EFFECT OF ISOPROTERENOL ON PHYSIOLOGICAL
AND BIOCHEMICAL CHANGES IN EUTHYROID
AND HYPERTHYROID RAT HEARTS

by
PENELOPE ANNE LONGHURST
B.Sc., University of London, England, 1975

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF
| MASTER OF SCIENCE

in
THE FACULTY OF GRADUATE STUDIES
Divislon of Pharmacology and Toxlicology

of the Faculty of Pharmaceutical Sclences

We accept thls theslis as conforming

to the required standard

THE UNIVERSITY OF BRITISH COLUMBIA

September, 1978

C) Penelope Anne Longhurst, 1978



in presenting this thesis.in partial fulfilment of the requirements for
an advanced degree'at.fhe University of British Columbia, | agree that

- the Library_shall make it freely qvailable for refefence and study.

| further agree that permission for extensive copying of this thesis
for s;holérly purposes may be granted by the Head of my Department or
Sy his representatives., |t is understood that copying or publication
of this thesis for financial gain shall not be allowed without my

written pemission,

Department of Pharmaceutical Sclences

The University of British Columbia

2075 Wesbrook Place
Vancouver, Canada
V6T 1W5

Date September 22, 1978




-11-
ABSTRACT.

The effect of trilodothyronine pretreatment on the
physiological and blochemical propertlies of the rat heart
was Investigated in a number of cardlac preparatlions.
Pretreatment with triiodothyronine for three days produced
an increased chronotroplic effect in the isolated right
atrium, and a decreased ilnotroplc effect in the 1lsolated
left atrium and Langendorff heart.

Following administration of lsoproterenol there was
a dose-dependent increase in rate of the right atrium,

The absolute increase in réte was simllar in euthyrold and
hyperthyrold tlssues; the hyperthyrold atria malntained a
higher rate than the euthyrold atrlia, with no sign of
supersensitivity. |

In the electrlcally stimulated left atrium and right
ventricle, lisoproterenol produced a dose-dependent increase in
tension. The absolute increase in tension was slightly greater
In the euthyroild tissues than in the hyperthyrold. tissues,

In all three preparatlions, the contractlile changes produced
by isoproterenol were accompanied by an increase in
phosphorylase actlivity which was similar in euthyroild and
hyperthyrold animals,

Five nanograms of isoproterenol produced a similar
increase In tenslon in euthyrolild and hyperthyroid Langendorff
rat hearts, The increase in tenslon was accompanied by an

increase in phosphorylase a activity., This effect of
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isoproterenol on phosphorylase actlvation was potentlated
in the hyperthyroid hearts, The possibllity that the
potentlation of phosphorylase activation in the perfused
heart was a result of the increase in coronary blood flow,
hoted in hearts from hyperthyroid animals, was investigated,
Coronary blood flow was reduced in a group of hearts from
hyperthyroid animals to the same level as that of hearts
from euthyroid animals, and the phosphorylase-activating
effect of isoproterenocl was agaln tested. Under these
conditions the phosphorylase-actlvating effect of
isoproterenol was stilll enhanced.

A pA study carried out on the rat right atrium showed
that betagadrenoceptors in the euthyroid and hyperthyrold
state were silmlilar,

The data obtalned in the present study suggest that
the actions of thyrold hormones on the heart do not result
in a supersensitivity t6 the chronotroplic or lnotropic effects
of isoproterenol, In the Langendorff heart preparation a
supersensitivity to the phosphorylase-actlvating effect of
isoproterenol was detected, but thls same potentiation could
not be demonstrated in the right atrium or right ventricle.
The reason for the absence of an isoproterenol-induced
potentiation of phosphorylaée activation in these two
preparations, when 1t can be readlly demonstrated in the
isolated perfused heart, is not clearly understood but may:.be
due to tissue damage incurred during dissection,

It is suggested that the greater resting rate of
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hyperthyroid myocardial tissue might be due to a direct
action of the thyroid hormones on calcium movements 1in the

sino-atrlal node,
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INTRODUCTION

Adrenal Medullary Involvement in Thyrotoxlicosis.

The assoclatlion of toxlc goltre with rapid heart rate
has been known for several centurles, In 1825, Caleb Parry,
a practitioner 1in Bath, England, described eight cases which
he saw between 1786 and 1814, Other early practitioners
assoclating a rapld pulse wlth thyrold enlargement were
Flajanl (1802), Graves (1835), and von Basedow (1840)., In
1865, it was suggested by lMoore that the symptoms of
thyrotoxicoslis might be due to increased vasomotor or
sympathetic actions, The introductlion of the chemical
synthesls of adrenallne 1ln 1901 meant that the relatlionshlip
between the thyrold gland and the adreﬁal medulla could be
more closely investigated., Finally in 1908, Kraus and
Friedenthal demonstrated that adrenaline could produce
tachycardia and some of the eye slgns of thyrotoxicosis.

In more recent studles there has been some support for
this Interaction between the two systems. Thier and
co-workers (1962) showed an 1ncreése in heart rate over
controls in hyperthyroid rat atrlia, Thls increase was
significantly reduced when the animals were pretreated with
reserpilne. Cravey and Gravenstein (1965) also showed that
atrla from hyperthyrold rats beat faster than those from
euthyrold rats., Following adrenalectomy, the hyperthyroid

atrla rates were significantly reduced, but returned to their
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initial (honadrenalectomized hyperthyroid) rates following‘
corticosterone treatment. Lee, Lee and Yoo (1965) showed
using rabblit atria that atria taken from thyroxine-treated
animals beat at a significantly hlgher rate than those taken
from euthyrold animals, Following administratlion of
noradrenaline the increases in rate and amplitude were greatest
in atrla from the hyperthyrold animals.

However, the majority of evidence tends to suggest that
this relationship 1s much less straightforward. than 1t seems.

Initially Benfey and Varma(1963) showed that in spinal
cats followling treatment with triiodothyronine, Intravenous
adrenaline produced no greater effects on heart rate, blood
pressure and contractile force than in control animals.

Margolius and Gaffney (1965) found that in the intact
dog graded doses of noradrenallne produced no change in
absolute or percentage increases 1ln heart rate of euthyroid
or hyperthyrold animals, although the initial heart rate was
nigher in the hyperthyroid dogs. Stimulation of the accel~
erator nerve produced similar frequency-dependent absolute
increases in heart rate in euthyrold and hyperthyrold dogs.
Van der Schoot and Moran (1965) working with open chest dogs
found an increased initial heart rate in hyperthyroid
animals as compared to controls. Adrenallne and noradrenallne
changed the absolute and percentage increase in heart rate
less in hyperthyrold than in euthyroid dogs. They also found
less of an increase in contractile force in hyperthyrolid than

in euthyroid animals, In rat ventricle strips Van der Schoot
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and Moran found that the initial contractlile force of the strips
from hyperthryoid rats was significantly lower than those
from euthyroid rats, The positlve inotropic effect of noradren-
aline was similar in both groups. With rat atrla, the inltial
contractile force was greater in euthyrold than in hyperthyroid
animals, The posltive lnotropic effect of noradrenaline was
less in the hyperthyroid than in the euthyrold animals if
the response was expressed aé grams tension., There was no
significant difference between the two groups 1lf the response
was expressed as percent change. The 1lnlitlal rate of spon-
taneoud contraction of atria from hyperthyrold rats was greater
than that from euthyroid rats. In the presence of noradrenaline,
the absolute increase ln rate was the same in both groups; but
if expressed as percent lncrease was less In hyperthyroid than
in euthyrold rats.

Wilson and co-workers (1966) working with human
volunteers, found that the major difference in the response
of the éuthyroid and hyperthyroid heart to isoproterenol was
that the hyperthyroid heart had a higher initlal rate;
otherwise the increments in heart rate to graded doses of
isoproterenol in the two states dld not differ, and therefore
the receptor senslitlvity was unchanged. Followlng treatment
with propranolol, isoproterenol did not produce a change in
heart rate In elther state.

Aokl and co-workers (1967), also working with human
volunteers found that dally administration of 500 ug of
trilodothyronine produced the typical symptoms of thyrotoxlicosis,
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including palpltation and pounding of the heart, Heart
rate was significantly higher during the treatment reglime
than during the control perlilods, The response to nor-
adrenaline Infuslon was similar during the two sessions,
 Calroll and Crout (1967) showed that hyperthyrold rats
developed an increased metabolic rate and tachycardia, To
test whether the tachycardla was due to increased adrenerglc
nerve actlvity or enhanced responsiveness of the pacemaker
to noradrenaline, they studlied the effect of propranolol on
the resting heart rate of the unanesthetized rat, This
produced less pardlac slowling in the hyperthyroid than in the
euthyrold group, thus ruling out these two possiblllitles,
Atroplne was added to check whethef chollnergic input was
deficlent (in whlch case there should have been little change);
but there was a sharp lncrease in rate in both groups,
indlicating that vagal lnput to the sino-atrial node was
unaffected by the hyperthyroid state, Treatment with reserpline
reduced the hyperthyrold heart rate to that of the control
animals, If atropine was added after reserpine pretreatment,
the depresslon of heart rate was reversed, . Thls suggested
that reserplne could only "normallze" the hyperthyroid
heart rate if vagal function was lntact, and led to thelr
concluslon that there was no evidence to suggest that the
hyperthyrolid state enhanced elther adrenergic neural actlvity
or the sensitivity of cardlac beta-receptors to noradrenaline,
but rather that the tachycardia was due to a direct effect of

the thyrold hormones on the pacemaker cell.
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Thus, 1t can be clearly seen that treatment with
thyroid hormones does ralse restlng heart rate above control
values. Quite possibly if the data presented in the early
studles were re-examined, taking into account the differing

baselines, no catecholamine supersensitlivity would be seen.
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Cardlac Beta Receptor Involvement,

Clinically, beta-adrenoceptor blocklng agents have
been used to treat patlents with thyrotoxlicoslis for many
years, Employed in this manner, they control nervousness,
palpitations, tachycardla, increased cardiac output, tremor
and acute hyperthyroild crisis; but have no effect on the
underlying hyperthyroid process ltself ( Levey, 1976;
McDevitt, 1976; Brit, Med. Je, 1977).

Kunos (1977) has suggested that since beta-adrenoceptor
conversion seems to be promoted by an ilncrease in metabollc
activity (Buckley and Jordon, 1970; Kunos and Nickerson, 1976),
changes In thyrold state could also alter adrenoceptor
properties, _

Williams and co-workers (1976) showed, using the beta-
adrenoceptor blocklng agent 3H ~dlhydroalprenolol, that there
was a 100 percent increase in the number of binding sltes per
milligram of proteln 1ln hyperthyroid myocardlial membranes as
compared to a simllar preparation from euthyrold hearts,
However the relative afflinitles of lsoproterenol in the two
groups were practlcally ldentical, Iy additlon, Claraldl and
Marinetti (1977) showed an increased number of beta-receptors
and decreased number of alpha-receptors in heart ventricles
from thyroxine-treated rats, without any change in the binding
affinity of the beta-receptor,

Spaulding and Noth (1975) reportéd that in hyperthyroidism
there is a decrease 1n the amount of noradrenaline released

from sympathetic nerve endings, It has therefore been
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suggested by Banerjee and Kung (1977) that this could
support the hypothesls that the concentration of
noradrenaline ls important in regulation of beta-receptor
denslty on mammallan myocardlal membranes.

Another possible theory of the mechanism of actlon of
beta-adrenoceptor blockling agents in hyperthyroldism was put
forward by Melander and co-workers in 1975. They showed
that in hyperthyrold mice, thyrold hormone secretlon could be
initlated by beta -, but not beta -adrenoceptor agonists.,
The inductlon of gecretlon could %e abolished by pretreatment
with L-propranolol. However, no clinical studles to date
have demonstrated that beta-adrenoceptor blockling agents
inhiblt thyrold hormone secretlon in hyperthyrolild patlents.

Most recently; Kempson, Marinettl and Shaw (1978)
showed that trilodothyronine and thyroxline increase the
number of beta-adrenoceptors in rat heart ventricle sllices.
These effects take place in two stages; the acute effect at
1.5 to two hours belng a post-translational event; and the
chronic effect at fifteen hours being a transcriptlonal or
translational event. They suggest that there 1s a pool of
catecholamine receptors located withlin the cytoplasm of the
ventrlicular cells whlch may move'from the pool into the

plasma membrane following thyrold treatment.
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Cyclic AMP and Phosphorylase Involvement.

Adenosine 3',5'-monophosphate (cyclic AMP), the enzyme
which acts as a second messenger in many blologlcal systems
was first discovered by workers investigating the lincreased
breakdown of glycogen to glucose ln lliver sllces stimulated
by adrenalline and glucagon;

Sutherland and Rall (1960) found that adrenallne acted
on a membrane-bound enzyme, adenylate cyclase which was
responsible for formation of cyclic AMP from ATP 1ln the
presence of Mg++. Cyclic AMP In turn accelerated converslon
of inactive phosphorylase b to actlve phosphorylase a, by the
steps shown in flgure 1., Thls then resulted in breakdown
of glycogen to glucose., In heart muscle the same reactlon
occurs, but the finishing product 1s lactate. Inactlvation
of cycllc AMP was. found to be brought about by a cycllic
nuéleotide phosphodlesterase, with subsequent formation of
5*-AMP (Sutherland and Rall, 1958),

Cyclic GMP (guanosine 3',5'-monophosphate) 1s formed in
a similar manner from guanylate cyclase and GITP, and 1is also
broken down by a phosphodlesterase,

Tissue levels of cycllic AMP depend on the balance
between the actlivitles of adenylate cyclase and phospho-
dliesterase, These activities may be stimulated or inhibited
by a number of drugs. The methylxanthines caffeine and
theophyllline; papaverine, nitroglycerine, hydralazine,

and some dluretlics have been reported to be phosphodiesterase
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inhibltors (@ye, 1975). Thelr use results 1ln increased
cyclic AMP levels., The catecholamines; glucagon, ACTH,
histamine, and prostaglandins are some substances whlch
activate adenylate cyclase (Butcher, 1968) and increase
cyclic AMP levels,

In the heart, cyclle AMP ls thought to be the medlator
of the 1notfopic response to catecholamines acting through
the beta-adrenoceptor. It has been shown (@ye et al, 1964)
that the lnotrople response to adrenallne ln perfused hearts
was preceded by a rapld rise in cyéllc AMP levels, and followed
by a rise 1n.phosphory1ase a., Beta-adrenoceptor blocking
agents have been shown to inhilbit all the cardlac effects of
the beta-agonists (@ye, 1975),

Other agents which cause an inotroplc response of the
heart, such as glucagon, histamine, dlbutyryl cycllic AMP and
some phosphodlesterase inhibltors have also been shown to
~lncrease cycllic AMP levels prlor to the lnotroplec effect,
Pretreatment with beta-adrenoceptor blocking agents has no
effect on the response to these drugs(Butcher, 1968;
Drummond and Hemmings, 1972; McNelll and Muschek, 1972;
McNeill, Brenner and Muschek, 1974).

In heart muscle, the stimulation of glycogenolysis by
these inotroplec agents via cyclic AMP may provide some of
the energy required to sustain the response, although it
cannot be necessary for ellcitatlon of the response since
phosphorylase g levels only increase following the peak of

the inotroplic response (Willliamson and Schaffer, 1976).
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In initial studles, phosphorylase a, the enzyme whlch
catalyzes the breakdown of glycogen was extensively studied.

Hornbrook and Brody (1963) showed that chronic thyroxine
treatment (for fourteen to twenty days) produced an increase
in anaesthetlized rat cardiac phosphorylase a levels, and a
decrease in cardlac glycogen levels when compared to control
animals. In a subsequent paper (Hornbrook et al, 1965),
they showéd that infusion of noradrenallne potentliated the
increase in % phosphorylase a seen in hyperthyrold animals,
in the hyperthyrold rats, following reserpine administration,
there was agalin potentlatlon of the noradrenalline-~induced
increase in cardliac phosphorylase a, compared to euthyrold
rats pretreated with reserpine; although in the absence of
noradrenaline the % phosphorylase a values in euthyroid and
hyperthyroid rats pretreated with reserpine were essentlally
the same, This suggested to them that the catecholamine-induced
responses seen in the hyperthyrold anlimals were due to some
form of modulation of the "myocardlal metabolic adrenergic
receptor",

A series of studles by Hess and Shanfeld (1965), showed
that the lncrease (from 30 to 50 percent) 1ln cardiac
phosphorylase a, brought about by chronlc (more than three -
days) thyroxine pretreatment developed gradually over the time
period studlied, and that when treatment stopped, the
phosphorylase a activity returned to control values in
twenty days. Blood pressure and heart rate changes were shown

to behave in a similar manner. In the presence of adrenaline,
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% phosphorylase a increased 1in both euthyrold and hyperthyrold
rat hearts, but the absolute increase (allowlng for the higher
basal activity in the hyperthyrold animals) was similar, They
therefore concluded that thyroxline did not potentlate the
effects of adrenaline on cardliac phosphorylase g.

These results differ from those of Hornbrook and co-workers
(1965), who d1d show noradrenalline pofentiation. Firstly,
the % phosphorylase a values of Hess and Shanfeld in the
absence of adrenaline (30 percent for euthyrold and 50
percent for hyperthyrold) are very high compared to Hornbrook's
values (14,2 and 32.8 percent respectively). Secondly, the
doses of noradrenaline used by Hornbrook were not able to produce
a slignificant increase in % phosphorylase a levels in the
euthyroid anlimals over euthyrold controls; although in the
hyperthyrold anlmals, the same doses did produce a signiflcant
increase 1n phosphorylase a.

To test the effect of "antladrenerglic" drugs on thyrolid
hormone pretreatment, Hess and Shanfeld studled the response
of % phosphorylase a to acetylchollne, reserpine and pronethalol,
They found that in euthyrold rats acetylcholline had little effect
on phosphorylase actlivity, but in hyperthyroid animals it
produced a significant decrease in % phosphorylase a compared to
values in the presence of thyroxine alone; the levels belng
reduced to euthyroid control values, Pretreatment for flve days
with reserpine reduced the usual lncrease in phosphorylase

activity seen in hyperthyrold hearts when compared to euthyrold

controls, In euthyrold rats, reserplne produced no change in
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cardlac phosphorylase a actlvity., Pronethalol, a
beta-adrenoceptor blockling agent produced no change

in the phosphorylase actlvlity of euthyrold rat hearts one
minute after adminlstration; although it produced a
significant decrease in heart rate, In hyperthyrold rats,
pronethalol produced a slgnificant decrease 1in cardlac
phosphorylase a actlvity, as Well as a decreased heart rate,
These results seemed to indicate some relationship between
the catecholamines and thyrold hormones, which at this tlme
was postulated to be due to increased adenylate cyclase
activity.

MeNeill and Brody (1968) used cardlac phosphorylase a
as a marker to test whether thyrold hormones enhanced
catecholamine actions by blockling uptake Into the neuron,
Thls was tested using cocalne, since If hyperthyroldism
produced blockade of catecholamine uptake, subsequent
administration of cocaine would have no further effect.
Initlally, the hyperthyrold animals receliving cocalne had
significantly higher % phosphorylase a values than those
recelving triiodothyronine alone, Followling infusion of
noradrenaline, the hyperthyrold anlimals pretreated with
cocalilne agaln had significantly higher % phosphorylase a
values than those recelving elther trilodothyronine or
cocalne alone,

Tyramine is a sympathomimetic amine which utlilizes the
catecholamlne uptake system to enter the sympathetlc neuron;

therefore 1lts actlions would be affected Lf trliodothyronlne
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were to have an effect on catecholamine uptake, However,
trilodothyronine pretreatment enhanced the effect of

tyramine on % phosphorylase a compared to controls, although
in a later study (Young and McNeill, 1974), it was shown that
in the gulnea plg Langendorff heart, trilodothyronine dld not
enhance the phosphorylase actlvatling, nor cyclic AMP
increasing effect of tyramine. It ls therefore unllkely that
pretreatment with thyrold hormones decreases catecholamine
uptake,

In a follow-up study, McNelll, Muschek and Brody (1969)
showed that whlle pretreatment of rats with trilodothyronine
slgnificantly lncreased cardliac phosphorylase a over control
values, both 1ln the absence and presence of adrenallne; the
thyroid hormone treatment had llttle effect on adenylate cyclase
activity in the same hearts., Cyclic AMP levels in euthyrold
and hyperthyrold hearts were also essentlially similar, It
was therefore apparent that the greater increase in %
phosphorylase a seen in the hyperthyroid animals was not due
to any changes 1ln adenylate cyclase actl¥lty. This was further
supported by Sobel, Dempsey and Cooper (1969) who showed that
adenylate cyclase activity was slmilar in euthyroid and
hyperthyroid rat hearts,

However Levey and Epsteln (1968) working with cat
ventricle homogenates found that administration of
trilodothyronine and thyroxine 1in vitro to the Incubation
mixture would lncrease adenylate cyclase actlvity as measured

by eycliec AMP productlion, and that thils could be achleved
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without any inhlbitlon of phosphodiesterase, A later

study (Levey and Epstein, 1969) showed that in the presence
of propranolol, trilodothyronine and thyroxine still
increased adenylate cyclase actlvity, although the same
concentration of propranolol abolished the stimulatory effect
of noradrenallne on adenylate cyclase, They also showed that
the combination of maximal stimulatory doses of thyroxine

and noradrenaline produced an additive effect on cyclic AMP
production, This evidence would seem to point towards the
existence of two separate adenylate cyclase systems; one
responsive to thyroid hormones, and the other to noradrenaline
with the ability to be Blocked by beta-adrenoceptor
antagonists. McNelll, LaRochelle and Muschek (1971) were,
however, unable to confirm these findings using adenylate
cyclase from rat heart,

Levey glso carried out some studles (Levey, Skelton and
Epstein,-1969) with euthyroid and hyperthyrold cats. They
showed that when left ventrlcle muscle was incubated with nor-
adrénaline, the effect on adenylate cyclase was similar in the
two groups, although the control values of adenylate cyclase
were significantly lower in hyperthyroild than in euthyrold
aﬁimals. /This is similar to MeNelilll's flndings in the
anaesthetized rat (McNelill et al, 1969), where adrenaline
increased adenylate cyclase actlivity ln a similar manner in
euthyrold and hyperthyroid animals., The only difference
being that although hyperthyrold control adenylate cyclase

activlity was less than euthyrold control adenylate cyclése
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activity,.it was not signiflicantly so, This 1s because

the euthyroid activity in the Levey et al ekperlment was much
higher than in the study of McNeill et al; the hyperthyroid
values being essentially the same,

In the study carrlied out by McNeill, LaRochelle and
Muschek (1971) it was also shown that followling pretreatment
with triiodothyronine and theophylline, or trilodothyronine
and tripelennamine; addition of noradrenaline resulted In an
additive effect on % phosphorylase a, and that a combination
of the three treatments resulted in a further enhancement, .
This indicated that the treatments enhanced the responses of
phosphorylase by different mechanlsms,

In 1974, Young and McNelill showed in the rat Langendorff
heart that although control values were similar, the
phosphorylase-activating effect of noradrenallne was
enhanced by trilodothyronine pretreatment, but that cyclic
AMP levels at these doses were simlilar in both euthyroid and
hyperthyrold animals,

In order to determine more accurately the point in the
phosphorylase activation cycle (flgure 1) where the thyroid
hormones act, Fraser, Hess and Shanfeld (1969) investigated
phosphorylase b kinase, the enzyme responsible for the
conversion of phosphorylase b to phosphorylase a, They
found that although thyroxine pretreatment resulted 1ln an
increase in phosphorylase a and phosphorylase b kinase at
pH 8,2 in anaesthetized rat hearts; there was no'overall
activation of the enzyme, since the actlivity at this pH is

due to both active and lnactive forms. The ratio of activity
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at pH 6.8 (active only)‘to pH 8.2 (active plﬁs inactive)
which was used as an index of activation, was in fact lower
in hyperthyroid than in euthyroid hearts. No change in
cyclic AMP levels was detected, The effect of thyroxlne
pretreatment differed from that of adrenallne administration,
since followling lnjectlion of 2 ug per kg i.v. of adrenaline,
there was an increase in cycllc AMP, phosphorylase a and
phosphorylase b kinase activity. This therefore suggests
that the mechanism for thyroid hormone-induced elevatlion of
cardlac phosphorylase a differs from that of adrenallne,
It was postulated that since both electrical stimulatlion and
perfusion with a high Ca++ medium can also elevate phos-
phorylase a wlthout a concommitant increase in cyeclic AMP
or actlivation of phosphorylase b kinase, some mechanlism
requlring calcium might be involved.

Although most investlgatlons were restrlcted to
interactions of thyrold hormones with catecholamines,
McNeill and Schulze (1972) carried out a study on the
interaction of histamine with trilodothyronine. They showed
that histamine could increase cardiac phosphorylase a, and that
this effect was potentliated by prior treatment with tri-
iodothyronine. The actlvating actlon of histamlne was
thought to be brought about by stimulatlon of adenylate
cyclase at a different site than that for the catecholamines,

A new hypothesis was put forward by Hornbrook and Cabral
(1972) who, noted agaln that pretreatment of rats with

trilodothyronine increased cardlac phosphorylase a compared
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to euthyrold rats, and that adminlstration of noradrenaline
produced a greater activation of phosphorylase a in
hyperthyrold than iln euthyrold rats although the contractlile
response was slimllar, They therefore proposed that the
Interaction of thyroid hormones and catecholamlnes occurred
at a site other than the adrenoceptor, This would probably
be somewhere in the biochemlical chaln between adenylate
cyclase and phosphorylase (figure 1). They suggested that
creatine phosphate (creatine-P) might be involved, since its
levels were found to be lower ln hyperthyroid than in
euthyroid hearts., They also demonstrated a hegatlive
correlation between phosphorylase and creafihe-P levels
following administration of noradrenalline,

McNeill (1977a,b) carried out a series of experliments
to determine whether pretreatment wlth thyrold hormones
sensitized a step in the activation of phosphorylase by
cycllic AMP, ILangendorff rat hearts were injected with
dibutyryl cyclic AMP and assayed for phosphorylase a at
various tlmes following its administration, Phosphorylase a
levels increased steadlly following injectlon of dibutyryl
cyclic AMP, reaching a maximum at eight minutes (McNelill,
1977a), At all times studled, activation was greatest in
hearts from triliodothyronine-pretreated rats, When the
Langendorff hearts were frozen flve minutes after injection,
dibutyryl cyclic AMP was shown to produce a dose-dependent
increase in phosphorylase a., Agaln, activation was greatest

in hearts from tri1odothyronlnerretreated animals (MecNeill,
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1977a,b)., To test the hypothesis that dibutyryl cycllic AMP
produced a greater response in hyperthyroid animals because
more drug could enter the heart cells, tritlated dibutyryl
Cyclic AMP was injected and the amount of activity retained

in the heart af flve minutes was measured. Hyperthyroid hearts
'retained significantly less aétivity than euthyroid hearts,
thus discounting this theory (McNeill, 1977b), It was
suggested that activation of prqteln kinase might be the key
step 1n the supersensitlvity of phosphorylase a in the
hyperthyrold heart,

The next component of the phosphorylase activation cycle
to be ihvestigated was accordingly cyclic AMP-dependent
proteln kinase, the enzyme responsible for conversion of
lnactive phosphorylase b kinase to 1its active form, Gibson,
Tichonlicky and Kruh (1975) found that following trilodo-
thyronlne pretreatment, cytosol proteln kinases from rat
heart were not slgnificantly different from those obtained
from euthyrolild animals, nor was cyclic AMP stimulation of
these protein kinases affected by trilodothyronine pretreatment.
However when non-histone proteins were extracted from cardiac
nuclel of animals pretreated with trilodothyronine, there
was a rapld lncrease in proteln kinase activity, Followling
administration of the hormone there was an increase in
actlvity commencing at two hours, reaching a maximum after
three days treatment, and declining to cdntrol levels after
one week of treatemnt. Thls ilncrease in protein kinase activity

was thought to represent an early step in the development of
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cardiac hypertrophy, thﬁough a regulatory action on the
genes responsible for RNA productlon.

Katz and co-workers (1977) wofking'with Langendorff
hearté from rats pretreated with trillodothyronine for three
days (at a three-fold higher dose than that used by Gibson
and co-workers), found no difference In protein kinase activity
from the 12,000x g supernatant fraction, when compared
to euthyrolild controls. In the presence of noradrenallne
there was a significant Increase in proteln kinase actlvity
in both groups of animals; the degree of actlvation belng
significantly less 1ln hearts from hyperthyrold animals than
in those from the controls, It therefore seems certaln that
the lincrease in phosphorylase a actlivity seen in hyperthyroid
animals cannot be explalined on the baslis of a change in the
supernatant fractlon proteln kinase activity.

The supernatant fractlon of Katz and co-workers may
be similar to the cytosol fraction of Glbson and co-workers,
Since the two studlies agree that these fractlons showed no
difference in proteln klnase actlvation between the two |
groups. Although an increaée in nuclear protein kinase
activity was seen by Glbson's group, this had returned to
control values by one week of treatment with triliodothyronine,
Since Katz used a three-fold greater dose of trilodothyronine;
by three days, nuclear proteln kinase levels might well have

been low if they had been studled, However, it is very
difficult to compare the two studlies critically, due to the

differences of dosage, and the different protein kinase
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extraction methods used.

Friesen, Allen and Valadares (1§67) showed that calcium
was capable of actlvatling cardlac phosphorylase a, and 1t has
since been shown (Hartley and McNeill, 1976) that this
activation can occur without any changes in cyclic AMP levels,
In addition, the elevatlon 1h % phosphorylase a followling
calcium administration was shown to be greater 1in hearts from
hyperthyroid than euthyrold rats, up to ten seconds after
the peak in contractlle force, ‘By thirty seconds after the
peak force change, % phosphorylase a levels from hyperthyroid
hearts were slgniflcantly lower than those from euthyroid
hearts, Propranolol had no effect on the calclilum-induced
increase 1n phosphorylase a In elther group, ilndicating that the
beta-adrenoceptor was not involved.

A study was also carried out by Aronson (1976); the
results of which closely agree with Hartley and McNelll
showing that although calclum dld increase cardlac
phosphorylase a, there was little dlfference between euthyrold
and hyperthyrold animals.

Nemecek and Hess (1974) carried out a study to determine
the effect of altered sympathetlic activity on the metabolic
actions of the thyroid hormones. Groups of animals used were
those treated with nerve growth factor (NGF), to increase
sympathetic innervation; nerve growth factor antiserum (AS),
to produce a permanent immunological sympathectomy; and
6-hydroxydopamine (6-OHDA), to destroy adrenergic nerve terminals
» reversibly or irreversibly. It was shown that the immunosympath-

-ectomlzed and NGF-treated mice stlll responded to triliodothyronine
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pretreatment with tachycardla, lncreased oxygen utilization
and increased phosphorylase a activity; but the AS-treated
mice did not develop cardiac hypertrophy. Increasing the
density of Sympathetlc innervatlion with NGF resulted in
potentiation of the trilodothyronine-induced increases 1n
heart rate, A drug, P-286, which blocks the release of
catecholamines from AS-reslstant chromaffin tissues such as
the adrenal medulla, was used to ellminate responses due to
circulating catecholamines., P-286 did not prevent elther

the increase in heart rate or % phosphorylase a seen

following trilodothyronine pretreatment, Neonatal pre-
treatment with AS combined with P-286 adminlstration resulted
in significant bradycardia, but no change in % phosphorylase a
compared to euthyrold controls. Surgical demedullation and/or
treatment with 6-0OHDA prevented the thyroxine-induced

increase in phosphorylase a, and decreased cardiac noradrenaline
levels without affecting the tachycardla and lncreased oxygen
consumptlon and heart welght,

Itltherefore seems that the thyroid hormone-induced
Increases 1n cardlac phosphorylase a are dependent on the
presence of catecholamines; whille the calorigenlic and
chronotroplc effects are independent of the sympathetic
nervous system.,

One Iinteresting point to come out of the work on
phosphorylase a is that 1f the control % phosphorylase a
is measured in an anaesthetlzed animal (Frazer et al, 1969;

Hess and Shanfeld, 1965; Hornbrook and Brody, 1963;
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Hornbrook et al, 1965; McNelll and Brody, 1968; McNeill

et al, 1969; McNelll et al, 1971; and Nemecek and Hess,

1974), the resting levels 1ln the hyperthyrold animals are
significantly greater than in the euthyrold animals, However,
if control % phosphorylase & ls measured in the Langendorff
heart preparation (Aronson, 1976; Hartley and McNelll, 1976;
Hornbrook and Cabral, 1972; McNelll, 1977a; McNelll and Schulze,
1972; aﬁd Young and McNeill, 1974), resting levels in the
hyperthyrold animals are not signiflicantly different from

the euthyroid animal, indlcating that phosphorylase a in fhe
anaesthetlzed heart 1ls probably belng activated by endogenous
catecholamines, After admlnistration of exogenous
catecholamines to both groups, there 1s a signiflicantly
greater increase in % phosphorylase a in the hyperthyroid
heart,

Hess and Shanfeld (1965) showed that pretreatment with
reserpine reduced the increased % phosphorylase a seen in
anaesthetized hyperthyrold rats compared to control euthyrold
levels., Also Nemecek and Hess (1974) showed that adrenal
demedullation and chemical sympathectomy of thyrold
hormone-pretreated animals, followed by anaesthetlizatlon and
measurement of cardliac phosphorylase a levels did not produce
the lIncrease which they had previously seen in thyroid
hormone-pretreated animals compared to euthyroid controls, This
evidence would support the notlion that circulating
catecholamines increase cardiac phosphorylase a levels in

the anaesthetized, thyrold hormone-pretreated animal,
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Involvement of the Parasympathetlc Nervous System,

Differing responses between euthyrold and hyperthyroid
heart tlssues are also notlcable when agents which affect
the parasympathetlc nervous system are studled,

Calroll and Crout (1967), found that in thyroxine-treated
rats, stimulatlon of the vagus at varying frequenclies
produced a decrease in heart rate which was less than that
observed 1in euthyrold controls, A larger study by Frazer
and Hess (1969) also showed that the bradycardia produced
by vagal stlimulation in hyperthyrold rats was less than 1ln
euthyroid controls. They also noted that the more thyrotoxic
the rat became, the less the heart rate decreased 1n response
to vagal stimulation, The bradycardla seen in the hyperthyroid
hearts was not accompanied by any change in phosphorylase a_
levels, Myocardiél acetylcholinesterase activity was |
measured to see 1f there was increased enzyme actlivity in the
hyperfhyroid animals resulting ln a rapid breakdown of
acetylcholine and a smaller response, but the levels were
similar in euthyrold and hyperthyroid anlmals,

To determlne whether thyroxline pretreatment produced a
decreased sensitivity of the cardlac muscarinic receptors,
acetylcholine was injected in vivo and caused an equal depression
of eardlac phosphorylase a, heart rate and blood pressure in
both groups of animals, A follow-up study (Hess and Bilder,
1972) showed that choline acetyltransferase (cholline
acetylase- the enzyme which catalyses the acetylation of cholline)
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activity was similar in both euthyrold and hyperthyroid
rat hearts; thus rullng~out any decrease Iln synthesis of
acetylcholine in the hyperthyrold animals which might have
accounted for the reduced bradycardla and phosphorylase
activatlion seen in the hyperthyroid animals following
vagal stimulation. They also showed that although free
plasma calcium was lower in hyperthyroid than in euthyrold
rats, this was not responsible for the decreased response
to vagal stimulatlon, since lowering the free plasma
calcium in normal rats by infuslon with EDTA did not change
the response normally seen in the euthyrold animals,
Finally, choline infusion in the hyperthyroid rats
during stimulation of the wvagus resulted ln greater cardlac
slowlng than in euthyroid controls, Slnce the resting
heart rate 1n'both groups was unchanged by the cholline
infuslon, the response of the hyperthyrold hearts to vagal
stimulation is unllkely to be due to a muscarinic action of
choline, From these findings 1t was postulated that
thyroxline treatment might lower free extracellular choline,

and/or inhibit uptake of choline into parasympathetlic neurons.
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Direct Action of Thyrold Hormones.,

An easy answer to the problem of why thyrotoxlc hearts
have different contractlile characterlistlics than thelr
euthyrold counterparts would be that the thyroid hormones
themselves have a direct action oﬁ the heart, Although it
has been demonstrated that single cardiac cells or heart
fragments will respond to thyrold hormones in vitro; few
reports show a response by lntact hearts or heart portlions.
The reason for this may be because the tachycardla and
other manifestations of hyperthyroldism shown following

in vivo administration of thyroid hormones do not become

apparent until several hours or days later (Brewster et al,
1956; Hess and Shanfeld, 1965; Hirvonen and lLang, 1962;
Markowltz and Yater, 1932; Priestley, Markowltz and Mann, 1931;
Skelton; Karch and Wildenthal, 1973; van der Schoot and Moran,
1965; Wildenthal, 1971, 1972; and Yater, 1931).

Markowitz and Yater (1932) demonstrated that explanted
heart fragments from two day chick embryos which were devold
of functioning nerve tlilssue responded to 3x10- M thyroxine
with an increased number of pulsations, although adrenaline
and acetylcholine had no effect. Thls response could also be
demonstrated in fragments from chick embryos up to nine days
0ld, which had developed functlonling nerve elements and were
capable of responding to adrenaline and acetylchollne. More
recently, Wollenberger (1964a,b; 1975) has shown that a
twenty-four hour culture of chick embryo ventrlicle cells

-7
responds to 6.6x10 M trilodothyronine within ten minutes,
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reaching a maximal increase of twenty beats per mlnute and
remalning at that rate until washed, Thls actlion could be
blocked by concentratlons of veratramine and pronethalol
which d1id not affect the rate of beat of the cultured heart
cells in trilodothyronine-free medium (Wollenberger, 1964a,b),
but thls may be due to an unspecific antagonistic effect,

Wildenthal (1972) working with cultured foetal mouse
whole hearts could find no slgniflcant difference 1in rate
between controls and hearts exposed to 5x10-7M and 5x10—6M
trilodothyronine for 2% to 3 hours or two days., However, if
the drug was added to the culture medium for four to ten days
(Wildenthal, 1971), a significant increase in rate over controls
was observed,

In hearts exposed to 5x10‘6M trilodothyronine for tw
days,‘lxlo— M and 1x10- M noradrenalline produced an increase
in rate which was significantly greater than in the group
exposed to 5x10-7M trilodothyronine or controls, At 1x10-6M
noradrenaline, all groups showed a maximal lincrease in rate
with no dlfference between them,

Early workers showed that thyroxine had no effect on the-
frog Straub heart rate (Kalnins, 1928), or on the anaesthetized
dog heart rate (Coelno and Rocheta, 1929).

ILater work in the isolated frog heart by Kleinfeld,
Rosenthal and Stein (1958) showed that 0.2 mg of thyroxine or
trliodothyronine produced a slight increase in heart rate;

trilodothyronine beling more potent than thyroxine., Higher doses

produced a decrease in heart rate, The methods do not describe
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how long the hearts were 1in contact with the hormones, but 1t 1is
unllikely that it was greater than a few minutes., Harvey and
MacRae (1931) showed that administration of 1x10-5M thyroxine
to turtle hearts had no effect on heart rate for up to
several days of treatment. Rabblit Langendorff hearts
perfused with 5x10-7M and 5x10—6M triiodothyronine or thyroxine
were also shown to be unaffected (Lewls and McEachern,}1931).
More recently, Lee, Lee and Yoo (1965) found that doses of
thyroxline up to 1x10-4M had no effect on the rate of spon-
taneously beatlng rabblt atrla, Balrd and Spllker (1970)
reported that 1.4x10-5M to 8.3x10— M triiodothyronine produced
dose-related increases ln the tension developed by lisometrically
contracting gulneé plg left atria, At the peak, the tension
increase averaged only 12 percent, but was statistlcally
different from the tension increase at lower doses, Thyroxine
(lxlousM to 6x10—5M) had no effect on inotroplc activity.
Conversely, Skelton, Karch and Wildenthal (1973) found that
nelther 1x10-6M to 1x10- M thyroxlne nor trilodothyronline had
any effect on the tenslon developed by lsometrically contracting
cat paplllary muscle, or left atrlia; or gulnea pig left atria
during periods of observation of up to elght hours, Experimental
condltions of the study were almost ldentlcal to those of
Balrd and Spilker, but the results do not agree, No
explanation was given for thls difference,

Therefore, although thyrold hormones have been shown to
affect heart rates of cultured lsolated cardlac cells falrly

qulckly; in isolated mammallan hearts thls cannot easlly be
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demonstrated, However, cultured foetal hearts exposed to
thyroid hormones for perlods of time longer than four days

do demonstrate an increase in heart rate over controls,
simlilar to in vivo induction of tachycardla by thyroid
hormones, This would tend to indlcate that there may be
membrane or ultrastructural damage in the preparation of

the cell cultures, resultling iln an immedlate tachycardla
when the thyrold hormones are added to the medium, and there-
fore that these preparations do not represent a truly

physiological situatlion.
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Muscle Mechanles.

As well as affecting rate, tension development and
enzyme content, thyrotoxicosls has been shown to affect
the Intrinslc contractlile propertles of the heart, and
produce changes in the contractlle proteln content,

In 1965, Inchilosa and Freedberg described experliments
which demonstrated that pretreatment of rabblits wlth
trilodothyronine or thyroxine produced a 35 percent
hypertrophy of the ventricles of the heart accompanied by
a L9 percent increase ln the contractlle protein actomyosin,

Later work (Yazakl and Raben, 1975), demonstrated that
thyroxine treatment lncreased cardlac myosin ATPase activity
(Ca++-act1vated) over a period of two weeks., The cardlac
myosin formed had altered enzymatic propertles when compared
to myosin extracted from normal rabbits, suggesting a
structural difference, This difference was specific for
the heart, since skeletal myosin was ldentical in the two
groups. The synthesis of thls new myosin might therefore
mediate the thyrold hormone-induced changes in contractllity.
However, in the rat the propertles were different. Cardlac
myosin from thyroidectoﬁized rats showed a pattern of
activity similar to the myosin from euthyroid rabblts, With
euthyroid and thyroxline-treated rats, cardiac myosin
actlivity was similar to that from thyroxine-treated rabblts.
Rat cardiac myosin therefore seems to be more sensltive to

thyrold hormone than rabblit cardiac myosin; since the structural
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changes, which in the rabblt required thyroxlne treatment to
occur, were observed Iin the rat even in the euthyroid state,
Since analysis of the amino acid content and molecular welght
of cardlac myosin demonstrate no signiflicant changes between
the hypothyroid and hyperthyrold state, it ls not yet
possible to determine where the structural change occurs

and what form it takes, although it ls unlikely to be a ma jor
difference.

The contractlle propertles of the myocardium have been
more exXtenslvely studied than the mechanlisms behind them., 1In
1967, Bucclno and co-workers found that isolated paplllary
muscles from anaesthetized hyperthyrold cats demonstrated an
augmented velocity of shortening and rate of tension
development, and decreased duratlon of active state compared
to euthyroid muscles, Isometric tenslon was sllghtly higher
In the muscles from hyperthyrold animals and lower in the
muscles from euthyrold animals, This was supported by
Levey, Skelton and Epstein (1969), and Skelton, Su and Pool
(1976), No signiflcant difference was found between
paplillary muscle levels of creatine-phosphate and ATP levels
in anaesthetlized euthyroid and hyperthyroid cats., This
differs from the results of Hornbrook:iand Cabral (1972), who
found that iIn both anaesthetized and perfused rat heart
ventrlicles, creatine-phosphate levels were significantly lower
in the hyperthyroid animal, ATP levels were similar in eu-
thyroid and hyperthyroid perfused hearts, and lower 1in
hyperthyroid non-perfused hearts,
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Iater work by Buccino and co-workers (1968) showed that
pretreatment with reserplne did not significantly alter the
increased velocity of shortening in elther euthyroid or
hyperthyroid cat papillary muscles., That 1ls, the veloécity
of shortening was stlll significantly increased in the
hyperthyroid animals compared to euthyrold controls, and does
not seem to depend. upon endogenous catecholamine stores,

A series of studles by Strauer and Scherpe were carried out
fo neasure various indices of contractility. They
demonstrated an increase of both the maximum rate of left
ventricular pressure developemnt (dp/dt ) and pressure fall
(dp/dt ) in anaesthetized hyperthyrolgaiats compared to
euthyr?ig controls., The time interval from the beginninngf
ventricular contraction to peak dp/dt was found to be
shortened in hyperthyroidlism, These 2ignges were consldered
by them to be evidence for a dlrect increase of contractllity
in hyperthyroidism (Strauer and Scherpe, 1975a). In cat
paplllary muscles, the isotonlec contractlion veloclity (dl/dt )
was slgnificantly hlgher in the hyperthyrold state, as was %ig’
maximal isometrlc tension rise velocity (dT/dt ), (Strauer
and Scherpe, 1975b,d)., Treatment with proprangigl in vitro
reduced the veloclty values of isotonic (dl1/dt ) and lsometric
(aT/at ) contraction in both euthyroid and h?igrthyrold animals
in a dgzz-dependent manner, Hyperthyrold anlmals were much
more responsive to the ﬁegative inotroplic effect of propranolol,

the fall in dl/4t belng much greater in hyperthyrold than in
max
euthyrold tissues. Heart rate in vivo fell in a dose-dependent
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manner following administration of propranolol to both
groups, but in hyperthyrolid animals the fall in heart rate
was much smaller than the fall in maximal pressure rise
velocity of the left ventricle (dp/dt ). The greater fall

max
of dp/dt in the hyperthyroid heart could explain the

increasegaiesponsiveness of the hyperthyrold paplllary
muscles., This decrease of contractllity seen after use of
propranolol, accompanied by a decrease in myocardial
oxygen consumption (Strauer and Scherpe, 1975d4), makes the
use of propranolol in the clinical situatlon quite appropriate
(Strauer and Scherpe, 1975c).

Therefore, myocardial tissues from hyperthyrold
animals demonstrate an enhanced rate of tension development
and a decreased time to peak tension. Whole hearts
demonstrate an ilncreased rate of left wentricular pressure
development and pressure fall, resulting in an overall
increase 1n contractillity of both the contractlion and relaxation

phase,
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Involvement of the Perlipheral Blood Vesséls.

Much of the early work on the effect of thyroid hormone
pretreatment on perlpheral blood flow is not quantitative, but
nevertheless as early as 1931, it was noted that in four out of
flve rabblit Langendorff hearts, there was an increased coronary
blood flow followlng perfusion with 3.2X10- M thyroxine., A
decreased flow was seen in one heart, "These'changes were
not striking," (Lewls and McEachern, 1931)., In 1933,

Herrick and co-workers carried out experiments which
demonstrated "a tremendous lncrease" iIn blood flow through the
unanaesthetized dog femoral artéry followling ingestion of
dessicated thyroid gland. From his data, a t-test performed
shows the increase in blood flow following thyrold gland
Ingestion to be significantly greater than that in control
anlmals at P<L0.05., The same group of workers (Essex et al,
1936), found that intravenous Injection of thyroxine (lmg/kg)
into unanaesthetized dogs resulted in increased coronary blood
flow forty-eight hours later, but no significant change at
twenty-four hours. Wurtman and co-workers, using uZK as a
marker, determined that cardlac blood flow was increased in
hyperthyroid unanaesthetlzed rats. Thls lncrease in blood flow
through the heart paralleled the lincrease in heart welght, so
flow per unit mass remalned unchanged (Wurtman et al, 1963),
Administration of adrenaline increased the percent of cardiac

output delivered to the heart in a dose dependent manner in

both euthyrold and hyperthyrold animals, Hyperthyrold hearts
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exhlbited a steeper dose-response curve to adrenallne

than the euthyrold hearts. This was probably due to
Increased delivery of catecholamines to the heart (Wurtman
et al, 1964),

Although thyroid hormone treatment did not significantly
alter hind 1limb blood flow of cats and dogs; following
adrenaline and noradrenaline infusion hyperthyroid animals
demonstrated a less marked reductlion of blood flow than did
euthyrold animals (Zsoter, Tom and Chappel, 1964), 1In
contrast, the vasoconstrictlon produced by anglotensin and
vasopressin was not significantly affected, suggesting an

enhanced sensitivity of beta-adrenoceptors,

In summary, experimental hyperthyroidism produces

tachycardlia, accompanied by an lincreased rate of tenslon
development, decreased time to peak tension and lncreased
veloclty of shortening. Tenslon developed is reduced
compared to euthyroid controls,

Absolute increases 1ln rate in response to catecholamines
are similar in euthyrold and hyperthyrold hearts, but there lis
an augmented actlivatlon of phosphorylase 8 ln the hyperthyroid
animals, . No difference in actlvity of cyclic AMP, adenylate
cyclase, protein kinase or phosphorylase b kinase has been
detected between euthyroid and hyperthyrold animals; although
in one study, creatine-P, a source of hlgh energy phosphate,

Has been shown to be lower in hyperthyroid than in euthyroid
hearts,

Propranolol and other beta-adrenoceptor blocking agents
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produce either no difference, or less slowing in the
hyperthyrold heart when compared to the euthyroid heart,

Reserpine pretreatment may reduce heart rate in
hyperthyrold animals to that of the euthyrold controls,
but does not affect the noradrenallne-induced potentiation
of phosphorylase a.

Vagal stimulatlon of hyperthyroid hearts results in
less bradycardla than is seen 1In euthyrold hearts at the
same frequency., This bradycardla was not assocliated with
changes in myocardial acetylcholinesterase or choline
acetyltransferase levels,

The cardlac manifestations of hyperthyroldlsm are
unlikely to be due to an lmmedlate dlrect action of thyrold
hormones slnce few studles have demonstrated thils in the
intact heart.

Finally in hyperthyroldism, perlipheral blood flow has
been shown to be lncreased, including flow through the

coronary blood vessels,
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Purpose of the Investlgatlon.

This study set out to investigate contractlle and
enzymatic changes in the atria and right ventricle of the
hyperthyroid rat heart, Previously the majority of work
had beenvcarried out on the lLangendorff or intact heart,
with few instances of studies where the separate portlons
were used (Cravey and Gravenstein, 1965; Thelr, Gravensteln
and Hoffman, 1962; van der Schoot and Moran, 1965). We
felt that 1t would be interesting to follow the
isoproterenol-induced lncrease in phosphorylase & in both
euthyrold and hyperthyroid myocardial tlssues and determine
whether any differences could be seen,

We also wished to determine the effect of usling
rate-controlled tissues, such as the left atrium and right
ventricle, where factors such as changes in rate and
coronary blood flow could be controlled.

Following studles in the right and left atria and right
ventricle, where contractility changes occurred following
isoproterenol administration that were slgnificaﬁtly
different between the two groups, but were not accompanled
by significant differences ln phosphorylase g activity, we
declded to work with the Langendorff heart preparatlion.

It has been shown in the Langendorff heart preparation
(Hornbrook and Cabral, 1972; McNelll and Schulze, 1972;
and Young and McNelll; 1974) and anaesthetlzed rat heart
(Hess and Shanfeld, 1965; Hornbrook et al, 1965; McNeill and
Brody, 1968; McNeill, LaRochelle and Muschek, 1971; and
McNeill, Muschek and Brody, 1969), that catecholamine
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administration results 1ln an lncrease 1in myocardlial
phosphorylase a, which is slignificantly higher in the
hyperthyrold animals, It was therefore surprising that no
differences 1n phosphorylase a actlvity could be detected
between the two groups in our study of atria and ventrlicles,

To test whether the hligher level of phosphorylase a
found in the hyperthyrold whole heart was due to an lncreased
coronary blood flow, resulting in lncreased levels of
catecholamine belng made avalillable for beta-adrenoceptor
bindling, a study was undertaken 1in which the perfuslon pressure
was decreased so coronary blood flow In the hyperthyroid hearts
was now the same as that of the euthyrold hearts. The
response of phosphorylase a to isoproterenol was then determined,
to see If phosphorylase a activation was now similar to that
of the euthyrold hearts,

Finally, a study was carrled out to determine whether the
| receptors through which the lnotroplc effect of lLlsoproterenol
was mediated in the right atrium, were the same in the
euthyrold and hyperthyrold stéte. This study took the form
of a pA test as described by Schild (1957), and utilized

2
propranolol as the antagonist,
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MATERIALS AND METHODS.

Methods.,

Male Wistar rats weighling 250-350g were used throughout
the study and recelved food (Purina Iab Chow) and water ad
1ibltum, |

Half of the'an%mals were made hyperth&roid by subcutaneous
injection of 3,3 ,5 -trilodo-L-thyronine (500 mg per kg) in
alkaline saline, administered dally for three days, . Thls
treatment has previously been shown to make rats hyperbhyrolid
(McNeill et al, 1969). All studies carried out involved
both euthyroid and hyperthyroid rats.

The animals were pretreated with heparin sodium (8 mg
per kg s.c.,), ten minutes prior to sacrifice, They were
stunned by a blow to the head, and the hearts were rapidly

removed,

Preparation of Atria.

Atria were dlssected free by the method of Levy (1971),
and suspended'by the method of Katzung (1968) in organ baths
contalilnling Chenoweth-~Koelle solution at 370, (Chenoweth and
Koelle, 1946)., The solution was aerated wilth 95% oxygen, 5%
carbon dloxide, Contractile force and rate were measured by
means of a Palmer clip placed on the apex of the atrium and
connected to a Grass force displacement transducer, and
fecorded on a Grass model 79D polygraph.

Dilastollc tenslion was adjusted to 1 g. The atria were .

allowed to equilibrate for 30 minutes before the drug was added,
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Right atrlia were allowed to contract spontaneously., Left
atria were drlilven at 1Hz with 5 millisecond square wave
pulses, using one to four volts, by a Grass model S6 stim-
ulator, Dose-response curves were measured using the cumula-
tive method described by van Rossum and van der Brink (1963),
and van Rossum (1963). Rates were measured 75-90 seconds
after drug administratlon for right atria, For left atria,

the maximun tension attalned was recorded.

Preparatlon of Ventricles.

Rat right ventricles were dlssected free from the left
ventricles and suspended ln the organ baths of Chenoweth-Koelle
solution at 370, aerated with 95% oxygen, 5% carbon dloxide from
an electrode designed in our laboratory, (Flgure 2), Diastolic
tension was adjusted to'lg. The ventricles were drliven at
3Hz wlth 5 mlllisecond square wave pulses using one to six volts,
by a Grass model S6 stimulator. Dose-response curves were

obtalned as described above, and maximun tension attained was

recorded,

Preparation of lLangendorff Hearts,

Whole hearts were set up by the method of Langendorff
(1895), using a constant pressure apparatus similar to that.
descrlbed by Chenoweth and Koelle (1946), at a reservolr
helght of LOcm of'perfusate, Chenoweth-Koelle solution at
a reservolr temperature of 37.50 and aerated with 95% oxygen,

5% carbon dloxide was used as perfusate, Dlastollic tension was
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Figure 2.
"Electrode used for Ventricle Stimulatlon.

(Actual Size).

Platinum Electrodes

777

25 g Hypodermic Needle Tlps
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ad justed to 1g. Contractlle force and rate were measured by
means of a Palmer cllip placed on the apex of the heart and
connected to a Grass force dlsplacement transducer, and
recorded on a Grass model 79 polygraph. Hearts wefe allowed
to equilibrate until rate and contractile force were constant

before drugs were added,

For all studles, dose-response curves to lsoproterenol
were carried out initially; and a sub-maximal dose was chosen
for a time-response study.

To determine the blochemical responses; at various tlmes
following administration of the chosen sub-maximal dose, the
atria and Langendorff hearts were frozen by clamping them with
tongs previously chllled in a mixtﬁre of Z2-methyl butane and
dry ice (Wollenburger et-al, 1960), The ventricles were rapidly
removed from the bath and dropped into the 2-methyl butane
mixture, All samples were stored at -80O until assayed for
phosphorylase,

Measurement of pA
2

A pA study was carried out uslng right atria prepared as
2
described above, using the method of Schild (1957). The agonlist

used was lsoproterenol, and the antagonlst propranoéol. Doses
‘ -7 -7 -
of antagonist used were 2x10 M, 5x10 M, and 1x10 M. ED
50
" values were calculated for each tissue, From the pooled ED
50

values at each dose of antagonlst, the pA wvalues for euthyroid
v | >
and hyperthyrold rat right atria were calculated,
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Measurement of Coronary Blood Flow.

Coronary blood flow determinations were carrlied out
using the Langendorff heart technique descrlbed above., Care
was taken to ensure that there were no leaks in the system,
and the volume of perfusate leaving the heart per unit time
was measured as described by Lewis and McEachern (1931).
This volume was taken as coronary blood flow, By ralsing
or lowering the height of the reservolr the volume of perfusate

leawing the heart could be changed.

Phosphorylase Assay.

The phosph&rylase assay used ls a modiflicatlion of the
method of Coril and Cori (1940)., Liberation of inorganic
phosphate during the synthesis of glycogen from glucose-1l~-phosphate
is used as an indlicator of phosphorylase actlvity.

The method followed is that of Diamond and Brody (1965). .
Heart samples welghlng 70-100 mg were homogenlsed uslng a
Polytron (Brinkmann Instruments, Rexdale, Ont.) in 200
volumes of a solution contalning 0,05M Tris buffer (pH 6.8),
0.001M EDTA, 0,01M NaF, and 0.3% serum albumin., All procedures
were carried out at 0-40. After centrifugation of the
homogenate at 10,000g for 10 minutes, 0.2 ml allquots of the
supernatant were lincubated at 37.50. in test tubes contalining
0.05M Tris buffer (pH 6.8), 0.4% glycogen, 0.01M
glucose-1-phosphate, 0,001M EDTA, 0,01M NaF, and 0.3% serum

albumin in a final volume of 1,0 ml, Duplicate samples of
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the supernatant solutlons were lncubated in the same
reactlon mixture containing, ln addition,AMP in a final
concentration of 0,001M. The reaction was terminated by
the addition of 2.0 ml of 10% tri-chloroacetic acid, The
- samples were then centrifuged at 2,500g for 10 minutes,
and the supernatants assayed for Ilnorganic phosphate by
the method of Fiske and SubbaRow (1925).
The rate of liberation of ilnorganlic phosphate was
linear over the'tlme studled in all tissues, and was
proportional to enzyme concentration, Incubatlion tlmes
chosen were 16 minutes for the right ventricle and whole
heart, and 30 minutes for the right and left atria,
When the glycogen primer was omlitted from the reaction
mixture, the liberation of lnorganic phosphate was negliglible,
The amount of inorganic phosphate liberated in the absence
of AMP represented phosphorylase a, and the amount liberated
in the presence of AMP represented total phosphorylase,

Results are gliven as % phosphorylase a, which 1is;

activity Iln the absence of AMP x 100
activity in the presence of AMP

Statistical Methods,

Statistical analysis was done by the Student's t-test
for unpalred data. A probability of p<£0.05 was taken as the

criterlion for significance,
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Materials,

Drugs used were DL-Isoproterenol, DL-Propranolol HC1,
] L
and 3,3 ,5 -trilodo-L-thyronine, (all from Sigma Chemical

Corporation).
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RESULTS.

Effect of Three Day Pretreatment with
[ L g

3,3 ,5 -Trilodo-L-Thyronine on Rat Body Weight,

Control and test rats were welighed before pretreatment
with drug or vehicle for three days, and agaln on day four,
prior to sacrifice (figure 3).

Control rats galned weight in a linear manner, from
275g to 295g over the four day period. The weights on days
three and four were slgnificantly different from that on
day one, Conversely the test rats dld not show any
significant increase in weight, with a mean weight of 283g
on both day one and day four, On day four, the control
and hyperthyrold animal welghts differed slignificantly

from each other,

Effect of Isoproterenol on Rate of Right Atria from

Buthyrold and Hyperthyroid Rats,

Isoproterenol produced dose-related increases in rate
in both euthyroid and hyperthyroid rat hearts (flgure 4),

In the absence of drug, the two groups had significantly
different initial heart rates., The hyperthyroid atrla had
significantly higher rates than the euthyroid atria throughout
the extent of the lsoproterenol dose-response curve,

Desplte the differing ilnitlal heart rates, the absolute
Increase in rate followlng 1sopfoterenol administratlon was

similar in both groups.
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Flgure 3,

Effect of Three Day Pretreatment wilth
[ [

3,3 ,5 ~Trilodo-L-Thyronlne on Rat Body Weight.

Rats were welghed dally before pretreatment with
drug or vehicle for three days, and agaln on day four,

prlor to sacrifice,

Each polnt represents the mean weight (g) + S.E.M.

of 38-L2 observations.

a Slgnificantly greater than day one-wvalue
at PL£0,05,

b Euthyroid sligniflcantly greater than
hyperthyrold at P<L0,05.
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Flgure 4,

Effect of Isoproterenol on Rate of Right Atria from

Euthyroid and Hyperthyrold Rats,

The plot deplcts the effect of varlous doses of
isoproterenol on rate 1in euthyrolid and hyperthyroid rat
right atrla. Rates were measured 75-90 seconds after

drug administratlion,

Each point represents the mean rate (beats per

minute) 4+ S.E.M. of 17-19 observations,

All points were slgnificantly different from the

corresponding control value at P<L 0,05,
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Effect of Isoproterenol on % Increase in Rate of Right Atria

from Euthyroid and Hyperthyroid Rats.,

When the data was expressed as absolute rate, the
increase in rate in response to 4soproterenol was the same
in the two groups. However, plotting the same data in terms
of % increase in rate put a different aspect on the results.,
In this form, the percent increase was signiflcantly less in

the hyperthyroid than in the euthyrold tlssues (figure 5).

Effect of Isoproterenol on Tension of Left Atria from

Euthyroid and Hyperthyroid Rats while stimulating at 3Hz.

Isoproterenol produced a dose-related Increase 1n
tension in the left atrla from both euthyrold and hyperthyroid
rats, as shown in figure 6. The tenslon development was
greater 1n euthyrold than in hyperthyroid atria, both in the
absence and presence of lsoproterenol. Thls difference was

significantly greater at doses of lsoproterenol over 1x10 M,

-8
Changes in Rate Followling Administratlion of 5x10 N

Isoproterenol to Buthyroid and Hyperthyroid Rat Right Atria.

-8
From the dose-response curve ln flgure 4, 5x10 M

isoproterenol was chosen as a sub-maximal dose for a time-response
study., Rates were studled in euthyroid and hyperthyrolid rat
right atria at varlous tlimes following administration bf
the drug.
The dlfference in rate between euthyrold and hyperthyrold
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Flgure 5.

Effect of Isoproterenol on % Increase in Rate of Right

Atria from Buthyrold and Hyperthyroid Rats,

The plot deplcts the effect of various doses of
isoproterenél on the % increase in rate of right atrla

from euthyroid and hyperthyroid rats.

Each point represents the mean % increase in rate +

S.E.M, of 17-19 observatlions.

a Buthyroid slgnificantly greater than hyperthyrold
at P<L0,05,
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Figure 6,

Effect of Isoproterenol on Tension of Left Atrla from

Euthyroid and Hyperthyroid Rats while stimulating at 3Hz.

The plot deplcts the effect of various doses of
lsoproterenol on the absolute tenslon of left atrla from
euthyroild and hyperthyrold rats., Maximal tension attalined

was recorded,

Each point represents the mean tension (g) + S.E.M.

of 17-20 observations,

a Euthyrold slgnificantly greater than
hyperthyroid at PL0.05.
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atrla was maintalned throughout the time-response curve
(figure 7). Rates of the hyperthyrold atria were signifi-
cantly hlgher than those of the euthyroid atria at all times
studied.

Changes in % Phosphorylase a Following Administration of
~8

5x10 M Isoproterenol to Euthyroid and Hyperthyroid Rat
Right Atria, |

The increase 1n % phosphorylase a following adminis-
tration of 5x10_ M isoproterenol in rat right atria is
shown in flgure 8,

In the absence of drug, % phosphorylase a levels were
significantly greater in the hyperthyrold atria, but this
was not maintalined when lsoproterenol was added to the bath,
At all other tlmes studied, no slgnificant difference was
found between % phosphorylase a levels in euthyrold or
hyperthyrold rat right atria, However, in both groups,

% phosphorylase a levels lncreased significantly following
administration of the drug, compared to the appropriate
control; reaching maximal values at eighty to one hundred

seconds,
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Flgure 7.

-8
Changes in Rate Following Administration of 5x10 M

Isoproterenol to Euthyroid and Hyperthyrold Rat Right Atrla,

The plot deplcts the change in rate of euthyrold and
hyperthyroid rat right atrlia, at varlous times following

administration of a sub-maximal dose of lisoproterenol.

Each polnt represents the mean rate (beats per

" minute) ¢ S.E.M. of 5-88 observatlions,

All polnts were slgnificantly different from

the corresponding control value at P<L0,.,05,
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Figgre 8.

Changes in % Phosphorylase a Following Administration of
-8

&5x10 M Isoproterenol to Euthyrold and Hyperthyrold Rat

Right Atria,

The plot deplcts the changes in % phosphorylase a
content of euthyroid and hyperthyrold rat rlight atria,
frozen at various tlmes following adminlistration of a

sub-maximal dose of isoproterenol,

Each point represents the mean % phosphorylase a

+ S.,E.M, of 8-18 observatlions.

a Hyperthyrold significantly greater than
euthyroid at P<0,.,05.
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A Comparison of pA Values for Propranolol in Buthyroid
2
and Hyperthyrold Rat Right Atrig.

The Schild plot used to determine the pA values for
propranoclol 1n euthyroid and hyperthyroid ratzright atria is
shown in figure 9, There was no significant difference between
the two values; euthyroid atria having a pA of 7.0996, and
hyperthyroid atria a pA of 7.1180, This iidicates that
the receptors involved in the inotroplic response of the

rat right atrium to isoproterenol are the same in euthyroid

and hyperthyrold animals,

Effect of Isoproterenol on Changes in Tenslon of the RHight

Ventrlicle of Euthyroid and Hyperthyroid Rats while stimulatlng
at ZHZ .

Isoproterenol produced a dose-related increase in tension
In the right ventricles from both euthyrold and hyperthyrold
rats as shown in filgure 10. The tenslon developemnt was
significantly greater in euthyrold than in hyperthyrold
ventricles at doses of 1x10- M and 1X10- M isoproterenol, 1In
the absence of drug, the tenslon developed by the two

groups of ventricles was lndlistlingulshable,



-62-

F1 e 9,

A Comparison of pA Values for Propranolol in Euthyrold
2
and Hyperthyroid Rat Right Atria,

The plot deplcts the log dose of antagonist versus

log (DR-1) for euthyroid and hyperthyrolid rat right atria,

Each polnt represents the log (DR-1) calculated from

the mean ED of 7-19 observatlons,

50
The lines were not significantly different from

each other,
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Figure 10,

Effect of Isoproterenol on Changes in Tension of the Right

Ventricle of Euthyroid and Hyperthyrold Rats while

stimulating at 3Hz,

The plot deplcts the effect of various doses of
isoproterenol on absolute tenslon of euthyrold and hyper-
thyrold rat right ventricles, following stimulation at 3Hz,

Maximal tension attalned was recorded,

Each point represents the mean tension (g) + S.E.M,

of 5-44 observations,

a Euthyrolid significantly greater than
hyperthyroid at P<0,05,
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-8
Changes in Tension Following Administration of 5x10 M

Isoproterenol to the Right Wentrlicle of Euthyrold and

Hyperthyrold Rats while stimulating at 3Hz.

-8
From the dose-response curve in flgure 10, 5x10 M

isoproterenol was chosen as a sub-maximal dose for a
time-response study. Tenslon was sfudled in euthyroid
and hyperthyrold rat right ventricles at various tlmes
followling administratlion of the drug.

In the absence of drug, the tenslon developed by the
two groups was indistingulshable; but by fifteen seconds
after administration of the drug the euthyrold ventrlcles
had a.slgniflcantly higher developed tension than the
hyperthyroid ventricles (Figure 11). This slgnificant
difference was maintalned untll forty seconds, although
the euthyrold ventricles had conslistently higher developed

tenslions at all times. studled.

Changes in % Phosphorylase a Following Administration of

5x10 M Isoproterenol to the Rlght Ventrlcle of Euthyrold

and Hyperthyrold Rats while stlmulating at 3Hz.

The response of % phosphorylase a actlvity to
administration of 5x10-8M lsoproterenol in rat right
ventricles 1s shown 1n figure 12,

In the absence of drug there was no slgnificant difference
between % phosphorylase a content 1in euthyrold or hyperthyrold

-8
rat right ventricles, Followlng administratlion of 5x10
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Flg%e 11.

-8
Changes in Tenslon Following Administration of 5x10 M

Isoproterenol to the Right Ventricle of Euthyrold and

Hyperthyrold Rats whille stimulating at 3Hz,

The plot depicts the change in absolute tension of
euthyrold and hyperthyroid rat right ventricles, at
various times following administration of a sub-maximal:

dose of isoproterenol.

Each point represents the mean tension (g) ¢+ S.E.M.

of 7-55 observations.

a EButhyrold slignificantly greater than
hyperthyrolild at P<0.05,
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Figure 12,

Changes in % Phosphorylase a Following Administratlion of
-8
5x10 M Isoproterenol to the Right Ventricle of Euthyroid

and Hyperthyroid Rats while stimulating at 3Hz,

The plot deplcts the change in % phosphorylase a
content of euthyroid and hyperthyroid rat right ventricles,
frozen at varlious times followling administratlion of a

sub-maximal dose of isoproterenol,

Each polnt represents the mean % phosphorylase a

+ S.,E.M., of 6-13 observations,

There was no signiflicant difference between the two

groups at any time studled.
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lsoproterenol there was a small time-related increase in

% phosphorylase a, but at no tlme studied was there a
slgnificant difference between levels in euthyroid or
hyperthyrold tilssues. Only Iln euthyroid ventricles were

the levels of % phosphorylase a following drug administration

significantly greater than in the absence of drug.

Differences Between Euthyrold and Hyperthyroid Rat

Langendorff Hearts.

Using the constant pressure Langendorff heart perfusion
apparatus, it was found that there was a signiflcantly
higher coronary blood flow in the hyperthyrold hearts than
in the euthyrold hearts (figure 13A), Euthyrold hearts
having a coronary blood flow of 3.72 4 0.177 ml per minute,
and hyperthyroid hearts having a flow of 5,08 + 0.134 ml per
minute,

Assoclated wlth thls, the hyperthyrold hearts also
demonstrated a significantly higher wet welght (euthyroid:
1.00 + 0.03%4 g3 hyperthyroids 1.25 + 0.056 g) (figure 13B),
and slignificantly higherlrestlng heart rates (euthyroid}
197,54 4+ 4.826; hyperthyroids 280.75 ¢+ 7.019) (figure 13C),
than the euthyrold hearts.,

Conversely, euthyrold hearts demonstrated a slilgnificantly
greater developed tenslion than did the hyperthyrold hearts,
with a value of 5.02 4+ 0.210 g agalnst the hyperthyroid value
of 4,18 + 0.116 g, (figure 13D).
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Differences Between Euthyrold and Hyperthyrold Rat

Langendorff Hearts,

A
Bs
Cs
Da

Differences
Differences
Differences

Differences

in coronary blood flow ( ml per minute),
in wet heart welght (g).
In restlng rate.

in basal tenslon development.

The bars represent mean value + S.E.M,

The number wlthin the bar represents the n values,

a Hyperthyrold slgnificantly greater than

euthyroid at P<0.05,

b Euthyrold significantly greater than

hyperthyrold at P<0.05.
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Effect of Changes in Coronary Blood Flow on % Phosphorylase a

Activation,

No signlflcant difference in % phosphorylase a levels
was found in lLangendorff hearts from euthyroid and hyperthyrold
rats perfused at the regular reservolr height of forty cm,
and hyperthyroid hearts perfused at a reduced reservoir height
so that the coronary blood flow was reduced to that of the
euthyroid hearts £ two S.E.M. (figure 14), 1In these same
hearts basal tenslon was greater in the euthyrold hearts than
in the hyperthyrold hearts regardless of reservolr helght
(euthyroids 5.05 £ 0,436 g, n=8; hyperthyrold at regular
reservoir height: 4.68 £ 0,280 g, n=11; hyperthyroid at
reduced reservolr helghts L,21 £ 0.229 g, n=13).

Following the bolus injection of five ng lsoproterenol,
there was a signlficant lncrease in tenslion and % phosphorylase a
in all treatment groups compared to the appropriate control
in the absence of drug. The absolute increase in tension was
similar in all groups; the hearts from euthyroid animals maln-
taining a greater tension development than those from hyper-
thyroid anlimals (euthyroid: 7.38 £ 0.758 g, n=4; hyperthyroid
at regular reservoir helight: 6.72 £ 0.505 g, n=6; hyperthyroid
at reduced reservoif heights 5,50 £+ 0.257 g, n=7). The
increase in % phosphorylase a ln both hyperthyrold groups was
slgnificantly greater than the increase in hearts from euthyrold
animals following admlinlstration of the drug, but not signif-

lcantly different from each other,
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Figure 14,

Effect of Changes in Coronary Blood Flow on % Phosphorylase a

Actlvatlion.,.

The plot deplicts the % phosphorylase a activity in
euthyroid and hyperthyroid rat hearts, perfused at the
regular reservolir helight, and in hyperthyrold rat hearts
perfused at a reduced reservolir helght; thlirty seconds

after injection of 5 ng of lsoproterenol or vehlcle.

The bars represent mean % phosphorylase a + S,E.M,

The number within the bar represents the n value.

a .Slgnlflcantly greater than control value at PL0,05.

b Hyperthyrold + drug significantly greater than
euthyrold + drug at P£ 0.05.

¢ Euthyrolid and hyperthyrold hearts perfused at
regular reservoir helght (40cm).

d Hyperthyrold hearts perfused at reduced reservolir

helght .
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DISCUSSION.

To date, then, our results have shown that cardlac
tlssues from hyperthyroid rats differ from those of euthyrold
rats in that they exhiblt an lncreased chronotropic and
decreased inotropic response in thelr basal states, 1In
response to isoproterenol adminlstration, in the right atrium
there 1is a dose-related increase in rate which is significantly
greater in the hyperthyrold animal; 1ln the left atrium and
right ventrlicle there ls a dose-related increase in contractlle
force which is signiflcantly greater in the euthyrold animal,
No supersensitlivity to these effects was noted in the hyper-
thyroid tissues. The responses to lisoproterenol, while
accompanlied by an lncrease ln phosphorylase a activity,
demonstrate no differences in enzyme actlivity between the
two groups. In the Langendorff heart however; lsoproterenol
besldes producing an inotroplc response, lncreased
phosphorylase a to a signiflcantly greater extent in the
hyperthyrold anlimals, The greater resting rate and lower basal
tension of the hyperthyrold Langendorff hearts 1ls accompanied by
a significant increase in coronary blood flow as compared to
euthyroid hearts. Reduction of the blood flow in the
hyperthyrold hearts to the same level as in the euthyrold
hearts had no signiflcant effect on the phosphorylase
activating effect of lsoproterenocl,

The pA study which was carried out showed that any differ-
ence 1in thezresponses of euthyrold and hyperthyrold hearts to

catecholamines (whether exogenous or endogenous) was not due
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to any changes ln receptor simlilarity, since the values

obtalned were practlically identical in the two groups.

It is well documented that treatment of animals with
thyrold hormones produces a reduction in whole body weight
and Increase in heart welght, resulting in an increased
heart welght to body welght ratio when compared to euthyrold
controls (Aronson, 1976; Calroll and Crout, 1967; Frazer,
Hess and Shanfeld, 1969; Gibson, Tichonicky and Kruh, 1975;
Hornbrook and Cabral, 1972; Hornbrook et al, 1965; Inchlosa
and Freedberg, 1965; Levey, Skelton and Epsteln, 1969;
Margolius and Gaffney, 1965; McNelll, Muschek and Brody,
1969; Nemecek and Hess, 1974; Skelton, Su and Pool, 1976;
van der Schoot and Moran, 1965; and Yazakl and Raben, 1975).
This was also found in the present study. Hyperthyrold rats
did not galn any overall welght during the four day treatment
period in contrast to control rats which galned an average
of twenty grams (figure 3). Wet heart welght was significantly
greater in the hyperthyroid than in the euthyroid rats, by a
factor of 25 percent (figure 13B), Since the heart weight and
body welght studles were not carried out on the‘same animals,
heart welght to body welght ratios were not determlined, but
would almost eéertalnly have been increased iln the hyperthyrold
animals,

The myocardlial hypertrophy of hyperthyroidism has been

shown to be accompanied by an enlargement of the myocardlial

cells; and an lncrease in the number, size and complexity of

the mitochondria (DeGroot, 1972). Trilodothyronine has been
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shown to augment the synthesis of both nuclear and cytosol
liver proteins within five hours of administratlon to
thyroidectomlzed rats (Bernal, Coleonl and DeGroot, 1978),

and to cause mitochondrial swelling, probably due to Increased
permeability of catlons (Marzoev and Vladimirov, 1978), These
findings could all account for the cardiac hypertrophy found
following thyroid hormone treatment,

Detection of loss of body welght or cardlac hypertrophy
is an easy index of thyrotoxlcosls to measure, Other indices
which are often used include lncreases 1ln oxygen consumption
(Calroll and Crout, 1967; Frazer, Hess and Shanfeld, 1969;
Hornbrook and Cabral, 1972; Nemecek and Hess, 1974; and
van der Schoot and Moran, 1965), or increases in protein-bound
and total lodine (Buccino et al, 1967; Levey, Skelton and
Epstein, 1969; Margolius and Gaffney, 1965; and Melander et al,
1975)., A slgnificant difference in body welght was found in
our experiment after only four days, and was used as the
index of thyrold hormone activity.

Right atria from hyperthyrold rats beat consistently
faster than those from euthyroid rats (figure‘h). The mean
rate of atria from hyperthyroid rats was 25 percent higher
than for those from euthyroid animals, Following admin-
jstration of isoproterenol there was an lncrease 1ln rate 1ln
both groups, the hyperthyroid atria maintaining consistently
higher rates than the euthyrold atrla. This ls also well
supported in the literature (Cravey and Gravenstein, 1965;

Lee, Lee and Yoo, 1965; Thler, Gravenstein and Hoffman, 1962;
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and van der Schoot ahd Moran, 1965). Although these inves-
tigators used adrenaline and noradrenaline, the results were
similar; the initlal heart rate was greater in atria from
hyperthyrold rats than in those from euthyréid rats, and
followlng catecholamine administration there was a
dose~-dependent increase in rate ln both groups., Atria fron
hyperthyrold rats maintained conslstently higher ratés than
those from the euthyrold group.

When the data were expressed as percent of maximal
Increase, we found that the results were similar to those of
van der Schoot and Moran (1965), who showed that although the
noradrenaline—induced incfease in rate was similar in euthyrolid
and hyperthyroid rat atria (allowlng for the different basal
rates), when the data were expressed as percent of maximal
1n§rease, the respohse in the hyperthyrold atria was less
than in the euthyrold atria (figure 5).

It therefore seems that, simlilar to the suggestion of
Wilson et al, (1966); the chlef difference between the euthyroid
and hyperthyrold animals is the starting level of the heart
rate, The lncrease In intrinsic heart rate may be due to a
dlrect action of the thyrold hormones on the pacemaker cells
as was suggested by Cairoll and Crout (1967).

Dratman (1974) has suggested that the mechanism of action
of thyroxine may be simlilar to that of tyrosine, (which
thyroxine 1s an amlno acld analogue of). She postulated that
thyroilne forms false neurohumours in adrenergic nerves, to
be released 1lnstead of catecholamlnes (or with cat-

echolamines) when the nerve 1s stlmulated, It has been
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shown that in hyperthyrolidism there are decreased tissue
and blood levels of adrenerglc neurotransmltters (Dratman,
1974), although the body as a whole behaves as 1f there was
increased sympathetic stimulatlon., Dratman suggests that
this is due to lodothyronine-derlived neurochumours of high
bilological activity which are released following nerve
stimulation, and produce varlious manifestations of
thyrotoxicosis, There is no direct evldence to support
thils hypothesls however,

In our experiment with right atrlia there was deflinitely
no supersensitivity development to the chronotroplc effect
of lsoproterenol in the hyperthyroid animal, slince the
increase in rate of the euthyroid atrla was slightly more
than that of the hyperthyroid atria (figure 4),

In the rat left atrium, right ventricle and Langendorff
heart,basal tension was greater in euthyroid tissues than in
hyperthyrold controls.v In the left atrium, the euthyroid
tissues had a mean basal tension which was 23 percent
greater than that of the hyperthyrolid tissues (figure 6),
Following administration of lsoproterenol, there was a
dose-related increase in tenslion in both groups; but the
tension development in the euthyrold tissues became significantly
greater than that in the hyperthyrold tissues.

In the rat right ventricle there was no difference between
basal ténslon in euthyroid and hyperthyrolild tissues, Following
administration of isoproterenol, there was a dose-dependent

increase in contractile force, euthyrold tissues having a
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significantly greater tenslon development than hyperthyrold
tissues (figure 10). These results would therefore rule
out'the possibllity of thyrold hormone-induced supersenslitivity
to the inotropic effects of isoproterenol in the rat left
atrium and right ventricle,

The mean basal tenslon of euthyrold rat Langendorff
hearts was significantly greater than that of hyperthyrold
hearts (figure 13D), Dose-response curves to lsoproterenol
were not performed, but doubtless the data would have been
similar to that of the left atrium and right ventrlicle since
previous stgdles with other adrenerglc amines have shown that
no enhancement of the inotroplic response occurs 1in this
preparation, Young and McNelll(1974) showed that noradrenaline
produced a dose-dependent increase in tenslilon and phosphorylase @
acﬁlvity in both éuthyrold and hyperthyroid rat Langendorff
hearts, They found no slignificant difference 1in force or cyclic
AMP actlvation between the two groups, but phosphorylase a
activation was potentiated In the hyperthyroid hearts,

Van der Schoot and Moran (1965) suggested that the reduced
Inotrople force found in hyperthyroid cardlac tissues might be
due to hypoxia of the myocardium, as a result of the increased
oxygen comsumption induced in hyperthyrold animals. Dobson
et al (1974) carrled out a study using lsolated perfused hearts,
in situ hearts, right ventricle strips and papillary muscles
from guinea pigs. On the basls of comparison of several metabolic

and physiologic parameters measured in these tissues, they
concluded that the right ventricle was prone to protein loss due

to damage durlng the dlssectlon period, and to tlssue hypoxla;
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rendering it unsuitable for studles of the mechanisms of
myocardial contractility. These factors would probably be
accentuated to an even greater extent in a hypermetabolic
state such as hyperthyroldlsm,

In both the spontaneously contracting rat right atrium
(figures 7 and 8), and the electrically driven rat rlght
ventricle (figure 10 and 11); a sub-maximal dose of
isoproterenol (1n both cases, 5x10-8M).produced a change
in contractlle force which was slgnificantly different
between euthyroid and hyperthyroid tissues, without produclng
a slignificant difference ln phosphorylase a activlity. However,
in the rat Langendorff heart, 5 ng of lsoproterenol produced
a slgnificantly greater increase ln phosphorylase a 1in
hyperthyroid than in euthyrold hearts. That thls difference
in phosphorylase a actlvity was not a result of the lincreased
coronary blood flow detected in the hyperthyrold animals was
demonstrated by the fact that reducling the coronary blood flow
of the hyperthyroid hearts to that of the euthyrold hearts
had no effect on the isoproterenol-induced phosphorylase
activation (figure 14).

In our study, coronary blood flow was measured by the
oldest and easiest method avallable; collection and mea-
surement of the effluent from the coronary blood vessels,
followlng retrograde perfusion through the aorta, Other
more sophisticated methods are avallable and are dlscussed
in a book on coronary vasodilators by R. Charlier, (1961);

as are other variations of the Langendorff method, In our
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case the method used was the most practical, since 1t was
relatively easy to perform, and we dld not require long-term
measurements to be made., Other methods avallable include
involvemént with cinematography (Stehle, 1932), elaborate
cannulations (Lu and Melville, 1950), radioactive methods
using UZK or H-labelled drugs (Wurtman, Kopin and Axelrod,
1963; Wurtman et al, 1964), or the thermostromuhr method

of Rein (Charlier, 1961; Essex, Baldes and Mann, 1936),

in which a small cuff contalining a dlathermy unit and two
thermécouples is fitted around a coronary artery. Part

of the heat suppllied by the unit is removed by the blood
stream, providing a difference in temperature between the
two thermocouples which is a function of the blood flow and
can be recorded with a galvanometer, The advantage of

this method is that it can be used to record coronary blood
flow continuously, and can be used in the normal
unanaesthetized animal, Its disadvantages are that 1t
requlres_surgical installation, a recovery period, and may
be dislodged; generally with fatal results,

It 1s possible that the apparent potentlation of
phosphorylase activatlon seen in the Langendorff heart could
be due to a number of factors., Firétly, the physical process
of dissectlon carried out to obtaln the separate portlons
of the heart could damage cells, although it would appear
likely that only a minority of cells would be affected,
and that thls 1s therefore unllikely to be a m& jor cause of

the discrepancy. Secondly, in the lisolated organ bath,
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penetration of the tlissues by drug 1ls unlikely to be as
complete as when the drug is Iintroduced 1lnto the coronary
circulation, as 1s the case in the Langendorff heart.
However, we demonstrated in the Langendorff heart that even
when coronary blood flow was equal in the euthyroild and
hyperthyrold hearts there was still potentiatlon of the
phosphorylase-activating effect of lsoproterenol,

It has recently been shown (Herd, 1978), that thyroxine
directly affects the kinetics of calcium transfer across
mitochondrial membranes., This change may be due to alteratlion
of the number of ilons transported per transfer cycle, altered
mobility of the calclium in the membranes, and/or altered rate
of release of the transport calclium. Thls actlon of thyroxine
on calciunm may also alter calclum-dependent metabollic processes
such as ADP translocation, which 1s stiumlated in the presence
of thyroid hormone, Friesen, Allen and Valadares (1967),
and Hartley andecNelll (1976) showed that calcium can actlvate
phosphorylase directly in the perfused heart; although the
sensitivity of phosphorylase a to calcilum ls not changed by
thyroid hormone treatment,

pA studles (Schild, 1957) are widely used to quantify the
affinlt? of antagonlsts for a receptor site, and also to
characterize receptor types ln vitro. The pA 1is defined as
the negative logarlilthm of the molar dose of aitagonist which

reduces the effect of a dduble dose of agonlilst to that of a
single dose. In the present study we wished to determlne

if the beta-adrenoceptors of the spontaneous rat right
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atrium were the same 1n thelr affinitles for beta-agonists
and antagonists whether the heart was obtained from a
euthyroid or hyperthyroid anlmél. If pA values are the
same, then 1t ls usually consldered thatzthe feceptors are '
the same, From the data we present here (figure 9), it can
be seen that the pA values for the receptor Interactlon were
almost ldentlcal, rggardless of the thyroid state., Thils
would tend to iIndlcate that the difference in intrinsic rate
and other cardiac manifestations of thyrotoxicoslis are not
due to any changes ln receptor sensltivity, although it 1is
possible that changes in beta-receptor.number do take place
(Willlems et al, 1977).

In summary, we have confirmed that catecholamlne-induced
phosphorylase actlvation is potentiated iIn the isolated perfused
hyperthyrold rat heart, 'However, in isolated portlons of the
heart no potentiation of phosphorylase activatlion in hyper-
thyroid animals could be found, We have also determlined that the
effect is not due to the lncreased coronary blood flow found in
the hyperthyrold hearts.

A similar situation has been shown to occur with reserpine
supersensitivlty. McNelll and Schulze (1972) showed in the
gulinea pig Langendorff heart that pretreatment with reserpine for
forty-eight hours, resulted In the development of supersensitivity
to both the phosphorylase-activating and the'inotropic effects

of noradrenaline and histamine, However, in the gulnea pig

right atrium (Westfall and Fleming, 1968), and the rat
ventricle strip (McNeill, unpublished data) supersensitivity to
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catecholamines after reserpine pretreatment cannot be
readily demonstrated., Westfall and Fleming suggested

that the abllity to demonstrate reserpline-induced super-
sensitivity in myocardial tissues is inversely related to
the extent of mechanical manipulation of the muscle, This
anomaly seems to be analogous to the situation found in the
heart following pretreatment with thyroid hormones; which
could also be due to damage caused durling dlssection of

the varlious heart portions.,

4 Future studies could include investigation of phos-
phorylase phosphatase, the enzyme which converts phosphorylase
a back Into the lnactive phosphorylase b; to see 1f the po-
tentiation of phosphorylase activity seen in hyperthyrold
hearts 1s due to alterations 1ln the activity of this enzyme,
The method devised by Rall and Sutherland (1962) for
estimation of phosphorylase phosphatase 1ls quite similar to
that which we use for phosphorylase determinations (Diamond
and Brody, 1965), and could therefore be carried out,

It would also be of interest to lnvestigate electro-
physiological changes in the sino-atrial node of the right
atrium of euthyroid and hyperthyrolid animals, and to determine
the effect of calcium on the resting membrane potential and
action potential in cardlac tissues from the two groups to
determine whether the thyrold hormones alter the permeability
of nodal tlissue to calcium, Previous studies (Hartley and
MeNelll, 1976) have indicated that a change of calcium
permeablility in the sino-atrial node is a deflnite posslibillity.



~88-

BIBLIOGRAPHY

Aoki, V.S., Wilson, W.R., Theilen, E.D., Lukensmeyer, WeWe,
and Leaverton, P.E. The Effects of Trilodothyronine on
Hemodynamic responses to Epinephrine and Noreplnephrine
%n 23?. J. Pharmacol., and Exp, Ther., 157: 62-68

1967

Aronson, C}E. Effects of Thyroxine Pretreatment and
Calcium on the Isolated Perfused Rat Heart,
Arch. int. Pharmacodyn., 2211 180-189 (1976)

Balrd, J.R.C., and Spilker, B.A. Inotropic Effects of
Thyroxine and Related Compounds on Gulnea Plg Left Atrlia
in vitro, Brit. J. Pharmacol,, 40: 526-527 (1970)

Baner jee, S.P. and Kung, L.S.. B-Adrenergic Receptors in
Rat Heart: Effects of Thyroidectomy. Eur. J. Pharmacol.,
L43: 207-208 (1977)

Benfey, B.G., and Varma, D.R. Cardlac and Vascular Effects of
Sympathomimetic Drugs After Administration of
Tri-iodothyronine and Reserpine, Brit, J. Pharmacol., 21:
174-181 (1963)

Bernal, J., Coleoni, A.H., and DeGroot, L.J, Trilodothyronine
Stimulation of Nuclear Proteln Synthesls, Endocrinology,
1021 452-L459 (1978)

Brewster, W.R.Jr., Isaacs, J.P., Osgood, P.F., and King, T.L.
The Hemod ynamlc and Metabollic Interrelatlionships in the
Activity of Epinephrine, Norepinephrine and the Thyroid
Hormones. Circulation, 13+ 1-20 (1956)

Beta-Adrenergic Blocking Drugs and Thyrold Functlon,
Brit. Med, JQ, _2__! 1039—10’4’0 (1977)

Buccino, R.A., Spann, J.F. Jr., Sonnenblick, E.H., and Braunwald,
E. Effect of Thyroid State on Myocardlial Contractillity.
Endocrinology, 821 191-192 (1968) .

Buccino, R.A., Spann, J.F,., Jr,., Pool, P.E., Sonnenblick, E.H.,
and Braunwald, E. Influence of the Thyroid State on the
Intrinsic Contractlile Properties and Energy Stores of
the Myocardium, J. Clin. Invest,, 461 1669-1682 (1967)

Buckley, G.A., and Jordan, C.C., Temperature Modulation of
& - and B - Adrenoceptors in the Isolated Frog Heart,
Brit., J. Pharmacol,.,, 38: 394-398 (1970)

Butcher, R.W. BRole of Cyclic AMP in Hormone Actions,
New Engl. J. Medd, 279: 1378-1384 (1968)



-89-

Cairoli, V.J., and Crout, J.R. Role of the Autonomic Nervous
System in the Restling Tachycardia of Experimental
Hyperthyroidism, J. Pharmacol, and Exp. Ther., 158:
55-65 (1967)

Charl%eré R. Coronary Vasodllators, Pergamon Press, N.Y.
1961)

Chenoweth, M.B., and Koelle, E.S. An Isolated Heart Perfusion
System Adapted to the Determination of Nongaseous Metabollites,
J. Lab, Clin., Med., 31: 600-608 (1946)

Ciaraldi, T., and Marinetti, G.V. Thyroxine and Propylthlouracil
Effects in vivo on Alpha and Beta Adrenergilc Receptors 1in
%at Heart. Biochem, Blophys. Res. Commun., 74s 984-991
1977)

Coelho, E., and Rocheta, J. Actlon de la Thyroxine Sur le
. Coeur. C R Soc., Blol, (Paris), 101: 975 (1929)

cori, G.T., and Cori, C.F. The Kinetics S6f the Enzymatic
Synthesis of Glycogen from Glucose-l1-Phosphate, J.
Biol. Chem., 135t 733-756 (1940)

Cravey, G.M., and Gravensteln, J.S. The Effect of Thyroxin,
Corticosterolds and Epinephrine on Atrial Rate., J.
Pharmacol. and Exp. Ther,, 148: 75-79 (1965)

DeGroot, L.J. Thyrold and the Heart., Mayo Clin. Proc., 47:
864-871  (1972) '

Diamond, J., and Brody, T.M. Phosphorylase Activity in Rat
Uterus After Catecholamine Administration. Blochem,
Pharmacol.,, 1l: 7-16 (1965)

Dobson, J.G. Jr., Schwab, G.E., Ross, J. Jr., and Mayer,S.E.
Comparison of the Blochemlcal Composition of Four
Preparations of Contractlng Cardiac Muscle, Amer, J.
Physlol., 227: 1452-1457 (1974)

Dratman, M.B. On the Mechanlism of Action of Thyroxlin, an
Amino Acld Analog of Thyrosine., J. Theor. Blol., Lés
255-270 (1974)

Drummond, G.I., and Hemmings, S.J. Inétropic and Chronotropic
Effects of Dibutyryl Cyclic AMP, Adv, Cycllic Nuc. Res., 13

307-316  (1972)

Essex, H.E., Herrick, J.F., Baldes, E.J., and Mann, F.C,
Blood Flow in the Clrcumflex Branch of the Left Coronary
Artery of the Intact Dog. Amer, J, Physiol,, 117
271-279 (1936)



-90-

Fiske, C.H., and SubbaRow, Y, The Colorimetric Determlnation
of Phosphorus. J. Blol, Chem,, 663 375- (1925)

Flajani, G. Sopra un Tumore Freddo nell' Anterlore Parte
del Collo (in translation). Collezione d'esservazlione
e riflessione di chirurgia Roma, 3: 270 (1802)

Frazer, A, and Hess, M.E. Parasympathetic Responses in
Hyper?hyzo%d Rats., J. Pharmacol and Exp. Ther., 170:
1-9 (1969 '

Frazer, A.,, Hess, M.E., and Shanfeld, J. The Effects of
Thyroxine on Rat Heart Adenosine 3',5'-lMonophosphate,
Phosphorylase b Kinase and Phosphorylase a Activity.
J. Pharmacol, and Exp. Ther,, 170: 10-16 (1969)

Friesen, A,J.D., Allen, G., and Valadares, J.R.E. Calcium-
Induced Actlvation of Phoesphorylase in Rat Hearts.,
Sclience, 155+ 1108-1109 (1967)

Gibson, K., Tichonicky, L., and Kruh, J. The Effect of
Triiodothyronine on Myocardial Proteln Klnases,
Mol, Cell, Blochem.,, 91+ 79-83 (1975)

Graves, R.J. Clinical Lectures, Lond, Med. Surg. J.(Renshaw),
71 516 (1835)

Hartley, E.J., and McNelll, J.H, The Effect of Calcium on
Cardliac Phosphorylase Activatlon, Contractile Force and
Cyclic AMP in Euthyrold and Hyperthyroid Rat Hearts,
Can. J. Physiol., Pharmacol., 541 590-595 (1976)

Harvey, E.N., and MacRae, C., Rate of Beat Over Long Time
Periods of Isolated Turtle Hearts Treated with Thyroxine.
Proc., Soc, Exp. Blol, Med., 29: 303-304 (1931)

Herd, P.A. Thyrold Hormone-Divalent Catlon Interactlon,
Effect of Thyrold Hormone on Mitochondrial Calclium
%etabgllsm. Arch., Blochem. Blophys., 1881 220-225

1978

Hess, M.E., and Bilder, G.E, Studies on the lMechanlsm of the
Diminished Chronotroplc Response to Vagal Stimulation in
Hyperthyroid Rats, Recent Adv, Stud, Card, Struct. lMetab.,
31 675-681 (1972)

Hess, M.E}, and Shanfeld, J. Cardiovascular and Metabollc
Interrelationshlips Between Thyroxine and the Sympathetlic
Nervous System, J. Pharmacol and Exp, Ther., 148

290-297 (1965)



-91-

Herrick, J.F,, Essex, H.E,, Mann, F.C., and Baldes, E.J.
The Effect of Feeding Dessicated Thyroid Gland on the
Flow of Blood in the Femoral Artery of the Dog.
Amer, J., Physiol,, 105: 434-435 (1933)

Hirvonen, L., and Lang, H. Thyroid Activity and Heart Rate.
Proc, Soc, exp. Blol, Med., 109: 284-287 (1962)

Hornbrook, K}R.; and Brody, T.M. The Effect of Catecholamlnes
on Muscle Glycogen and Phosphorylase Activity., J.
Pharmacol, and Exp. Ther,, 140: 295-307 (1963)

Hornbrook, K.R.} and Cabral, A. Enhancement by Thyrolid
Hormone Treatment of Noreplnephrine-Induced Phosphorylase
Activation in the Rat Heart, Blochem, Pharmacol., 21:

897-907 (1972)

Hornbrook, K.R.; Quinn, P.V., Slegel, J.H., and Brody, T.M.
Thyroid Hormone Regulation of Cardiac Glycogen Metabolism,
Blochem, Pharmacol., 14: 925-936 (1965)

Inchlosa, M.A. Jr., and Freedberg, A.S., Actomyosin Content
of the Heart in Thyroxine-Induced Hypertrophy. Ini
Current Toplcs in Thyroid Research, 5th Internatlional
Thyrold Conference, 1965, Eds, C. Cassano and M. Andreoli,
Academic Press, N.Y. (1965)

Kalnins, V. Actlon de la Thyroxine sur L'excltablllite Automome
du Coeur., C R Soc. Blol (Paris), 98i 802-804 (1928)

Katz, S., Hamilton, D,, Tenner, T., and McNelll, J.H. Cycllc
AMP-Dependent Protein Klnase Activation 1ln Hearts from
Euthyrold and Hyperthyroid Rats. Res, Commun. Chem,
Pathol, Pharmacol., 18: 777-780 (1977)

Katzung, B. Evaluation of Drugs Affectlng the Contractillty
and the Electrical Properties of the Heart., In: Selected
Pharmacological Testing Methods., Vol, 3, Edlted by A,
%ur%g§. Marcel Dekker, Inc,, New York. pp 193-234

19

Kempson, S,.,, Marinetti, G.V., and Shaw, A, Hormone Actlon at
the Membrane Level, vii. Stimulation of Dihydroalprenolol
Binding to Beta-Adrenerglic receptors in Isolated Rat
Heart Ventricle Slices by Triiodothyrdénine and Thyroxine.
Blochim, Blophys. Acta., 540: 320-329 (1978)

Kleinfeld, M., Rosenthal, A., and Steln, E, Comparatlve
Effects of DL-thyronine, L-triiodothyronine and
L-thyroxine on the Isolated Perfused Frog Heart,
Amer, J. Physiol., 1951 63-65 (1958)



-92-

Kraus, F., and Friedenthal, H. Ueber dle Wirkung der
Schilddrusenstoffe, Berlin Klin, Wochschr., 45:

1709 (1908)

Kunos, G, Thyroid Hormone-Dependent Interconversion of
Myocardlial Alpha- and Beta- Adrenoceptors ln the Rat.
Brit. J. Pharmacol,, 591 177-189 (1977)

Kunos; G., and Nickerson, M., Temperature Interconversion of
® - and B- Adrenoceptors in the Frog Heart, J. Physlol.,
2561 23-b0  (1976)

Langendbrff, 0., Untersuchungen am uberlebenden saugethlierherzen.
Pfluger's Arch, Ges, Physiol., 61: 291-332 (1895)

Lee, W.C.,, Lee, C.Y., and Yoo, C.,S. Effects of Treatment
with Thyroxine on the Noradrenaline Content of the
Rabbit Heart, Brit, J. Pharmacol,, 251 651-657 (1965)

Levey, G.S. The Adrenergic Nervous System 1n Hyperthyrolidism:
Therapeutlic Role of Beta Adrenergic Blocking Drugs.,
Pharmacol, Ther., C., 11 431-443 (1976)

Levey, G.S., and Epsteln,‘S.E. Activation of Cardlac
Adenyl Cyclase by Thyrold Hormone., Blochem. Blophys.
Res, Commun., 333+ 990-995 (1968) ‘

Levey, G.S., and Epstein, S.E, Myocardlal Adenyl Cyclase:
Activation by Thyroid Hormones and Evidence for Two
Adenyl Cyclase Systems., J. Clin. Invest., 48t 1663-1669

(1969)

Levey, G.8., Skelton, C.L., and Epstein, S.E. Influence of
Hyperthyrolidism on the Effects of Noreplnephrine on
Myocardial Adenyl Cyclase Actlvity and Contractile State,
Endocrinology, 85: 1004-1009 (1969)

Levey, J.V. Isolated Atrial Preparations. Ins Methods 1n
Pharmacology. Vol, 1, Edited by A. Schwartz., Appleton-
Century-Crofts, Inc., New York, pp 77-150 (1971)

Lewis, J.K., and McEachern, D. Perslistence of an Accelerated
: Rate in the Isolated Hearts and Isolated Aurlicles of
Thyrotoxlic Rabbits: Response to Iodides, Thyroxine and
Epinephrine. Bull, Johns Hopkins Hosplital, A48:
228-241 (1931)

Iu, F.C., and Melville, K.I. A New Apparatus and Procedure
for Continuous Reglstration of Changes in Coronary Flow
Concurrently with Changes in Heart Contractlons. J.
Pharmacol, and Exp. Ther., 99: 277-303 (1950)



~-93-

McDevitt, D.G. ?ropranolol in the Treatment of Thyrotoxicosis:
‘?'reg§ew. Postgrad., Med. J., 52(Suppl.4): 157-161
197

McNeill, J.H. Enhancement of the Cardlac Phosphorylase
Activating Effect of Dibutyryl Cyclic AMP by Thyrold
Hormone, Res, Commun, Chem, Pathol, Pharmacol., 16:

735-743 (1977 a)

McNeill, J.H, The Effect of Dibutyryl Cyclic AMP on
Cardiac Phosphorylase a Activity 1ln Euthyrold and
Hyperthyrold Hearts, Proc, West. Pharmacol., 20:
Lo5-408 (1977 D)

McNelll, J.H., and Brody, T.M. The Effect of Trliiodothyronline
Pretreatment on Amine-Induced Rat Cardlac Phosphorylase
%ctévation. J. Pharmacol and Exp. Ther,, 1611 L0-L6

1968)

McNeill, J.H., and Muschek, L.D. Histamine Effects on Cardiac
Contractility, Phosphorylase and Adenyl Cyclase, J. Mol,
Cell, Cardiol., 41 611-624 (1972)

McNeill, J.H., and Schulze, S, Thyroxine-~-Induced Super-
sensitivity to Histamine and Noreplnephrine Activatlion
of Cardiac Phosphorylase a. Pharmacol, Res, Commun.,

4y 25-30 (1971)

McNeill, J.H., and Schulze, S.  Reserpine-Induced Super-
senslitivity to Histamine Actlivated Cardliac Phosphorylase
and Cardlac Contractility., Res, Commun., Chem, Pathol,
Pharmacol,, 3: 339-347 (1972)

McNetll, J.H., Brenner, M.J., and Muschek, L.D., Interaction
of Four Methylxanthine Compounds and Norepinephrline on
Cardiac Phosphorylase Activatlion and Cardiac Contract-
{lity. Vol. 3. Ed. N.S, Dhalla, Unlverslity Park Press,
Baltimore, pp 261-274 (1973)

MeNeill, J.H., LaRochelle, D.F., and Muschek, L.D. .
Theophylline Potentlation of Noreplnephrine Activated
Phosphorylase in Normal and Hyperthyrold Rats, Arch,
int. Pharmacodyn. Ther,, 193: 92-101 (1971)

McNelill, J.H., Muschek, L.D., and Brody, T.M. The Effect of
Triiodothyronine on Cyclic AMP, Phosphorylase, and
Adenyl Cyclase in Rat Heart, Can. J. Physlol, Pharmacol,,

47: 913-916 (1969)

Margolius, H.S., and Gaffney, T.E. The Effects of Injected

Noreplnephrine and Sympathetlc Nerve Stimulation in
Hypothyroid and Hyperthyrold Dogs. J. Pharmacol, and

Exp, Ther., 149: 329-335 (1965)



~9l-

Markowitz, C., and Yater, W.M. Response of Explanted
Cardiac Muscle to Thyroxine, Amer, J, Physiol., 100:
162-166 (1932)

Marzoev, A.I., and Vladimirov, Yu.A. Action of Antloxlidants
and Chelating Agents on Thyroxine-Induced Swelling of
Mitochondrla, Bull, exp, Biol, Med., 84: 1422-1k42h

(1977)

Melander, A., Ranklev, E., Sundler, F., and Westgren, U.
Beta,-Adrenerglc Stimulation of Thyrold Hormone
Secr%tion. Endocrinology, 97: 332-336 (1975)

Moore, W, Some remarks on the Nature and Treatment of
Pulsating Thyrold Gland with Exophthalmos, Dublin
Quart, J. Med. Sci., 40 344 (1865)

Nemecek, G.M., and Hess, M.E. Cardiovascular and Metabollc
Responses to Thyroid Hormones in Animals After
Sympathectomy or Treatment with Nerve Growth Factor,
Neuropharmacol,, 13: 317-332 (1974)

#ye, I, Cyclic AMP in Cardiovascular Pharmacology. Acta
Pharmacol., et Toxicol., 36(suppl.iil)s 31-40 (1975)

gye, I., Butcher, R.w;, Morgan, H.E., and Sutherland, E.W.
Epinephrine and Cyclic 3',5'-AMP Levels in Workling
Rat Heart., Fed., Proc., 231 562- (1964)

Parry, C.H. Dliseases of the Heart, Elements of Pathology and
Therapeutics, 21 111-128 (1825) Reprinted in
Medical Classics, 51 8-20 (1940)

Priestley, J.T., Markowitz, J., and Mann, F.C., The
Tachycardla of Experimental Hyperthyroldlsm. Anmer,
Jo Phys 1010 » 2&3 357-362 (1931‘) ’

Rall, T.W., and Sutherland, E.W. Enzymes Concerned with
Interconversion of Liver Phosphorylases, I. Phos-
phorylase Phosphatase., In: Methods in Enzymology.

Vol. 5. pp 377-384 Eds., S,.P. Colowick and N.O. Kaplan.
Academic Press, N.Y., (1962)

Schild, H.O. Drug Antagonlism and pAx. Pharmacol, Rev,, 9t
2U2-246 (1957)

Skelton, C.L., Karch, F.E., and Wildenthal, K. Lack of
Acute Effects of Thyroid Hormones on Myocardlal
Contractility. Amer, J, Physiol., 224: 957-962 (1973)

Skelton, C.L., Su, J.Y., and Pool, P.E. Influence of
“Hyperthyroldism on Glycerol-Extracted Cardiac Muscle from

Rabblits, Cardiovasc, Res., 10: 380-384 (1976)



-9 5~

Sobel, B.E., Dempsey, P.J.} and Cooper, T. Normal Myocardial
Adenyl Cyclase Activity in Hyperthyrold Cats., (34135)
Proc, Soc., Exp. Blol, Med., 1321 6-9 (1969)

Spaulding, S.W.} and Noth, R.H. Thyrold-Catecholamine
%nter?ctions. Med, Clin., N, Amer., 59: 1123-11
1975

Stehle, R.L. A Method for Studylng Varlatlions 1in Coronary
Inflow During a Series of Cardiac Cycles, or for
Determining Inflow Rates Generally, J. Pharmacol. and
Exp., Ther., .46 Lr1-476 (1932)

Strauer, B.E., and Scherpe, A, Experimental Hyperthyroldism
) I: Haemodynamics & Contractility in situ. Baslc Res,
Cardlol,, 201 115-129 (1975 a

Strauer, B.E., and Scherpe, A. Experlimental Hyperthyrolidism
II: Mechanics of Contraction and Relaxatlon of Isolated
Ventricular Myocardium, Baslc Res, Cardiol., 701
130-141 (1975 b)

Strauer, B.E., and Scherpe, A, Experlmental Hyperthyroldlsm
III: Contractile Responses to Propranolol of the Intact
Heart and of the Isolated Ventricular Myocardlum. Baslc
Res, Cardiol,, 70: 237-245 (1975 c)

Strauer, B.E., and Scherpe, A, Experimental Hyperthyroidism
IV: Myocardial Muscle Mechanlcs and Oxygen Consumption
in Eu- and Hyperthyroidism, Baslic Res. Cardlol., 70:
2Lk6-255 (1975 4) '

Sutherland, E.W., and Rall, T.W. Fractlonatlion and
Characterization of Cyclic Adenlne Ribonucleotide
Formed by Tissue Particles, J. Blol, Chem., 232
1077-1091 (1958)

Sutherland, E.W., and Rall, T.W. Relatlon of Adenosine-
37, 5'-Phosphate and Phosphorylase to Actlons of
Catecholamines and Other Hormones. Pharmacol. Rev,,

121 265-299 (1960)

Thier, M.D., Gravenstein, J.S., and Hoffmann, R.G. Thyroxin,
' Reserpine, Epinephrine and Temperature on Atrial Rate,
J. Pharmacol. and Exp. Ther., 1361 133-141 (1962)

“von Basedow, C.A} Exophthalmos durch Hypertrophle des
Zellgewebes in der Augenhohle. Wschr. Ges, Hellk., 61
197 (18L40)

van der Schoot, J}B., and Moran, N.C. An Experimental

Evaluation of the Reputed Influence of Thyroxine on the
Cardliovascular Effects of Catecholamines., J. Pharmacol.

and Exp., Ther,, 1491 336-345 (1965)



-96-

¥an Rossum, J.M., Cumulatlive Dose-Response Curves,
II. Technique for the Making of Dose-Response Curves
in lsolated Organs and the Evaluatlon of Drug Parameters,
Arch. int., Pharmacodyn., 143: 299-329 (1963)

van Rossum, J.M.; and Van den Brink, F.G. Cumulative
Dose-Response Curves., I. Introductlon to the Technique.
Arch. int. Pharmacodyn., 1431 240-246 (1963)

Westfall, D.P., and Fleming, W.W. The Sensitivity of the
Gulnea-Plg Pacemaker to Noreplnephrine and Calcium
After Pretreatment with Reserplne., J. Pharmacol, and
Exp., Ther., 1641 259-269 (1968)

Wildenthal, K. Responses to Cardioactlve Drugs of Fetal
Mouse Hearts Maintalned in Organ Culture., Amer, J.
Physlol,, 2211 238-241 (1971)

Wildenthal, K. Studies of Isolated Fetal Mouse Hearts in
Organ Culture, Evidence for a Direct Effect of
Trilodothyronine in enhancing Cardiac Responsliveness to
Norepinephrine. J. Clin. Invest., 511 2702-2709 (1972)

Willlems, L.T., Lefkowitz, R.T., Watanabe, A.M., Hathaway, D.R.,
and Besch, H.R. Jr. Thyrold Hormone Regulatlion of -4
Adrenerglc Receptor Number. J. Blol, Chem,, 2521

2787-2789, (1977)

Williamson, J.R., and Schaffer, S. Eplnephrine, Cyclic AMP,
Calclum and Myocardlal Contractillity. In: Recent
Advances in Studles on Cardlac Structure and Metabolism,
Vol., 9. Eds. P.E, Roy and N.S. Dhalla. University
Park Press, Baltimore. pp 205-223 (1976)

Wilson, W.R., Theilen, E.O., Hege, J.H., and Valenca, M.R.
Effects of Beta-Adrenerglc Blockade in Normal Subjects
Before, During and After Triiodothyronine-Induced
?yng?etabolism. J. Clin. Invest., U451 1159-1169

19

Wollenberger, A, Akute Wirkung von Trljodthyronin auf die
Spontanrhythmik Isolierter, in vitro Kultivierter Herzzellen.
N.S. Arch, exp. Pathol. Pharmacol., 249: 288-294 (1964 a)

Wollenberger, A. Rhythmlc and Arrhythmic Contractile Activity
of Single Myocardial Cells Cultured in vitro., Clirc., Res.
15, Suppl. IIs 18L-201 (1964 D)

Wollenberger, A., Ristan, O., and Schoffa, G. Eine einfache
Technik der extremen schnellen Abkulung grosserer
Gewebstucke. Arch. Ges., Physlol., 2703 399-412 (1960)



-97-

Wurtman, R.J.; Kopin, I.J., and Axelrod, J. Thyroid Functlon
and the Cardiac Disposition of Catecholamines,
Endocrinology, 73t 63-74 (1963)

Wurtman, R.J., Kopin, I.J., Horst, D,, and Fischer, J.E,
Epinephrine and Organ Blood Flow: Effects of
Hyperthyroidism, Cocalne, and Denervation, Anmer, J.
Physiol., 207: 1247-1250 (1964)

Yater, W.M; The Tachycardia, Time Factor, Survival Perlod
and Seat of Action of Thyroxine in the Perfused Hearts
of Thyroxinlzed Rabbits. Amer, J. Physlol., 98:

338-343 (1931)

‘Yazaki, Y., and Rabin, M.S. Effect of the Thyroid State
on the Enzymatic Characterlstics of Cardiac Myosini
A Difference in Behaviour of Rat and Rabblit Myosin
Circ. Res., 363 208-215 (1975)

Young, B.A., and McNelll, J.H. The Effect of Noradrenallne
and Tyramlne on Cardlac Contractility, CyclicAlNP, and,
Phosphorylase a in Normal and Hyperthyrold Rats,

Can., J. Physiol, Pharmacol., 52t 375-383 (1974)

zsoter, T., Tom, H., and Chappel, C. Effect of Th old Hormones
?n Ziscular Response., J. Lab, Clin, Med., 64s 433-441
196k4) ‘



