPase 1s’1ncreased (Vassqlle and
‘Barnabei, 1971), resulting in K+ accumulation within the pacemaker‘
cells and a hyperpo&arization of the membrane (Noble, 1975) (Figure 16).
From this brief discussion of the acute effects of the neurotransmitters
on pacemakeﬁ activity, it is apparent that detailed e]ectrophysiologicé]
studies are required before the reduction of ISF can be attributed to
the various contributing factors. Until precise meaerements of the

electrophysiotogy of the sinoatrial node are available (West (1972)
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reports only a single impalement of a rat sinoatrial cell), it is
impossible to refute or support the earlier statement that the reduction™
of ISF in the exercise control animals may be due in whole or in part

to a more negative maximum diastolic repolarization.

V-5-3: Summary: N

The exercised control rats had a lower KZ/K? than the inactive

control, indicating a more negative E This was taken as an indicator

K*
of a more negative maximum diastolic repolarization. The question from
tﬁe Introduction about changes in electrolyte distribution with training
was answere& in the affirmative. It was concluded that” the more negative
maximum diastolic repolarization may“gzéount in whole or in part for the
reduction of ISF in the exercised animals. | ) .
The different drugs caused a wide variation in measured K;/K:,

due largely to changes in myocardial potassium. The ghange in K;/Kg and
its predicted effect on maximum diastolic repolarization did not account

for the changes &n ISF observeq in the groups. Atropine caused an

_increased K;/K:, yet ISF decréased. Carbachol had little effect on

either K;/K; or ISF. Noradrenaline and isoprenaline both produced an
increased K;/K:'but ISF decreased. Propranolol had little effect on

K;/K:, but ISF decreased. It was concluded that more precise electro-

Pphysiolodical studies were required to make firm statements regarding

the method of reduction of ISF. The question raised in the Introduction

'concerning the similaritx of changes in electrolyte distribution between

the exercised control ang.the drug administration could not be answered’

"with certainty.
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¥-6: Chronotropic Responses to Acetylcholine:

V-6-1: Introduction:

Is fhere a dec;eased sensitivity to acetylcholine with physical
training in the present studies as in the work of Bolter, Hughson and
Critz (1973), and what are the effects of the drugs #n Study 1 and
Study é on acetyicholine sensitivity? These were the points raised in
the Introduction. The jg_giigg sensitivity of a parasympathetically
innervated organ to acety1cho]inenwas shown by Bito, Dawson and«Pet;inova
(1971) to be inversely related to the chronic, background parasympathetic
activity which had been present jg_!ixé. Bolter, Hﬁghson and Critz (1973)
used this relationship to provide evi@ence for increased resting para-
sympathetic actfvity in swim trained rats. Many other authors had
suggested an e]evatea resting parasympathetic activity in the trained
state (Hall, 1964; Tipton: 1965, Tipton and Taylor, 1965), but did not
provide sound evidence to substantiate this proposal. The present Thesis
employed the acetylcholine sensitivity to assess the effects of thé
treadmi][ﬂtraining programme on resting parasympathetic'activity: The
Hiscnéﬁéﬁcylpn the acetylcholine responses with the previous swim
traigjng s%hdy Qi]] be discussed in view of the different training
methoﬁs. .

4

V-6-2: F{ndings and Discussion:

In no group in either Stud} 1 or Study 2 was the acetylcholine

chronotropic response different from the inactive control groups. The

e A\
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question asked in the Introduction must be answered in the negative, that
is, exercise did not evoke an alteration in the sensitivity to acetyl-
choline. Further, the drugs did not cause a change in sengitivity to
acetylcholine. |

The absence of an alterated chronotropic sensitivity to acetyl-
choline implies that there wasvno difference in the background parasympa-
thetié activity in any éroup. This finding is perhaps most surprising
for the carbachol treated groups. It must be concluded that the
concentration of carbachol was not sufficient to affect the acetylcholine
sensitivity, but; it must be remembered that the concentration of carbachol
employed was only slightly less than a lethal concentration. The atropine
treated group did not show an increase in_sensitivity to acetylcholine as
might be expected if the actual interaction of acetylcholine and the
receptor in vivo was essential to establish sengftivity. It seems that
the atropine may not have interfered with the interacti&n required between
acetylcholine and the receptor, or'it may be possible that atropine
substituted fér'acetylcho1ine in inducing receptor sensitivity. *

The discrepancy between the present sfudy and the previous
investigation of Bolter, Hughson and Critz (1973) is quite striking. In
the previous investigation, it was concluded that traiﬁing induced high
levels of resting pargsympathetic activity. The training programme of
the present study did not result in high resting parasympathetic activity.
The reason for the difference may be tWo-fo1a. Firstly, as described in
the JExperimental Procedures", “treadmill exercise rgdﬁ1res a Tower level
" of energy expenditure than swimming (Dawson, Roemer and Horvath, 1970;

‘ Popovic et al, 1969). The Tower training intensity may have been

A ety e,




responsible for the failure of the present studies to elicit increased
parasympathetic activity, or of other studies (Johnson and Tho?p, 1975)
to elicit a resting bradycardia. Secondly, swimming type exercise in

the rat is frequently associated with total body immersion, resulting

+in a reflex bradycardia (Lin and Baker, 1975), This immersion bradycardia

in other mammals is a Consequence of high vagal activity (Andersen, 1966),

therefore it is poss?b]e that the altered acetylcholine sensitivitj
»

reflected the parasympathetic activity accompanying the immersion.

It is concluded that the treadmill training programme employed in

the present studies did not evoke a change in resting parasympathetic

nervous activity as reflected by the acetylcholine chronotropic sensitivf%y

in vitro. Before conclusions regarding the reason for this finding are
made, moré studies should be performed, increasing the intensity of

treadmill exercise, or establishing appropriate water immersion control
an%ma]s to compare with the swim training method of Bolter, Hughson and

Critz (1973), to determine whether the conclusion reached by these

investigators was valid.

V-6-3: Summary:

/ .
No altered in.vitro d%ety]cho]ine chronotropic sensitivity was
observed in any group. From this, it was 6onc1uded_that the "treadmill

training of .the present ﬁhesi; did not evoke increased resting parasym-

pathetic activity. But, it was suggested that more studies be made to

assess the validity of the conclusion of Bolter, Hughson and Critz.

{.
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assessments of sinoatrial sensitivity to sympathetic stimulation. To
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V-7: i;g Vitro Chronotropic Responses to Noradrenaline:

V-7-1: Introduction:

Is there a decreased sensitivity to noradrenaline with physical

. . LTI T o st - -
I T LT T UL R PLrC

training as s.ggested in the literature, and what are the effects of the
drugs employed in Study 1 and Study 2 on noradrenaline sensitivity? This
question was raised in the Introduction on the basis of indirect
evidence of decreased sensitivity of the sinoatrial node to noradrenaline
following training. ‘ ”

Ekblom et al (1973) observed a smaller response to 6-hydroxydopamine
(a drug with short term sympathetic stimulant properties) in trained rats
and proposed a reduced sensitivity to éyﬁpathetic stimulation in this
group in comparison with control;. In humans, Brundin and Cernigliaro «.
(1975) suggested that the sinoatrial node was less responsivé to catechol-
amines following training since subjects exercising at the same power out-
put post-%raining had a lower cardiac frequency but similar urinary >
catecholamine levels. Kurmaev, Chinkin and Zhdanov (1974) also suggested
decreased sensitivity to catecho1amines'1n trained rats, Tipton_et al .
(1972) attempted to assess sympathetic iesponsiveﬁess in trained

adrenalectomized rats by the administration of a single concenfration of

isoprenaline to jsolated perfused hearts. In comparison with appropriate

\adrenalectomized controls, the trained animals had a lower cardiac i

frequency response. ' All three of these studies are indirect and incomplete

IPRVEPRC S

obtain more complete information complete dose-response curves have been 3
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constructed for the sinoatrial chronotropic response to the sympathetic d
™ neurotransmitter noradrenaline (Euler, 1946)._ As for the acetylcholine

chronotropic responses previously described, a modification of the

technique of Bolter, Hughson and Critz (1973) of the isolated right

T T R T T

/ ' atrial prepaéation was employed.
/

¥ i

/ .

/ V—?—Z: Findings and Discussion:
/ ’ :
H » ( '

\\\\\\k“—J///V—7-2-1§ Sensitivity to Ngradrenaﬂine:

o

In Study 1, there were no differences in the ED50 values indicating

no change in sensitivity of the sinoatrial node to noradrenaline.

i

Similarly in Study 2, m?st groups showed no difference in the ED50 value
in comparison Qith 1ﬁactive control, however, the two chronically f
nor;drenaline treated gréups had lower E050 values. The noradrenaline . <
.f inactive and the norédreniline plus exercise groups were, therefore, more
sensitive to noradrena]ibé in vitro. The findings of the present studies |
do not suppoft the hypothesis advanced by Brundin and Cernigliaro (1975),
Ekblom et al (1973) and Tipton et al (1972) that there. is a reduced Y
sensitivity to noradfenaline following training. Rather, it appears that
nor§drenaline sensitivity of the sinoatrial node is unaltered by physical
training. While it remains pessible that the failure to observe a
reduced sensitivity was a consequence of the relatively low training
intensity of the present ;tud{es, the results of Study 2 argue against

this. In Study 2, an increased daily §ympathetic aétivity with noradrena-

R

Tine resulted in an increased sensitivity in vitro, while a decreased

L
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da11y sympathetic activity w1th proprano]o] resulted in no<change Since

neither a@teration in sympathetic activity caused aaztiggg,ln sens1t1v1ty
oF

in the d1rectlon predicted by the previous }nvest1%{ [s, it is g1ff1cu1t
/ B

- "The finding of similar urinary catecholamipe output a’fixed

to agree w1th their interpretation of their results

Jevel of power output pre-and post-training by Brufdin and Qernigliaro
(1975) is at best difficult to interpret. In suppgrt of this/finding—
is the data of Vendsalu (1960) which showed'simil plasma catecholamine
Tevels in fit and unfit subjécts at the same pgﬂér output. }n contrast,
Bloom et al (1576) observed lower plasma catej%o]amine levels at a
percentage of maximum in trained cyclists, ébd Ostman,‘Sjostrand and
Swedin (1972) and Bernet and Denimal (1974) obserued greatly reduced
urinary catecholamine output in trained compared with untrained rats
during a standard swimming exercise. The actua] level of - catecho]am1nes
at the receptor site cannot always be related to plasma catecho]am1ne .

levels or urinary catecholamine output because of the activity of the

metabolic and uptake pathways for noradreanline (Iversen, 1971; Wurtman,

Kopin and Axe]rod 1963). Further, it cannot be assumed %hat a[}~\\

components of the sympathetic nervous system are equally adﬁiv ted

(Ledsome and L1nden,11964). The indirect evidence of Bnyndﬁn and

Cernigliare (1975) does not, therefore, adequately supporf the proposal

of reduced sensitivity to catecholamines following ira1n1ng. ‘ N
The indirect assessment of catecholamine sens%tivity in the

trained rat by theledministfation of 6-hydroxydopamine (Ekblom et a ;

1973) does not give firm support for a decrease in sensitivity} Thg“dru
6-hydroxydopamine has short qeting sympathomimetiq-]ike activity due tq

et it
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the increased quqntél release of noradrenaline from the nerve endings
(Haeusler, 1971). A destruction of the nerve endings-occurs in the
terminal adrenergic system resulting in a chem?cal sympa thectomy
(Thoenen and Tranzer, 1968). The smaller acute response to 6-hydroxy-
dopamine could equally well be explained by a lower turnover of
catecho]am{pes in the heart following training (Ostman and Siostrand,
1971) as by a decreased sensitivity to a given concentration of
noradrenaline.

The finding of a lower frequency response of the hearts of trained
adrenalectomized rats to‘a single fixed concentration of isoprenaline
(Tipton et al, 1972) does not receive support from the present studies.
Rather than the interpretation of Tiptén et al that the sensitivity to
cateeholamines was reduced in the trained rat, it appears that a
decreased ef%icacy of the drug may have been responsible for the lower

" frequency response. The lower efficacy of npradrenaline will he discussed

e
>
\ -

later.

The increased sensitivity of the sinoatrial node -to noradrenaline
in the. chronically noradrenaline treated animals of Study 2 is sim{lar to
the report of LeBlanc, Vallieres and Vachon (1972). These investigators”
eﬁb]oyed repeated injections of isoprenaline to evoke increased sensitivity
to isoprenaline, however, in the present study, no increased sensitiQity
to noradrenaline was observed in the isopﬁéna]ine treated animals. The
reason for this may have been the three times greater dosage of isopren-‘
aline employed by LeBlanc, Vallieres and Vachon (1972), or it may reflect
a specificity of the response to the inducing agent. The increased

sensitivity to noradrenaline probably reflects an alteration in the rate

e
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of drug metabolism at the receptor site. Noradrenaline is removed from
the receptor site by two mechanisms. Uptake1 is the uptake process\bf
neuronal tissues, and Uptake2 is the uptake process by non-neuronal

tissues (Iversen, 1971},

9

U’ptake1 is an active process with a high affinity (Km=0.2 x 10™7M)

fogr noradrenaline; isoprenaline is not taken up by this process. In

( s

spité of the observation that the maximum rate of Uptake, is low (Vmax =

1
0.6 nmo]/g/min); this is the most important pathway in normal physiological
conditions (Iversen, 1971). In contrast, thé Uptake2 process has a lower
affinity (Km = 252 x 10'6M), bﬁf‘gfhigh maximum rate of uptake (Vmax =
100 nmo1/g/min). Noradrenaline taken up by the Uptake1 process is
1ncorgprated into storage vesicles. Noradrenaline taken up by Uptake2
is metabo]?zed by the enzymes monoamine ox1dase‘(MA9) and catechol-0-methy?
transferase (COMT). While 1t is difficult to speculate on the mechanism
responsible for increased sensizyvity to noradrenaline in the chronically
noradrenaline-treated groups, a number of possibilities exist.

The rate of Uptake2 may be reduced. Although this mechanism has

7
a very high{maximum velocity, chronic over-taxing of the MAO and COMT

metabolic pathways may have left this uptake process saturated. Iversen

(1965) ‘demonstrated that noradfena]ine taken up by Uptake2 is not immediately

metabolized, thus it appears that the metabolism by‘ﬁAO and COMT can be
saturated\\ The influefce of chronically high levels of noradrenaline on
the concentrations and activities of MAO and COMT has not apparently been
investigated.

At lTow concentrations of noradrenaline, the higher affinity Uptake1

process 15 quantitatively more important for noradrenaline removal. Certain

. e —
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catecholamines inhibit the uptake of noradrenaline, but this appears to
be through competition for the Uptake1 binding site (Kirshner, Schauberg
and Ferris, 1971). The influence of chronically high levels of noradren-
aline on the content of the storage vesicles is unknown. It is possible
however, that the storage capacity for neuronal noradrenaline becomes
saturated by chronic noradrenaline administration. Additional support
for this proposal that saturation of the Uptake1 mechanism resulted in
the increased noradrenaline seﬁsitivity which was observed ¢an be found
in the noradrenaline respoﬁse of the isoprenaline treated animals of the .
present Study 2. Isoprenaline is not taken up by Uptakel, therefore,
removal of this catecholamine is by the Uptake2 process only. Since
chronic isoprenaline treatment in this study did not significantly affect
the noradrenaline response in vitro, then it is possible that the
mechanism responsible for the increased sensitivity is not involved in

. the action or metabolism of isoprenaline, althouth the noradrenaline !
uptake study of Va]]ieceé, Bureau and geBlanc (1972) s not in ifcord
with this proposal. The study of LeBlanc, Vallieres and Vachon (1972)
reported an increased sensifjvity to a constant intravenous infusion of
isoprenaline in the chroﬁTc;ily isoprenaline treated animal. Thus, it is
necessary to resolve the conflict betweén these two studies. Selective
blockade of the metabolic pathways of Uptake1 by phenoxybenzamjne or
cocaine (Kirpek§¥ and Cervoni, 1963) and Uptake2 by steroiqs (Kalsner,
1969) may be helpful in resé]viné this dﬁestioq. s

In conclusion, the question of whether altered sensitivity to’

ST U

noradrenaline occurred following training must be answered in the negative

PRI
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- S
from the results of the present study. T#e relatively low intensity of//

the training in the present studies may have bearing on the observed
noradrenaline sensitivity, therefore, a study of the sensitivity tq
noradrenaline following more intensive training should be carried out.
It was found that noradrenaline administration over the duration of the
study resulted in an increased sensitivity fo noradrenaline as measured

in vitro. The second half of the question posed in the Introduction

concerning the effects of the drugs of Study 1 and Study 2 can be

answered: yes, noradrenaline pre-treatment alters the sensitivity to

noradrenaline.

V-7-2-2: Efficacy of Noradrenaline:

" The maximum efficacy of noradrenaline in a number of groups in
both Sfudy 1 and Study 2 was reduced in comparison with the inactive
control groups. This observation was similar to that of Cairoli and
Crout (1967) in which Figure 2A of their paper shows a greater maximum
increase in frequency in hyperthyroid as compared with euthyroid rats.
Although these authors do not discuss this point, the observation cou1d
indicate a greater efficacy of noradrenaline in the hyperthyroid animals.
The difference in maximal efficacy can be due either to changes in the

)

drug-receptor interaction or to changes in the properties of the effector
cell. -

Recently, it has been suggested that the receptor popu]ation'may
vary with catecholamine stimulation (Mukherjee, Caron and Lefkowitz; 1975).
The injection of isoprenaline into frogs was folloﬁed by a decrease in

the number of binding sites for 1-alprenolol. Thi#s decrease was accompanied

LR . P
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by a reduction in the maximum efficacy of isoprenaline to stimulate
adenyl cyclase activity, but no change in the sensitivity judged by the
half-maximal response. The presént Study 2 does not support this concept
as chronic stimulation of the receptor sites with daily noradrenaline,

as discussed above with respect to sensitivity, did not reduce the
efficacy of the noradrenaline chronotropic response in these groups.

The possibility of changes in the effector cell causing the
reduced efficacy of noradrenaline in certain groups recéives considerable
support. In the present Study 1 and Study 2, a very significantqpositive
correlation was observed between the maximum frequency in respopse to

noradrenaline the the ISF as measured in vitro (r = 0.75, r = 0.63,

respectively). Tﬁis correlation suggests that the electrophysiological
properties involved iﬁ establishing the ISF are also involved in Timiting
the maximum frequency response. This FZHationship appears to hold for
;11 groups, even though, as discussed earlier (Electrophysiology of the
ISF), the mechanism by which ISF was reduced may varj, This hypothesized

relationship between the ISF and maximal sinoatrial frequency is supported

by the early electrophysiological studies of Cervoni,_gest and Falk (1956) -

which reported that cells with a low spontaneous rhythm could only bel
stimulated to Jow maximal frequencies. Further, the recent work of
Brorson et al (1976) reported a significant correlation between the
increése in the duration of the monophasic action potential recorded
from the right atrial surfaée at rest and the reduction in maximum exer-
cise cardiac frequency-following two months of physical training 16 man,-

While the study of Brorson et al (1976) measured the monophasic action

e W e Vi W Wt e Kon [ XY
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potential from the surface of the right atrium with the sympathetic and
parasympathetic innervation 1ntact, it would be expected that changes in
the electrophysiology of the sinoatrial node would be reflected in éhe
measured potential (deMello, 1961, Huddart, 1975). 1In addition, the
study of éutton et al (1967) demonstrated that a reduction in ISF would
accompany a two month physical training programme such as employed by
Brorson et al (1976). Therefore, there appears to be support for the
hypothesis derived from in vitro data that the decreased efficacy of
noradrenaline is re]aEed to a reduction in the ISF. ng; h&pothesﬁs has
been further explored in Study 3 in which a significant positive correla-
tion was observed in the rat between the in vivo ISF and the maximum
cardiac frequency in response to exercise (r = 0.73) or noradrenaline .
infusion (in the anesthetizeq,,gang1ion blocked rat) (r = 0.61), These

findings will be discussed in more detail under the heading “In vivo

chronotropic responses". The results of the present thesis support the

position that the reduction of efficacy of noradrenaline is related not
to the drug-receptor interaction, but rather to the properties of the

rd

effector cell.

V-7-3: Summary:

No change in the sensitivity to noradrenaline was measured in the
exercised animals contrary to the hypotheses existing in the literature
that sensitivity to sympathetic stimulation was reduced by physical

training.

b TR
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chds . ! . .
Increased sensitivity to noradrenaline \was observed in animals °¢
receiving prior daily noradrenaline injections. Ij,hasbproposed that

alterations in drug metabolism, specifically the neuronal Uptake1

pathway may have been responsible for this finding. .

3

Maximum efficacy of noradrenaline was reduced in the exercised
groups of Study 1 and Study 2.

It was observed that the maximum frequency
in response to noradrenaline correlated significantly with the ISF. This

led to the hypothesis that electrophysiological properties which establish

ISF also limit the maximum sinoatrial frequency.

L)
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V-8: Study 3: In Vivo Chronotropic‘Responses:

o

V-8-1: Introduction:

o W WA
o g Y ,\~/.,v_\\y.,»m«

Study 3: Does a decrease in ISF result in a reduction of maximum
cardiac ?requency in vivo? This question was formu]atgd in thé Introduction
as a éopsequence of the in vitro observation that the reduced noradrenaline
efficacy was' correlated with the IéF. In the discussion of noradrenaline
efficacy in the previous(section, the hypothesis was advanced that electro-
physiological properties which establish the ISF are also involved in
limiting the.@aximum sinoatrial frequency. Study 3 has ihvestigated the

applicability of this hypothesis in vivo.
: —
The limitation to maximal cardiac frequency is not known. In man,

. -

there are many conflicting observations. Maximum cardiac frequency is

related to age (Astrand, 1960), however, young endurance trained athletes
h .

frequently have maximum caraiac frequencies below the age predicted

v o~ ¢ Maximum (Ekblom, 1969) and training frequently reduces the maximum

= i SO

frequency (Ekblom, Kilbom and Soltysiak, 1973, Brorson et al, 1976. v
Conversely, olq;r, ye]] conditioned persons frequently have maximum

AN
-cardiac frequenc ove fhe age predicted maximum. In an attempt to

{ N
answer the question of a reduced maximum cardiac frequenpy in highly
trained endurance athletes, Ekblom (1969) proposed that the cardiac
hypertrophy accompanying endurance training may be responsible for_the

. I
reduction in maximum cardjac frequency. Ekblom also points out, however,

that cardiac hypertrophy does _not usually occur until at least six months

.0f enduranrce training. In the short term training studies (Ekblom, Kilbom *
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§ﬁd Soltysiak (1973) investigated the szsibi]ity of persisting
parasympathetic\activity at high levels of power output being respoﬁsible
for the reduced maximum exercise cardiac frequency. Atropine injections, -
however, failed to result in a higher frequency. The:earlier discussion
-~ 0f "Efficacy of Noardrenaline" hypothesized that the maximum sinoatrial
frequency response to noradrenaline was limited by electrophysiological
factors which are also involved iq establishing the ISF. The results of
Brorson et al (1976) pub1ished shortly after the conclusion of the
experimentg to be described also support this concept. Bror;on et al

—~

. (1976) observed a correlation between the e]ectrophysihlogica] parameter,
the lengthening of the duration of the monophasic action potential recordeh
from the right atrium and the decrease in maximum cardiac frequency iﬁ a

_group of human volunteer subject following training. The present Study 3
has examined‘the relationship between the maximum cardiac frequency and
the ISF in the rat in vivo. - '

} Two series of experiments were carried out in Study 3. The first
involved the‘measurement o% the maximum cardiac frequency respoése to
progressive treadmill exercise to exhaustion. The second was the
determination of the maximum frequency .response to intnavenous_infusion

of ndradrenaline in the anesthetized,(ﬁanglfbn blocked animal. To‘sTudy
the correlatton between ISF and the maximum cardiac frequenty, it was
‘desirable to have a wide range of values of ISF. This was achieved by the
daily injection of atropgne (S'mg/kg) as in Stu;y 1 to one half of the
aniﬁals studied. Female Spragué;bawley rats were used, as it was observed

that it was easier to have an untrained adult female eierc1se than an

/.
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untrained adult male rat. No prior treadmill training was employed before
the progressive treadmill test, however, all animals appeared to reach a

functionally 1limited maxirum.

N . 4 e wmm e
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V-8-2: Findings and Discussion:

The maximum cardiac frequency response was correlated with the
ISF for both exercise (r = 0.76) and noraérenaﬁine infusion (r = 0.61);‘
There was no significant difference between the maximum cardiac frequency
obtained.in response to exercise or noradrenaline.

The hypothesis advanced on the basis of the in vitro observations
that the ﬁaximum cardiac frequency is Timited by electrophysiological "
p}operties which establish the ISF gains additional support froT Study 3.
The question asked in the Introduction Ean be,an§¥gred in the affirmative.
‘A reduction in ISF does appear to be responsib]é/for a decrease in maximum
cardiac frequency in vivo. The early e]ectrophysioﬁogica] study of
Cervoni, West and Faik (1956) observed a low maximum freqﬁency in response |
to electrical sfimu]ation in cells with low spontaneous pacemaker
frequencies. This study‘provides jg_xi;gg support for the relationship

kS
between ISF and maximum frequency, but in vivo studies have been less clear.

.Maiimum cardiac,if;;:;;;;kaééreases in gﬁe human populati;n'with
age '(Astrand, 1960). The observatioh that ISF also decreases with age
(Jose, 1966) led Jose and Collison (1970) to speculate on a relationship
bgtween these observations, however, no direct evidence was presented.
’Brorson et al (1976) did present evidence of a cprrelation Betyeen an

e1ectrophysiologica1_measure in the heart, the right atrial monophasic

L4 ‘
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action potential, and the maximum cardiac frequency. It must be noted,
however, that the right atrial monophasic action potential was recorded

from resting, but neurally intact humans. Noble (1975) points out the

P S “\*v_g:,wﬂ'd‘ o

relationship between cardiac frequency and the monophasic action
potential, therefore, the observation of Brorson et al (1976) may simply
reflect a decrease in resting cardiac frequency and a decreasé in maximum
cardiac frequency. It is possible that a decpgase in ISF occurred in the
éraining study of Brorson et éT (1976) as observed previously by Sutton
et al (1967), but the decrease in résting cardiac frequency observed by
Brorson and co-workers was probab]y due to altered aufonomic nervous
act1v1ty also" (Ekblom, Kilbom and So1tys1ak 1973).

The similar maximum cardiac frequency response to noradrenaline
infusion and to exercise suggests that maximal exercise evokes maiima]
sympathetic stimulation. This finding further suggests that the maximum *
cardiac frequency observed in response to maximum exercise was the true

maximum frequency of the sinoatrial node.

V-8-3: 3Summary: . " . "

The maximum cardiac frequency response to progressive treadmill
exercise to exhaustion and to noradrenaline infusion dﬁring ganglionic
blockade positively correlated with the ISF. This finding gave additionaf
support to the hypothesis that the maximum cardiac frequency is limited by
e]ectrophxsio]ogica] factors which aretalso involved in establishing the

ISF.
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V-9: The ISF and Cardiac Frequency:

Cardiac frequency is established by the interaction of the para-
sympathetic nervous system, the sympathetic nervous system, and the
intrinsic sinoatrial frequency (ISF) (Grodner et al, 1970; West, 1972;
Higgins, Vatner and Braunwald, 1973). Grodner et al (1970) demonstrated
that the balance between autonomic nervous activity accelerated or slowed
the heart. High parisympathetic activity reduced cardiac frequency, and
high sympathetic activity increased cardiac frequency. Physical training
has been “shown to alter the balance of autonomic activity (Herrlich, Raab
and Gigee, 1960; Ekblom, Kilbom and Soltysiak, 1973). As a consequence,

'cardiac frequency can be reduced by theade;}eas; in sympathetic and the
increase in parasympathetic activitiés. Also accompanying physical
training is a reduction in ISF (Sutton et al, 1967; Lin and Horvath, 1972;
Bolter et al, 1973; present thesis). Therefore, the a]éered autonomic
balance will be acting on an ISF which has a new lower set point fo]10w1ng
training. This point of view has also been assumed by Barnard, Corre ag%
Cho (1976).

Resting cardiac frequency of the exercised animals was reduced
slightly in Study 1 and significantly in Study 2. The present studies
‘found no increase in parasympathetic tone by. the crLterion established
prev1ous]y (Bolter, Hughson and Critz, 1973). No measurement was made of
changes it rest1ng sympathetic tone, however, prev1ous studies (Lin and
Horvath, 1972; Ekblom, Kilbom and Soltysiak, 1973) have shown these
changes to be smail. -Therefore, the reduction in ISF was probably the
major céntributing féctor to any changes obsefved in resting cardiac

frequency. This proposal appea?s to‘ho1d true for most groups, as the
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reduction in resting cardiac frequency was simi]af to the reduction in
ISF. Small fluctuations in autonomic nervous activity at the time of
resting measurements would influence this relationship. However, in the
exercise plus noradrenaline group. a large reduction 1n'resting frequency
occurred in spite of a negligible redUétion in ISF. The reason for this
discrepancy cannot be found in an altered parasympathetic activity, but
could possibly be related to alterations in sympathetic activity or
sensitivity which accompanied the daily injections of noradrenaline.

In aqdition to the influence on resting cardiac frequency, ISF
also appeared to limit maximum cardiac frequency, a; discusséd in the
previous section. The in iuence of ISF on cardiac frequenciéz\Betweéﬁ///A
resting and maximal frequencies has ;ot been investigated. Although the
cardiac frequency for a given balance of sympathetic and parasympathetic
activities is probably reduced in accordance with the reduction in ISF.
The corollory of this would be that an increased sympathetic drive would

be required to produce the same cardiac frequency.

V-9-1: Summary of the ISF and Cardiac Frequency:

At rest, the balance of sympathetic and parasympéthetic nervous
activity on the ISF establishes the cardiac frequency. The present study
detected no differences in tonic parasympathetic activity and did not
measure the tonic sympathétic activity, but did find reductions in ISF
which contributed té a reduction in resting cardiac frequency. In addition,
the ISF appeared ép establish a 1imit on the maximﬁm cardiac frequency in
the present thesis in both in vitro and in vivo studies, The reduction in

ISF with training implies that to achieve the same cardiac frequency
. - )
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fol]bwing training, a different balance of parasympathetic and sympathetic

activity must be employed.
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V-10: Summary-Chapter

0

V-10-1: Introduction

This chapter will briefly review the Thesis under the sub-heading
"Observations and Conclusions o}~the Thesis". The final part of the
chapter will be a brief statement of 3ome of the questions raised by the

Thesis and suggestions of possible pathways to pursue the answers.

$~10-2: ‘Observations and Conclusions of -the Thesis:

This thesis has examined the influence of changes in the autonqmic
nervou; balance ;ccurring with physical training on the reduction of
intrinsic sinoatrial frequency (ISF) which accompanies training. 1In
addition, the chronotropic responses of the sinoatrial node to the
autonomic transmitters acetylcholine and noradrenaline were studied, as
well as the influence of ISF on cardiac frequency.

In agreement with previous studies,rthé ISF decreased with physical
training. The pharmacological manfpulations of parasympathetic receptor
activity in Study 1 showed that increased parasympathetic nervous activity
was probably not involved in the reduction of ISF with physical training.
On the contrary, a decrease in ISF was observed with parasympathetic
receptor blockade with atropine and the decrease due to the drug appeared
to be additive to that due'to physical training. Carbachol, a parasympa-
thetic receptor stimulant had no significant effect on ISF. An assessment

of myocardial electrophysiology by the estimation of plasma and intra-

cellular sodium and potassium contents revealed that the postulated changes

-
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in maximum diastolic repolarization in the exercise and the atropine groups
were in opposite directions. The reduction of ISF with exercise and
atropine could not, therefore, be accounted for by the same mechanism,
but required the changing of the slope of the prepotential and/or the
threshold potential. In Study 2, pharmacological stimulation of the
sympathetic receptors with noradrenaline or isoprenaline caused a
reduction in ISF, however, exercise in combination with these drugs
produced no changes in ISF. Blockade of the sympathetic receptors with )
propranolol caused a reduction in ISF. The effects ¢f these drugs on
electrolyte distribution revealed a similar fiﬁding to that in Study 1.
Similar reductions in ISF in the exercise and the isoprenaline or
noradrenaline groyps were accompanied by directionally opposite changes
in the predicted membrane electronhysiology. Propranolol had no effect
on electrolyte distribution. In conclusion, Study 1 and Study 2 revealed
that exercise reduced the ISF. Pharmacological interventions with the
receptor activity showed that neither increased parasymp;thétic activity
(which was similar to increaséd resting vagal tone of the trained state),
nor increased sympathetic activity (which was similaf to the increased
activity of the sympatggtic nervous system during exercise) was responsible
for the reduction of ISF with physical training. This statement was given
support by the study of myocardial and plasma electrolyte contents, and
the proposed changes in membrane electrophysiology accompanying any
electrolyte shift. N

The study of the chronotropic sensitivity to acetylcholine showed

no significant differences between any group in either Study 1 or Study 2.

This observation was taken as evidence that no change in resting
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(background) parasympathetic activity was present in any group.

| Noradrenaline responsiveness was altered in a number of groups.
The maximum frequency response was reduced significantly in Study 1 in
the exercise and the atropine plus éxercise animals, and in Study 2 in
the propranoiol and the propranolol plus exercise animals. In both
Study 1 and Study 2, the maximum frequency response to noradrenaline
was positively correlated with the ISF. On the basis of this correlation,
the hypothesis was advanced that the electrophvsiological properties
which establish the ISF are also involved in setting a limit for the
maximum sinoatrial frequency. The noradrenaline sensitivity was unaltered
in all groups except the two noradrenaline pre-treated animals. These

groups had an increased sensitivity to noradrenaline.

Study 3 tested the refationship observed in vitro in Study 1 and

Study Z_between the ISF and maximum noradrenaline stimulated frequency.
Maximum cardiac frequency measured either by exercise or noradrenaline
infusion in the ganglion blocked 5nima1 was positively correltated with
the ISF. These findings gave additional support to the hypothesized
electrophysiological factor which establishes the ISF and limits the

maximum sinoatrial frequency.

V-10-3: Questions for Further Research:

This‘éhesis has shown no_connect}on between the ISF and tonic
levels of autonomic nervous acfivity asséciatéd with physical exercise
and the trained state. Although this connection had been proposed by
Raab (1%?9), it is now apparent that some other aspect of physical

training must be responsible for the exercise induced reduction in ISF.
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The second half of Raab's proposal that alterations in myocardial
electrolyte balance may be responsible for the reduction in ISF obtained
support from the study of electrolytes in Study 1 and Study 2. It may
be, therefore, that altered electrolyte balance, specifically augmented
myocardial potassium, may bé the primary factor in reducing ISF. The
finding of elevated serum potassium levels during exercise and increased “
potassium accumulation with elevated serum levels (Rose et al. 1966)
supports this concept. An investigation of the role of serum potassium
levels during exercise and the relationship with the ISF may answer the
question of the mechanism responsible for the reduction of ISF with
exercise.

The present study found no alteration in the chronotropic
sensitivity to acetylcholine following training as was demonstrated by
Bolter, Hughsorn and Critz (1973) This raised two major questions.
Firstly, was the-absence of a decreased acetylcholine sen&itivity in
‘the present study a reflection of the relatively low training intensity
employed? Secondly, was thes finding of a reduced sensitivity to
acetylcholine by Bolter, Hughson and Critz (1973) a consequence of the
swim training? Water immersion frequently occurs with swim training,
and this is associated with a vagally mediated bradycardia. The first
question could be answered by pre-selecting rats on the basis of running
ability and training them at a higher intensity. The second question
could be answered by comparing the swim training group with an appropriate

water immersed control group.

T R L
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Reduction of the ISF and the maximum chronotropic response and the

/Eypothesized relation between the ISF and the maximum sinoatrial response

can only be properly investigated by modern electrophysiological techniques.

As pointed out in the Introduction, the e]ectrophxsio1ogy of the pacemaker
cells is complex (Noble, 1975). The various responses of the simplistic
electrophysiological assessment based on electrolyte distribution in

Study 1 and Study 2 affirm this. Intracellular recording, and vo]tagé
clamp experiments (Brady, 1974) would reveal the changes in membrane
potential and ionic currents associated with the reduction in ISF due to

exercise or chronic drug administration, and also the limits to maximum

P

sinoatrial frequency.
The repofte@-decrgase;in sensitivity to. noradrenaline following
physical training was nof fouﬁd in thetpresent studies. ~ Whether this
finding was dﬁe i% the low~fntensity‘of Erajning in the pres;nt stqdies,
or the iﬁdirect assessments upon whicﬁ~¢he proposal was based fn the
previous studies (Ekblom et.al, 1973; Brundin and\CernigliarQ% 1976) needs
to be investigated.: As suggested above for_the acetchhqline response,
.pre-selection of animals for training at a h1gﬁer intens%ty may answer‘\
this quéstion. .
It has been reported that 1ncrehsed chronotropic sensitivity to
isoprenaline accompanies repeated isoprenaline injections (LeBlanc,
Vallieres and Vachon, 1972), however, an increased sensitivity to
noradrenaline was not found in the isoprenéline treated rats of Study 2.
. Simply repeating this previous study employing the three-times Qreaﬁé?’fwi

- 1
concentration of isoprenaline which LeBlanc employed may resolve the
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conflict between the two studies, but it is possible the drug of pre-
treatment selectively sensitizes the tissue to that catecholamine, as
the method of drug metabolism differs for isoprenaline and noradrenaline
(Callingham and Burgen, 1966). .This same suggestion may also be helpful
in investigating the mechanism responsible for the jiricreased sensitivity
to noradrenaline in the two chronica]]yfnoradrena]ine treated groups of
Study 2. It was suggested earlier in the "Discussion" under the heading

“In Vitro Chronotropic Responses to Noradrenaline" that chionic noradren-

aline treatment may selectively influence, the Uptake1 mechanism as this
is the primary mechanfsm of noradrenaline removal from the recegﬁor site
at physiological concentrations (Iversen, 1971). Selective blockade of
Uptake1 with cocaine or pheﬁoxybenzamine (Kirpekar and Cervoni, 1963)
and Uptakez with steroids (Ka]sner,.1969) following experimental
preparation similar to that of Stud& 2 may answer }his question, a]tﬁough
se1ect1vi{y Sf tﬁese blocking agents is limited (Iversen, 197i).
Finai]y'in‘this Thesis, the importance of the ISF and the
chronqtrdpié responsiveness in establishing cardiac frequency in the rat
has been demonstrated. The application of this kriowledge to the human-
could be very beneficial in undefstanding.the cardiac fréquency response
'in the &?ﬁ]etic, normal and patient populations. The endurance trained
athlete with a reduced ISF and the ;esu1tiﬁg reduction in maximum cardiac
freéuency could Qé ij1ted wheﬁ the maximum capacity of themcirculatory
system is stressed. Athletes éﬁmpeting in orienteering and cross
country skiing frequently approach maximum effort in uphill running, and

a reduction of maximum.cardiac frequency may be a restrictive factor on
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performance. In the patient, the knowlédge of the ISF and autonomic
contributions to cardiac frequencyw;;s proven a valuable diagnostic tool.
A small percentage of post-myocardial infarction patients have been
termed slow~heart-rate responders (Powles et al, 1975) becausi of an
abnormally ?ow ca;diac frequency response to exercise and a low maximum
cardiac frequency. These patients do not increase their maximum cardiac
- frequency in Qesponse to atropine,. and probably have‘IoQ values of ISF
‘as reported previously by Jose (1966). A patient with Shy-Drager
syndrome (a degeneration bf tﬁe central sympathetic nervous system)
(Shy and Drager, 1§60) hashbeen studied recently in our laboratory
(Appendi% 7). The patient had an abnormal cardiac frequency to exercise,
with a plateau in frequency of app}dximateWy 100 beats/minute occurring
at about 50% of his maximum power output of 600 KPM/minﬁ Maximum cardiac
frequency increased during exercise with the parasympathetic receptor
bldcker‘;f;dpine The ISF of the patiént was low for his age (Jose, 1966),
but: this measurement in combination with the response to atropine
demonstrated that the patient.was not comp]etely sympathetically dener-
vated as had.been syspected from his history gnd control exercise test.
Rather, it appeared that sympathetic activity was ?gduced and parasympa-
thetic activ!ty maintained so that cardiac frequency 91d not reach a true
maxjmum. Antsdditipnal test, the cont1nuogs infusion of 1soprena13ne.
.reveale& an essentially normal response to exogenous catecholamine

stimulation. Thése séudieé indicate the advantage.of going beyond the

early pioneering work of Jose-and c011egues (Jose, 1966 Jose and Stitt,

1969; Jose and Collison, 1970) which measuFed on]y ISF, to a total clinical -

investigation of 1ntr1nsic and autonomic contro1 of card1ac frequeﬁcy.
. .@ ’ ,
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Appendix 1 ( 1
Resting cardiac frequency: ’

The method of measurement of resting cardiac frequency was
detailed in the Methods section III-6-1. Below is a typical recording
obtained from a resting animgT. The paper speed was 25 mm/sec.,

10 millivolts = 1 cm; The cardiac frequency of this animal Qas 370

beats/min. (Figure 17) -+
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Appendix 2

2a) Preliminary Studies of ISF Measurement:

The intrinsic sinoatrial frequency (ISF) has been described
earlier as the cardiac frlequency measured.dur&ng toté] autonomic’blockade_
of fhe heart. This is accomplished with atropine to block the parasym-
pathetic activity to the heart, and propranolol to block the sympath%tik
activity tb the heart. Previous studies have used these drugs in the rat.
Tipton and Taylor (1965) used 1 mg/kg atropine but stated without evidence
‘that this did not achieve tota] parasympathetic blockade. Lin and Horvath
(1972) assumed\total blockade of the parasympathet1c system was.obtained
with 1 mg/kg atropine. In combination with the atropine, Lin and Horvath
employed 8 mg/kg propranoﬁol to produce sympathetic receptor blockade and
measure the ISF. A larger concentration of atrop%ne°(3 mg/kg) has been
used in rats by Walsh (1969). The present studies have used the 3 mg/kg
atropine’suggested by Walsh in conbination with 8 mg/kg proprano{o] to |
measure ISF. To test the adequacy of these concentrations of blocking

drugs, an additional 1.5 mg/kg atropine and 4 mg/kg proprano]oi was

administered. The drugs were injected intraperitongally and the cardiac

frequency at 20 minutés post-injection was taken as the ISF,

The time course of the cardiac frequency response to atropine and
propranolol injection is shown in Figure 18, Cardiac frequency:can be
seen to p]aFeau between 15 and 30 minutes. The injection of additional
atropine and propranolol.did not have a significant effect on cardiac
frequency as ghown in Table 15. The coefffciént of variation for the

: -
ISF measurement with 3 mg/kg atropine and 8 mg/kg propranolol compared
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with 4.5 mg/kg atropine and 12 mg/kg propranolol indicated that these two‘

measurements were not different from each other.

2b Rgpeatabi]ity of ISF Measurement

To assess the repeatability of measurements of ISF on different

days, eight animals were studied as described above. A comparison of the
ISF measurement on the two occassions is shown in Figure 19,

There was
no significant difference in the two measurements.
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TABLE 16

Effect of different concentrations of propranolol and atropine on intrinsic

sinoatrial frequency.

Animal Number Propranolol (8 mg/kg) plus  Propranolol (12 mg/kg) plus
Atropine (3 mg/kg) Atropine (4.5 mg/kg)

1 385 . 390

366 "\\ 362
376 \\\ﬁ* 366

3

4 366 356

5 362 364

6 380 375

7 358 | 358

8 376 382

Mean ¥ 1 S.EMM.  371.1 7% 3.3 369.1 ¥ 4.3

Values are the individual measurements of ISF obtained 20 minutes
after the injection of the indicated doses of propranolol plus atropine.

The coefficient of stability is 0.86 (Bruning and Kintz, 1968).

o i LA s 3 st
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Appendix 3
1

Preliminary studies of parasympathetic receptor aéonists and antagonist.

3a Control:

In order to adequately assess the cardiac frequency response to
injected drugs,‘it was first necessary to deterﬁ%ne the cardiac frequency
response to a sham injection of 0.2 ml saline (0.9%, w/v).

Eight animals had electrodes attached as described in Methods
section III-6-1. A resting cardiac frequency value was obtained, then an
injection of 0.2 ml saline was made subcutaneously under the skin of the
back of the neck. Cardiac frequency was measured at intervals over the
next 60 minutes (Figure 20). The cardiac frequency respbnse to the sham
injection indicated that responses to injected drugs were not influenced

by the handling associated with the injection.

3b Atropine:
To.block a significant proportion of the daily parasympathetic

activity, a high concentration of the parasympathetic receptor blocker
atropiné was employed. . As described in Appendix 2, 3 mg/kg atropine
produced total parasympathetic receptor blockade over the period required
to measure ISF. A concentration of 5_mg/kg was chosen to achieve longer
lasting parasympathetic receptor blockade.

Eight animals wé?e studied. Electrodes were attached and the

resting cardiac frequenéy measured. Atropine, 5 mg/kg dissolved in saline
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was injected in a total volume of 0.2 ml under the skin of the back.

Cardiac frequency was measured until the pre-injection.value was observed.
The cardiac frequency response to 5 mg/kg atropine is shown in

Figure 21. Cardiac frequency rose from a resting value of about 375

beats/minute to a peak value of 475 beats/minute. Parasympathetic

receptor blockade persisted for six hours. This length of blockade

represented approximately a 25% reduction of the total daily parasympathetic

activity to the heart.

3¢ Carbachol

The drug carbachol is a relatively long acting parasympathetic
receptor stimulant. To increase the total daily sympathetic activity,
carbachol was administered, however, the paucity of.data describing
chronic administration of carbachol as a stimulant of the myocardial
parasympathetic réceptors required preliminary studies to determine the
concentration required. An initial concentration of 1.0 mg/kg was
chosen. This dose elicited immediate heavy lacrimation and salivation,
followed rapidly by convulsions. A decrease in drug concentration to
0.5 mg/kg also produced convu]sibns, but these were reversed with
atropine. At a drug concentration of 0.15 mg/kg, lacrimation and
salivation occurred, but the animals did not convulse and did not appear
to feel any discomfort.

To assess the cardiac frequency response to 0.15 mg/kg carbachol,
eight animals were studied. Electrodes were attached and a resting

cardiac frequency measurement was obtained. Carbachol was dissolved in
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saline and injected in a total volume of 0.2 ml under the skin of the back.,
Figure 22 shows the cardiac frequency response to 0.15 mg/kg

carbachol. Cardiac frequency decreased to a minimum value of 230 beats/ !

minute. Parasympathetic receptor stimulation lasted for four hours.

This was felt to be the maximum stimulation which could be oQtained din

view of the adverse effects of higher concentrations.
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Appendix 4

Preliminary studies of sympathetic receptor agonists and antagonists.

4a Noradrenaline:

To mimic the increased sympathetic activity during exercise,
sympa%hetic agonist drugs were adm1nister;d. Noradrenaline is the
natural transmitter of the sympathetic nervous system (Euler, 1946),
however, ?t acts not only on the aQrenergic receptors of the myocardijum,
but also}those of Fhe vascu}ature. The injection éf noradrena]iﬁ;
produces an elevated blood preséure, and a reflex slowing of the heart
through the vagally mediated baroreceptor reflex.. The concentration of
noradrenaline (1.0 mg/kg) chosen was employed previously by Linna et al
(1965). To proléng the duration of action of nofédrena]ﬁne, the drug
was mixed witﬁ lanolin and suspended in 0il. Linna et al (1965) measured
a hypertensive response of three hours duration, but did not report the
chronatropic effect of this concentration of noradrenaline. The
chronotropic response was measured in this study.

Eight animals were studied, Rest1né cardiac frequency measure-
ments were made. Noradrenaline was suspended in oil and injected
subcptaneous]y in a total volume of 0.1 mi to give a tota]‘concentration
of 1.0 mg/kg. Ca;diac frequency was measured over the next three hours.

The cardiac frequency response to 1.0 mg/kg noradrenaline in oil
is showa in Figure 23. A bradycard!a was observed in the first hour,
with cardiac frequency slowly returning toward the pre-injection value

by three hours. From this response it was not possible to conclude what

St 4—:‘ “‘E‘i «\:,‘_.,..-wu'.---—-—-w<«_.. —
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LY

the duration of stimulation of the cardiac adrenergic receptors has been.
The blood pressure response of Linna et al (1965) indicated a duration
of action of noradrenaline to be three hours and this was probably also

true for the cardiac stimulation,

4b Isoprenaline:

Isoprenaline is a selective beta-adrenergic stimuiant, acting on
the beta-adrenergic receptors of the heart but not the alpha-adrenergic
receptor; of the vasculature. The cardiac response to isoprenaiine
injection is, therefore, a tachycardia. Preliminary studies demonstrated
that 0.1 mg/kg isoprenafine mixed with Tanolin and suspended in oil,
produced a marked tachycardia. Furthe% measurement was made of this
response.

"Eight animals were studied. Resting cardiac frequency was
measured pr%or to the subcutaneous injection of 0.1 mg/kg isoprenaline
in 0il, and cardiac frequency was measured at intervals over the following
five hours.

Figure 24-shows a marked tachycardia in response to the injected
isop;éhaline. A peak increase above resting frequency of approximately
200 beats/minute occurred. <Cardiac frequéncy remained elevated for
three hours before returning to pre-injection values by five hours. No
adverse effects were noticed in the animals. A previouS study employing
three times this concentration daily observed no cardia% lesions

(vallieres, Bureau and LeBlanc, 1972).
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4c Progranb]o]:

To block the sympathetic receptor activity in the heart, the
selective beta-adrenergic receptor blocking agent propranolol was
‘embloyed. Prbprano]o] cannot bg administered repeatedly subcutaneously,
therefore, oral administration was chosen (Vavra, Tom and Greselin, 1972).
Propranolol was mixed with the drinkihg water to give a daily intake of
approximately 5 m§/kg when the propranolol water was available for 12
hours per day to approximaté the duration of action of the other drugs.

Eight animals were studied for their cardiac frequency response

to propranolol. Resting cardiac frequency measurements were made at

L4 ¢

least 48 hours after ?he last drug administration. The animals were
returned to the cages and the propranolol water was made avai1ab1e for
12 hours. Immediately after this 12 hour per%od, cardiac frequency was
measured by the method used to measure resting cardiac frequency. Thfs
praocedure was repeated twice in the same animals., The cardiac frequency
response shown in Figure 25 illustrates the significant bradycardia

following propranolol indicating cardiac sympathetic receptor blockade.
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Appendix 5 '

In vitro frequency response.

The frequency of isolated atria was monitored by bibo]ar
recording electrodes attached to the atrium. The sinoatrial frequency
response to acetylcholine was recorded three ﬁinutes following the
addition of each drug concentration, as it has been observed that a
new steady level is attained Q this time. Only those atria with a
regular rhythm were used to obtain drug responses. Figure 26 shows
the development of a tachycardia in a preparation in response to
acety]choling. This preparation was eliminated from the calculated
response. '

Noré%rena]ine added to the orgén bath increases the sinoatrial
frequency. '}he frequency at three minutes post-addition was regarded
as the frequency response. Figure 27 shows the cardiotachomefer

record of the increase in-dtrial Ebntraction frequency during the

N . N
construction of a noradrena]ine&dgsé—nésponse curve,
{
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Appendix 6

In vivo frequency responses:

ot ettt

6a Exercise:

To ob:ain the cardiac frequency response during exercise, electrodés
were attached to the upper portions of the limbs in a lead II configuration.
Cardiac frequency could be, clearly counted during exercise. The numbér of
QRS complexes counted over 6 seconds was multiplied by 10 to give a response
in beats/minute. An example of the record obtained during the exercise test

of one animal is shown in Figure 28.

6b Noradrenaline:

The maximum cardiac frequency response was obtained in yivo with
noradrenaline. Noradrenaline was chosen as it is the natural sympathetic
transmitter, however, as described earlier (Appendix 4a), noradrenaline
produces a bradycardia in the intact animal. To eliminate the bradycardia,
and also any reflex sympa&hetic activity, the ganglionic blocking agent
hexamethonium was emp]oyeq. Initial studies with 1 mg/kg hexamethonium
showed that cardiac frequency rose initially, then fell in response to
intravenous noradrenaline injection., The vardiac fFequen;y response and

"blood ﬁressure response to noradrenaline following 3.0 mg/kg hexamethonium
showed a small decline in frequency and blood pressure., As a consequence
oflthese observations, the Eoncentration of hexamethonium was doubled to

. 6.0 mg/kg and the cardiac frequency and blood pressure responses were

monitored during noradrenaline injection. The cardiac frequency and blood

ot ptl o em AR P
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pressure attained peak values by 30 seconds and these values were
maintained for a period of 60 to 90 seconds before a decline was

observed. The peak cardiac frequency :fsponse to each drug concentration
was taken as the response to the noradrenaline. Increasing concentrations

weve administered until a peak frequency response was observed.

PP
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Appendix 7

Response of patient with Shy-Drager syndrome.

Shy-Drager syndrome is a disease of the central aspécts of the
sympathetic nervous system resulting in sympathetic'degeneration (Shy
and Drager, 1960). The common finding in patients with this disease is
orthostatic hypotension, however, we (these.studies were conducted in .
conjunction with Dr. J. Sutton and Dr. J. Ryan), were able to investigate
the cardiac frequency response to exercise.

The patient exercised according fo the standard Stage 1 protocol
developed for the laboratory (Jones et al, 1975). This is a progressive
exercise test beginning at a workload of 100 KPM/min. with the workload
increasing by 100 KPM/min. every minute. The cardiac frequency response
is shown in Fighre 29. This is an abnormal response, beginning from a
relatively high resting cardiac frequency, the frequency increased to a
value of 101 beats/minute by 300 KPM/min. and essentially plateauing at
this level until exhaustion at 600 KPM/min. This response was interpreted
initially as evidence for the absence of sympathetic influence to the
sinoatrial node, and the cardiac frequency increasing as a conseqSence
of vagal withdrawal, with the maximum cardiac frequency being similar to
the ISF. To test this interpretation, the exercise test was repeated
first under atropine (0.04 mg/kg, Jose, 1966) then atropine (0.04 mg/kg,
Jose, 1966) plus propranolol (0.2 mg/kg, Jose, 1966).

The cardiac frequency response to exercise.with atropine is shown
in Figure 29. The cardiac frequency at rest rose to approximately the ‘

level of maximum exercise, but then with exercise continued to rise to a

e e -
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maximum frequency above that in the control situation. The response of
cardiac frequency to exercise with atropine blocking the parasympathetic
receptors of the heart was shifted upward, but almost paralleled the

control response,

The injectioﬁ of atropine plus propranolol yielded the measurement j
- of intrinsic sinoatrial frequency. The ISF was 74 beats/minute, a value .
slightly below the resting cardiac frequency. From this value of ISF,

cardiac frequency rose slightly during exercise..

The cardiac frequency responses to exercise during parasympathetic

receptor blockade with atropine, and combined parasympathetic and sympa-

thetic receptor blockade with atropine plus proprano]oi, gives much

additioqiy information with which to interpret the pat{ent's exercise

response. Since atropine increased the maximum cardiac frequency, a

level of parasympathetic activity must have Txisted in maximum exercise, -
This response is quite different from the normal in which all parasympé—

thetic activity is removed at ﬁéxi?u@ (Ekblom, Kilbom and Soltysiak, 19757?

The increase in cardiac frequency during exercise with atropine is

presumably due to sympathetic activity, although we have no evidence that

total parasympathetic activity was blocked in this patient by 0.04 mg/ké

atropine.. The finding of an ISF value of 74 beats/minute was quite

surprising. Tﬁis indicates that sympathetic activity must have contributed

to the maximum cardiac fréquency. The rise in cérdiac frequency during
.exercige with propranolol R}ys'atrOpine cannot be easily interpreted in

&4 .
‘view of the findings of Sutton et al (1977).
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In addition to these studies with pharmacological antagonists, ]

the sympathomimetic isoprenaline was infused intravenously. It was
hobserved that the cardiac frequence response to isoprenaline was

essentially normal, although slightly hyéérsensitive, in comparison
with the normal population (Figure 30), With a constant infusion of ‘
isoprenaline which raised. the resting cardiac frequency to 120 beats/
minute, the response to exercise paralleled that of the control
situation, re;%hing a maximum cardiac frequency of 140 beats/minute
(Figure 29). Thus, the sensitivity of the heart of catecholamines was
essentially normal, and the maximum cardiac frequency observed was .
above that measured during the control exercise test.

In conclusion, we observed in a patient with Shy-Drager syndrome
én abnormal increase in cardiac frequency in response to exercise which

was probably due to both decreased sympathetic activity and increased .

parasympathetic activity.
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