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The influence of thyroid staztus on rat cardiac sarcolemmal
o . e L2+ . +
compositicn, enzymatic activities znd Ca binding was examined, Na -

Kf ATPase activity of sarcolemma isoclzted by the hypotonic shock-LiBr

method was depressed in prepvithiocurzcil (P.T.U.) induced hypothyroidism

but unaltered in triiodothyronine {(T.) induced hyperthyroidism, Vhile
+ s . .
Km and Vmax values of Na - K . ATPzse were decreased in hypothyroidism,

. . e s .+ +

K .1t and K+ values were unaltered. The sensitivity of Na -~ K
aNa akK

ATPase to ouabain, calcium and pH was not affected in hypothyroidism.

+ . P .. . -
K stimulated phosphatase activity, which is believed to represent the

. + - . pera
dephosphorylation step of Na - K AT%ase activity, was inhibited to the

+ + . . s .
same extent as Na -~ K ATPase whereas its sensitivity to ouabain was
unchanged. The phospholipid composition of sarcolemma was not signi~
ficantly altered in the hypothyroid s:tazte and gel electrophoretic pattern

of sarcolemma from euthyroid and hxpothyroid rats were qualitatively similar.

I

Na+ - K+ ATPase activity of sarcolemmz prepared by the KCl-sucrose density

gradient method was also depressed in avpothyroidism. Thyroidectomy re-

. . . - + + .
sulted in a similar depression of sarcolemmal Na - X' ATPase activity.

) + + ed

These changes in Na - K ATPase zctivity were not accompanied by changes
: 2+ - . ) . + +
in sarcolemmal Mg ATPase activity. The depression in Na - K ATPase
activity in hypothyroid rats was not affected after 24 hours but was
completely reversed after 48 hours of T3 administration. Treatment with
puromycin, an inhibitor of protein swmthesis, prevented the TB—induced

. + + - - .. . .
reversal of changes in Na - K ATPese activity in hyovothyroid animals,

. = .t 4 .
These results suggest an alteraticn of Na' -~ K pump mechanism of the

myocardial cell membrane in hypothvroicdism,



In anothe; series of experiments myocardial electyolyte contents
were examined in hypothyroid rats, Intracellular sodium and potassiun
increased after thyroid hormone administration to hypothyroid ratsj
however the intracellular sodium and potassium did not change in hypo-
thyroid and hyperthyroid rats. This observation suggests that a simple

* K+ ATPase activity and intracellular monovalent

relationship bhetween Na
cation concentrations did not exist under these experimental conditions,
Intracellular calcium did not change signififcantly with thyroid status
although there was a tendency for it to decrease in hypothyroidism and

for this to be reversed after T3 administration. Intracellular magnesium
was significantly altered only when hypothyroid and hyperthyroid states
were compared: however, it was found that [Mg]i / [Ca]i ratio was signifi-
cantly increased in the hypothyroid state but not after 7 days of T3
treatment. Increased [Mg]i / {Ca]i may play a role in the ﬁanifestation

of depressed contractile state in hypothyroidism.

In hypothyroid rats, cardiac 5% nucleotidase activity was depressed
in sarcolemma isolated by the hypotonic shock~1iBr method but not in
sarcolemma isolated by the KCl sucrose density gradient method. As the
former and latter methods have been shown to yield predominantly right-
side out and inside out membrane vesicles respectively, it appears that
5'-nucleotidase located at the extracellular surface of sarcolemma was
depressed in hypothyroidism. Passive calcium binding, sialic acid content

and Ca2+

dependent ATPase of rat cardiac sarcolemma were unaltered in
hypothyroidism. Howe?er ATP dependent calcium binding was increased in

. R - s 1 24 2+
hypothyroid animals. ATP dependent calcium binding and Ca - Mg ATPase

activity which are associated with calcium extrusion from the cell, were



activated by calmodulin to a greater degree in sarcolemma isolated from.
hypothyroid rats than in that from euthyroid rats, Trifluoperazine in
concentrations, which completely blocked the effect of exogenous calmo=
dulin, had no effect on these activities in the absence of exogenous cal~
modulin. Therefore, the differenceé in activation by calmodulin could
not be ascribed to differences in the concentration of endogenous
calmodulin in sarcolemmal preparations from euthyroid and hypothyroid rats.
These results suggest an enhancement of CaZ+ pump activity at the cell
membrane and this may explain a slight reduction in myocardial calcium
content and depressed contractile state of the hypothyroid heart.

Sarcolemmal adenylate cyclase activity was unaltered in the hypo-
thyroid state but the washed parﬁicles preparation of hypothyroid rat
hearts displayed higher basal adenylate cyclase activity in comparison to
that in the euthyroid rat hearts. Fluoride stimulation was unaltered but
guanylimidodiphosphate (GppNHp) stimulation was markedly depressed over a
wide range of concentrations in the hypothyroid heart washed particles,
Epinephrine stimulation in the presence of GppNHp was altered only at 10—5
to 10—4 M concentrations. Depressed responsiveness of cardiac adenylate
cyclase to GppNHp and epinephrine was also found in washed particles of
thyroidectomized rats. Depression of GppNHp response iIn hypothyroid
animals was observed 48 hours after T3 administration. It is proposed
that alitered guanine nuclectide binding to adenylate cyclase system may
be an underlying mechanism of depressed positive inotropic action of
catecholamines in the hypothyroid state,

In view of the important role of sarcolemma in the regulation

of cardiac function and metabolism, it is suggested that changes in



sarcolemmal function described in this study may play a crucial role in
altering cardiac fuﬁction in hypothyroidism. These obseryations on
sarcolemma extend oux knowledge concerning the subcellular basis of
hypothyroid—-induced changes in cardiac function, which in the past
eﬁphasized the roles of sarcoplasmic reticulum, myofibrils and mito-

chondria.
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I. TINTRODUCTION AND STATEMENT OF THE PROBLEM

Circulating thyroid hormones have pronounced effects on the
cardiovascular system in general and on the heart in particular (1,2).
Hyperthyroidism is usually accompanied by increased cardiac activity

whereas the opposite occurs in hypothyroidism. Although interaction of

thyroid hormones with the heart has been studied at gross, tissue, cellular

and subcellular levels, many areas of this interaction have not been
fully characterized and other areas have been completely ignored. In
this regard it is pointed out that thyroid hormone has been demonstrated
. i s . . .
to influence Na -K ATPase activity in a variety of tissues (3,4,5,6,7).
However, a full characterization of this enzyme, which is believed to
+ _+

serve as a Na ~K pump at the cell membrane, has not been undertaken
in cardiac tissue and most studies have been performed on crude homo-

. . + _+ . -
genates with a relatively low Na -K ATPase specific activity. Under
conditions such as hypothyroidism and hyperthyroidism, where dramatic
alterations occur throughout the cardiac cell (8), the relative contri-
bution of sarcolemmal proteins to total homogenate protein may be altered
and this may distort the pattern of enzyme activities seen in the crude

. . . . +
preparations. For these reasons and in view of the importance of Na -
+ . s . . : .
K ATPase in the maintenance of transmembrane ionic gradients, it was

. . + _+ ..
thought worthwhile to characterize sarcolemmal Na -K ATPase activity
in hearts of animals with altered thyroid status. While attempts
. . . . +

have been made to correlate thyrold associated changes in cardiac Na -
+ .
K ATPase activities with altered electrolyte balance, the results are
conflicting (9,10). It was therefore decided to examine serum and
cardiac electrolytes in euthyroid, hyperthyroid and hypothyroid animals

as well as during reversal of hypothyroidism. Alterations in sarco-



lemmal Na+—K+ ATPase activity and subsequent changes in cellular
contents of Na+ and K+ may serve as one of the important mechanisms
for altered cardiac function due to thyroid hormones.

The interaction of catecholamines with thyroid hormones is
another area which has attracted the attention of several investiga~-
tors in the past. Since catecholamines are known to activate adenylate
cyclase, which catalyzes the formation of cyclic AMP, various labora—
tories have examined the effect of catecholamines on adenylate cyclase
activity of hearts from animals with different levels of fhyroid hormones
(11,12,13). However, the results on this aspect are inconclusive and
conflicting. It was therefore the purpose of this study to gain
detailed information in this regard. Since the activation of adeny-
late cyclase by epinephrine has been demonstrated to require guanine
nucleotides, a special attention was paid to the presence of guanine
nucleotides while studying the interaction of catecholamines and
thyroid hormones. An investigation of adenylate cyclase, a well known
membrane bound enzyme, in hearts of bypothyroid and hyperthyroid animals
can be seen to complement studies on Na+—K+ ATPase in identifying sarco-
lemmal changes in myocardium due to a lack or excess of thyroid hormone.
Since cyclic AMP has been implicated in opening sarcolemmal channels
for the entry of calcium, any changes in adenylate cyclase activity can
be conceived to affect the ability of the heart to generate contractle force.

The ability to influence sarcoplasmic calcium concentration is a
mechanism by which the sarcolemma may exert control on cardiac contractile
'state. Calcium binds to the extracellular surface of sarcolemma and it
has been suggested that this bound calcium or a portion thereof may be
a source of calcium for influx during the cardiaé action potential (14,15).

The influence of thyroid state on the ability of sarcolemma to bind



calcium has not been examined. The sarcolemma has also been shown
. . . . . 2+ .
to possess properties associated with calcium extrusion. Ca stimu-
2+ . .

lated, Mg dependent ATPase of sarcolemma has been associated with

. 2+ , . .
active Ca extrusion from the cells (16). The influence of thyroid
state on this enzyme activity and its interaction with calmodulin, a

. 2+ 2+
known activator of sarcolemmal Ca”™ - Mg~ ATPase and ATP dependent
24 . .. . . . . .
Ca  binding have not been investigated in cardiac tissue. These proper-
ties will also therefore be examined in this study.
It should be pointed out that in addition to sarcolemma, other

membrane systems such as mitochondria and sarcoplasmic reticulum are
also believed to regulate myocardial contractility. The present study
does not in any way undermine the importance of sarcoplasmic reticular
and mitochondrial changes in the hearts of hypothyroid and hyperthyroid
animals but instead is designed to evaluate and characterize sarco-
lemmal changes under these conditions, Furthermore, in view of the
; + .t 2+ 2+
importance of sarcolemmal Na -K ATPase, adenylate cyclase, Ca” -Mg
ATPase and calcium binding activities in heart function, this investi-
gation is limited to the examination of these systems following alter—
ation in thyroid status. The sarcolemmal alterations in these situations
were also assessed by monitoring the activities of some other membrane

bound enzymes such as Ca2+ dependent ATPase, Mg2+ dependent ATPase

and 5'-nucleotidase.



II. REVIEW OF THE LITERATURE

A, Thvroid Hormones: Source and Mode of Action

Thyroid hormenes play an important role in growth and develop-
ment of the young and act on peripheral tissue of the adult to regulate
cellular metabolism. The thyroid gland is the principal source of
naturally occurring iodinated compounds circulating in the blood;
3,5,3",5"- tetraiodothyronine (thyroxine or TA) and 3,5,3"'- triiodo—
thyronine (TB) are the major secretory products of the thyroid gland
(18). Synthesis of thyroid hormones occurs at the apical surface of
thyroid cells. Todide, which enters the thyroid cell by an active
process, is oxidized by a peroxidase enzyme in the apical microvilli.
This oxidized form becomes organically bound to peptide linked
thyrosine groups of intrafollicular thyroglobulin to form mono and di-
iodothyrosine (MIT and DIT respectively). It has been shown in vitro
that thyrold peroxidase catalyses this reaction (19). Coupling of
two DIT molecules or one MIT and one DIT results in the formation of
T4 and T3 respectively.

Secretion of thyroid hormones is under the control of the anterior
pituitary hormone, thyrotropin (TSH) (20), which in turn is secreted
under the influence of hypothalamic TSH-releasing hormone (TRH) (2D).
Circulating thyroid hormones exert a negative feedback at the pituitary
level (22). Under the influence of TSH, thyroglobulin is ingested and
digested by the thyroid cells (3) and iodothyronines and lodothyrosines
are released from peptide linkage.T3 and T4 are released from the cell;
T4 is present in concentrations 10-20 fold that of T3 (23). Approxi-
mately four fifths of extrathyroidal T3 is derived from peripheral mon-

odeicdination of T4 (24). 1In man, the mean total serum concentration



of T4 in 8.5 ug/dl and of T3 is 0.12 pg/dl. However, the free
concentrations are 3.0 and 0.4 ng/dl respectively (25), the remainder

being bound to specific serum proteins. Binding of hormones to

serum proteins limits urinary loss and acts as a reservoir of readily

available hormone which safeguards against sudden changes in free
hormone levels. Catabolism of thyroid hormone occurs mainly by peri-
pheral deiocdination but approximately ZOZ is lost in feces (18).

A number of mechanisms have been proposed as the primary mode of
action of thyroid hormones.

1. Direct effects on enzymatic activities

Inhibition of some zinc containing dehydrogenases including malic
dehydrogenase (26,27) glutamic dehydrogenase (28), liver alcohol dehy-
drogenase (29) and 15' hydroxyprostaglandin dehydrogenase (30) by thyroid
hormones has been demonstrated in vitro. AHowever, carboxypeptidase
which is also a zinc containing enzyme was not affected (26). Thus,
the effect did not seem to be due to zinc chelation. The high level
of hormone required for 50% inhibition (lO“6 - lOuSM) suggests that
this may not be a physiologically significant mechanism. Incubation of
erythrocytes with physiological concentrations of thyroid hormone was
found to increase their 2,3- diphosphoglycerate content (31). However,
conflicting results were obtained when direct effects of thyroid hormone
on diphosphoglycerate mutase were studied (32,33).

Direct in vitro stimulation of cardiac adenylate cyclase by T3
and T4 has been reported by Levey and Epstein (34,35). The effect was
not blocked by propranolol and was found to be additive with that of
catecholamines. However, the high concentration of hormone required
(10_7 - lO'SM) for the effect and the activity of 3,3' 5" triiodéthyro—

‘nine (reverse T3) which has relatively low thyromimetic activity, argues



against the physicicgical relevance of this mechanism. This is supportead

the lack of acute =Zfects of thyroid hormone on cardiac contractility
(36,37,38,39). Scme investigators have failed to reproduce this
finding (40). Will-Shahab et al (41) found no direct activation of

adenylate cveclase bv T3 in vitro in the presence or absence of guany-

limidodiphosphate (CopNHp). However, after preincubation for 15 minutes

8

- -6 .
with GppNHp, T, in the concentration range of 10 - 10 ™M increased

3
adenylate cyclase zactivity. Activation of monkey spermatozoa adenylate

™
4

and has also been reported (42); however, high con-

6

cyclase by T .

3

centrations (10 =~ - IO—SM)’were required. D——T4 and other structurally
related compounds were inactive.

2. Effects on Plasmalemma

Accumulation of certain amino acids and carbohydrates was increased

4

within minutes of administration. For example, some investigators

“3
have reported an increase in the accumulation of deoxyglucose by T3 in
cultured chick embryvo hezxt cells (43,44). The first phase of uptake
was independent of protein synthesis whereas the second phase (after

6 hours) was depencdent on protein synthesis (45). Increased accumula-
tion was associazted with increased Vmax without changes in Km values
(46). Uptake of L-gzlucose, which enters by simple diffusion, was
unaltered by T3 (48). Thryoid hormone has also been demonstrated to
increase the accumulation of the non-metabolizable amino acids, o—amino-
isobutyrate and cvcloleucine, by isolated rat thymocytes (47,48). 1In
Cyitro T3 stimulation of cycloleucine uptake in thymocytes was un-—
affected by the protein synthesis blocker, puromycin but was potentiated
by epinephrine znd norepinephrine; this potentiation was blocked

by propranolol =nc¢ practolol (49). Neither catecholamines nor B-blocker

alone, in the absence of T3, altered cycloleucine accumulation. The



effect of T3 appeared to be an inhibition of cycloleucine efflux
rather than a stimulation of its influx (49). Rat liver plasma mem-
branes have also been demonstrated to possess saturable T3 binding
sites (50). However, it is unclear if these represent sites of action
on glucose or amino acid transport or are receptors for the carrier
mediated transport of the hormone into the cell (51,52).

3. Effects on Mitochondria

Mitochoridria from thyfotoxic animals exhibit reduced phosphoryla-
tion (53). It has been demonstrated that thyroid hormones can uncouple
oxidative phosphorylation in vitro (54). However, the concentration
required for this effect is greater than that achieved in vivo even
in hyperthyroid states. Physiological concentrations of T3 in vivo
increased 02 consumption and phosphorylation without evidence of un-
coupling (55). Tt has been demonstrated that a number of mitochondrial
proteins, including”u—glycerol phosphate dehydrogenase, ~are in-
creased by thyroid hormones (56). Thyroid hormones increase amine acid
incorporation into mitochondrial proteins (57,58). A specific thyroid
hormone binding protein has been reported on the inner mitochondrial
. membrane and the relative binding affinities of T3 and some of its
analogues are directly proportional to their thyromimetic activities
(59).. However some workers have failed to confirm this finding (60,61),

4, Effects on Protein Synthesis

Inhibitors of protein and RNA synthesis block many of the effects

of thyroid hormones. TFor example, the calorigenic response to T, was

4
blocked by the administration of puromycin (62). Increases in the

amount of specific enzymes and proteins such as carbamyl phosphate

synthetase (63) and pituitary growth hormone (64) under the influence



of thyroid hormone have been demonstrated. These data support the
theory that regulation of protein synthesis is a primary site of

action of thyroid hormone. There is evidence that thyroid hormones

act at both transcription and translation levels of protein synthesis.
It has been shown that RNA synthesis was increased 24-48 hours after
the administration of thyroid hormone in wvivo (55). It has also been
demonstrated in rat liver that RNA polymerase T activity, which is
responsible for the formation of rRNA is increased after 10 hours while
RNA polymerase II activity, which is responsible for thé formation of

mRNA was not increased until 24 hours after in vivo T. administration

3
(65). TLimas (66,67) found only small changes in rat myocardial RNA
polymerase I and IT activities 72 hours after T3 injection, although
RNA synthesis was increased to a much greater extent. However, he

found the ratio of engaged to free RNA polymerase of hyperthyroid rats
was almost twice that of euthyroid controls. It was suggested that

in this model at least, increased RNA polymerase did not play a major
role in determining RNA synthesis but it appeared to depend on increased
number of transcription initiation sites. This may depend on changes

in conformation of chromatin, which has been demonstrated to possess

T3 binding ability and has been suggested as a possible physiological
receptor for the hormone (68,69). 1In fact, induction of specific mRNA
species coded for individual proteins has been seen and this demonst-
rates the specificity of hormone action. mRNA coding for uzu-globqlin
was undetectable in the livers of hypothyroid rats but thyroid hormone

" administration results in its reappearance (70). Incubation of rat
pituitary cells in culture with physiological concentrations of T3

resulted in increased concentrations of mRNA specific for growth hormone



but not of the prolactin specific mRNA (18).

Ribosomal preparations from tadpoles treated with T4 showed a

higher rate of incorporation of amino-acyl tRNA than did ribosomes

of untreated tadpoles (63). T3 administration in vivo increased in
vitro protein synthesis after 2 hours (70a). This effect was too
rapid to be accounted for by the transcription related mechanisms.

A mitochondrial requirement in this regard was reported, but has been

called into question (71,71a).

5. Nuclear binding of T 4

Specific binding of thyroid hormones by cell nuclei has been demon—
strated. These binding sites exhibited a greater affinity for T3 than
for T4 (68). They have been characterized as being high affinity-
low capacity binding sites (68,69). Concentration of nuclear binding
sites of different tissues correlated well with relative responsiveness
of that tissue to thyroid hormone as judged by altered oxygen consump-
tion (72). However, as the percentage of sites occupied in different
tissues did not vary greatly in the euthyroid state (35-50%) (72), it
has been suggested that the sites in different tissues have similar
binding properties. Decreased affinity of lymphocyte nuclear binding
sites has been reported in patients with tissue resistance to thyroid
hormone activity (72a). Very good correlation existed between the
affinity of binding sites for thyroid hormone analogues and their thyro-
mimetic activity with the exception of triac, an acetic acid analogue

'of T3 (73,73a). While nuclear binding sites have not been isolated,
they have been identified as nonhistone proteins (74). These findings,
together with the known effects of thyroid hormone on protein synthesis,

suggest that these binding sites are true physiological receptors for



- 10 -

thyroid hormones and that thyroid hormones may act in a manner analogous
to that of steroids.

B, ‘Disorders of Thyroid Function

Disorders of thyroid function have been known for some time, Hyper-
thyroidism or thyrotoxicosis is a condition characterized by increased
circulating levels of thyroid hormone. Hypothyroidism or myxedema
is a condition resulting from decreased levels of circulating hormone
or lack of responsiveness to the hormone. Weight loss in the presence
of normal or increased appetite is characteristic of hyﬁefthyroidiém.
Increased basal metabolic rate and skin temperature are classical
symptoms. The patient suffering from hyperthyroidism is often restless.
and complains of fatigue. Reflexes are hyperkinetic. They are often
irritable with a short attention span (75). The hypothyroid patient
can be recognized by his/her lack of energy, intolerance to cqld,
dryness of skin, constipation, hearseness of voice and reduced appetite
(76,77). Paracelsus (1493-1542), a Swiss physiologist first noted the
relationship between cretinism and endemic goitre (78). 'lhe Chinese
scholar, Li Schi-chen recommended the use of ground thyroid gland for
the treatment of goitre and cretinism in his text, "The Great Herbal
written between 1552 and 1578 (78). One of the earliest descriptions
of myxedema appeared in 1657 written by the Bavarian, Wolfgang Hoefer.
In 1820, Coindet recommended the use of iodine for the treatment of
endemic goitre (79). Parry (1786), Graves (1835) and Basedow (1840)
described the clinical features of hyperthyroidism (80). A specific

‘type of hyperthyroidism bears the name of the latter two - "Graves"
in English speaking countries and "Basedow' in continental European

countries. In 1884, the Swiss physiologist Monitz Schiff demonstfated
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experimental myxedema in dogs after the removal of the thyroid gland
(80). This could be prevented by thyroid grafts, injection or in-
gestion of thyroid extract. Murray (1891) was the first physician

to treat myxedema with thyroid extract (78). The isolation of thyro-
xine by Kendall (1914) made way for modern studies of thyroid function.

C. Thyroid Hormones and the Cardiovascular System

The level of circulating thyroid hormones have pronounced effects
on the cardiovascular system in general and the heart in particular.
Hyperthyroidism is accompanied by a general increase in cardiac perfor~
mance as reflected by increased rate, stroke volume, cardiac output,
cardiac index and pulse pressure (81,82). Systolic pressure is
slightly increased and diastolic pressure decreased (75). Auscultation
of large arteries may reveal intense and rough systolic bruit with
clicks (75). Cardiac murmurs (usually systolic) are often present (1).
ECG recordings reveal increased amplitude of P and T waves (75,83).
Premature ventricular contractions and atrial fibrillation are common
especially in the elderly (2). Hyperthyroid patients may have im-
paired functional cardiac reserve (84).

In hypothyroidism cardiac output is reduced as a result of de-—
creased stroke volume and heart rate (76) and cardiac index is also
reduced (82)., Pericardial effusion is often present and the heart may
be dilated without hypertrophy (77). ECG recordings reveal low
voltage complexes and sometimes the ST segment may be depressed or the
T wave inverted (76). Treatment of pericardial effusion has been
reported to improve ECG  recordings (76). These symptoms can be
reversed with thyroid hormone therapy.

It has been suggested that changes in cardiac function during



alteration in thyroid status are secondary to increased demand for
cardiac output due to increased oxygen utilizdtion. However, it was
found that increased metabolic rate induced by salicylate or dinitro-
phenol did not increase cardiac output to the same extent (85,86,87).

It has been found that cardiac output increased to a greater extent

than did metabolic rate in the hyperthyroid state, thereby causing a
drop in arterio-venous oxygen difference (82,88,89). The opposite was
true in hypothyroidism (88). It would appear, therefore, that these
changes during altered thyroid status were not simply reflex adapta-
tions to the increased metabolic demands of the body. The cardiovascular
system itself was changed. In the examination of cardiovascular

effects of altered thyroid status, however, it was not always possible
to differentiate between direct effects and secondary effects of thyroid
hormone (or the lack thereof), This is especially true of the cardio-
vascular system which can be influenced by numerous factors - neural,
hormonal, metabolic - all of which are profoundly influenced by thyroid
status. There is evidence of direct effects, as seen in cell culture
preparations, but in general the effects described are induced by hormoﬁe
administration or withdrawal, As all secondary effects can not be
controlled under in viv‘o‘situations3 their influence on the cardiovas-
cular system must be considered.

1. Vascular Effects

In the hyperthyroid state, peripheral resistance was found to be
decreased (90,91). However venomotor tone was unaltered (92). Coronary
artery damage was not increased by thyrotoxicosis although increased
cardiac work sometimes exacerbated angina pectoris (75). However,

myocardial infarction in the absence of demonstrable disease of the
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major arteries has been reported in thyrotoxic patients (93), Corre-
lation between hypothyroidism and coronary disease has long been
a matter of controversy. Severe hypothyroidism was accompanied by

hypercholesterolemia in rats (94) and man (95). Although intermediate

states of hypothyroidism did not result in significant changes (95,96),
there are reports of hypercholesterolemia in patients who were euthyroid
but who had thyroid antibodies (97,98),

Cholesterol synthesis from acetate was increased in liver slices
after thyroid hormone treatment but synthesis from mevalonate in liver
was unaltered. This suggests that thyroid hormone affected liver
cholesterol synthesis by increasing conversion of acetate to mevalonate.

This was supported by the finding that hepatic B-hydroxy-f methylglu-—

.
(3]

taryl C.A reductase activity, which catalyzed the last step of mevalonate

synthesis, was increased in hypophysectomized animals after thyroid
hormone administration (100). Unlike the liver, renal conversion of
mevalonate to cholesterol in rats was increased by T4 administration
in vivo while conversion was decreased in hypothyroidism (101). Elevated

cholesterol levels, when they occur in hypothyroidism, were believed to

be due to a greater decrease in degradation rate than in rate of
synthesis (102,103).

Triglyceride levels are believed to be influenced by thyroid status
but the literature contains a number of contradictory findings. O'Hara
et al (104) reported hypertriglyceridemia in myxedemic patients while
Furman et al (105) found elevated triglyceride levels only in some
myxedemic patients. Kufty et al (95) found a graded increase in mean
serum triglycerides as thyrqid failure progressed, although values did

not achieve statistical significance. In cholesterol fed hypothyroid



- 14 -

rats, Redgrave and Snilson (106) found no increase in plasma triglyce-
rides while cholesterol levels were raised 6 fold. Engelken and

Eaton (107,108) found that rat plasma triglycerides were reduced in
hypothyroidism and increased in hyperthyroidism; cholesterol levels
were altered in the opposite direction. Hepatic triglyceride prod-
uction was decreased in hypothyroid and increased in hyperthyroid
animals. Peripheral triglyceride disposal was also reduced in hypo-
thyroid rats but unaltered in ‘hyperthyroid animals.

The question still arises as to whether or not the lipid changes seen
are associated with the occurrence of vascular disease. In general the
evidence supports increased atherosclerotic tendencies in hypothyroidism.
A number of workers reported higher incidences of atherosclerosis in
hypothyroid patients (109,110). One group reported increased propensity
to develop atherosclerosis in“women with subclinical hypothyroidism
but not in males with a similar condition (111). 1Increased incidence
of hypertension in both males and females With preclinical hypothyroidism
was also reported while incidence of myocardial infarction increased in
females but not in males with subclinical hypothyroidism (111). Others
hayve observed relatively low incidence of infarction probably due to de-
creased cardiac work load (112), Tunbridge et al (113) reported a
lack of correlation between hypothyroidism and coronary artery disease
in males, although in female patients there was a correlation with
"chest pain on effort" but not with ECG changes or past history of heart
disease. They also failed to find a correlation between high thyrotropin
hormone levels (a marker of hypothvroidism) and high chelesterol or
triglyceride levels. High thyrotropin correlated with minor but not

major ECG changes. - Endo et al (114) have reported no increase in the
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incidence of hypertension in female hypothyroid patients except among
those in their 60's. Amide et al (82) reported increased mean arterial
pressure in hoth hypothyroid and hyperthyroid patients but diastolic

pressure was not significantly altered in either group.

2. Haematological Effects

In a study of 166 hypothyroid patients, approximately one third were
found to be anaemic (115). 17 cases responded to iron administration
without treatment of hypothyroidism. Pernicious anaemia was present in
13 cases. Horton et al (116) reported a 25% incidence of anaemia in
hypothyroid patients but found true iron deficiency to be rare (5%).
Pernicious anaemia was found in 8,5%. Two thirds of anaemic patients
with normal iron, folate and Vit B12 levels had large red blood cells
which diminished in size with thyroid hormone treatment. Decreased
affinity of haemoglobin for oxygen has been reported in hyperthyroid
patients (117) as well as euthyroid man and rats treated with thyroid
hormone (117,118). 1Increased levels of 2, 3 diphosphoglycerate was
found in hyperthyroid patients (119) and in red blood cells incubated
in vitro with‘T3 (3), This may be the basis of the shift in oxygen
affinity. Snyder and Reddy (120) reported increased 2,3 diphospho-
glycerate synthesis in a haemoglobin free preparation of normal erythro-
cytes when incubated with T3 or T4. Studies on the effect of thyroid
hormone on crude preparations of diphosphoglycerate mutase have produced
conflicting results (32,33). Hypothyroidism per se has been shown to
induce serum enzyme abnormalities in the absence of other known disorders.
Creatine phosphokinase, lactate dehydrogenase and glutamine oxalo-
acetate transaminase levels were elevated (77) and thyroid hormone re-
placement was found to return creatine phosphokinase levels to normal

(121).



3. Cardiac Ultrastructure

Quantitative methods were applied by Page and McCéLlister to
examine ultrastructure changes in the myocardium of female hypothyroid
rats given daily thyroid hormone injections for 24 days (8,122). Cell
size increased 1.4 fold. While the total volume occupied by myo-
fibrils increased, the volume relative to cell volume was unaltered.
However both the total and relative volume of mitochondria increased.
The area of cristae membrane per unit of mitochondrial volume also
increased. The surface area of the<cell to cell volume'rétio was
unaltered although the T tubular component of the surface area was
markedly increased. Total volume occupied by sarcotubular system
increased but this volume relative to cell volume was unaltered, In
euthyroid female rats, the fractional volume of mitochondria was in-
creased, the fractional volume of myofibrils decreased and mitochondria:
myofibril ratio was increased after 9 days of T4 administration (123).
There was no change in capillary luminal area to myocyte area ratio (123).
In rabbits, alteration in morphology of myofibrils was apparent after
6 days of thyroxine administration (124). 1In this study it was'revealed
that the ratio of thick to thin filaments was unchanged but the normal
structural arrangement was altered. Tn the A band the normal hexagonal
orieﬁtation often degenerated into a haphazard relationship between
thick and thin filaments. T tubules were dilated and mitochondria en—
larged without any decrease in matrix density. Severe chronic hypq—
thyroidism in dogs was found to result in 2-3 fold thickening of cardiac
'capillary basement membranes (125). Histological and tracer methods
both revealed an increase in cardiac extracellular space in hypo-

thyroidism (9).
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4, Hypertrophy and Protein Turnover

In the hypothyroid state, the heart weight: body weight ratio was
decreased (122). 1Increased heart weight: body weight ratio in T4 or T3
treated animals has been well documented (122,126,127). 1In rats after

2 weeks of daily T, administration, both right and left ventricles were

3
enlarged but the right ventricle was enlarged to a greater extent (1.4
fold) than the left (1.2 fold) (128,129). Hydroxyproline concentration
decreased in this model of hypertrophy (128). As discussed earlier the
regulation of protein synthesis is believed to be an important mechan-
ism of thyroid hormone action. Oppenheimer et al (72) reported cardiac
nuclear T3 binding capacity to be 0.65 times that of liver but the
binding association was the same. After thyroid hormone administration
in rats, cardiac RNA and protein contents with respect to wet and dry
weight were increased (126) RNA synthesis was increased in cardiac tissue
after thyroid hormone treatment (66,67). Limas (66,67) reported signi-
ficantly enhanced chromatin template activity after thyroid hormone
administration. Increased synthesis was related to nonhistone proteins
of the nuclear fraction in thyroid hormone treated rats, probably due to
increased phosphorylation of these proteins, which is known to increase
RNA synthesis. Nuclear protein kinase activity was found to be higher
after thyroid hor%one treatment. However RNA polymerase, which was
reported to be dramatically increased in rat liver, was only modestly
increased (15%) in cardiac tissue which would not account for the degree
of increase in RNA synthesis.

Pyrimidine nucleofides are substrates for RNA synthesis and act as
cofactors in other synthetic processes. TUridine kinase catalyzes the

rate limiting step of the major uridine triphosphate (UTP) synthetic
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pathway.' It was found that UTP content of cardiac and skeletal muscle
increased after thyroid hormone administration (130). Uridine kinase
activity was also increased and this increase was blocked by a protein

“

synthesis inhibitor, actinomycin D (130). Administration of T3 to adult
rats caused a rise in the rate of cardiac adenine nucleotide synthesis
within 12 hours which preceded the rise in protein synthesis (131). This
effect was attenuated by B blocking agents, which have been shown to re-
duce de novo synthesis of adenine nucleotides in the normal heart (131).
Cardiac protein turnover (synthesis and degradatioﬁ).has been
studied during the development and regression of thyroid hormone in-
duced hypertrophy (132,133). After 3 days of thyroxine administration
to rats, cardiac growth rate was at a maximum and protein synthesis
increased by 22% above control whereas, protein degradation decreased
by 127%. -After 7 days, synthesis was still 8% above the control value
but degradation rate had returned to control levels. At two weeks,
when hypertrophy was stable, synthesis and degradation rates were not
different from those in control animals. After termination of thyroid
hormone administration, synthesis decreased significantly; protein
degradation also decreased but to a much smaller extent. The finding
that T3 increased the rate of protein synthesis and decreased degrad-
ation in cultured fetal mouse hearts suggested that these effects are
at least in part due to direct action of thyroid hormones and not
secondary to neural or non-~thyroid hormonmal changes (133). Similar
findings have been made in skeletal muscle (134). However skeletal,
muscle was more prone to the catabolic effects of thyroid hormones so
that at high concentrations catabolism exceeded anabolism (13.5), while

similar concentrations resulted in continued cardiac growth (136),
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Carter et al (136) proposed that degradation rate of specific
proteins was altered to different extents. Pulse-labeling studies
using 14C carboxyl labeled aspartate and glutamate suggested that over

an 18 day period, during which T, was administered daily, degradation

3

in the "sarcoplasmic fraction'" (supernatant after 1000 x g-centrifugaion)

was reduced by 227 while that of the "myofibrillar fraction" (pellet

after 1000 x g centrifugation) was unchanged. Examination of the activity of
cathepsin D, a lysosomal enzymé; which is a major nroteinase in cardiac

muscle, revealed a 157 decrease after 3 weeks of daily T, injections

3

(137). One week after termination of T3 administration, cathepsin D

activity had risen to approximately 20% above control (40% above T3

treated). 1Increase in cathepsin D after termination of T3 administra-
tion exceeded the decrease in protein content. Therefore the increase
was due to an absolute increase in enzyme activity and not a relative
decrease in degradation rate of cathepsin D. During development of
cardiac atrophy following hypophysectomy, cathepsin D activity of
heart homogenate was elevated (138). One week after T4 (L or D

isomer) administration to rabbits, the number of cathepsin-D-positive

lysosomes in myocytes was decreased, although in tissue homogenates the

3

activity of cathepsin D but not cathepsin B was increased. The in-
creased activity correlated with an increase in cathepsin D rich inter—
stitial cells (139). Decrease in cardiac protease activity in

rats after 10 days of T3 administration was dose dependent and
'corfelated well with the degree of hypertrophy (140Q). TIn skeletal
muscle, the hyperthyroid state was associated with increased activity
of the proteases cathepsin B and D as well as calcium activated

neutral proteases (140,141).
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Polyamines are involved in many steps of replication and trans-
cription processes and are known to increase protein synthesis in cell
free systems (142). Concentration of two polyamines, spermidine and
spermine, were shown to rise in rat heart ""post—ribosomal supernatant"

preparation within 12 to 24 hours after T, treatment (143). Ornithine

3

decarboxylase, which catalyzes the first and probably the rate limiting
step of polyamine synthesis from ornithine, was found to be directly
related to thyroid function'(l44}. In‘neonatal rats, T3 administration
resulted in an initial (2 days) stimulation of both high and low
affinity forms of the enzyme in the heart but further treatment resulted
in a decline in activity which ultimately brought activity to a level
below that of euthyroid rats "(145). However treatment with 1,3- diamino-
propancl prevented polyamine content increase without preventing
hypertrophy (146). o-difluoromethyl ornithine, an inhibitor of ornithine
decarboxylase attenuated isoproterenol-induced hypertrophy but did

not prevent normal age-related growth or T3 induced hypertrophy (147).
Therefdre although cardiac polyamine levels rise in hyperthyroidism,

fhey do not appear to be primarily responsible for the thyroid hormone
induced cardiac hypertrophy.

5. Myocardial Contractility

In hypothyroid humans systolic Preejection period (S.P.E.P.) was Dro-
longed and left ventricular ejection period (L.V.E.P.) was reduced (148,
149,150). Prolonged S.P.E.P. in the absence of altered L.V.E.P. has also
been reported (82,149). However, when the effects of low stroke volume
‘and slow heart rate were taken into consideration, hypothyroid patients
had a longer L.V.E.P. than would be predicted (82,152). FEven after such

considerations S.P.E.P. was greater than predicted,which reflected lengthened



isovolumic contraction time. Thyroxine treatment reversed these changes
and excessive doses of thyroxine further reduced S.P.E.P. (148) so

that S.P.E.P. was found to be inversely related to plasma thyroxine
levels. In the hyperthyroid state, S.P.E.P. was reduced below normal
(82,153) and L.V.E.P. was less than predicted (82). Most workers
agreed that S.P.E.P.: L.V.E.P. ratio was increased in hypothyroidism and
decreased in hyperthyroidism (148,149? 153, 154). A linear correlation
has been found between velocity of circumferential shortgqing as
measured by echocardiography and serum'T3 and T4 levels in a study

of euthyroid, hyperthyroid and hypothyroid patients (152). 1In hypo-
thyroid female rats, in vivo ventricular maximum rate of pressure deve-—
lopment (dp/dt max) was reduced to 42% of dp/dt max of euthyroid rats
(155)." Exercise training did not significantly dimprove dp/dt max in
these animals (155). It was also found that dp/dt max was depressed in
hypophysectomized rats; thyroid hormones reversed this effect while

- growth hormone was ineffective (156,157). In sedated hypothyroid dogs
with paced hearts, tension-velocity relationship of the left ventricle
was displaced downwards and to the left with reduced maximum tension
and velocity and prolonged time to peak tension (158). Opposite
effects were found in the hyperthyroid state (158). Direct evidence

of contractile changes has been obtained from isolated cardiac tissuéb
of a number of species. Force-velocity relationship in guinea pig
atria was altered by hyperthyroidism so that maximum velocity was
increased but maximum force was unaltered (159). Buccino et al (160)
demonstrated augmented velocity of shortening and rate of tension
development in papillary muscles of hyperthyroid cats while the

duration of the active state was reduced. The opposite occurred in
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the hypothyroid state. These changes did not depend on temperature

or frequency of stimulation but there were conflicting reports of nore—
pinephrine dependence. Pannier et al (161) reported a loss of augmented
maximum velocity after reserpine treatment while Buccino et al (162)
observed no attenuation after reserpine treatment. This may relate to
the difference in the treatment used since the former employed one

large dose while the latter used several small doses. Creatine phesphate
and ATP levels were unaltered except for a slight but significant in-
crease in levels of ATP in the hyperthyroid state. Inotropic response

to cardiac glycosides and norepinephrine varied inversely with the

level of thyroid state but the same degree of maximal isometric tension
was achieved under the influence of these drugs regardless of thyroid
state (160). Increased maximum velocity of shortening in the hyperthyroid
state was confirmed (163,164,165), Maximum load had also been reported
to increase after thyroxine administration (163,164). Series elastic
component, as measured by quick release method, was unaltered. Myo~
cardial oxygen consumption per g/mm2 developed tension was increased

by 507 in hyperthyroidism (163). Other studies have revealed that
papillary muscles from hyperthyroid cats utilized 40% more energy than
those from euthyroid cats, while performing equal work at the same rate
(166). Similarly, papillary muscles from hypothyroid animals utilized
only 647 as much energy as those from euthyroid cats while performing

817% as much work (166). In hypophysectomized rats, peak tension deve-
loped and rate of tension development by papillary muscles were de-
creased (167). These cﬁanges were reversed by the administration of

T4 but not by growth hormone. ' In hyperthyroid rat papillary muscle -

(168), a small increase in rate of tension development was observed:
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however, maximum tensiocn did not change and time to peak tension was
reduced. Further increase in thyroid hormone levels resulted in a
decrease in time to peak tension to a greater extent than the increase
in rate of tension development so that peak tension dropped. This
seems to be a species related effect because in rat, time to peak ten-
sion was normally short and any further shortening dramatically
curtailed tension development.

Time course of contractile changes after thyroxine administration
was studied in guinea pigs (169). One day after T4 administration
developed tension and maximum rate of tension development were increased
but time to peak tension was unaltered. Differences in developed tension
were most obvious at lower frequencies. Time to peak tension was changed
only after 8 and 21 days., At 21 days difference in developed tension
was only seen at low frequencies but maximum rate of tension development
was still seen at all frequencies, Increased ventricular myosin ATPase
was seen after 8 and 21 days but not 1 or 3 days of treatment. In
studies on isolated guinea pig working hearts, left ventricular dP/dt max
was seen after 3 and 5 days of T4 treatment but not earlier, although
cardiac output was slightly increased after one day (170). 1In cat pap-
illary muscle, increased rate of tension development and decreased
time to peak tension were both first detected after 3 days of thyroxine
administration but active tension development increased only after 7
days (36). However, in a study of contractile changes in rabbit papi-
llary muscle (136), developed tension, rate of tension development and
time to peak tension were found to be reduced after 6 days of thyroid
hormone administration, 3 or 6 days of additional treatment further

reduced these parameters, Myosin ATPase was found to be increased at
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6,9 and 12 days; however, ultrastructural examination revealed loss of
thick - thin filament arrangement in the A band. These observations
are In contrast to the findings of Albert and Muliere (37) who found
that a similar dose of T4 resulted in increased velocity of shortening

and rate of tension development, although peak tension was reduced to

727% of control after 14 days in rabbits. These workers also found
tension development heat per unit tension was 75% greater than in
the euthyroid state. These observations have been suggested to indi-

cate faster cycling of crossbridges which could explain, in part, the

inverse relationship between myosin ATPase activity and efficiency of
tension development.

In left atrial preparations from hyperthyroid guinea pigs, the
developed force varied to a lesser extent with variation in frequency,
in comparison to preparations from euthyroid animals. At low frequen-
cies the difference between force development in the two states
was at a maximum (159) and this difference was diminished with increas—
ing frequency of stimulation. Similar results were obtained in guinea
pig papillary muscles (125),

Absence of acute effects of thyroid hormone on contractile force
has been reported. Addition of 10—6 - 10_4 M T3 or T4 to isolated right
wventricular muscle or left atria of cats or guinea pigs for up to 8
hours and to intact dog hearts for up to 45 minutes had no effects on
contractile force development (36). Similarly, T3 infused into the sinus
node artery of isolated canine atria failed to have any inotropic or
'chronotropic effects or influence the action of norepinephrine (38).

T3 had no effect on the response of isolated sympathectomized cat hearts

to norepinephrine  (39).
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6. Myocardial Metabolism

In addition to decreased efficiency of myocardium from hyperthyroid
animals, cardiac basal oxygen counsumption was observed to increase
(163,166) and the opposite was true in hypothyroidism (166). The
combined effects of increased basal demand, decreased efficiency and
increased work load could place an overly great demand on myocardial
energy supply in hyperthyroidism. Rachwitz et al (172) have reported
a T4 induced dose related decline in creatine phosphate levels and an
increase in inorganic phosphate levels while ATP, ADP and AMP levels
remained unchanged in the heart.  Nishiki et al (173) reported un-
altered ATP levels in.perfﬁsed hearts of hyperthyroid and hypothyroid
rats; however, ADP and inorganic phosphate (Pi) levels rose and creatine
phosphate levels fell in hyperthyroidism. Cardiac creatine phosphate
content rose and inorganic phosphate levels fell in the hypothyroid
state (173). The changes in phosphorylation potential (JATP}/[ADP][Pil])
were due mostly to changes in Pi. 1In a recent review Sestoft (174)
suggested that increased energy supply and utilization in hyperthyroid
tissue were accompanied by near normal cytosolic concentrations of ATP,
ADP and Pi as seen in hyperthyroid dogs (175,176 ,177) and hypothyroid
and hyperthyroid cats (160). In the latter case, however, ATP levels
were slightly but significantly increased in hyperthyroid cats (160).
Creatine phosphate levels of hyperthyroid dog ventricles were reported
to be unaltered (176,177). ’

In vitro effects of thyroid hormones on energy supply have also

been reported. Relatively high concentrations of thyroid hormones (T

9

4

or TB) (10— - 10—5 M) stimulated glucose oxidation without altering

ATP, ADP and Pi levels in isolated myocytes (178). Tn vitro addition
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of 5 x 10_5 M T4 had a protective effect on AIP levels of rat atria
exposed to hypoxic challenge (179); this effect was only apparent at
the plateau phase of the fall in ATP levels seen after 60 minutes.

In established hyperthyroidism, however, the myocardium is more suscep-—

table to hypoxic stress (180). 1In resting cat papillary muscle,

exposure to iodoacetic acid and nitrogen resulted in a greater fall in
high energy stores of hyperthyroid preparations than in euthyroid prepa-
rations (166); these stores in hypothyroid preparations fell to a lesser
extent (166)., These differences became more pronounced in beating cardiac
muscle preparations (166). Hypoxia caused a relatively greater impairment
of contractile force development and relaxation in hyperthyroid papillary
muscle preparations as compared to that in euthyroid preparations (180),
Although myocardium is faced with a dramatic increase in demand for energy
in the hyperthyroid state, it appears that under normal conditions

these demands are met with little or no change in high energy stores.
Changes in the metabolic processes due to thyroid hormones have been
reported which may account for this increased metabolic capacity. As
noted earlier, administration of thyroid hormones was associated with
increases in mitochondrial volume (8,122,123), mitochondria: myofibril
ratio (123) and the area of cristae membrane per unit mitochondrial

volume (8,122).

A number of glycolytic enzyme activities have also been shown to
increase in cardiac tissue under the influence of thyroid hormones.
Addition of thyroid hormone increased glucose utilization (181) and up—
take of 2-deoxyglucose by cultured cardiac cells (43,44). TIn these
studies increased uptake was apparent within minutes although Schwartz
and Gorden (18la) reported a lag period of 12 hours before the effect

was seen. After 24 hours, lactic acid accumulation was increased and
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this effect reached a plateau afterx 72 hours and remained for at least 9
days of continued exposure to T3, Then T3 was withdrawn after 3 days

of exposure, the increased rate of lactic acid accumulation remained un-—
altered for at least 5 days (181). TIncubation of rat cardiac myocytes with
thyroid hormone increased oxidation with a significant decrease in fruc-
tose-6-phosphate and a slight increase in fructose-l1-6-diphosphate (179).
These observations led to the suggestion regérding stimulation of phos-
phofructokinase activity in hyperthyroidism. Tn vitro addition of T3 or
T4 (approx. 10-6 g/ml) increased the rate of glucose decarboxylation in
isolated guinea pig atria (182). Ali and Baquer (183) reported reduction
in type IT but not in type I hexokinase enzyme after thyroidectomy in
adult rat heart. Depression of hexokinase following hypophysectomy could
be reversed with either growth hormone or thyroid hormone replacement (184).
Thyroid hormone deficiency resulted in depressed phosphofructokinase
levels in neonate and adult rat cardiac and skeletal muscles (184,185,186),
This effect was reversed with exogenous thyroxine replacement. However
the depression of phosphofructokinase activity after hypophysectomy was
not reversed by thyroid hormone alone (184). Others have failed to find
phosphofructokinase depression in hypothyroidism (187). Myocardial

lactic dehydrogenase was reported to be depressed in hypo - and hyper-
thyroidism (188) and in hyperthyroidism lacﬁate/pyruvate ratio was
increased in rat myocardium (189). Myocardial pyruvate kinase was de-
pressed in hypophysectomized and hypothyroid rats (182). Administration
o_f,T3 alone reversed this effect. However hexokinase, phosphofructokinase
and pyruvate kinase have been reported to be independent of thyroid

state (174).
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While uncoupling of oxidative phosphorylation by thyroid hormones
has been reported (53,54), the concentration required was thought to
be higher than that achieved even under most pathological conditions.

Physioclogical concentrations of T3 (in vivo) increased O, consumption

2
and phosphorylation without any evidence of uncoupling (55). In dogs,
administration of T3 in concentrations which uncoupled hepatic oxi-
dative phosphorylation, did not uncouple cardiac mitochondria (176,177).
In a study of euthyroid, hypothyroid aﬁd hyperthyroid rats, it was
found that thyroid hormones caused an increase in cardiac mitochondrial
mass, mitochondrial cytochome content per mg mitochondrial protein and
mitochondrial respiratory rate without uncoupling oxidative phosphory-
lation (173). Thyroxine treatment of cats, guinea pigs and rabbits
resulted in an increase in.overall activity of the electron transport
chain, mitochondrial mass and capacity of mitochondria for oxidative
phosphorylation in the heart (190,191,192). T4 administration raised
succinate dehydrogenase activity in rat and guinea pig myocardium

(193). Levels of cytochrome C and citrate synthetase fell in skeletal
and cardiac muscle of neonate and adult thyroid deficient rats (185,
186). Thyroid hormone administration reversed these effects. Thyroid
hormone related alterations in mitochondrial glycerol phosphate dehy-
drogenase, which participates in fhe glycerol phosphate shuttle system,
have been reported. In hyperthyroid and hypothyroid rat hearts mito-
chondrial glycerol phosphate dehydrogenase activity (per mg mitochondrial
protein) was altered (300% and 25% of euthyroid values,respectively)
(194,195), although cardiac sarcoplasmic glycerophosphate dehydrogenase
activity was independent of thyroid status. Kleitke et al (196)

reported increased activity in rat heart mitochondria after thyroid hormone
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treatment (in vivo) but not in dogs, guinea pigs, rabbits or mice.
Paterson (187) failed to find any depression of glycerol phosphate
dehydrogenase activity in whole heart homogeﬁates of hypothyroid rats.
In hyperthyroidism it has been found that cardiac lactate utilization
was increased without changes in pyruvate utilization and it was
proposed that this may be due to enhanced NAD+ availability for lactate
oxidation (194)., After 5 days of T3 administration to rats, glycerol
phosphate dehydrogemase activity was increased 2 fold (197).

While the hyperthyroid myocardium was able to metabolize glucose
at a rapid rate, free fatty acids were still the major substrate for
the oxidative metabolism (174). 1In the hyperthyroid state, free fatty acid
oxidation was greatly increased in the cat myocardium while glucose
oxidation was decreased (198). However glycogen stores of liver, heart
and skeletal muscle were reduced in hyperthyroidism (194,198,199).
After the beginning of a fasting period, the rate of lipolysis din
adipose tissue increased to a greater extent in hyperthyroid animals
than in euthyroid controls because of the greater sensitivity of adi-
pose tissue to catecholamines after thyroid hormome treatment (200,201) .
so that serum free fatty acid levels rose above those of euthy-
roid controls (202,203). In guinea pig heart, carnitine acyl trans-
ferase activity, which catalyzes the rate limiting step of free fatty
acid transport across the mitochondrial membrane, was greatly in-
creased by T4 administration (198). 1In hyperthyroid rabbits it was
found that free fatty acid uptake by the heart exceeded the amount
’utilized,resulting in increased lipid stores (204).

7. Cardiac Myofibrils

Depression of cardiac myofibrillar ATPase activity in thyroidecto-
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mized and hypophysectomized rats was reported by Lifschitz and Kagne
(205). Thyroid hormone replacement reversed these changes. During
the last ten years studies on the effect of thyroid states on myo-
fibrillar function have focused on the role of myosin. Cardiac myosin
Ca2+ ATPase activity of hyperthyroid guinea pigs was found to be 30%
greater than that of euthyroid controls (206). Myosin was also found
to be structurally altered with increases in helical content as well
as lysine and aspartic acid content but decreases in threonine and
serine contents. Many reports have confirmed increased myosin ATPase
activity (both Ca2+ or Mg2+ stimulated) after thyroid hormone treat-
ment (37,124,169,207,208) and decreased activity in hypothyroid states
K+

and NH; activated myosin ATPase activities did not

change. The degree to which myosin ATPase activity was enhanced by

(156,209);

thyroid hormone administration appears to depend upon the level of
activity in the euthyroid state: the lower the activity in the euthyroid
state, the greater the activation after thyroid hormone administration
(210,211) . For example, myosin ATPase activity of rabbit myocardium,
which is relatively low, was markedly stimulated by thyroid hormone
administration (210). Whereas rat heart myosin ATPase, which is
relatively high, was altered very little in the hyperthyroid state (126).
Thyroxine administration attenuated the reduction of cardiac myosin
ATPase activity seen after gortic stenosis (212). TUnlike myosin from
control hearts, the myosin Ca2+ ATPase activity of hyperthyroid animals
was not stimulated by sulphydryl modification and displayed some of the
characteristics of myosin of euthyroid controls after sulphydryl modi-
fication (210,212a,213). However, it has been shown that the SH~thiol

group, which is modified, was accessible in the thyrotoxic state (212a).
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One dimensional S.D.S, gels of cyanogen bromide peptides of S—
carboxymethylated myosin from normal and hyperthyroid rabbits revealed
differences in electrophoretic pattern and distribution of radiolabeled
cysteine—containing peptides (214). Two dimensional electrophoresis
of myosin heavy chain confirmed these changes (215). Peptide map of
cardiac myosin heavy chain from euthyroid rabbits resembled the pattern
of red skeletal muscle whereas the peptide map of cardiac myosin
heavy chain from hyperthyroid rabbits did not resemble the pattern of
red or white skeletal muscle myosin or normal cardiac muscle myosin (215).
Staining of rabbit ventricular muscle fibers with anti-bovine atrial
myosin antibodies (anti-bAm) was shown to be influenced by thyrodid
status. Ventricular fibres of euthyroid rabbits showed a variable
response,while all fibers became strongly stained after T4 treatment
but were unstained or poorly stained after propylthiouracil treatment
(216). These findings stfongly support the suggestion of Thyrum et al
(206) that a new myosin species appears in hyperthyroidism. Three rat
ventricular myosin isocenzymes (Vl,VZ,V3) have been differentiated by
electrophoresis (217) with different heavy chain structure (218) but
unaltered light chain content (217). V3 prgdominates in hypothyroid
rats (217,218) but after thyroxine treatment enzyme distribution shifts
towards Vl (218). T3 has been shown to inducé Vl synthesis and suppress
V3 synthesis in ventricular strips within 6-12 hours (219); actinomycin
pretreatment prevented these effects. The non-involvement of light
chains was supported by the finding that substitution of light chain 1
from euthyroid animals for light chain 1 of hyperthyroid myosin subfrag-
ment 1 did not decrease myosin ATPase activity (220). Similarly light

chain 1 from hypothyroid rabbit myosin did not increase ATPase activity
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of cardiac myosin subfragment 1 of euthyroid rabbits.

Changes in myofibrillar activity did not appear to be modulated
via altered phosphorylation. Covalent phosphate content of troponin I
and myosin P light chain were unaltered in hyperthyroidism (221).
Maximum activation of myosin ATPase by actin was enhanced 100% in hyper-
thyroid state and the affinity of actin for myosin was alsé increased
100% (222). The calcium dependence of myofibrillar ATPase of hyper-
thyroid rabbits was the same as for euthyroid animals (221). Similarly
the calcium sensitivity of actomyosin as measured by superprecipitation
was unaltered (223). However the time of onset of superprecipitation
after the addition of ATP was shortened by 587 and the rate of the
response increased 4 fold when actomyosin of hyperthyroid rabbit heart
was compared with that of euthyroid preparation.

A study by Goodkind et al (169) on the time course of changes in
guinea pigs revealed that'peak tension and maximum rate of tension deve-
lopment increased after 1 and 3 days of T4 treatment while cardiac
myosin ATPase changes could not be detected until after 8 days of treat-
ment. Myosin changes correlated best with decreased time to peak
tension as far as could be judged by comparing time of onset. Earlier
appearance of increased myosin ATPase activity (3 days) has been reported
in rabbits (124). In a study of hypothyroid, euthyroid and hyperthyroid
rats, changes in myosin ATPase activity correlated well with changes in
rate of ventricular pressure development (224). The time course of
rabbit cardiac myosin Ca2+ ATPase activity enhancement after T3 admini-
stration was found to parallel the enhancement of labeled lysine incorpor-
ation into myosin (225) suggesting the synthesis of new myosin with in-

creased activity. In wvitro incubation of thyroid hormone with myofibrils
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did not alter ATPase activity (207).

8. Cardiac Sarcoplasmic Reticulum

The sarcoplasmic reticulum is believed to play an important role in
the regulation of sarcoplasmic calcium levels. Calcium is released from
this membrane network into the sarcoplasm during excitation and is re-
sequestered during relaxation (16). fter 24 days of T4 administration
to hypothyroid rats, the absolute area of sarcotubular membrane was in-
creased but membrane area per unit cell volume and per unit myofibrillar
volume remained unaltered (8,122). Nayler et al (175) found that
microsomal preparations from hyperthyroid canine hearté accumulated
calcium in the presence of oxalate and exchanged calcium more readily
in comparison to preparations from euthyroid dogs. Basal ATPase was
lower in hyperthyroidism but Ca2+ stimulated ATPase was unaltered. De-
pression of calcium binding by cardiac microsomes of hypothyroid rat
and stimulation of binding and uptake in hyperthyroid rats have also
been reported (224), However large doses of desiccated thyroid gland,
when fed to dogs, led to decreased calcium content and rate of calcium
uptake by the cardiac microsomal fraction (208). In a study of sarco-
plasmic reticular activities of hyperthyroid, euthyroid and hypothyroid
rabbits, the rate of Caz+ uptake and Ca2+ ATPase activity were increased
in hyperthyroidism and reduced in hypothyroidism but the capacity to
store calcium in the presence of oxalate was unaltered or reduced (226,
227). The Km of calcium transport was not significantly different in
any thyroid state (227), Increased calcium uptake and Caz+ ATPase activity
of cardiac sarcoplasmic reticulum of hyperthyroid rats has been confirmed
by others (228,229,230). It has been suggested that increased calcium

transport by sarcoplasmic reticulum may explain the increased rate of



relaxation seen in cardiac tissue of hyperthyroid animals and decreased
rate in hypothyroid animals (224).

The steady state level of phosphoprotein intermediate found during
ATP hydrolysis by sarcoplasmic reticulum was increased afrer T4 admini-
stration and the calcium Ka for formation of this intermediate was de-
creased (228); the affinity for ATP and the effects of PH were unaltered.
These effects of T4 administration were inhibited by treatment with protein
synthesis inhibitors (228). Phospholipid content of cardiac sarcoplasmic
reticulum was increased in the hyperthyroid state (244). The amount
of rat cardiac sarcoplasmic reticular ATPase protein precipitated with
antisera increased 5 days after T3 administration as did the amount of
labelled leucine incorporated into the protein (229). These results
indicated that enhancement in sarcoplasmic reticulum Ca2+ stimulated
ATPase activity and calcium accumulation was due to induction of the
enzyﬁe synthesis. 1In hyperthyroid réts, cAMP dependent phosphorylation
of cardiac sarcoplasmic reticulum by endogenous protein kinase was
enhanced (230). Difference in phosphorylation was not apparent in
the presence of excess exogenous protein kinase and this was interpreted
to suggest that the ievel or activity of endogenous protein kinase
was increased in the hyperthyroid state. The rate of dephosphorvlation
was unaltered (230). Phosphorylation of sarcoplasmic reticulum was
associated with increased rate of calcium uptake and ipcreased apparent
calcium sensitivity (231).

9. Cardiac Sarcolemma

Of all subcellular fractions directly involved in regulation of
cardiac contractile function, the roles of sarcolemma are probably most

diverse. It provides both the barrier and communication system between
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extracellular and intracellular environments and between adjacent cells.
As a functional ionic barrier it maintains intracellular ions at their
desired levels. This is achieved by a combination of selective permea-

bility properties and ionic transport mechanisms. In the area of

electrical activity, the "barrier" and "communication" functions can
be seen to compliment and interact with each other. The property of
selective and variable ion permeability endows sarcolemma with electrical
properties which trigger intracellular events and act as a communication

system between cells enabling them to act synchronously (16). Sarco-

lemma is also a site of action of neural, hormonal and pharmacological
agents and may act in the transformation of such extracellular "messa-
ges' into a form recognizable intracellularly. Control exerted by
sarcolemma on the contractile state generally depends on its ability
to influence sarcoplasmic calcium concentration by a variety of methods.
The most obvious of these is probably calcium influx across the sarco-
lemma during the cardiac action potential. This calcium, known as
trigger calciﬁm, plays a vital role in excitation contraction coupling
(16) . Sarcolemma binds calcium in the absence of ATP and it has been
suggested that a component of this bound calcium may be a source of
"trigger calcium" (14,15).

Unless the cell is to become overloaded with calcium,all the cal-

cium which enters the cell during excitation must be extruded from the

cell. As there is a considerable calcium concentration gradient across
.the sarcolemma favouring calcium entry, energy must be provided for

calcium extrusion. Two processes have been suggested to be of primary
importance in calcium efflux: active pumping of calcium associated with

Ca2+— MgZT ATPase (16) and Na+ - Cazf exchange (232). Energy derived

]



from the hydrolysis of ATP is utilized in the active pumping of calcium
. . + 2+
from the cell whereas the energy for calcium extrusion by Na - Ca

exchange is provided by the movement of sodium down its concentration

gradient. The sodium gradient is maintained by the relative immermeability

. + .
of the membrane to sodium at rest and by active pumping of Na Iinked
+ . . . + + ;
to K in a process associated with Na - K ATPase (16). This process
+ . . s .
also helps to maintain the transmembrane K gradient which is essential
for the maintenance of normal resting membrane potential. Inhibition
+ + PO .
of Na - K ATPase activity by ouabain has been suggested to play a
role in the inotropic effect of this agent (233). Inhibition of the
+ + . . . . + .
Na - K pump is believed to increase intracellular Na levels which
: . . + 2+
in turn would reduce calcium extrusion by Na - Ca exchange, thereby
resulting in increased intracellular calcium levels. The B adrenergic
receptor - adenylate cyclase system of sarcolemma is also believed to
play a vital role in the regulation of cardiac contractility. Catech-
olamines, which bind to the B adrenergic receptor, stimulate adenylate
cyclase activity and thereby increase intracellular cAMP levels (234).

cAMP dependent protein kinases phosphorylate a variety of intracellular

proteins which mediate a variety of intracellular events, which are
believed to be responsible for the inotropic effects of catecholamines
(234).

Interaction of thyroid hormone and cardiac sarcolemma has been
studied at a number of levels. However, in many areas this interaction
has not been fully characterized and other areas have been ignored.

In a study of cardiac ultrastructural changes seen after 24 days of T4

administration to hypothyroid rats, it was found that surface to
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volume ratio of myocardial cells was unaltered by this treatment (8,122).
The increased cell volume was compensated for by selective growth of

the T-tubular system. Changes in sarcolemmal composition have not

been examined.

Thyroid status has been reported to induce electrophysiological
changes in cardiac tissues. Certain ECC changes were often seen in
hyperthyroidism including increased P and T wave amplitude (75), pre-
mature ventricular contractions and atrial fibrillation especially in
the elderly (2). Prolonged PR interval or second degree AV block,
which disappear after treatment of thyroid disease, have been reported
in hyperthyroid patients (235). 1In hypothyroidism low voltage ECG
recording were often seen; S T segments may be depressed and T wave
may be inverted (76). Treatment of pericardial effusion which may
accompany hypothyroidism often resulted in improved ECG recordings.
Incidence of conduction disturbance was approximately three times
higher in hypothyroid than euthyroid patients (235). Tachycardia and
bradycardia were features of hyperthyroidism and hypothyroidism, res-
pectively. These have been shown to be independent of neural influences
(236,237) i.e. the inherent heart rate itself has been shown to be
influenced by thyroid status. The automatic rate of atria isolated
from hyperthyroid rabbits was faster, and the effective refractory
period shorter than in atria of euthyroid animals (238). Addition of
T4 to cultured chick embryo cardiac cells increased the inherent auto-
matic rate after 12 hours but not 6 hours (239). After 2 days of
thyroid hormone administration to euthyroid or hypothyroid rabbits, the
rate of isolated atria was increased (240). Hypothyroid rabbit atria

had a slower rate than those of euthyroid rabbits (240,241). Changes
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due to thyroid state were accomplished by alterations in diastolic de-
polarization rate and action potential duration of the sinoatrial node.
In hyperthyroidism diastolic depolarizaticn rate was increased and
action potential duration was shortened; the opposite occurred in hypo-
thyroidism (240,241). No difference ir maximal diastolic potential
or threshold potential were seen in these studies, although increased
and decreased maximum diastolic potential have been reported in hypo-
thyroidism and hyperthyroidism,respectively (242). ZLack of acute effects
of thyroid hormone on automatic rhythm when infused into sinus node
artery of isolated canine atria (38) or when added to chick embryo heart
cells in culture (181) has been reported. However perfusion of isolated
rabbit hearts with a high concentration of T4 (lO‘SM) lowered threshold
and shortened the refactory period (238). High concentrations (10_6—
10"5 M) of thyroxine have been reported to slow spontaneous pacemaker
cells by reducing the slope of diastolic depolarization (243). Wollen-
berger (244) reported increased automatic rate of chick embryo cardiac
cells 10 minutes after addition of high concentrations (_10_7 M) of
thyroid hormone. This effect was blocked by veratramine and pronethalol,
which also block the chronotropic effect of catecholamines.

Resting membrane potentials recorded from rabbit atrial muscle
cells were not altered in hypothyroid or hyperthyroid states (241,245),
although atrial resting membrane potential was reduced in hyperthyroid
rats (246). Increased amplitude of atrial action potential was reported
in hypothyroid rabbits but not in the hyperthyroid state (241). However,
others report that atrial action potential amplitude was independent of
thyroid state (245). 1In both the rat and rabbit atrial preparations,

action potential duration was shortened in the hyperthyroid state (241,
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245,246) and in rabbit, duration was increased in the hypothyroid state
(242,245). These effects were independent of the effects of changes

in heart rate on action potential parameters (241). Maximum rate of
rise was not altered in hyperthyroid rat atria (246) but increased in
both hypothyroid and hyperthyroid rabbit atria according to one report
(241) and reduced in hypothyvroidism at low #requencies and unaltered

at higher frequencies according to a second report (245). It therefore
appears that the only consistent finding among these studies is the
dependence of action potential duration on thyroid status. Although prolonged
P-R interval or second degree block was sometimes found in hyper-
thyroid patients, A V conduction time and refactory period were short-
ened in hyperthyroidism and lengthened in hypothyroidism in dogs (247).
His bundle electrograms of hyperthyroid dogs revealed shortened A-H
interval with normal H-V interval (248). Pacing hearts of euthyroid
dogs to the same frequency did not reproduced these changes nor were
these reversed by B-blockade (247,248).

Electrical properties of Purkinje fibers from hyperthyroid dogs
were altered in a rate dependent fashion (249). At low stimulation
frequency (1 Hergz) action potential duration was greater in hyper-
thyroid than in euthyroid states. Resting membrane potential, overshoot
and plateau height were unaltered. As stimulation frequency rose,
action potential was shortened to a greater extent in hyperthyroid
than in euthyroid preparations so that at 3.1 Hertz no difference was
seen. However, at 2 and 3 Hertz action potential overshoot was greater
in hyperthyroid than in the euthyroid state. 1In hyperthyroid guinea
pig papillary muscles stimulated at 1 Hertz, the rate of rise of the

action potential was increased but this effect was attenuated in the



presence of propranolol. The action potential duration was reduced by
approximately 207 in the hyperthyroid state (250). In hyperthyroid dog
papillary muscle, action potential duration at 30% repolarization was
shorter than in controls (251). kIncreased repolarization rate resulted
in the appearance of a pronounced phase 1 and plateau phase which were
not seen in normal ventricular tissue (251). At very low stimulation
frequencies, action potential duration in hyperthyroid dogs was,
however, longer than normal (251). Stimulation strength required to
induce extrasystole in guinea pig hearts was not altered in the hyper-
thyroid state (252).

Na+ - K+ ATPase activity of a variety of tissues including heart,
kidney, liver, skeletal muscle, jejunal epithelium and red blood cells
has been shown to be responsive to thyroid hormones (3,4,5,6,7,253,254,
255). 1In general Na+ - K+ ATPase increased in hyperthyroidism and de-
creased in hypothyroidism. One study of the effects of thyroid hormone
administration to hypothyroid rats revealed that the enzyme characteri-
stics were not altered, although the enzyme activity was increased (256).
However, a full characterization of thyroid dependent changes in this
enzyme in cardiac tissue has not been undertaken and most work has been
carried out by employing crude membrane fractions with relatively low
Na+ - K+ ATPase specific activity. Under conditions such as hypo-
ﬁhyroidism and hyperthyroidism where dramatic alterations occurred through-
out the cell, the relative contribution of sarcolemmal protein to total
‘homogenate protein may be altered and this may give a distorted idea of
enzyme activities and the changes which may occur in these activities.
In rat renal preparations, the phosphorylated intermediates of Na+ - K+

ATPase and ouabain binding increased to z similar degree after thyroid
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hormone administration (257) which indicated that the number of Na+ -
K+ ATPase units was increased. Lin and Akera (258) reported that
ouabain affinity was unaltered in a number of tissues after thyroid
hormone treatment but ouabain binding increased in kidney, liver and
skeletal muscle, which are known to respond to thyroid hormones with
increased Na+ - K+ ATPase activity, while in brain, which does not
respond, ouabain binding was unaltered. Hegyvary (259) found that
changes in Na+ - K+ ATPase activity of cardiac tissue paralleled
changes in phosphorylated Na+ - K+ ATPase at steady state conditions.
Banerjee and Sharma (260) failed to find increased ouabain binding in
the hyperthyroid state of sympathectomized rats and concluded that
induction of Na+ - K+ ATPase was not a molecular mechanism of thyroid
hormone. Unfortunately, Na+ - K+ ATPase activity was not measured in
this study and furthermore, it should be noted that all ouabain binding
may not be to Na+ - K+ ATPase, In a recent study of rat cardiac
membranes, two classes of ouabain binding sites were identified but
only one of which had an apparent association constant similar to the
lD50 for Na+ - K+ ATPase (261). 1In rats it has been demonstrated that
cardiac glycosides have a higher affinity for nervous tissue than for
cardiac tissue (262) and in crude homogenates the contribution of nerve
endings may be considerable (260)..

Thyroid states have been shown to alter digitalis sensitivity of
dog hearts in vivo (263). 1In humans it has been shown that in hyper-
thyroidism more digitalis is required to induce the same effects as
compared to euthyroid patients; the opposite being true in hypothyroid-
ism (264). In vivo studies, however, may be distorted by alterations

in digitalis distribution. Hyperthyroid rats given digoxin intra-
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venously had a lower serum level of digoxin than hypothyroid or euthyroid
rats 2-3 hours after its administration. However in hyperthyroid rats
the concentration of digoxin in cardiac tissue was higher than in
euthyroid or hypothyroid rats. It did not appear as if these changes
were dependent on altered Na+ - K+ ATPase activity, as serum and cardiac
levels in euthyroid and hypothyroid rats did not differ from each other.
Shimada and Yazaki (6) found that after thyroid hormone treatment, the
concentration of ouabain required for half maximal inhibition of cardiac
Na+ - K+ ATPase activity was increased four fold, although cardiac Na+ -
K+ ATPase activity was not altered. In the same animals (rabbits) renal
Na - K+ ATPase activity was increased but ouabain sensitivity was un-
altered. In a study of contractile response of isolated rat ventricle
strips, it was found that percentage increase in force was unaltered in
strips from hyperthyroid animals but was decreased in strips from hypo-
thyroid animals (266). However, Buccino et al reported depressed con-
tractile response in hyperthyroid cat papillary preparations and enhanced
response in hypothyroid preparations; such that all preparations achieved
a similar maximum tension development regardless of thyroid state (160).
Curfman et al (254) demonstrated that ouabain sensitive Rb+ uptake,
which is a measure of active monovalent cation transport, was increased
687% in left atria of guinea pigs after thyroid hormone treatment. Na+ -
K% ATPase activity of atrial homogenate of similarly treated animals
was increased by 18% above control. Similar changes were observed in
<skeletal muscle (254,267).

The role of sodium transport in thyroid thermogenesis has been
the subject of controversy for a number of years. Edelman and Ismail-

Beigi were the main proponents of the view that the energy cost of
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active Na+ - K+ transport accounts for a significant part of thyroid
thermogenesis (268,269,270,271). They proposed that in the euthyroid
state, active Na+ transport uses a high proportion of the total energv
supply (16 - 40%) and that increase in 02 cost of Na+ transport in
kidney and liver due to altered thyroid status accounts for 30-90%

of the total extra O2 utilized. Others, however, have found that
active Na+ transport contributes only 5-10% of total heat production
of skeletal muscle and the altered Na+ transport dependent heat
production seen after change in thyroid status, accounted for only

107% of thyroid induced heat production (267). Similarly, Falke and
Sestoft (272) concluded that increased energy expenditure for Na+
transport in liver due to thyroid hormone administration may be only

a minor part of total thyroid calorigenesis. The contribution of Na+ -
K+ transport to overall energy consumption has not been studied in
cardiac tissue.

Total body potassium was found to be decreased in the hyper-
thyroid state but returned to normal after treatment of hyperthyroidism
(273) . Increased intracellular potassium levels have been reported
after T3 administration to euthyroid or thyroidectomized rats (274) or
to hypothyroid rats (10). A concomitant decrease in intracellular
sodium was reported in one case (274) but not in the other (10). Both
authors attributed these changes to increased Na+ - K+ pump activity.
However the lack of change or indeed increase in intracellular potassium
after thyroidectomy (9,274) was ignored, although thyroidectomy is
known to induce decreased Na+ - K+ ATPase activity (253). 1In both

these cases thyroidectomy was used as the model of thyroid hormone

deprivation and the accompanying loss of parathyroid glands may have
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altered ionic distribution in which case the response to thyroid
hormones may also be altered and the results may not reflect the true
effects of thyroid hormone. Reports on the effects of thyroid hormone
on serum or plasma electrolytes have also been variable. Plasma
potassium and calcium levels were reduced after thyroidectomy in
rats while sodium and chloride were unaltered (9). While confirming
umaltered sexrum sodium and chloride levels, Ismail-Beigi and Edelman
(274) found serum potassium levels to be independent of thyroid status.
This may be due in part to leakage of K+ from red blood cells during
serum preparation which might mask true serum changes. WNishiki et al
(173) reported serum calcium levels to be unaltered by thyroidectomy
or T4 treatment. Howeyer hypercalcaemia has been reported in thyrotoxic
patients (275) which was reversed after treatment of the thyroid
condition (276). Plasma magnesium has also been shown to be dependent
or thyroid status. Increased plasma levels of magnesium have been
found in hypothyroid patients and decreased levels in hyperthyroid
patients (277,278,279), Treatment of thyroid disease reversed these
changes (278,279). These changes may have been related to increased
and decreased rate of urinary excretion of magnesium in hyperthyroidism
and hypothyroidism respectively (279). However in thyroidectomized rats,
plasma magnesium levels were found to be decreased (9). The discrepancy
in results may again be related to lack of parathyroid hormone and cal-
citonin after surgical removal of thyroid gland, both of which have been
reported to influence urinary calcium and magnesium excretion (280).
Interaction of thyroid hormones and the adrenergié éystem has been
suggested as a mechanism by which changes due to altered thyroid states

manifest themselves (1,240). However this remains a controversial



issue as is the role of adrenergic receptors and adenylate cyclase in
such changes. Intravenous injection of epinephrine raised the heart

rate of thyroidectomized cats and rats to a lesser extent than the

heart rate of euthyroid animals (281,282). 1In humans, the cardiovascular
system was found to be less responsive to catecholamines after thyroid-
ectomy (283). However another study found increased apparent sensiti-
vity to catecholamines in only one third of hypothyroid patients after
thyroxine treatment (284). 1In acutely denervated dogs, the inotropic

and chronotropic effects of catecholamines were not altered by thyroxine
pretreatment (285). Similar findings were made by others in hypothyroid
and hyperthyroid dogs (286,287). 1In spinal cats, chronotropic response
to catecholamines was reduced after thyroxine treatment with or without
reserpine treatment (288). Conflicting results have similarly been re-
ported in isolated tissues. In isolated cat papillary muscle catecho-
lamine responsiveness appeared to be inversely related to the level of cir-

culating thyroid hormone. At maximal catecholamine concentrations,

muscles from all three thyroid states reached a common ceiling (160,162).

No potentiation of catecholamine inotropic and chronotropic effects on
isolated rat or rabbit hearts were seen after thyroxine treatment.
Isolated atrial or ventricular strips of hypothyroid rat hearts were

not significantly less sensitive to the chronotropic or automaticity
producing-effects of norepinephrine (289). 1In general the chronotropic
effects of epinephrine appeared to be independent of thyroid state in
isolated rat atria (290,291,292). 1In all cases, both the resting and
maximal rates were greatest in hyperthyroid and least in hypothyroid

rats but percentage increase was unaltered or slightly reduced as thyroid

hormone level increased. However, others have reported greater respon-
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siveness of isolated rat hearts with respect to the chronotropic action
of catecholamines after thyroid hormone treatment (293,294).

The maximal contractile response of perfused interventricular
septa of hyperthyroid rats to isoproterenol was less than that of
preparations from euthyroid hearts. However, the maximum rate of
force development increased to a greater extent in response to near
threshold levels of isoproterenol in hyperthyroid preparations (295).
There was no difference in the response of euthyroid and hyperthyfoid
rat septa to exogenously added dibutryl cAMP which suggests that the
enhanced response was at or proximal to cAMP generation (295). In
ventricular strips from hyperthyroid rats, the maximal isoproterenol
induced increase in force was less than in euthyroid rats; however
the concentration required to stimulate half maximally was reduced in
the hyperthyroid state (296). The potency of isoproterenol with re-
spect to both its inotropic and chronotropic effects on isolated rat
atria from hypothyroid rats was less but maximum responses were
similar in euthyroid and hypothyroid states (297,298). In atria from
hypothyroid rats, the dose response curves for the positive inotropic
effect of isoprenaline and phenylephrine measured in the presence of
an a-blockgf, yohimbine, were shifted to the right. However in both
cases the maximal increase in tension in both absolute and relative
terms was greater in the hypothyroid state (12). Hypothyroidism in-
creased the potency and efficiacy of the mixed agonist phenylephrine
‘with respect to its inotropic effects on isolated rat atria (297).
Hypothyroidism also increased the efficacy of methoxamine, an o -
agonist, with respect to positive inotropic and chronotropic responses

(299). In one study positive chronotropié effect could be demonstrated
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only in the hypothyroid state (298)., Nakashima et al (299) found no
alteration in methoxamine potency when examining its inotropic effect
on rat atria isolated from euthyroid and hypothyroid rats but Simpson

and McNeill (298) found a significant increase in the hypothyroid state.

Basal activity of rat cardiac cAMP dependent protein kinase was
unaltered in hypothyroidism but isoproterenol induced increase in
activity was not seen, Administration of T3 for 48 hours restored
isoproterenol sensitivity (300). Rat cardiac cAMP dependent protein
kinase (isozyme I) activity (basal and cAMP stimulated) was increased
within 2 hours of thyroid hormone administration but isozyme II was
not increased until 2-3 days after hormone administration (301).

Direct stimulation of cardiac adenylate cyclase by thyroid hormones has

been demonstrated and stimulation by catecholamines was found to be

additive (34,35); thyroid induced increase in adenylate cyclase was

found to be uninfluenced by reserpine treatment before membrane iso~-

lation (302). Others have failed to reproduce these results (40) or

found that the membranes must first be incubated with GppNHp (41) for
i]iﬂ§ : demonstrating the effect. It is unlikely that the direct action on

adenylate cyclase is an impbrtant mechanism for thyroid hormone effect

as the concentrations required were extremely high and thyroid hormone

analogues with low thyromimetic activity were found to be almost equipotent

stimulators of adenylate cyclase (34). Wollenberger (244) reported

increased inherent rate in chick embryo cells 10 minutes after the

addition of high concentrations of thyroid hormones. Isoproterenol
stimulation of maximal rate of left ventricular pressure development
in euthyroid and hypothyroid dogs was potentiated by the infusion of

relatively small amounts of thyroid hormone (240). However, in general
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the addition of even high concentrations of thyroid hormones to iso—
lated cardiac tissue preparations resulted in neither inotropic nor
chronotropic effects (36,38,39) and did not potentiate the effects
of exogenous catecholamines (38,39).

Myocardial stores of catecholamines were not altered in dogs or
rabbits by T4 administration (175,303,304). However, myocardial uptake
of epinephrine, norepinephrine and dopa were increased 24 hours after
T4 administration (303) and the rate of thyroxine incorporation into

catecholamines was diminished in rats treated with T, for 10 days (304).

4
Cardiac turnover rate of catecholamines was found to be higher in
hypothyroid rats and lower in hyperthyroid rats (305). Cardiac mono-
amine oxidase (MAQO) activity was increased in hyperthyroid rats (306,
307,308,309) and decreased in hypothyroid rats (306,308,309). The
relative change in activify produced was greater with serotonin or
tyramine than benzylamine as a substrate and it has been suggested
that changes in MAO type A were largely responsible for overall changes
in specific activity of MAO (306,307,309).

More recently,interest has been focused on the effect of altered
thyroid hormone levels on adenylate cyclase activity, its activation
by catecholamines and adrenergic receptor demsity. Altered sensitivity to
catecholamines has been demonstrated in a number of non cardiac tissues.
Catecholamine responsiveness of rat fat cell and turkey erythrocyte
adenylate cyclase was reduced in hypothyroidism (309a,310) but poten-
tiated in liver cells of hypothyroid animals (311). Addition of T3 to
the incubation medium of cultured heart cells of newborn rats for a

24 hour period following 24 hours of thyroid hormone deprivation resulted )

in enhanced epinephrine stimulation of intracellular cAMP accumulation
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(312). This effect was dose dependent in the range of 5 x 10_11 to

5x 10"9 M T3; basal cAMP levels were unaltered, However McNeill et

al (11) found no difference in either basal or epinephrine stimulated
adenylate cyclase activities in washed particulate preparations of
hyperthyroid and euthyroid rat hearts. cAMP contents in the hyper-
thyroid rat heart at rest were not different from that of euthyroid

rat heart, although catecholamine induced increase in phosphorylase

a activity was enhanced in both ventricles and atria of hyperthyroid
rats (11,313). In hypothyroid rat atria, neither basal nor maximal
isoproterenol stimulated levels of cAMP were different from those of
control rats (314). Brodde et al (12) also found that basal and méx—
imal isoproterenol or phenylephrine stimulated levels of cAMP were
similar in atria of euthyroid and hypothyroid rats. However submaximal
doses of isoproterenol or phenylephrine increased cAMP levels in atria
of hypothyroid rats to a lesser extent than in atria of euthyroid rats.
Adenylate cyclase activity of homogenates prepared from these atria
revealed decreased basal, isoproterenol and fluoride stimulated activity
in the hypothyroid state. However, if isoproterenol or fluoride stimu—
lation was examined in terms of percentage increase above basal,

they were not significantly different in hypothyroid or euthyroid states.
In contrast an examination of adenvylate cyclase activity of ventricular
homogenates from euthyroid, hyperthyroid and hypothyroid rats revealed

a series of very complex changes (13). While basal, maximal epinephrine
and maximal fluoride stimulated activity was unaltered in the hyper-
thyroid state, the dose response curve to epinephrine was shifted to

the left. 1In the hypothyroid state, the dose response curve was shifted
to the right. However, the basal activity was markedly increased in

hypothyroidism above control ( + 200%) and maximal epinephrine and
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fluoride stimulation expressed as percentage stimulation were unaltered.
Increased basal activity in hypothyroidism, which was reversed after

T4 administration, has also been reported by others (40). Tse et al
(296) reported unaltered basal and fluoride stimulated adenylate cyclase
of hyperthyroid rat ventricular homogenate; however, adenylate cyclase
of homogenates from hyperthyroid rats was stimulated to a.greaﬁer extent
by isoproterenol and the concentration required for half maximal stimu—
lation was less than that required in the euthyroid state. Sharma et

al (313a) found GppNHp stimulation of adenylate cyclase activity of rat
ventricular homogenate was reduced in PTU induced hypothyroid state

but only one concentration of GppNHp was used. On the other hand, Robb-
erecht et al (314a) failed to find any difference in GppNHp concentration
over a wide range of concentrations when euthyroid, thyroidectomized

and PTU treated rat ventricular homogenates were examined; the maximum
glucagon stimulation was somewhat reduced and secretion stimulation

was dramatically reduced in hypothyroidism (314a).

Studies on alteration in adrenergic receptor binding capacity and
affinity of cardiac tissue due to altered thyroid status have produced
many conflicting results. Wollenberger and Will-Shahab (13) reported
decreased affinity of noradrenaline binding to rat cardiac membranes
in hypothyroidism and increased affinity in hyperthyroidism; receptor
number was unaltered in hypo - and hyperthyroidism. Ciaraldi and
Marinetti (315) reported that B receptor number increased markedly (200%)
‘but the affinity was unaltered in cardiac membranes of hyperthyroid
rats. In hypothyroidism receptor number decreased slightly (30%) and
affinity was increased slightly. O—adrenergic receptor number decreased

to 50% of control in hyperthyroidism and to less than 20% of control
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in hypothyroidism; g-adrenergic receptor affinity increased in hypo-
thyroidism and decreased in hyperthyroidism. In two studies by

Williams et al (316,317), it was found that 8 receptor numher increased
in hyperthyroidism but affinity for isoproterenol and dihydroalprenolol
was unaltered and that o receptor affinity was decreased in hyper-
thyroidism but neither number nor affinity of binding to o receptors
was altered in hypothyroidism. While McConnaughay et al (318) con-
firmed the increased B receptor number and decreased o receptor number
in the hyperthyroid state in rats, they found that o and R receptor
numbers were both decreased in hypothyroid rats. Tse et al (296)
confirmed increased B receptor number without change in affinity in
hyperthyroid rats. It has also been reported that B receptor number

was reduced without change in affinity in hypothyroidism (319); however,
in hyperthyroidism B receptor number was increased but agonist dis-
placement curves were shifted to the left (319). 1In female rats, thyroid
hormoqe trestment for 3 days resulted in increased cardiac B receptor
number independent of the age (3-24 months) of the animal (320). However
thyroid hormone administration for 3 days was found to be ineffective

in altering basal, epinephrine stimulated and fluoride stimulated adeny-
late cyclase of neonatal or adult rats (321). 1Incubation of rat ventri-
cular slices with T4 for 2 hours increased dihydroalprenalol binding
in membrane fractions prepared from these slices. This effect was
uninfluenced by protein synthesis blockers; however, cyclohexamide in-
hibited a "long term" increase in receptor binding seen 15 hours after
T4 addition. Exogenous amino acids must be added during the incubation
in order to see these effects (322). Incubation of cultured heart cells

from newborn rats with T3ffor 24 hours after 24 hours of thyroid hormone



deprivation resulted in increased dihydroalprenalol binding (312). This

s x 1077 1 T. and

was dose dependent in the range of 5 x 10 3

paralleled the enhanced epinephrine induced increase in intracellular
cAMP. In general studies on adrenergic receptors do not support the
hypothesis of thyroid hormone induced o — B receptor interconversion
as a basis for altered catecholamine sensitivity. This hypothesis
was based on altered chronotropic and inotropic effects of o and B
adrenergic agonists (323).

From the foregoing discussion it is evident that cardiac con-~
tractile activity, ultrastructure and metabolism are under the influence
of thyroid status. A great deal of work concerning changes in con-
tractile proteins, sarcoplasmic reticulum and mitochondria in hypo-
tbyroid and hyperthyroid animals has been accumulated but relatively
little information regarding changes in heart sarcolemma is available
in the literature. Although some data on changes in some
cardiac enzymes such as Na© - K+ £1Pase and adenylate cyclase as well
as adrenergic receptors are available for hypo- and hyperthyroid animals
the results are conflicting. Electrophysiological studies on heart
muscle preparations from hypothyroid and hyperthyroid animals also
suggest the involvement of sarcolemmal changes in these conditions.

This study was therefore undertaken to gain further insight into changes

in heart sarcolemma in hypothyroid and hyperthyroid states.
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ITI. METHODS
A. Animals
Adult male Sprague-Dawley rats were randomly distributed between

euthyroid and hypothyroid groups. The hypothyroid groups received

a 0.05% solution of vropylthiouracil (P.T.U.) in their drinking water
for 6 - 8 weeks while the euthyroid group received only water for

the same period of time (324). In order to induce a hyperthyroid
condition or reverse hypothyroidism, animals were injected intraperi-
toneally with saline containing 25 pg thyroxine (T4) per 100 gm body
weight or 50 ug triiodothronine (T32_per 100 gm body weight per day.
Tt 1is pointed out that hypothyroid animals receiving thyroid hor-
mone were maintained on 0.05% P.T.U. during hormone administration.
Control animals were injected with the vehicle only. Surgically
thyroidectomized animals were purchased from Canadian Breeding Farm
and Laboratory, Quebec, Canada and maintained on 1% CaC12 drinking
water. During studies of reversal hypothyroid state, some animals
were also injected intraperitoneally with 5 mg puromycin/ 100 gm

body weight/ day in order to inhibit protein synthesis (343).

B. Isolation of Sarcolemmal Fractions

1. Hypotonic Shock-LiBr Extraction Method

Sarcolemma isolated by the hypotonic shock-LiBr method was employed for most
experiments unless otherwise stated. The isolation method was essentially

that described by McNamara et al (325) with a KCl extraction step added

(326). Rats were decapitated and their hearts rapidly removed and
placed in ice cold 10 mM Tris HC1l, 1 mM ethylenediaminetetracetate
(E.D.T.A.), pH 7.4. All isolation steps were performed at temperatures

between 0°C and 4°C. Atria and conmective tissue were removed. The
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ventricles were coarsely minced with a scissors and then homogenized

in a Waring blender at speed 5 for 2 periods of 30 seconds. The
homogenate was filtered through 4 layers of gauze and centrifuged

for 10 minutes at 1,000 x g. The supernatant was discarded. There
then ensued a series of washing of the pellet in different media in

the following order: 10 mM Tris HCl- 1 mM E.D.T.A. (pH 7.4), 10 mM

Tris HC1 (pH 8.0), 10 mM Tris HC1 (pH 7.4), 0.4 M LiBr— 0.4 mM E.D.T.A.-
18 mM Tris HC1 (pH 7.4), 10 mM Tris HC1 (pH 7.4), 0.6 M KCl- 10 mM

Tris HC1 (pH 7.4) and 10 mM Tris HCl- 1 mM E.D.T.A. (pH 7.4). At each
step the pellet was suspended in 10 volumes (V/W) of the appropriate
medium and the suspension stirred for 15 minutes (except for the washing
with LiBr where 30 minutes was employed). At the end of each washing
step, the suspension was centrifuged at 1,000 x g for 10 min. After

the final step the pellet was suspended in 1 mM Tris HC1 (pH 7.0) and
assays performed on this sarcolemmal suspension. Earlier studies from
our laboratory (327) have shown that this preparation is minimally

(2 - 3%) contaminated with other subcellular organelles.

In some cases, enzyme activities were assayed at different stages
of sarcolemmal isolation. In such studies the term "homogenate" refers
to the crude homogenate obtained after filtration before the first
centrifugation. 'Washed particles' preparation refers to the pellet
obtained after washing in 10 mM Tris HCl (pH 7.4) before its suspension
in LiBr containing medium.

2. KCl Extraction -~ Sucrose Density Gradient Method

Sarcolemma was isolated by the KCl extraction - discontinuous
sucrose density gradient method as adapted by Nayler et al (328) from

the method of St, Louis and Sulakhe (329). This preparation will
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be referred to as "sucrose-gradient' sarcolemma. Rats were decapitated
and their hearts rapidly removed and placed in ice cold buffer con-
taining 10 mM Tris HC1 and 2 mM dithiothreitol (D.T.T.), pH 7.5 (T-D
buffer). The ventricles were minced and then homogenized in 8 volumes
(V/W) T-D buffer using a Polytron homogenizer at setting 9 for &
seconds. The homogenate was gently stirred on ice for 10 minutes

after KC1l had been added to a final concentration of 1.25‘M‘ The
‘homogenate was then centrifuged at 9,000 x g for 10 minutes and the
resultant pellet suspended in 10 volumes of T-D buffer céﬂtaining

1.25 M KC1. After 10 min the suspension was centrifuged for 10 min

at 5,000 x g. The pellet was suspended in 8 volumes T-D buffer and
then centrifuged for 10 minutes at 4,000 x g. The pellet was sus-—
pended in 8 volumes T-D buffer containing 10% sucrose and centrifuged
at 4,000 x g for 10 minutes. The pellet was suspended in approximately
3 volumes 10% sucrose in. T-D buffer and then layered in a discontin-
uous sucrose gradient of 7 ml each of 45%, 50%, 52.5%, 55% and 8 ml

of 60% sucrose in T-D buffer (pH 8.2), The tubes were then centrifuged
by using swing rotor at 40,000 x g for 90 minutes. The fraction
banding between 52.5% and 557 sucrose layers was removed, diluted 3
fold in T-D buffer and centrifuged at 11,000 x g for 20 minutes.

The pellet was suspended in T-D buffer containing 10% sucrose and

used for enzyme assays. Protein concentrations of membrane suspension
were obtained using the method described by Lowry et al (330).

C. Enzymatic Activity Measurements

1. Adenosine Tripvhosphatdases (ATPases)

Assays for adenosine triphosphatases (ATPases) of hypotonic shock

— LiBr sarcolemmal preparations were performed in a total volume of
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1 ml at 37°C pH 7.4. The assay medium for Ca2+ dependent ATPase con-

tained 50 mM Tris HCl, 4 mM CaCl, and 4 mM Tris ATP, The assay

2

medium for Mg2+ ATPase contained 50 mM Tris HC1, 4 mM MgClZ, 1 oM EDTA

and 4 mM Tris ATP. 1In both cases a nonspecific ATPase activity (i.e.

. ‘ 2+ 2+
one assayed in absence of both Mg~ and Ca” ) was measured and the

value subtracted before calculating the final Mg2+ or Ca2+ dependent
ATPase activities. Total ATPase activity was assayed in é medium con-
taining 100 mM NaCl and 10 mM KC1 and all other components as described
for Mg2+ ATPase. Na+ - K+ ATPase was calculated by subtracting Mg2+
ATPase activity from total ATPase activity. Ouabain sensitive Na+ - K+
ATPase activity was taken as the Na+ - K+ ATPase activity inhibited
in the presence of 2 mM ouabain.

Total ATPase activity of the sucrose gradient sarcolemmal prep-

aration was assayed at 37°C in a medium containing 2 mM MgCl,, 0.25 mM

2’
ethyleneglycol-bis~ (8 amino ethyl ether) N, N'-tetraacetic acid (EGTA) ,
0.641 mM CaClz, 7.5 mM histidine and 2 mM ATP, pH 7.0. This gives a

free calcium concentration of 100 uM (331). Basal ATPase activity in

this preparation was assayed in the same medium except CaCl, was

2
omitted. Ca2+ stimulated Mg2+ dependent ATPase [(Ca2+ - Mg2+)ATPase]
was calculated by subtracting basal ATPase activity from total ATPase

activity.

After 3 minutes preincubation in the presence of the membrane protein,

the reaction was initiated by the addition of ATP. The reaction was

] 24 2+ .
terminated after 6](Ca - Mg"~ ') ATPase] or 10 (others) min. by the
addition of 1 ml ice cold 12% trichloroacetic acid (T.C.A.). The tubes

were then centrifuged at 1,000 x g for 10 minutes and the inorganic

phosphate concentration of the supernatant measured by the method of
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. Taussky and Shorr (332), All these reactions were linear with re-—

spect to the time of incubation and membrane protein concentration
employed in this study.

2. Potassium Stimulated Phosphatase

Potassium stimulated phosphatase activity was measured by the
method described by Lamers et al (333) in a volume of 1 ml at 37°C
It was calculated by measuring the activity stimulated by 15 mM

KCl in the presence of 100 mM Tris HCl, 4 mM MgC 1 mM EDTA and

12,
3 mM p-nitrophenyl phosphate. The reaction was terminated after

20 min by the addition of 2 ml ice cold, 24% T.C.A. The tubes were
centrifuged at 1,000 x g for 10 min and 0,75 ml of supernatant added
to 1.5 ml of 0.3 M Tris (Base). The concentration of p-nitrophenoclate
ion was estimated by measuring the extinction at 405 n#  Ouabain
sensitivity was estimated by measuring the activity in the presence

of 2 mM ouabain,

3. 5' Nucleotidase

The method of Avruch and Wallach (334) was employed to measure 57
nucleotidase activity. To 200 ul of assay medium, 50 pl of membrane
suspension was added (after 3 min preincubation) to give a final con-
centration of 50 mM Tris HC1, 2 mM MgClz, 1.5 mM p-nitrophenyl phosphate
and 200 M 14C—AMP at pH 8.4. After 10 min incubation the reaction
was terminated by the addition of 50 pl 0.25 M ZnSO4 and 50 Ul 0,25 M
Ba (OH)., . 200 pl H,0 was added and the tubes centrifuged at 1,000 x g
for 10 miﬁutes. 200 ul of the supernatant was added to 10 ml scintillation

cocktail and the radiocactivity measured in a Beckman scintillation counter.

4, Adenylate Cyclase

Adenylate cyclase activity was measured using in essence the method
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of Drummond and Duncan (335). The assay medium contained 50 mM
Tris maleate, 8 mM caffeine, 5 mM KC1, 15 mM MgClZ, 22 mM creatine
phosphate, 75 units'/ml creatine kinase, 2 mM cAMP and 0.4 mM 146—
ATP at pH 7.4 in a total volume of 150 ul., The activity was also
assayed in the presence of L epinephrine, guanylimidodiphosphate
(GppNHp) or sodium fluoride. The reaction was carried out at 37°C
and was terminated by placing the assay tubes in boiling water for

3 min after the addition of 25 pl 15 mM ~AMP. The tubes were centri-—

{9

fuged at 1,000 x g for 10 min, 100 pl of supernatant was spotted on
chromatographic paper and descending chromatography performed using

a 30:70 (V/V) mixture of 1 M ammonium acetate and 95% ethyl alcohol.
After 14~18 hr the papers were dried and the cAMP spots identified
under ultraviolet light. These were then removed and theyléc content
measured using the Beckman liquid scintillation counting system.

5. Calcium Binding

Calcium binding properties of the sarcolemma were measured by the

Millipore filtration method (336). ATP independent binding was measured

by incubating sarcolemma for 5 min at 37°C will 50 mM Tris HC1 pH 7.4
and either 0.1 mM or 1.25 mM 45Ca Clz. For ATP dependent calcium
binding, sarcolemma was incubated for 5 min at 37°C in a medium con—

taining 50 mM Tris HCL (pH 7.4), 5 mM MgCl., 100 mM KC1, 100 M

2’
45

DCa C12 and 2.5 mM Tris ATP. Reactions were terminated by Millipore
filtration and the 4SCa concentration of the filtrate measured using

liquid scintillation counting.

D. Phospholipid Analysis

Membrane lipids were extracted by the method described by Folch
et al (337). 2.5 mg of membrane preparation was centrifuged at 1,000

% g for 10 minutes. The pellet was homogenized in 5 ml chloroform:
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methanol (2:1) using a glass/glass potter. This suspnension was then
transferred to a graded conical glass tube which was then sealed and

left overnight at room temperature. Non-lipid contamination was

removed by adding 1 ml 0.IN HCl. The mixture was stirred and then
centrifuged at low speed. The upper phase was discarded and the

lowver phase washed three times with synthetic upper phase. To the

lower phase, two drops of concentrated ammonia were added which was

then evaporated almost to dryness in a stream of nitrogen. The

residue was quickly dissolved in 70 ul chloroform:methanol:water
(75:25:2) and then spotted on a silica gel plate (Anasil H; 250 1)

which had been activated at 110 °C for 1 hr. Two dimensional thin

layer chromatography was then performed according to the method of
Pumphrey (338) by using chloroform:methanol: 7N ammonium hydroxide
(12:7:1). The plates were then dried and subjected to chromatogranhv with
chloroform:methanol:glacial acetic acid:water (80:40:7.4:1.2) at right
angles to the first run. The plates were air dried, sprayed with

5% HQSO4 and heated at 180°C for 15 minutes. The spots were visualized
under ultraviolet 1light, removed and digested in 0.7 ml 70% perchloric
acid at 160°C for 2 hr. The inorganic phosphate liberated was measured
by the method of Bartlett (339). After the tubes had cooled,4 ml water,
0.2 ml1 5% ammonium molybdate and 0.2 ml of (0.1 M 1 amino-2~naphthol-
b-sulfonic acid, 0.79 M sodium bisulphate, 0.04 M sodium sulphate) mixture
were added. The samples were placed in boiling water for 25 min and
then centrifuged at 1,000 x g for 10 minutes. The absorbance of the
supernatant was measured at 830 nm.

E. Sodium Dodecyl Sulphate - Polyacrylamide Gel Electrophoresis

Sodium dodecyl sulphate (S8.D.S.) - polyacrylamide gel electrophoresis




- 60 -

was performed on isolated membranes according to the procedure of
Weber and Osborn (340). Membrane proteins were precipitated by
centrifugation and then dissolved in 0.1 M sodium phosphate buffer
which contained 1% S.D.S., 1% mercaptoethanol, 0.015% bromphenol
blue and 35% urea. Gel buffer contained 0.78% NaH.P0 -H 0, 3.8%

274 72

NaHPO, -7 HZO and 0.2% S.D.S. Acrylamide solution contained 22.2Y%

4
acrylamide and 0.67% methylenebisacrylamide. Ammonium persulphate
solution was made by dissolvihg 100 mg in 15 ml HZO' 15 ml of

gel buffer was mixed with 13.5 ml of acrylamide solution. 1.5 ml

of ammonium persulfate and 0.045 ml of N,N,N',N'- tetramethylethy-
lenediamine were added. The solution was pipetted into electrophor-
esis tubes and a few drops of water layered on top. The tubes were
allowed to stand for 2 hr in order polymerize. The tubes were

placed in the electrophoresis apparatus and the water removed. Protein
samples were applied and electrophoresis performed at 50 milliamps

for 6 tubes in a Buchler Polyanalyst with the buffer reservoir con-
talning twice diluted gel buffer. Cels were fixed overnight in 407%
(V/V) methanol, 7% glacial acetic acid and then stained for 2 hr in
0.25 (W/V) coomassie brilliant blue in 45.5% (V/V) methanol and 9.2%
(V/V). glacial acetic acid. Gels were destained in 5% (V/V) methanol,
7.5% (V/V) glacial acetic acid. Gels were scanned for protein at

560 nm in a Pye Unicam absorbance spectrophotometer.

F. Sialic Acid Content

Isclated membranes were assayed for sialic acid using the thiobarb-
ituric acid assay of Warren (341), A 2 ml sample of membrane suspension

(1 mg protein/ml) was mixed with 1 ml1 0.2 N H 50, and heated for 1 hr

2
at 80°C. The sample was centrifuged at 1,000 x g for 10 min and 0.2 ml
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of supernatant added to a tube containing 0.1 ml 0,2 M sodium meta-
periodate in 53% (V/V) phosphoric acid. After standing for 20 min,

1 ml of a solution containing 10% sodium arsenite, 0.5 M sodium
sulphate and 0.1 N H2 SO4 was added to the tube and mixed well.

3 ml of a 0.6% thiobarbituric acid, 0.5 M sodium sulphate mixture

was added and the tubes boiled for 15 min. After cooling, 4 ml
cyclohexanone was added and mixed well. The tubes were centrifuged
at l,OOO.x g for 5 min. The top phase was removed and the absorbance
at 549 nm measured in an absorbance spectrophotometer.

G. Myocardial Electrolyte Content

Myocardial levels of sodium, potassium, calcium and magnesium were
. 3
measured using the methods described by Polimeni (342). 5804 was
employed as an extracellular marker in order to estimate the extra—

cellular space (E.C.S.).

1. Collection of Tissue and Plasma Samples

Under ether anaesthesia, bilateral nephrectomy was performed on
the animals and 100 uCi of 35804 in 200 ul 0.9% saline was injected
into the femoral artery. Animals were allowed to equilibrate for
periods of from 30 min to 4 hr and then placed under anaesthesia again,
The thorax was opened and a blood sample taken in a heparinized
syringe from the inferior vena cava. The blood was centrifuged at 1,000
x g for 20 min. The plasma was removed and stored for later analyses.
The heart was rapidly excised, the ventricles were opened and blotted
dry of surface blood. The tissue was divided into two samples of approx-
imately equal size, one of which was placed in a preweighed polyethy-
lene vial and the other in a preweighed . crucible. Both were immediately
reweighed = and the former was tightly sealed. It should be noted that

all polyethylene ware and glass ware employed in this study were washed
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in acid and repeatedly rinsed in double distilled, deionized water
before use.

2, Estimation of Extracellular Space (E.C.S.)

After weighing, the tissue sample, which was placed in the cruc-

ible,was dried overnight in'a vacuum oven at 95°C, 20 inches Hg. The

tissue was then reweighed in order to obtain its dry weight. The
tissue was transferred to and sealed in a polyethylene vial. From

these weights the water content per gram dry weight or wet welght

was calculated.

5.0 ml 0.1 N ".".HNO3 was added to the tissue sample which had not
been dried. This was then placed in an orbital shaker at 2,000
r.p.m. for 48 hr at room temperature. 500 ul of this extract was
mixed with 100 pl 10% T.C.A., allowed to stand for 30 min and then
centrifuged for 30 min at 2,000 r.p.m. at room temperature. Duplicate
25Q pl aliquots of supernatant were placed in 10 ml scintillation
cocktail. lOd 1l of plasma was mixed with 1.0 ml 10% T.C.A. and
0.9 m1 0.1 N H NOB’ allowed to stand for 30 min and centrifuged for

30 min at 2,000 r.p.m. at room temperature. The samples were placed

in a scintillation counter (alternating each muscle sample with its
appropriate plasma sample) and read using the appropriate settings for 358.

E.C.S. was then calculated and expressed as gram of extracellular
water per gram muscle water.

E.C.S. = (HZO)O
(HZO)m

(HZO)O extracellular water content of sample

1l

(HZO)m total water of muscle sample
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Im full,

Ao
B.S.C.o= 0 d v go (tm=tp) (R-R) [H,01p {Ve + (H,0)m}

CRp - Rm) (HZO)m

Where ¢O = correction factor for uptake of 358 by blood cells in the
myocardial sample = 0.975

do = dilution factor of muscle extract and plasma for scintillation
counting.

t(n-p) = time between counting of muscle and plasma surface

<
I

volume of plasma samples.

e
i

radioactivity (c.p.m.) in muscle vial

=
|

= radioactivity (c.p.m.) in appropriate blank

[HZO]p = gm water/ ml plasma (0.946 in rat)

Ve = volume of 0.1 N H NO3 used for muscle extraction
(HZO)m = water content of muscle sample used for extraction

Rp = radioactivity (c.p.m.) in plasma vial

B

radioactivity (c.p.m.) in appropriate blank.

3. Analysis of Myocardial Sodium and Potassium Content

After the extraction with 0.1 N HNO3 (as described in G2), 0.1 ml
of extract was diluted 50 fold with 15 m Eq 1Li/1. Plasma samples were
diluted 200 fold in the same medium. Muscle and plasma samples were then
assayed for sodium and potassium using a Jarrell Ash 1L Model 433 Flame
Photometer after calibration with suitable standards (140 mM Na/5mM K
diluted 200 fold for plasma samples and 100 mM Na/ 100 mM K diluted
200 fold for muscle samples. A calibration curve was generated using
serial dilutions of the latter). Calibration was checked periodically

throughout the assay. Plasma concentrations ([K]p, [Na]p) could be
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read directly as the flame photometer assumes a 200 fold dilution.
Potassium content and concentration were calculated as follows:
IK]; = [K]p when [K]; = plasma potassium concentration in units

[H,0) of plasma water.
2°°p

Potassium content (m moles) of the muscle sample extracted is (K)m =

K B , , )
eNa,K [Ve + (HZO)nﬂ T where eNa,K slope of calibration line,

T, = Instrument reading for muscle potassium.
Muscle content per gm wet weight = (K)m
W
\
(K)m

WD

Muscle content per gm dry weight

Where Ww and WD are the wet and dry weiglit respectively of the muscle
sample extracted. An intracellular concentration [K_]i (m mol K/kg cell
water) was also calculated.

K], = @©m- @00 K]

(HZO)i
when (HZO)Q and (HZO)i are the extracellular and intracellular water
content of the muscle sample extracted, respectively.
In a similar fashion, muscle content and concentrations of sodium
were calculated.

4, Analysis of Myocardial Magnesium Content

50 ul samples of plasma and 0.1 N H NO3 muscle extract (as described

in section G2) were diluted 100 fold in 0.1% La Cl3. Assays for

magnesium were then performed on a Jarrell Ash 850 atomic absorbance

* spectrophotometer using the magnesium lamp and the following settings;

wave length - 2852 X; slit size - 5 R; averaging period ~ 3 seconds;

hollow cathode lamp ~ 5 m amps.
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Before the assay began, instrument settings (nebulizer flow rate, flame
and lamp positions) were optimized using 0.5 pg/ml magnesium chloride
in 0.1% LaCl3 standard. A calibration curve was then established
using a concentration range from O to 20.6 n moles magnesium/ml and

the samples were then read. Calibration was checked at regular inter-

vals during the assay. Magnesium content and concentration were then

a
calculated. Melp = Dp ab / Tﬁng
[Mglp = plasma magnesium concentration (mM)
Dp = dilution facéor
ap = plasma absorbance reading
a, = standard absorbance reading

[Mg]s = standard magnesium concentration

Magnesium content of the muscle sample Mg)m = Dm [Ve + HZO)m] a / s

m—_—
[Mg]S
Magnesium content per gm wet weight = (Mg)m
WW
Magnesium content per gm dry weight = (Mg)m
W
D

Intracellular magnesium concentration [Mg]i was also calculated.

1
[Mg]i = (Mg)m —(HZO)O [Mg]p
(H20)i

5. Analysis of Calcium Content

5.0 ml of a solution containing 0.1% LaClB, 0.1 M NaCl and 0,03 M
T.C.A. was added to the muscle sample which had been dried (as described
in Sec. G.2). The vials were then sealed and placed on an orbital
‘shaker at 2,000 r.p.m. for 60 hr at room temperature. 2 ml of extract
were transfered to a centrifuge tube and spun at 2,000 r.p.m. for 30
min. 4 fold, 10 fold and 20 fold dilutions of tﬂe supernatant were pre-

pared using extraction‘medium as dilutent. 200 yl of plasma was diluted
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50 fold in extraction buffer. Assays for calcium were performed on a
Jarrell Ash 850 atomic absorbance spectrophotometer using a calcium

lamp and the following settings: wave length - 4227 2; slit size - 2 X;
averaging period - 3 seconds; hollow callode lamp '10 milliamps.

Before beginning the assay, instrument settings (nebulizer flow rate,
flame and lamp positions) were optimized using 10 pg/ml calcium standard
in 0,1% LaClB. The instrument was then calibrated using standards
ranging from 0 to 248.8 n moles calcium/ml prepared in the extraction
medium described earlier. Samples were then read. Calibration was

checked at regular intervals. Calcium content and concentration were

then calculated: aS

[Ca]p Dp ap / [Ca]S

fl

1
Cal]” = [Ca H,0
[Cal; = [Cal, / [8,0]
Calcium concentration of the muscle sample extracted is (Ca)m_= Dm a Ve
Calcium content per gram wet weight = (Ca)m s / 1cal
W
\
Calcium content per gram dry weight = (Ca)m
W
D

Intracellular calcium concentration [Cal]i could be calculated, although
this represents only intracellular mean concentration and not sarco-

plasmic calcium concentration

1
[Ca]i = (Ca)m - (HzO)O [Ca]p

(HZO)i

H. Plasma Triiodothyrbnine(f3) and Thyroxine (Ta) Levels

Plasma T3 and T4 levels were assayed by radioimmunoassay in the

Endocrine and Metabolism unit of the Health Sciences Center, Winnipeg



- 67 -

and by Dr. Eales of the Department of Zoology, University of Manitoba,

L. Statistical Analysis

Statistical analyses of the data was carried out using analysis
of variance (ANOVA), and examined for significant difference with
Duncan's New Multiple Range Post Hot Test. Significant difference
between two groups was detected using Students t-test, A p level

of 0.05 was employed to determine significant differences.
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IV. RESULTS

A. Ventricular Weight and Hypothyroid Status:

Successful induction of hypothyroidism with the use of propylthiour-
acil (P.T.U.) is indicated by reduced plasma levels of T4 (Table 1). It
is also supported by the characteristic reduction of body growth and
decreased ventricular weight and ventricular weight: body weight ratio
(Table 1). A ventricular weight: body weight ratio of 0;198 * 0.007
(ventricular weight as a percentage of body weight) was found in thyroid-
ectomized animals which is very similar to the value for P.T.U. induced
hypothyroidism. Treatment of hypothyroid animals with T3 for 2 days
increased ventricular: body weight ratio (%) to 0.25 % 0.01 which is
very close to the euthyroid value. After 7 days of T3 treatment of
hypothyroid and euthyroid animals ventricular weight: heart weight ratios
(%) bf 0.350 £ 0.013 and 0.355 *+ 0.012 were observed respectively. No
difference in sarcolemmal yields from euthyroid, hypothyroid and hyper-

thyroid rat hearts was noted in this study.

+
B. Sarcolemmal Na —K+ ATPase

Rat heart Na+FK+ ATPase activity was reduced in the hypothyroid
state, Mg2+ ATPase activity was not altered (Table 1). This indicates
that the sarcolemmal changes in Na+—K+ ATPase may be specific and do
not reflect generalized depression of sarcolemmal parameters. However,
sarcolemmal Na+-—K+ ATPase was not increased above euthyroid levels in
hyperthyroidism (17.42 + 1.77 uﬁoles Pi/mg prot/hour). This disagrees
with the finding in guinea pigs (254) but is in agreement with the
finding in rabbits (3). Because of this it was decided to concentrate
on Na+-K+ ATPase activity in the hypothyroid state. Na+--K+ ATPase
activity of sarcolemma from euthyroid and hypothyroid rat hearts

was studied by varying the ATP concentration in the incubation medium.
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Table 1. Plasma thyroxine (T4) levels, ventricular weight: body

welght ratios, ventricular sarcolemmal yvields and ATPase

activities.
Euthyroid Hypothyroid

T4 (Lg/d1) 4,10 £ 0.38 0.13 = 0.04%
Body wt (gm) 388 + 7.3 277 + 7.8%

Ventricular Wt (gnm) 0.93 £ 0.05 0.56 £ 0,03

Vengzz;uplq?r WE o 0.24 + 0,01 0.20 + 0.01%

Sarcolemmal yield 3.60 £ 0.17 3.67 £ 0,16

(mg prot/gm ventricular wt)

Sarcolemmal Mg2+ ATPase 48,4 + 1,90 44,6 * 1,45

(4 moles Pi/mg prot/hr)

Sarcolemmal Na -K' ATPase 17.4 * 0.57 14.5 + 0.47%

(¥ moles Pi/mg prot/hr)

Values are means * S.E. of 4 - § experiments.

% p < 0.05
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Lineweaver-Burk analysis of the data revealed alteration in both Km

and V values (Fig. 1). V was reduced from 27 to 16 umoles/ mg prot/
max max -

hour and Km reduced from 1.34 to 0.64 mM ATP in the hypothyroid state.

Ka values for Na and K+ were obtained by varying Na+ and K+ concen-

trations respectively in the incubation medium and subjecting the

results to Lineweaver-Burk analysis. Although VmaX value under these
conditions was also decreased in hypothyroidism, no alteration in

+ :
activation by Na+ or K was seen, as revealed by unaltered Ka a+ and Ka +

N K

(Tabie 2). The Na+~K+ ATPase activity was also measured in media
buffered at different pH values ranging from 6.6 to 7.8.' In both
hypothyroid and euthyroid states maximum activation occurred at pH 7.4
(Fig. 2). A decrease in PH values below 7.4 resulted in a steep drop
in the activity. Increasing pH by 0.4 units above 7.4 also decreased
activity but to a lesser extent. When the activity was calculated as a
percentage of maximum (Fig. 2), the plbts were virtually superimposable
for euthyroid and hypothyroid hearts.
The inhibitory effect of ouabain on Na+—K+ ATPase was unaltered

by the induction of hypothyroidism (Fig. 3). No significant difference
existed between the enzyme activity (expressed as percent of maximum) of
sarcolemma isolated from the hearts of hypothyroid and euthyroid rats.
This is not as would be expected from the findings of Shimada and
Yazaki (6) who have reported a four fold increase in the concentration
of ouabain required for half maximal inhibition of rabbit cardiac Na+~
K+ ATPase after the administration of thyrpxine. The Na+—K+ ATPase
'activity was also measured in the presence of different concentrations
of calcium, which is a known inhibitor of Na+--K+ ATPase and it is
believed that inhibition by calcium is dependent upon sodium and potas-—

. + _+ .
Stum components of Na -K ATPase (343). Calcium was found to depress
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FIGURE 1. Heart sarcolemmal Na+ - K+ ATPase activities from euthyroid

and hypothyroid rats at different concentrations of ATP.
Values are means of 5 to 6 experiments.



- 72 =

Table 2. Kinetics of Na+ - K+ ATPase activity of euthyroid and
hypothyroid rat heart sarcolemma studied by altering

. .+ + . . . .
the concentration of Na or K din the incubation medium.

Euthyroid Hypothyroid
+
44444 Ka Na+ (mM) 12.9 + 4,1 12.6 = 2.8
Ka K+ (mM) 1.26 £ 0.27 1.56 + 0,17
\ 25.3 £ 2.5 15.8 =+ 1.65 *
max

(1 moles Pi/mg prot/hr)

Values are means * S.E. of 3-4 experiments.

* p < 0.05
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FIGURE 2. Effect of varying pH on sarcolemmal Na+ - K+ ATPase from
' euthyroid and hypothyroid rat hearts. Values are means
* 3.E. of 6 experiments. No statistically significant
difference (p % 0.05) exists between the two groups at

any pH examined.
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sarcolemmal Na+—K+ ATPase activities in both euthyroid and hypothyroid
states (Fig. 4). While inhibition in the hypothyroid state tended to
be slightly greater than in the euthyroid state, the difference was
not statistically significant at any concentration of calcium employed
in this study.

K+ stimulated phosphatase activity was measured in sarcolemmal
preparations from euthyroid and hypothyroid rats. This activity has
been suggested by some investigators to be related to the'dephosphory—
lation step of Na+—K+ ATPase activity (344, 345) whereas others have
concluded that these two activities are different entities (346, 347).
As shown in Fig., 5, K+ stimulated phosphatase was significantly decreased
in hypothyroidism to a very similar degree as Na+—K+ ATPase. Ouabain
sensitive potassium stimulated phosphatase was also significantly
depressed in hypothyroid rat hearts (Fig. 5) but the percentage of
inhibition by ouabain was similar in both cases (32,5 £ 0.5% and
29.5 * 1.25% for euthyroid and hypothyroid conditions,respectively).
OQuabain sensitive Na+~K+ ATPase was also measured at different stages
of sarcolemmal isolation (Table 3). While differences did not achieve
statistical significance except in the sarcolemmal preparation, a
trend can definitely be seen with values of ouabain sensitive activity
of hypothyroid preparations being consistently less than those of
euthyroid preparations.

Thyroid state has been shown to be intimately involved in lipid
metabolism (95,104,105,106,107,108) and such changes may account for
the observed alteration in Na+~K+ ATPase activity. Limas (228) found
increased phospholipid content of sarcoplasmic reticulum of hyper-
thyroid dogs. It was therefore decided to examine the phospholipid

content of sarccolemma in the hypothyroid and euthyroid states, The
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[ ] Euthyroid
7] Hypothyroid

K¥ STIMULATED PHOSPHATASE

1.0+
TOTAL OUABAIN SENSITIVE
ACTIVITY ACTIVITY '
FIGURE 5. Total and ouabain sensitive sarcolemmal potassium stimulated

phosphatase activities from euthyroid and hypothyroid rat.
hearts. Activities are expressed in pmol phenolate/mg prot /hx
and values are means * S.E, of 10 experiments, * p < (0.05.



+
Table 3. Ouabain sensitive Na -~ K+ ATPase activities at different
stages of sarcolemmal isolation from euthyroid and hypo-

thyroid rat hearts.

Euthyroid Hypothyroid
Homogenate 2.37 £ 0.49 1.62 = 0,19
Washed Particle 3.37 + 0.51 2.95 * 0.33
After LiBr Treatment 9.06 = 0.91 7.11 £ 0.67
Sarcolemma 13.93 £ 0.99 10.47 = 0,80%

Values are given as means * S.E, Activities are given in units of
M mole Pi/mg prot/ hr.

*p < 0,05



major phospholipid components of sarcolemma isolated from euthyroid
and hypothyroid rat ventricles are given in Table 4. ©No change in
phospholipid composition was detected, The SDS gel electrophoretic
profiles of sarcolemma from euthyroid and hypothryoid rats are shown
in Fig. 6. The profiles are qualitatively similar although certain
subtle changes can be seen. These findings suggest that changes

seen in sarcolemmal Na+~K+ ATPase activities are mot due fo major
contamination by other subcellular fraétions. In order to further
establish that sarcolemmal’Na+—K+ ATPase activity is in éact depressed
in hypothyroidism, Na+--K+ ATPase was measured in another sarcolemmal
preparation obtained by the sucrose gradient method. As shown in
Table 5, a depression in Na+—-K+ ATPase was observed in the hypothyroid
state while Mg2+'ATPase was unaltered.

In order to verify the effect of hypothyroidism on Na+—K+ ATPase
and rule out other non-thyroid mediated effects of P.T.U., a second
model of hypothyroidism, thyroidectomy, was studied. Na+—K+ ATPase of
sarcolemma isolated from thyroidectomized rat heart was significantly
reduced compared to euthyroid controls (Table 6) and the depression was
very similar to that found in P.T.U. treated rats. As in P.T.U. treated
animals, Mg2+ ATPase activity and percentage inhibition of Na+—-K+
ATPase by ouabain were unaltered in the sarcolemma from thyroidecto-
mized rat hearts (Table 6).

+ _+
Sarcolemmal Na -K ATPase activity was examined after T. admini-

3
stration to P.T.U. treated animals. 24 hours after T3 administration
‘no change in activity was detected but after 2 days of T3 treatment

activity was significantly increased. The effect of a protein synthesis
inhibitor, puromycin, was examined on this T3 induced increase in the

.. + + .
enzyme activity. Sarcolemmal Na ~K ATPase activity was measured after
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Table 4. Phospholipid composition of sarcolemma isolated from

euthyroid and hypothyroid rat hearts,

Euthyroid Hypothyroid

Total Phospholipid 224,7 £ 24,2 208.9 =+ 18.5

Sphingomyelin 18.46 £ 2.78 20.84 = 2,36
Phosphatidyl serine 17.69 = 3.62 21.87 + 2.61
Phosphatidyl inositol 3.40 £ 0.05 3.96 + 0.93
Phosphatidyl choline 64.87 £ 4.75 61.79 + 3.27
Phosphatidyl ethanolamine 67.56 + 6.24 62.66 + 2,28
Diphosphatidyl glycerol 1.98 = 1.4 1.70 £ 0.86
Phosphatidyl glycerol 14,61 = 2.81 12.93 £ 0.65

Values are means * S.E. in units of n moles/mg protein
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FIGURE 6, Densitometric scans of sarcolemmal protein hands separated by
5.D.S. gel electrophoresis. A, Sarcolemma from euthyroid
rat heart. B. Sarcolemma from hypothyroid rat heart.



- 87 -

4
Table 5. Mgz+ ATPase and Na+ - K ATPase activities of euthyroid

and hypothyroid rat heart sarcolemma isolated by

sucrose density gradient method.

Euthyroid Hypothyroid
2+ e ,
Mg~ ATPase 36,5 £ 0.567 36.8 £ 2.13
+ i+ . ;
Na - K ATPase 9.9 + 0,81 5.4-% 0.61%*

Values are means * S.E. of 5 -~ 8 experiments. Activities are in

U moles Pi/mg protein/ hr

% p < 0.05
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Table 6. Effect of thyroidectomy on plasma thyroxine (T4) levels
and Mg2+ ATPase and Na+ - K+ ATPase activities in rat

heart sarcolemma

Euthyroid Hypothyroid
T4 levels (ug/dl1) 4,64 = 0,34 1.18 =+ 0.18 *
Mg?" ATPase . 39.6 + 2.68 33.9 + 2.81
(4 moles Pi/mg prot/hr)
Na© - K" ATPase 17.96 + 1,27 13.28 + 1,21 #
(4 moles Pi/mg prot/hr)

. .. + -+

Ouabain sensitive Na - K 70 £ 5.3 68 £ 5.3

ATPase ( % of control)

Values are means * S.E. of 5 - 11 experiments

*p < 0.05
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4 different treatment regimens; Group a- P.T.U. + 2 x daily saline
injection; Group b - P.T.U, + 2 x daily puromycin injection, Group

¢ - P.T.U. + 2 x daily T3 injection, and Group d - P,T.U. + 2 x daily T, +

3
puromycin injections. Activity was measured 48 hours after first in-
jection of T3 and the results are shown in Fig 7. Puromycin alone

. . + _+
resulted in an insignificant depression of Na ~K

ATPase activity.

T3, when administered alone, resulted in a significant increase in
activity but when in conjunction with puromycin, no stimulation was

seen. It was found that activity in group ¢ was significantly (p <

0.05) different from that of group a, b and 4 but no significant
difference existed between groups a, b and d. Addition of T3 in wvitro
during incubation of membranes from P.T.U. treated animals did not signi-

+ _+ )
ficantly change Na -K ATPase activity,

C. Myocardial Cation Contents

In order to better understand how alterations in Na+—K+ ATPase
activityare related to functional alterations in terms of the ability
of membrane to maintain electrolyte gradients across the sarcolemma,
electrolyte contents of the myocardium were studied. Five groups of
animals were examined: a) Euthyroid, b) Hyperthyroid (7 days T3 treat~
ment), c) Hypothyroid (P,T.U. treated), d) Hypothyroid (P.T.U.) + 2

days T3 treatment, and e) Hypothyroid (P.T.U.) + 7 days T, treatment.

3
All animals were initially weight matched and maintained for the same
period before being sacrificed. TFor the last 7 days, all animals re-
ceived daily intraperitioneal injections (T3 or saline as appropriate)-
the last injection was administered 24 hours before removing the heart,
From the data in Table 7, it can be seen that the extracellular

space (E.C.S.) was increased by hypothyroidism as reported after

thyroparathyroidectomy (9). However, there was no reversal of this effect
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within the 7 days period of T3 treatment studied. E.C.S. was unaltered
by hyperthyroidism. Muscle water contents with respect to dry weight
[(HZO)/WO] are also given in Table 7. 1In general the tendency was for
muscle water to increase in hypothyroidism. On treatment with thyroid
hormone, muscle water increased further after 2 days (group d) but at

7 days (group e) it had fallen below that of hypothyroid animals. There
was no difference between water content of hyperthyroid and euthyroid
rat ventricles. An examination of extracellular and intracellular water
with respect to dry weight revealed that changes in water content can

be accounted for by changes in extracellular water as would be expected
by the change in E.C.S. noted earlier. Intracellular water content

was significantly changed in hypothyroid animals after 7 days of treat-

ment (group e).

4

injection and excision of the heart, was varied from 30 minutes to four

During estimation of E.C.S., time of equilibration, between SO

hours. If the myocardial membrane became permeable to the sulphate
marker, calculated E.C.S. would increase with increased equilibration
time as intracellular levels of sulphate increased. However, it was
found that no such relationship existed in any group. It therefore
appears that all groups are equally impermeable to sulphates. 1In

one group (c, hypothyroid) an anomalous relationship between equilib-
ration time and E.C.S. existed i.e. a decrease in calculated E.C.S,
with increased time, WNo explanation for this phenomenon was found.

As sodium is a predominantly extracellular ion, improper estimate of
E.C.S. would tend to have a dramatic effect on calculated intracellular
sodium. A study of intracellular sodium at different equilibration times.
revealed no relationship. It therefore appears that the increase in

calculated E,C.S. with time is in fact real i.e. that E.C,S5. is being
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correctly estimated at each stage.

Plasma electrolyte concentrations are shown in Table 8. Plasma
potassium concentration appeared to be directly related to thyroid
status. Hyperthyroidism resglted in hyperkalemia while hypokalemia
occurred in hypothyroidism. The latter w?s reversed by T3 treatment.
Decreased plasma potassium has been reported in thyroidectomy (9).
but others have found plasma potassium to be independent‘of thyroid
status (274). Plasma sodium was independent of thyroid status, as

reported elsewhere (9, 274). Hypocalcemia accompanied hypothyroidism

and this was readily reversed by T, treatment.. After only 2 days of T

3 3

treatment, calcium levels had risen above those of euthyroid rats.
While hyperthyroidism was accompanied by a tendency for calcium to
increase, statistically significant difference was not achieved.
Nishiki et al (173) found that serum calcium was unaltered by thyroid-
ectomy although using a similar model, Polimeni (9) found decreased
serum calcium. Bajusz et al (348) found serum calcium changes in
thyroidectomy to bé dependent on lack of parathyroid hormone rather
than thyroid hormone. However hypercalcemia has been reported in
thyrotoxic patients (275). Plasma magngsium levels were found to be
related to thyroid state. Levels rose in hyperthyroid state and fell
in hypothyroidism. The latter effect was reversed by T3 administration
so that after 2 days levels were close to those of euthyroid controls
and after 7 days close to those of hyperthyroid rats. Other than E.C.S.
of group c, magnesium plasma level was the only parameter studied which
" was shown to be related to equilibration time. It was found that
plasma magnesium levels rose significantly with increased equilibration
time. However if values were extrapolated to time zero, the same-re—

lative differences between the groups were seen. This time dependent



- 89

*sjusuwriadxe g-/ JO *[°S T SUPOW SiE seniep

"SONTEA PTOIAYIN® 03 poiedwod usym SVUSIDIITP (G0°0 > d) 3uedrFTudTs ATTEOTISTIRIAS ¥

*SITUN W UT USATS UOTIBIJUDOUOD UOTIEY)

d
#£0°0 F 66°T 6070 F 6T°T ¥70°0 ¥ ¥8°0 *0T'0 F %#9°T 60°0 ¥ 8C°'1 [3u]
. . d
»Z1°0 7 €6°¢ *0T 0 ¥ 9¢€°¢ %900 ¥ 09°¢ 91°'0 F %Z°¢ GO0 ¥ L6°¢C [=0]
d
9°T ¥ 9%T C°C F €T 6°0 F IyT 8°T ¥ €%1T 9'0 ¥ €%l -[enl]
d
9T'0 ¥ 0L°'2 €T°0 ¥ 6%°C  %0T°0 ¥ 72°C %€2°0 F ¥5°¢€ ZT°0 ¥ 65°¢C [x]
b1 skep £ 4 b1 skep 7 +
pPToIdylodLy proafyzodLy PToxAyzodAg pPTOIAYraadLiyg pTOIAyINny
@) () (@) (q) (®)
TABL 943 UT UOTIBIJUSOUOD UOTIBD BUSRTd UO SNIBIS PTOILYL JO 10933Y °Q STqEL




- 90 =

alteration may be related to the stress of surgery. It has been shown
in humans that stress or pain may be associated with changes in Serum
magnesium levels (349), Decreased plasma magnesium has been reported
in tﬁyroidectomized rats (9). but these do not agree with the clinical
findings of decreased serum magnesium in h&perthyroidism and increased
levels in hypothyroidism (277,278,279).

Intracellular monovalent cation concentrations and their ratio
are listed in Table 9. It must be remembered that these do not
represent sarcoplasmic concentrations of free cations sinﬁe the calcu-
lations do not take compartmentalization of cations into consideration.
Intracellular potassium was not significantly altered in hypothyroidism
or hyperthyroidism. However, treatment of hypothyroid animals with T,
resulted in a significant increase in potassium levels. Ismail- Beigi
and Edelman (274) found intracellular potassium levels rose after thyroid
hormone administration to both euthyroid and thyroidectomized rats.
Significant difference in intracellular sodium levels was only revealed

when hyperthyroid and hypothyroid states were compared. Treatment of

hypothyroid animals led to further decrease in intracellular sodium. The

IK]i/[NaJi was unaltered in either the hypothyroid and hyperthyroid state
in contrast to the findings in thyroidectomized animals (9,274). The
only significant change was seen after 7 days of thyroid hormone admini-
stration to hypothyroid rats when [KJi/[Na]i increased significantly.
No significant change in calcium concentration was revealed (Table

10), although there did appear to be a tendency for the level to fall in

’ hypothyroidism and to rise after thyroid hormone administration. Signi-
ficant difference in intracellular magnesium could be seen only when
hyperthyroid and hypothyroid conditions were coﬁpared. The increase in

hypothyroidism was partially reversed by T3 treatments. These results
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do not agree with those from thyroidectomized rats (9) where magnesium
content was decreased. [Mg]i depletion in hyperthyroidism and the
2+
reverse in hypothyroidism may reflect the failuré of Mg™  controlling
mechanisms to keep pace with the rapidly expanding or constricting cell
;:ﬂ;ii volume, [Mg]i/[Ca]:.L ratio was increased in hypothyroidism. After 7
days, but not after 2 days, of T3 administration +this ratio was de-

creased so that it was no longer significantly different from control.

D. Sarcolemmal 5' Nucleotidase, Calcium Binding and Calcium ATPase

5' Nucleotidase activity was found to be significantly (p < 0.05)
less in the hypothyroid state than in the euthyroid state in sarcolemma
prepared by the hypotonic shock-LiBr method (Table 11). This decrease
in enzyme activity was not associated with significant change in Km
(34 £ 2,2 uM adenosine in hypothyroidism and 42 + 4 uM adenosine in
euthyroid preparations) (Fig. 8). On the other hand, no difference in
5'~nucleotidase activity was seen when sarcolemma was prepared by the
KCl-sucrose gradient method from euthyroid and hypothyroid rat hearts.

ATP irdependent calcium binding ability of sarcolemma prepared from
euthyroid and hypothyroid animals by hypotonic shock-LiBr method was
examined at 0.1 mM and 1.25 WM calcium concentrations. As shown in
Table 12 no difference in calcium binding ability was seen at either
calcium concentrations. Similarly the content of sialie acid, which is’
known to bind calcium, of these membranes was unaltered in hypothyroid
rats (Table 12). ATP independent calcium binding of sarcolemma prepared
by the KCl-sucrose gradient method in the presence of 0.1 mM Ca Cl2 was
also unaltered (3.33 %= 0.44 and 3.78 # 0.50 n moles calcium/mg protein/
5 minutes for euthyroid and hypothyroid states, respectively). Sarcolemmal
Ca2+ dependent ATPase activity was also examined in euthyroid and hypo-

thyroid states. Hypotonic shock LiBr method was employed for sarcolemmal
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Table 11. Sarcolemmal 5' Nucleotidase activities of euthyroid

and hypothyroid

rat hearts.

Sucrose Density Hypotonic Shock-—
Gradient LiBr
Euthyroid 56.8 * 2.07 130 t 8.5
Hypothyroid 52.62 * 3.64 97 T 7.1%

Values are means * S.E. of
activity is given in units

* p < 0.05

6 — 10 experiments. 5' Nucleotidase

of n moles adenosine/ mg protein/ min
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FIGURE 8. Sarcolemmal 5' Nucleotidase activities from euthyroid and
hypothyroid rat hearts at different concentrations of AMP.
Values are typical of 3 experiments.
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Table 12, CaZT dependent ATPase activity, ATP independent calcium
binding capacity and sialic acid content of sarcolemma
isolated by hypotonic shock-LiBr treatment from euthyroid

and hypothyroid rat hearts.

Euthyroid Hypothyroid

ca’ ATPase 51.2 % 1.70 47.1 % 1.34
(i moles Pi/mg prot/hr)

K 2+ (mM) 1.12 = 0.17 1.01 £ 0.18
a Ca

. . s 2+

Calcium Binding at 0.1 mM Ca 16.3 * 3,18 16.58 * 1.43
(n moles Ca2%/mg prot/ 5 min)

Calcium Binding at 1.25 mM Ca’’  72.8 + 7.99 69.4 + 8.20
(n moles Ca2t/mg prot/5 min)

Sialic Acid Content 32.3 + 2.03 37.0 * 3.06

(n moles sialic acid/ mg prot)

Values are means * S.E. of 4 - 6 experiments. No statistically
significant difference exists between euthyroid and hypothyroid

values.
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isolation. Activities were not significantly different in the two
states (Table 12). Examination of activation by calcium revealed
no difference in Ka values for Caz+ dependent ATPase in euthyroid
and hypothyroid rat hearts,

ATP dependent calcium binding of the KCl-sucrose gradient sarco-

lemma prepared from hypothyroid animals was greater than that pre-
pared from“euthyroid animals (Table 13). 1In the presence of 5 ug/ml

calmodulin, a known activator of the calcium pump, the difference in

activity became even more apparent with the hypothyroid preparation

being stimulated by 44.4 % while the euthyroid was stimulated by only
24,47, 1 uM trifluoperazine (T.F.P.), an inhibitor of calmodulin action,
completely blocked calmodulin stimulation while having an insignificant
effect on basal ATP dependent calcium binding (Table 13). Higher con-
centrations of T.F.P. were found to have a general depressant effect.
2+ 2+ . ,
(Ca — Mg~ ) ATPase activity was also measured in sarcolemma (KCl-
sucrose gradient isolation) of hypothyroid and euthyroid animals. Basal
2+

(Ca - Mg2+) ATPase activity was unaltered in the hypothyroid state

(Table 14). However in comparison to control, calmodulin stimulation

of the enzyme was significantly greater in hypothyroid preparations.

As in the case of ATP dependent calcium binding, calmodulin stimulation

of the (Ca2+ - Mg2+) ATPase was completely blocked by 3.3 uM T.F.P,
. . 2+ 24 - .
At this concentration the (Ca - Mg ) ATPase activity in the absence

of calmodulin was not significantly altered.

E. Sarcolemmal Adenylate Cyclase

Adenylate cyclase activity was examined in two sarcolemmal prepara-
tions obtained by the hypotonic shock-LiBr and KCl- sucrose gradient
methods from euthyroid and hypothyroid rat hearts. Stimulation by

fluoride, epinephrine and guanylimidodiphosphate (GppNHp) were also
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2
Table 14. Ca2+ stimulated - Mg * dependent ATPase of sarcolemma iso-
lated by sucrose density gradient method from euthyroid

and hypothyroid rat hearts.

Ca2+ Stimulated ATPase

Activity (U moles Pi/mg/prot/hr) % stimulation by
o ‘ Calmodulin
Control 5 pg/ml Calmodulin
Euthyroid 2.88 * 0.18 3.52 = 0.16 23 £ 2.2
Hypothyroid 2.94 £ 0.10 4.43 £ 0,23% 51 + 5,1%

Values are means * S.E. of 4 experiments.

* p < 0.05 (hypothyroid compared to euthyroid)
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examined in both preparations and the results are shown in Table 15.

In both preparations there was no difference in basal adenylate cyclase
activities between euthryoid and hypothyroid states although hypotonic
shock-LiBr preparation resulted in basal activities approximately twice
that of KCl- sucrose gradient sarcolemma in both conditions. Hypotonic
shock-LiBr preparations was characterized by poor fluoride, epinephrine
and GppNHp responses; these was no difference between euthyroid and hypo-
thyroid groups in anyvof these parameters. While fluoride, epinephrine
and GppNHp responses were more pronounced in KCl—sucrosé.gradient
preparations, no significant difference was seen between euthyroid and
hypothyroid activities,

In view of the poor sensitivity of sarcolemmal adenylate cyclase to
different activators, perhaps due to the loss of certain factors required
for the expression of enzyme activation, it was decided to examine the
enzyme activity in washed cell particles from euthyroid and hypothyroid
rat hearts. Basal activity was found to be higher (p < 0.05) in hypo-
thyroid washed particles than that from euthyroid animals (Table 16).
While stimulation by 8 mM fluoride was similar in both cases, 30 uM
GppNHp resulted in significantly greater stimulation in euthyroid than
in hypothyroid states (Table 16). Stimulation by 100 UM epinephrine alone
was rather small but this was greatly potentiated when assayed in the
presence of GppNHp. Epinephrine stimulation was slightly greater in
the euthyroid state, than in the hypothyroid state at this
concentration.

A more detailed study of fluoride, GppNHp and epinephrine responses
was also performed by using different concentrations of each activator.

Dose response relationship for fluoride shown in Fig. 9 indicates no

significant difference between euthyroid and hypothyroid states at any
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Table 16. Adenylate cyclase activity of washed particulate preparations

from euthyroid and hypothyroid rat hearts.

Euthyroid Hypothyroid

Basal Activity 91 * 3.3 124 + 8,9 %
+ 8 mM ﬁa F % Basal 367 + 22.8 349 £ 34.3
+ 100 yM Epinephrine % Basal 112 £ 6.3 116 £ 12.1
+ 30 uM GppNHp % Basal 273 £ 22 210 £ 6.,2%
100 UM Epinephrine 390 = 20 307 £ 18 *

30 UM GppNHp }% Basal

Basal adenylate cyclase activity in p moles cAMP/ mg protein/ minute.
Each value is a mean * S.E, of 6 ~ 7 experiments.

* p < 0,05
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fluoride concentration, Under both conditions fluoride stimulation
increased dramatically as the concentration rose above 0.5 mM and
reached a maximum at 4 - 8 mM. Further increase in fluoride concen—
tration resulted in decreased stimulation. On the other hand, responses
to GppNHp were dramatically different in euthyroid and hypothyroid
preparations (Fig. 10). At virtually all concentrations studied, GppNHp
stimulation was greater (p < 0.05) in the euthyroid state. 30 uM GppNHp
resulted in maximum stimulation in both cases. There also appears to be
a tendency for the concentration which stimulated half ﬁa#imally to
shift to the right in hypothyroidism (Fig. 10); EDSO shifted from
épproximately 0.68 M to 1.25 M GppNHp. Responses of adenylate cyclase
in preparations from euthyroid and hypothyroid animals to epinephrine
are shown in Fig, 11, Stimulation of 10_5, 3 x 10_5 and 10_4 M epine-
phrine was significantly greater in euthyroid animals, while at 10~3M
concentration no significant difference was seen.

To confirm that the major differences recorded earlier were due to
the hypothyroid state and not caused by its mode of induction (p.T.U.),
adenylate cyclase activity was examined in another model of hypothyroidism
induced by thyroidectomy. As can be seen in Table 17, the changes seen
after thyroidectomy follow closely those of P.T.U. induced hypothyroidism.
In washed particles there was a definite tendency for basal activity to
be higher in thyroidectomized than euthyroid preparations. GppNHp
stimulation was dramatically reduced after thyroidectomy to an even
greater extent than in P.T.U. induced hypothyroidism. Stimulation by
100 uM epinephrine in the presence of GppNHp achieved values very close
to those for hypothyroidism (P.T.U.), The characteristics of the adeny-

late cyclase in sarcolemmal preparations obtained from thyroidectomized

rats were similar to those of the P,T.U. treated rat hearts,
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Table 17. Adenylate cyclase activity of washed particles obtained from

euthyroid and thyroidectomized rat hearts.

Euthyroid Thyroidectomized
Basal Activity 105 = 2.2 155 + 25,0
+ 30 M GppNHp % Basal 276 £ 14.6 188 + 12.5 #*
100 uM Epinephrine 390 * 16 286 * 10,8 =
+ } % Basal
30 uM GppNHp

Values are means * S.E. of 3 experiments.
Basal adenylate cyclase activity in p moles cAMP/ mg prot/min.

% p < 0.05
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Washed particles were also prepared after 1 and 2 days of T3
administration to hypothyroid animals. After 24 hours neither

GppNHp nor epinephrine stimulations were significantly altered

(Table 18). However after 48 hours, GppNHp stimulation had increased

to above the euthyroid levels. Stimulation by 100 1 epinephrine in

the presence GppNHp was slightly increased (104 * 3.58 vs 119 + 3.26%
basal for saline and T3 injected respectively). Basal adenylate cyclase
activity was not significantly altered 24 or 48 hours aftgr 'I‘3 admini-
stration. In vitro addition of T3 to incubation medium did not

significantly alter adenylate cyclase activity, in contrast to the

findings of Levey and Epstein (34,35) but in agreement with others (40,41).
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V. DISCUSSION

In this study it was observed that Na+ - K+ ATPase activity in
sarcolemma prepared from hearts of hypothyroid rats was less than
that from euthyroid animals. Since this change was seen in prepar-
ations from animals treated with P.T.U. and thyroidectomy, it is
obvious that alterations in Na+ - K+ ATPase were a reflection of the
thyroid status of the animal. Furthermore, depression in the
enzyme activity was seen in sarcolemmal preparations obtained by
hypotonic shock LiBr treatment and sucrose—density gradiénf methods,
which have been shown to yield predominantly right-side out and
inside out vesicular preparations,respectively,(342a) and thus cannot
be regarded as due to differences in the orientations of the membrane
preparations. The yields and cross contamination of the sarcolemmal
preparations with other subcellular organelles (3 to 5%) were found to
be similar in control and experimental hearts. In this regard, it is
noteworthy that there was neither any qualitative difference in the
electrophoretic pattern nor was there any significant difference in
the phospholipid composition of the membrane preparations from control
and hypothyroid hearts. Since sarcolemmal Mg2+ ATPase activities im the
euthyroid and hypothyroid rat hearts were not different from each other,
it éppears that the observed decrease in Na+ - K+ ATPase activity im the
hypothyroid state may be of some specific nature.

It has been demonstrated that sarcolemmal Na+ - K+ ATPase activity
was depressed in hypothyroidism but did not increase in hyperthyroiddism.
‘While rat cardiac sarcolemmal Na+ - K+ ATPase may be under the influence
of thyroid status, the magnitude of changes was less than that pre-

dicted from the examination of crude microsomal preparations (7). and
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maximal thyroid hormone induced activity was achieved in the euthyroid
state. In the hypothyroid state Km was reduced but other parameters

. + + .
such as Ka for Na or Ka for K' as well as pH optimum were unaltered.

The finding that ouabain sensitivity was unchanged is in contrast to

the decreased sensitivity of thyroxine treated rabbits (6). The
reduced inotropic effect of ouabain on ventricular strips of hypo-
thyroid rats (266) can not be accounted for by altered sensitivity of

. + + . . s e .
ventricular Na -~ K ATPase to ouabain. TIn this regard, it is pointed
out that two classes of ouabain binding sites have recently been demon-
strated in rat cardiac membranes (261) but only one of these has an

R N . + +
apparent dissociation constant similar to the lD50 for Na -~ K ATPase.
However, the dissociation constant of the second site is similar to
the concentration required to induce half maximal inotropic effect.
Altered ouabain sensitivity of the inotropic process may be associated
with altered characteristics of this second binding site or at some
stage of the coupling process between binding of ouabain and its ino-
tropic effect.
+ .

It has been proposed that K' stimulated phosphatase represents
the dephosphorylation ste f N + * Ao - :

paosphory p of Na ' - K ATPase cycle (344,345) while others
(346,347) have concluded that these activities are different entities.

e s + . + +
The finding that both K stimulated phosphatase and Na ~ K ATPase
activities are depressed to the same degree in cardiac sarcolemma of
hypothyroid rats without alteration in maximum ouabain inhibition of
either activity provides support to the hypothesis that K+ stimulated

phosphatase activity is linked to the enzyme Na©T KT ATPase. Further—

more, the reversal of hypothyroid induced depression of Né+ - K+ ATPase

after 48 hours but not 24 hours of thyroid hormone treatrment is consistent



with the induction of synthesis of new Na+ - K+ ATPase moieties. Puro-

. +
mycin, which did not significantly alter the sarcolemmal Na+ - K

ATPase of hypothyroid rats, completely blocked the reversal of hypo-
thyroid induced depression by T3 administration. It therefore seems

+
that T3 induced reversal depends on the synthesis of new Na+ - K

ATPase moieties or a protein activator of Na+ - K+ ATPase. The synthesis
of new Na+ - K+ ATPase molecules has been demonstrated in kidney (350,

. 351). The lack of effect of T3 added in‘vitro to sarcolemmal prepara-
tions and the lag period of more than 24 hours before activation is
detected after in wvivo T3 administration, indicate that direct activa-
tion of enzyme moieties, which are present but inactive, is not a
mechanism by which T3 acts. At any rate, the difference in activities
of sarcolemma from hypothyroid and euthyroid rdts can not be considered to be
due to the presence of different levels of endogenous T3 in the isolated
membranes from euthyroid and hypothyroid animals.

Sarcolemmal Na+ - K+ ATPase is probably an essential part of the
Na+ pump in the myocardial cell (Bonting 352). It is therefore possible

+ + . .
that alterations in Na - K ATPase activity may be reflected in alter-

ations of ionic distribution in the cell. Alternatively, changes in
the enzyme activity may be such that they exactly balance the require-—
ments of the cell and no intracellular electrolyte changes are seen.

This is analogous to metabolic changes which enable the cell to in-

crease energy supply to match increased demand so that cytosolic high
‘energy compounds remain at or near normal levels. Thus it is not

. . . + + N
absolutely necessary that changes in cardiac Na - K ATPase activity

must be accompanied by changes in the myocardial electrolyte contents.,
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Plasma electrolyte changes are believed to occur due to complex changes
in absorption and excretiom by the body. Expansion or reduction of

cell volume or extracellular volume and alteration in intracellular
levels may also influence extracellular levels. In general the myo-
cardium can be conceived to have little or no role in regulating plasma
electrolyte levels; however, extracellular electrolytes may have pro-
found effects on myocardial function. Whether changes in heart function
in hypothyroid and hyperthyroid states are due to alterations in extra-
cellular or intracellular electrolytes cannot be stated with certainty
on the basis of the data at hand as well as in the literature.

As in other studies (10,274), the administration of thyroid hoxr-
mone to hypothyroid rats for 48 hours or more caused an increase in
intracellular potassium., This has been interpreted by other authors
(10,274) as reflecting enhancement of the Na+ pump associated with Na+ -
K+ ATPase activity. However, in this study, intracellular potassium
concentration did not differ among the hypothyroid, euthyroid and hyper-
thyroid states in spite of the fact that Na+ - K+ ATPase activity of
hypothyroid rats was depressed. These observations indicate that a
simple relationship does not exist between intracellular potassium and
Na© - K+ ATPase activity measured in vitro or indeed the concomitant
alterations in active monovalent ion uptake measured in isolated tissue
(254). Similarly intracellular sodium did not vary as expected in

euthyroid, hyperthyroid and hypothyroid states. Intracellular sodium

‘levels of hypothyroid rats were not different from those of euthyroid rats

but were less than those of hyperthyroid.rats. Intracellular sodium only

changed as predicted in hypothyroid rats after T3 administration.
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Decreased intracellular sodium accompanied by increased potassium is
expected when Na+ - K+ ATPase activity increases. But this type of
relationship was only found after T3 administration to hypothyroid
rats. It may reflect only the acute phase of Na+ - K+ ATPase change.
The hypothyroid state was developed and maintained over a five week
period and after this time intracellular levels were at or near

normal. Tt may be that over a period, demands on transport mechanism
and transport ability are modified so as to better match each other.
Tachycardia, which is a characteristic of hyperthyroidism and increases
the frequency of action potentials of the myocardium and the influx

of Na+ and efflux of K+, will put greater demand on the Na+ - K+

pump; the opposite will occur in hypothyroidism. In ventricular tissue

of the frog it has been demonstrated that increasing [K+]o increases

the K+ efflux from the cell (353). 1In this study, extracellular

potassium was found to be related to thyroid state. Therefore if a
similar mechanism exists in the rat, the increased extracellular potassium
of hyperthyroidism will increase K+ efflux; the opposite will occur in
hypothyroidism.

Intracellular calcium content did not vary with thyroid state,
although there appeared to be a tendency for it to decrease in hypo-
thyroidism and for this to be reversed after thyroid hormone admini-
stration. However, the values of intracellular calcium represent total
calcium content of the cell and not cytosolic concentrations which may
be influenced by a number of processes. The magnitude of Ca2+ influx
has been shown to be influenced by extracellular calcium levels (354),

Since plasma calcium concentration has been shown in this study to be

influenced by thyroid status, this may tend to increase intracellular
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calcium contents. We have also demonstrated that in the presence of

2+ ATPase and ATP dependent calcium binding of

calmodulin, Ca.z+ - Mg
cardiac sarcolemma were enhanced in the hypothyroid state. Therefore
extrusion of calcium from the cell will be increased in hypothyroidism.
Intracellular magnesium levels were only altered when hypothyroid and
hyperthyroid states were compared. Mechanisms which control intracellular
magnesium levels are poorly understood. Mg2+ ATPase which has been
suggested to be associated with a pumping mechanism (16) was not altered
by thyroid status. TIncreased or decreased [Mg]i may reflect the in-
ability of the cell to extrude or acquire magnesium at the same rate

as the expansion or constriction of the cell volume.

[Mg]:,L / [Ca]i ratio was found to be significantly increased in
hypothyroidism. After 2 days but not 7 days of thyroid hormone treat-
ment of hypothyroid animals, [Mg]i / [Ca]i ratio was still above normal.
Although it did not decrease in the hyperthyroid state, myocardial
[Mg]i / [Ca]i appeared to correlate well with thyroid status. Mg2+
has been demonstrated to influence calcium metabolism in muscle. In
skinned skeletal fibers increasing free Mg2+ above 0.3 mM decreased
submaximal tension development (355). Caffeine induced release of
calcium from isolated sarcoplasmic reticulum was inhibited by high
magnesium levels (356) and it has been suggested that Mg2+ can affect

the rate of CaZT uptake by the sarcoplasmic reticulum (357). These

results were obtained in skeletal muscle but it is conceivable that
24+

Mg can have similar effects in cardiac muscle. Therefore the in-

creased [Mg]:.L / [Ca]i ratio of hypothyroid myocardium may play a role

in the induction of depressed contractility in this state. However,
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in thyroidectomy no such change was seen (9) which would appear to rule
out an obligatory role of altered [Mg]i / [Ca]i in the depression of
myocardial contractility.

5' nucleotidase activity of rat cardiac sarcolemma isolated by
isotonic shock~LiBr treatment was depressed in the hypothyroid state
induced by P.T.U. On the other hand, in sucrose gradient sarcolemma,

5' nucleotidase activity was not depressed. It may be that alterations
in the sarcolemmal 5' nucleotidase may only become evident in the pre-
dominantly right-side out preparations. Since two populations

of 5' nucleotidase, one on either side of the membrane, have been demon-
strated (358), it would therefore seem that only the extracellular pop-
ulation of 5' nucleotidase is altered in hypothyroidism. These results
agree with the finding in thyroidectomized sheep (253) and indicate a
fair degree of selectivity in sarcolemmal alterations in hypothyroid
state.

Passive calcium binding properties and Ca2+ dependent ATPase of
rat cardiac sarcolemma, both of which have been implicated in the control

ﬁi:,g;‘ of calcium influx (359,360), were unaltered by the hypothyroid state.
However, alterations were found in Caz+ - Mg2+ ATPase and ATP dependent
calcium binding which have been associated with extrusion of calcium
from the celi (16). Basal Ca2+ - Mg2+ ATPase was unaltered but ATP
dependent calcium binding was increased in hypothyroid heart sarcolemma.
However, the presence of calmodulin, a known activator of these
activities (17,361), stimulated both activities by approximately 24%
in the euthyroid state but 50% in the hypothyroid state. Since tri-

fluoperazin inhibited activation by calmodulin without altering basal

activity, the presence of varying amounts of endogenous levels of
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calmodulin in the isolated membranes from control and experimental
hearts cannot he considered to account for the difference in activation
by exogenous calmodulin. As calmodulin has been shown to be present

in cardiac sarcolemma (361), it probably plays an integral role in

the regulation of calcium extrusion process. Therefore the calcium
extrusion will be greater from cardiac cells of hypothyroid than euthy-
roid rats , thereby lowering intracellular calcium to a greater ex-
tent. This may play a role in development of depressed contractile
state of hypothyroid myocardium,

Basal adenylate cyclase activity was higher in washed particles
of hypothyroid state than euthyroid state. This may be due te g differ-
ence in relative contribution of sarcolemma protein to the preparation.
This is supported by the finding that sarcolemmal basal activity is
unaltered and that reversal of other enzyme related changes 48 hours
after thyroid hormone administration does not significantly alter
basal activity, While stimulation of fluoride was unaltered, stimu-
lation by GppNHp, a GIP analogue, was depressed in washed particles
of hypothyroid rats over a wide range of concentrations, Stimulation

by epinephrine alone was very poor dndicating that levels of endo-

. genous guanine nucleotides were very low in preparations from euthyroid

and hypothyroid rats. While these results agree with the finding of
Sharma et al (313) of depressed stimulation by 100 uM GppNHp in hypo-

thyroid rats, they are in marked contrast to Robberecht et al (314a)

.who reported unaltered GppNHp stimulation but enhanced fluoride stimu-

lation in hypothyroid rat heart homogenate. It is difficult to account

for these contradictory results. However, Robberecht et al employed
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homogenates prepared from frozen tissue which may have altered the en-
zyme activity as suggested by their low values for the basal activity.
Iu our study all assays were performed within 1 1/2 - 2 hours of
preparation of washed particles. The ability to restore GppNHp sensi-
tivity without altering basal or fluoride stimulated activities within
48 hours of T3 administration confirms that the results reported are
truly thyroid status related. Maximal GppNHp stimulation was also
depressed in thyroidectomized rat hearts.

Hormone activation of adenylate cyclase is a guanine nucleotide
sensitive process which is mediated by a regulatory protein (G/F) dis-
tinct from the catalytic protein (362,363,364,365). While it has been
suggested that fluoride acts through a separate regulatory protein
(366), it has been recently demonstrated that fluoride stimulation
also requires the presence of the G/F component (367). The G/F com-
ponent purified to homogeneity was capable of restoring guanine nucleo-
tide and fluoride stimulated adenylate cyclase activity of lymphoma
cells deficient in this protein (368). In the hypothyroid state it
would appear that G/F component - catalytic component coupling
capacity is not altered as fluoride stimulation is not affected. It
would therefore seem that binding of guanine nucleotide is somehow
affected as the coupling process is altered but only in the presence
of guanine nucleotide and not fluoride. Maximal epinephrine stimu-
lation was not affected which suggests that the number of functional
‘B receptors was not reduced. However at certain submaximal concentra-
tiODS(lO—S - 10*4 M), epinephrine stimulation was depressed although the
EDSO was unaltered. This shift in dose response curve to epinephrine

in the presence of GppNHp may also be related to differences in guanine
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nucleotide binding. The unresponsiveness of the sarcolemmal adenylate
cyclase to GppNHp or epinephrine may be due to a loss of factors re-
quired for this action during the isolation and purification of mem-—
branes. As noted earlier epinephrine activation of adenylate cyclase
is guanine nucleotide dependent and is mediated through G/F component.
It has also been demonstrated that guanine nucleotides‘influence the
binding of agonists to B adrenergic reéeptors (369,370). We feel
that alterations in guanine nucleotide binding proteins with respect
to the binding of nucleotides or coupling with the catalytic protein
in the presence of guanine nucleotides is an underlying mechanism of
depressed catecholamine responsiveness in the hypothyroid state.

From the foregoing discussion it is evident that Na+ - K+
ATPase and 5' nucleotidase activities were depressed whereas Ca2+
stimulated Mg2+ ATPase activity and ATP-dependent Ca2+ binding were
increased in hypothyroid rat hearts. These observations provide
evidence regarding alterations in sarcolemmal functions in hypothyroid-
ism. This view is further substantiated by the fact that the responses
of adenylate cyclase, another sarcolemmal bound enzyme system, to
GppNHp and epinephrine were depressed in hypothyroid rat heart washed
particles. The observed changes in sarcolemma from hypothyroid animals
appear to be of specific nature since the activities of other sarco-
lemmal bound enzymes such as Ca2+ dependent ATPase and Mg2+ ATPase as

well as as ATP-independent Ca2+ binding were not altered under the

‘experimental conditions employed in this study. In view of the impor-

tant roles of sarcolemmal Na'+ - K+ ATPase, 5'-nucleotidase, Ca2+

stimulated ATPase and adenylate cyclase in regulating heart function
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and metabolism, it is suggested that changes in sarcolemmal functions
may play a crucial role in altering cation movements across the cell
membrane in hypothyroid state, These changes thus can partly account
for depressed cardiac function as well as altered responsiveness of

myocardium to some hormones and drugs in hypothyroidism.



10.

i1.

12,

13.

- 121 -

VI. REFERENCES

De Groot, L.J. Thyroid and the heart. Mayo Clin. Proc. 47: 864 -
871, 1972.

Symons, C. Thyroid heart disease. British Heart J. 41: 257 - 262,
1979.

Shishiba, Y., Y. Ozawa, M. Takaishi, N. Eguchi and T. Shimiza.
Potassium deficiency enhances the effect of thyroid hormone on
Nat — Kt ATPase in liver and kidney, Endocrinol. Japan. 27:
329 - 336, 1980.

i +
Asano, Y., U.A. Liberman and I.S. Edelman. Relationship between Na -
dependent respiration and Ma® - X' adenosine triphosphatase activity
in rat skeletal muscle. J. Clin. Invest. 57: 368 - 379, 1976.

Liberman, U.A., Y. Asano, C.S. Lo and TI.S. Edelman. Relationship
between Nat-dependent and Nat - K+ adenosine triphosphatase activity
in the action of thyroid hormone on rat jejunal mucosa. Biophys.

J. 27: 127 - 144, 1979,

Shimada, K. and Y. Yazaki. The effect of thyroxine on (Na+ - K+)
ATPase from the heart and kidney of rabbit. Jap. Heart J. 19:
754 - 761, 1978.

Philipson, K.D. and I.S. Edelman. Thyroid hormone control of Na+ - K+
ATPase and Kt dependent phosphatase in the rat heart. Amer. J. Physiol.
232: €196 - C201, 1977.

L.P. McCallister and E. Page. Effects of thyroxine on ultrastructure
of rat myocardial cells: a stereological study, J. Ultrastruc.
Research 42: 136 - 155, 1973,

Polimeni, P.I. Cardiac electrolytes and water in thyronarathy~
roidectomized rats. J. Mol. Cell. Cardiol. 6: 531 - 541, 1974.

Philipson, K.D. and I.S. Edelman. Characteristics of thyroid -
stimulated Nat - K+ ATPase of rat heart. Am. J. Physiol. 232:
€202 - C206, 1977.

McNeill, J.H., L.D. Muschek and T.M. Brody. The effect of trifi-
odothyronine on cyclic AMP, phosphorylase and adenvl cvclase in rat
heart. Can. J. Physiol. Pharmacol. 47: 913 - 916, 1969.

Brodde, 0.-E., H.-J. Schumann and J. Wagner. Decreased respon-
siveness of the adenylate cyclase system of left atria from hypo-
thyroid rats. Mol. Pharmacol. 17: 180 - 186, 1980.

Wollenberger, A. and L. Will-Shahab. Influence of thyroid state on
the specific binding of noradrenaline to a cardiac particulate frac-
tion and on catecholamine sensitive cardiac adenylate cyclase activity,
In: Recent Advances in Studies on Cardiac Structure and Metabolism:

The Sarcolemma 9: 193 - 203, ed. by Roy, P.-E. and N.S. Dhalla.



14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25,

26.

27.

-~ 122 -

Langer, G.A. and A.J. Brady. Calcium fluyx in the mammalian
ventricular myocardium. J. Gen. Physiol. 46: 703 - 719, 1963.

Shine, K.I., S.D. Serena and G.A. Langer. Kinetic localization
of contractile calcium in rabbit myocardium. Am. J. Physiol,
221: 1408 - 1417, 1971.

Dhalla, N.S., A. Ziegelhoffer and J.A.C. Harrow. Regulatory
role of membrane systems in heart function. Can. J. Physiol.
Pharmacol. 55: 1211 - 1234, 1977.

Tuana, B.S., A. Dzurba, V. Panagia and N.S. Dhalla. Stimulation
of heart sarcolemmal calcium pump by calmodulin. Biochem. Biophys.
Res. Comm, 100: 1245 - 1250, 1981,

Bernal, J., and S. Refetoff. The action of thyroid hormone.
Clinical Endocrinology 6: 227 - 249, 1977,

Blasi, F., F. Fragomele and I. Covelli. Enzymatic pathway for
thyroxine synthesis through p-hydroxy- 3,5,~diiodopyruvic acid.
Endocrinology 85: 542 - 551, 1969,

Marie-France van den Have Vandenbroucke. Secretion of Thyroid
Hormones. 1In: The Thyroid Gland. ed. M. De Visscher, pp. 61 -
81, Raven Press, New York, 1980.

Vale, W., R. Burgus. and R. Guillemin. On the mechanism of action
of TRH. Neuroendocrinology 3: 34 - 39, 1968.

Snyder, P.J. and R.D. Utiger, Inhibition of thyrotropic response
to thyrotropin releasing hormone by small quantities of thyrodid
hormone. J. Clin. Invest. 51: 2077 - 2084, 1972.

Chopra, I.J., D.A. Fisher, D,H. Solomon and G.N. Beall. Thyroxine
and triodothyronine in the human thyroid. J. Clin. Endocrinology
36: 311 - 316, 1973.

Surks, M.I., A.R. Schadlow, J.M., Stolk and J.H. Oppenheimer, Deter-
mination of iodothyronine absorption and conversion of I, — thyroxine
(T4) to L - triodothyronine (T3) using turnover techniques. J. Clin.
Investigation 52: 805 - 811, 1973.

Brown, J., I.J. Chopra, J.S. Cornell, J.M. Hershman, D.H. Solomon,
R.P. Uller and A.J. Van Herle. Thyroid physiology in health and
disease. Ann, Intern. Medicine 81; 68 ~ 81, 1974,

Wolff, J. and E.C. Wolff. The effect of thyroxine on isolated dehy-
drogenases. Biochem. Biophys. Acta 26: 387 - 396, 1957.

Maggio, E.T. and E.F. Ullmann. Inhibition of malate dehydrogenase
by thyroxine and structurally related compounds. Biochim. Biophys,
Acta 522: 284 - 290, 1978.



28,

29.

30.

31.

32,

33.

34.

35.

36.

37.

38.

39.

40.

- 123 -

Wolff, J. The effect of thyroxine on isolated dehydrogenase
IIT. J. Biol. Chem. 237: 236 ~ 242, 1962,

Gilleland, M.J. and J.D, Shore. Inhibition of horse liver alcohol
dehydrogenase by L-3, 3", 5 triiodothyronine. J. Biol. Chem. 244:
5357 - 5360, 1969.

Tai, H.-H., C.L. Tai and C.S. Hollander. Regulation of prosta-
glandin metabolism: Inhibition of 15 hydroxyprostaglandin dehy-
drogenase by thyroid hormone. Biochem. Biophys. Res. Comm.

573 457 - 462, 1974.

Synder, L.M. and W.J. Reddy. The effect of 3-5~3-triode-thyronine
on red cell 2,3 - diphosphoglyceric acid. Clin. Res. 18: 416, 1970.

Snyder, L.M., W.J. Reddy and L. Kurjan. Mechanism of action of
thyroid hormones on erythrocyte 2,3 diphosphoglyceric acid
synthesis. J. Clin. Invest. 49: 1993 - 1998, 1970.

Czernik, A.J., S. Psychoyos and W.D. Cash. Failure of thyroid
hormones to enhance the activity of diphosphoglycerate mutase.
Endocrinology, 95: 508 - 512, 1974,

Levey, G.S. and S.E. Epstein. Activation of cardiac adenyl cyclase
by thyroid hormone. Biochem. Biophys. Res. Comm. 33: 990 - 995,
1968.

Levey, G.S. and S.E. Epstein. Myocardial adenyl cyclase: activation
by thyroid hormones and evidence of two adenyl cyclase systems.
J. Clin. Invest. 48: 1663 - 1669, 1969.

Skelton, C.L., F.E. Karch and K. Wildenthal. TLack of acute effects
of thyroid hormones on myocardial contractility. Am. J. Physiol.
224 957 - 962, 1973.

Alpert, N.R. and L.A. Mulieri. The functional significance of altered
tension dependent heat in thyrotoxic myocardial hypertrophy.
Basic Res. Cardiol. 75: 179 - 184, 1980.

Kobayashi, M., Y. Furukawa and S. Chiba. Absence of acute cardiac
effect of triodothymine on isolated blood perfused canine
atrium. Jap. Heart. J. 20: 219 - 226, 1979,

Wahlberg, P., E. Carlsson and U. Brandt. Lack of acute effects of
triiodothyronine on noradrenaline resnonses of isolated sympathectomized
cat hearts. Acta Endocrinologia 85: 220 - 224, 1977.

Broekhuysen, J. and M. Ghislain. Increased heart adenycyclase activity
in the hypothyroid rat. Biochem. Pharmacol. 21: 1492 - 150Q, 1972.




41,

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

- 124 -

Will-Shahab, L., A. Wollenberger and I. Kuttner, Stimulation of
rat and cat heart adenylate cyclase by triiodothyronine in the
presence of 5' guanylimidodiphosphate. Acta Biol. Med. Germ.
35: 829 -~ 835, 1976.

Casillas, E.R. and E.D. Hoskins. Activation of monkey spermatozoal
adenylate cyclase by thyroxine and triiodothyronine. Biochem.
Biophys. Res. Commun. 40:; 255 - 262, 1970.

Segal, J., H. Schwartz and A. Gordon. The effect of triiodothyronine
on 2-deoxy-D (I - *H) glucose uptake in cultured chick embryo heart
cells. Endocrinology. 101: 143 « 149, 1977.

Segal, J., A. Gordon and J. Gross. FEvidence that L-triiodothyronine
(T3) exerts its biological action not only through its effect on
nuclear activity. In: Thyroid Research, ed. Robbins, J. et al
Amsterdam Excerpta Medica, Abstract No. 144, 1975.

Segal, J. and A. Gordon. The effects of actinomycin D, puromycin,
cyclohexamide and hydroxyurea on 37,5,3- triiodo-L-thyronine
stimulated 2-deoxy-D-glucose uptake in chick embryo heart cells
in vitro. Endocrinology 101: 150 - 156, 1977.

Segal, J. and A, Gordon. The effect of 3,5,3"-triiodo-L-thyronine
on the kinetic parameters of sugar transport in cultured chick
embryo heart cells. Endocrinology 101: 1468 - 1474, 1977.

Goldfine, I.D., C. G. Simons and S.H. Ingbar. Stimulation of the
uptake of o aminoisobutyric acid in rat thymocytes by L-triiodo-
thyronine. Endocrinology, 96: 802 - 805, 1975.

Goldfine, I.D., C.G., Simons, G.J. Smith and S.H. Ingbar., ' Cyclo-
leucine transport in isolated rat thymocytes: in vitro effects of
triiodothyronine and thyroxine. Endocrinology 96: 1030 - 1037,
1975.

Etzkon, J., P. Hopkins, J, Gray, J. Segal and S.H. Ingbar. B~adrener-
gic potentiation of the increased in vitro accumulation of cycloleucine
by rat thymocyte induced by triiodothyronine. J. Clin. Invest., 63: 1172-
1180, 1979.

Pliam, N.B. and I.D. Goldfine. High affinity thyroid hormone binding
sites on purified rat liver plasma membranes. Biochem. Biophys,

Res. Commun, 79; 166 - 172, 1977,

Cheng, S.-Y., R.M. Frederick, J. Roblins, M,C. Willingham and I.H.
Pastan. Receptor mediated uptake of 3,3%,5 triiodo-L~thyronine
by cultured fibroblasts. Proc, Natl. Acad. Sci. U.S.A. 77:

3425 - 3429, 1980,

Krenning, E., R. Docter, B. Bernard, T. Visser and G. Hennenmann,
Regulation of the active transport of 3,3",5- triiodothyronine (T3)
into primary cultured rat hepatocytes by ATP. FEBS letters 119:
279 - 282, 1980.



- 125 -

53. Hoch, F. and F. Lipmann. The uncoupling of respiration and phos~
phorylation hy thyroid hormones. Proc. Natl, Acad. Sci, U.S.A,
405 909 - 921, 1954,

54. Martius, C. and B. Hess. The mode of action of thyroxin. Arch.
Biochem. Biophys. 33: 486 - 487, 1951.
""" 55, Tata, J.R., L. Ernster, O. Lindberg, E. Arrhenius, S. Pederson and
R. Hedman. The action of thyroid hormones at the cell level.
Biochem. J. 86: 408 - 428, 1963,

56. Tarentino, A.L., D.A. Richert and W.W. Westerfeld. The concurrent
" induction of o glycerophosphate dehydrogenase and malate dehydro-
genase by thyroid hormone. Biochim. Biophys. Acta 124: 295 -
309; 1566, o
B 57. Roodyn, D.B., K.B. Freeman and J.R. Tata. The stimulation by
R treatment in vivo with triiodothyronine by amino acid incorpor-
ation into protein by isolated rat liver mitochondria. BRiochemn.
J. 94: 628 -~ 641, 1965,

58. Gross, N.J. Control of mitochondrial turnover under the influence
of thyroid hormone. J. Cell. Biol. 48;: 29 - 40, 1971,

59. Sterling, K., P.0. Milch, M.A. Brenner and J.H. Lazarus. Thyroid
hormone action: the mitochondrial pathyway. Science 197: 996 -
999, 1977.

60. Grief, R.L. and D. Sloane. Mitochondrial binding sites of triiodo-
thyronine. Endocrinology. 103: 1899 - 1902, 1978.

61. Wahl, R., D. Geiskler and E. Kalee. Absorption equilibria of thyroid
hormones in the liver cell. Eur. J. Biochem. 80: 25 — 33, 1977.

62. Weiss, W.P. and J. Sokolaff. Reverse of thyroxine induced hyper-
metabolism by puromycin. Science 140: 1324 — 1326, 1963.

63. Cohen, P.P. Biochemical differentiation during amphibian meta-
morphosis. Science 168: 533 - 543, 1970.

64. Tsai, J.S. and H.H. Samuels. Thyroid hormone action: stimulation
of growth hormone and inhibition of prolactin secretion in cultured
GHi cells. Biochem. Biophys. Res. Commun. 59; 420 - 428, 1974.

65. Viarengo, A., Zoucheddu, M. Taningher and M. Orunesu. Sequential
stimulation of nuclear RNA polymerase activities in liver from
thyroidectomized rats treated with triiodothyronine, Endocrinology,
97: 955 -~ 961, 1975.

66. Limas, C.J, and C. Chan-Stier. Myocardial chromatin activation in
experimental hyperthyroidism in rats.. Circ. Res. 42: 311 - 316, 1978,



67.

68.

69.

70.

70a.

71a.

72.

72a.

73.

73a.

74.

- 126 -

Limas, C.J. Enhanced myocardial RNA synthesis in hyperthyroid
rats; role of endogenous RNA polymerases. Am. J. Physiol.
236; H451 - H459, 1979.

Oppenheimer, J.H., D. Koerner, H.L. Schwartz and M,I. Surks.
Specific nuclear triiodothyronine sites in rat liver and
kidney. J. Clin. Endocrinol., Metab, 35; 330 - 333, 1972.

Oppenheimer, J.H., H.L. Schwartz, D. Koerner and M.I, Surks.
Limited binding capacity sites for L-trifodothyronine in rat
liver nuclei. Nuclear cytoplasm interralation, binding constants

“and cross—-reactivity with L-thyroxine. J. Clin.

Invest., 53: 768 - 777, 1974,

Roy, A.K., M.J. Shiop and D.J. Dowlenko. The role of thyroxine
in the regulation of translatable messenger RNA for gy
globulin in rat liver.  FEBS Letters 64: 396 — 399, 1976.

Sokoloff, L., P.A. Roberts, M.M. Januska and J.F. Kline. Mechanism
of stimulation of protein synthesis by thyroid hormones in vivo.
Proc. Natl. Acad. Sci. U,S.A. 60: 652 - 659, 1968.

Carter, W.J., F.H. Faas and J. Wynn. Thyroxine stimulation of
protein synthesis in vitro in the absence of mitochondria,
J. Biol. Chem. 246: 4973 —~ 4977, 1971.

Carter, W.J., F.H. Faas and J. Wynn. Demonstration of thyroxine
stimulated incorporation of amino acids into peptide linkage in
mitochondria-free system. J. Biol. Chem. 250: 3588 - 3594, 1975.

Oppenheimer, J.H., H.L. Schwartz and M.I. Surks. Tissue differences
in the concentration of triiodothyronine nuclear binding sites in
the rat: liver, kidney, pituitary, heart, brain, spleen and

testis. Endocrinology 95: 897 ~ 903, 1974,

Bernal, J., S. Refetoff and L.J. De Groot. Abnormalities of T3
binding to lymphocyte and fibroblast nuclei from a patient with
peripheral tissue resistance to thyroid hormone activity.

J. Clin. Endocrinol. Metab. 47: 1266 - 1272, 1978.

Oppenheimer, J.H., H.L. Schwartz, W. Dillman and M.I. Surks.
Effect of thyroid hormone analogues on the displacement of .12°1-
L-triiodothyronine from hepatic -and heart nuclei in vivo: possible
relationship to hormomal activity. Biochem. Biophys. Res. Commun,
55: 544 - 550, 1973,

De Groot, L.J. and J.L. Strausser. Binding of T3 in rat liver nuclei.
Endocrinology 95: 74 - 83, 1974.

Surks, M.I., D. Koerner, W. Dillmann and J.H. Oppenheimer. Limited
capacity binding sites for L-triidodthyronine in rat liver nuclei.
Localization to the chromatin and partial characterization of the
L-triiodothyronine-chromatin complex. J. Biol. Chem. 248: 7066 -
7072, 1973.



- 127 -~

75. Mornex, R. and J.J. Orgiazzi. Hyperthyroidism. The Thyroid Gland,
ed. M. De Visscher, Raven Press, New York, 1980.

76. Hall, R, and M.F. Scanlon, Hypothyroldism; Clinical features and
complications. Clin. Endocrinol. Metabol. 8: 29 - 38, 1979,

77. De Visscher, M. and Y. Ingelbleek. Hypothyroidism. The Thyroid
Gland. Ed. by M. De Visscher, Raven Press, New York, 1980.

78. Major, R.H. A History of Medicine. Charles C. Thomas, Illinois,
1954,

79. Kohn, L.A, A look at iodine-induced hyperthyroidism: recognition.
Bull. N.Y. Acad. Med. 51: 959 - 966, 1975.

80. Garrison, F.H. History of Medicine. W.B. Saunders Co. Philadelphia,
1929.

81. Kcmtos, H.A., W. Shapiro, and H.P.: ‘Mauch, Jr. Mechanism of certain
abnormalltles of the circulation to the limbs in thyrotoxiconis.
J. Clin. TInvest. 44: 947 - 956, 1965.

82, Amidi, M., D.F. Lean, W.J. De Groot, F.W. Kroetz and J.J. Leonard.
Effect of the thyroid state on myocardial contractility and ventri-
cular ejection rate in man. Circ. 38: 229 - 239, 1968,

83. Wong, T.Y., D.C. Barzilai, R.E. Smith and W.M. McConahey., Electro-
cardiographic voltage change during hyperthyroidism. Mayo Clin.
Proc. 54: 763 - 768, 1979.

84. Schafer, R.B. and J.A. Bianco. Assessment of cardiac reserve in
patients with hyperthyroidism. Chest 78: 269 - 273, 1980.

85. Walton, R.P. and T.D. Darly. Circulatory effects of salicylates.
Circ. Res. 6: 155 - 158, 1958.

86. Huckabee, W.E. Effects of phosphorylation uncoupling in tissues on
cardiac output in intact animals. Fed. Proc. 20: 131, 1961.

87. Kroetz, F., W.J. De Groot, J.J. Leonard and J.V. Warren. The
relationship of oxygen consumption to hemodynamic response in
hypermetabolic states. Clin. Res. 10: 19, 1962.

88. Ballock, A. and T.R. Harrison. The effects of thyroidectomy and
thyroid feeding on the cardiac output, Surg., Gynec. and Obst.
44: 617 - 626, 1927,

89. Graettinger, J.S., J.J. Muenster, L.A. Selverstone and J.A. Cambell.
A correlation of clinical and haemodynamlc studies in patients with
hyperthyroidism, with and without congestlve heart fallure. J.
Clin. Invest. 38: 1316 ~ 1327, 1959.



- 128 -

90. Beznak, M. Cardiovascular effects of thyroxine treatment in normal
rats. Can. J. Biochem, Physiol. 40: 1647 - 1654, 1962,

91. Blum, J., M. Tartulier, F. Deyrieux, A.M. Bobichon and A, Tourniaire.
Etude hemodynamique de 1'hyperthyroidie, Arch, Mal, Coeur, 2:
207 - 216, 1974.

92. Frey, H.MM. Peripheral circulatory and metabolic consequences of
thyrotoxicosis. Scand. J. Clin. Lab. Invest. 19: 346 - 35Q, 1967,

93. Resnekov, L. and R.E, Falicov. Thyrotoxicosis and lactate producing
angina pectoris with normal coronary arteries. Brit Heart Journal
39: 1051 - 1057, 1977. ’

94. Mathe, D. and F. Chevallier Effect of thyroid state on cholesterol
metabolism in the rat. Biochem. Biophys. Acta 441: 155 - 164, 1976.
‘‘‘‘‘‘ 95. Kutty, K.M., D.G. Bryant and W.F. Farid. Serum lipids in hypothyroidism-
a re-evaluation. J. Clin. Endocrinol. Metab. 46: 55 - 60, 1978.

96. Symons, C., A, Myers, D. Kingstone and M., Boss. Response to thyro-
tropin-releasing hormone in atrial dysrhythmias. Postgrad. Med. J.
54: 658 - 662. 1973.

97. Fowler, P.B.S. and J. Swale. Premyxoedema and coronary artery disease.
Lancet 1: 1077 - 1979, 1967.

98. Bastenie, P.A., M. Bonnyns, P, Neve, L. Vanhaelst and M. Chailly.
Clinical and pathological significance of asymptomatic atrophic
thyroiditis. Lancet 1: 915-919, 1967.

99. Fletcher, K. and N.B. Myant. Influence of the thyroid on the
synthesis of cholesterol by liver and skin in vitro. J.
Physiol. (Lond) 144: 361 - 372, 1958,

100. Ness, G.C., R.E. Dugan, M.R. Lakshmanan, C.M. Nepokroeff and J.W.
Potter. Stimulation of hepatic B-hyroxy-B-methylglutaryl coenzyme
A reductase activity in hypophysectomized rats by L-triiodothyronine.
Proc. Natl. Acad. Sci. U.S.A. 70: 3839 - 3842, 1973.

101. Feringold, K.R., M.H. Wiley, G. MacRae and M.D, Siperstein. Influence

of thyroid hormone status on mevalonate metabolism in rats. J.
Clin. Invest. 66: 646 - 654, 1980.

102. Kritchevsky, D. Influence of thyroid hormones and related compounds
on cholesterol biosynthesis and degradation. Metabolism 9: 984 -
994, 1960Q.

103. Sykes, M., W.M. Cnoop-Koopmans, P. Julien and A. Angel., The effect
of hypothyroidism, age and nutrition on L.D.L. catabolism in the
rats. Metabolism 30: 733 - 738, 1981.



- 129 -

104. O'Hara, D.D., D. Porte, Jr. and R.H. Williams, The effect of diet

and thyroxine on plasma lipids in myxedema. Metabolism 15:
123 -~ 134, 1966,

105. Furman, R.H., R.P. Howard, K. Lakashmi and L.N. Ndarcia. The serum
lipids and lipoprotein in normal and hyperlipidemic subjects as
determined by preparative ultracentrifugation. Am. J. Clin. Nutri-
tion. 9: 73 -~ 102, 1961.

106. Redgrave, T.G. and D.A, Snibson. Clearance of chylomicron tria-
cylglycerol and cholesteryl ester from the plasma of streptozotocin-
induced diabetic and hypercholesterolemic hypothyroid rats.
Metabolism 26: 493 - 503, 1977.

107. Engelsken, S. and R.P. Eaton. The effect of thyroid hormone on tri-
glyceride production and disposal in the rat. Clinical Research
26: 305A, 1978.

108. Engelsken, S. and R.P. Faton. Thyroid hormone-induced dissociation
between plasma triglyceride and cholesterol regulation in the rat.
Endocrinology. 107: 208 - 214, 1980.

109. Vanhaelst, L., P. Neve, P. Chailly and P.A. Bastenie, Coronary artery
disease in hypothyroidism. Lancet 2: 800 - 802, 1967.

110. Steinberg, A.D. Myxedema and coronary artery disease — a comparative
autopsy study. Ann. Intern. Med. 68: 338 - 344, 1968,

111. Bastenie, P.A., M. Bonnyns, L. Vanhaelst, P. Neve and M. Staquet.
Preclinical hypothyroidism, a risk factor for coronary artery
disease. Lancet 1: 203 - 204, 1971.

112. Keating, F.R., T.W. Parkin, J.B. Selby and L.S. Dickinson. Treat-
ment of heart disease associated with myxedema. Prog. Cardiovasc.
Dis. 3: 364 - 381, 1960.

113. Tunbridge, W.M.G., D.C. Evered, R, Hall, D. Appleton, M. Brewis,
F. Clark, J. Grimley Evans, E, Young, T. Bird and P.A. Smith.
Lipid profiles and cardiovascular disease in the Whickhan area
with particular reference to thyroid failure. Clin, Endocrinol.
7: 495 - 508, 1977.

114. Endo, T., I. Komiya, T. Tsukui, T. Yamada, T. Izumiyama, H. Nagata,
S. Kono and K. Kamata. Re-evaluation of a possible high incidence
of hypertension in hypothyroid patients. Am. Heart J. 98:
684 -~ 688, 1979.

115. Tudhope, G.R. and G.M. Wilson. Anaemia in hypathyroidism,
Quart. J. Med. 29: 513 - 537, 1960.

116. Horton, L., R.J. Coburn, J.M. England and R.L. Himsworth. The
haematology of hypothyroidism. Quart. Med. J, 45; 101 - 124, 1976.



117.

118.

119.

120.

121.

123,

124,

125.

126.

127.

128.

- 130 -

Alverez-Sala, J.L., M.A. Urban, J.J. Sicilia, A.J, Diaz Fdez,

F, Fdez Mendieta and D. Espinos. Red cell 2-3~diphosphoglycerate
in patients with hyperthyroidism. Acta Endocrinologica 93: 424 -
429, 1980.

Gahlenbeck,  H. and H. Bartels, Veranderung der Sauerstoffbindungs-
kurven des Blutes bei Hyperthyreosen und nack Gabe von Trijodthy-
ronin bei Gesunden und bei Ratten, Klin. Wochenscher 46: 547 -
548, 1968.

Miller, W.W., M. Delivoria-Papdopoulos, L. Miller and F.A. Oski.
Oxygen releasing factor in hyperthyroidism. J. Amer. Med, Ass.
211: 1824 — 1826, 1970.

Snyder, L.M., and W,J. Reddy. Thyroid hormone control of erythrocyte
2,3-diphosphoglyeric acid concentrations. Science 169: 879 - 882,
1970.

Klein, I., P. Mantell, M. Parker and G.S. Levey. Resolution of
abnormal muscle enzyme studies and hypothyroidism. Am. J. Med.
Sci. 279: 159 - 162, 1980,

E. Page and L.P. McCallister. Quantitative electron microscopic
description of heart muscle cells. Application to normal, hyper-
trophied and thyroxin-stimulated hearts. Amer. J. Cardiol. 31:
172 - 181, 1973.

Craft-Cormney, C, and J.T. Hansen. Early ultrastructural changes
in the myocardium following thyroxine—induced hypertrophy. Virchows
Arch. B. 33: 267 - 273, 1980.

Smitherman, T.C., R.S. Johnson, K. Taubert, R.S. Decker, K, Wildenthal,
W. Shapiro, R. Butsch and E.G. Richards. Acute thyrotoxicongis: in the
rabbit: changes in cardiac myosin, contractility and ultrastructure.
Biochem. Med. 21: 277 - 298, 1979,

McFadden, P.M. and G.S. Berenson. Basement membrane changes in myo-
cardial and skeletal muscle capillaries in myxedema. Circ. 45
808 - 814, 1972.

Szabo, J., K. Mosztray, I. Takacs and .J. Szegi. Thyroxine induced
cardiomegaly : assessment of nucleic acid, protein content and
myosin ATPase of rat heart, Acta Physiologica Academiae Scientiorum
Hungaricae. 54: 69 - 79, 1979.

Sandler, G. and G.M. Wilson. The production of cardiacrhypertrophy
by thyroxine in the rats. Quart. J. Exp. Physiol. 58: 222-289, 1959,

Mowery, M.B. and H.A. Lindsay. Effect of exogenous triiodothyronine
on weight and composition of the heart in rats. Proc. Soc. Exp.
Biol. Med. 143: 138 - 140, 1973.



129,

130,

131.

132,

133.

134.

135.

136.

137.

138.

139.

140.

Van Liere, E.J., D.A. Sizemore and J. Hunnell, Size of cardiac
ventricles in experimental hyperthyroidism in the rat, Proc.
Soc. Exper. Biol. & Med. 132: 663 - 665, 1969.

Gertz, B.A., E.S. Haugaard and N, Haugaard. Effects of thyroid

hormone on UTP content and-uridine kinase activity of rat heart
and skeletal muscle. Am. J. Physiol. 238: E&443 — E449, 1980,

Zimmer, H.G,.,, G. Steinkopff and E. Gerlach. Effect of triiodo-
thyronine on the biosynthesis of adenine nucleotides and proteins
in the rat heart. Adv. Exp. Med. Biol. 76A: 50 - 58, 1976,

Sanford, C.¥., E.E. Griffin and K. Wildenthal, Synthesis and de-
gradation of myocardial protein during the development and
regression of thyroxine-induced cardiac hypertrophy in rats.
Circ. Res. 43: 688 - 694, 1978.

Wildenthal, K., C.F. Sanford, E.E. Griffin and J.S. Crie.

Effect of thyrotoxicesisand recovery of myocardial protein balance.
In: Advances in Myocardiology. Ed. by M. Tajuddin, P.K. Das,

M. Tarig and N.S. Dhalla. 1: 503 — 507, 1980

Goldberg, A.L., M. Tischler, G. De Martino and CG. Griffin.
Hormonal regulation of protein degradation and synthesis in
skeletal muscle. Fed. Proc. 39: 31 - 36, 1980.

Goldberg, A.L. The regulation of protein turnover by endo-
crine and nutritional factors. In: Plasticity of Muscle.
ed. D. Pette. W. de Gruyter & Co., Berlin Pg. 469 = 492, 1980.

Carter, W.J., W.S. Van der Weijden Benjamin and F.H. Faas.
Effect of experimental hyperthyroidism on protein turnover in
skeletal and cardiac muscle. Metab, 29: 910 - 915, 1980.

Wildenthal, K. and E.A. Mueller. Increased myocardial cathepsin D
activity durlng regression of thyrotoxic cardiac hypertrophy.
Nature 249: 478 - 479, 1974.

Hjalmarson, A.C., D.E. Rannels, R. Kao and H.E. Morgan. Effects of
hypophysectomy, growth hormone & thyroxine in protein turnover in
heart. J. Biol. Chem. 250: 4556 - 4561, 1975.

Decker, R.S. and K. Wildenthal. Lysosomal alterations in heart,
skeletal muscle and liver of hyperthyroid rabblts. Lab. Invest.
443 455 —~ 465, 1981.

Mayer, M., R. Amin. and E, Shafrir. Differences in response of
proteolytlc activity in cardlac, skeletal and diaphragm muscle to
hormones and catabolic conditions. Mol. Cell. Endocrinol. 18;:

49 - 58, 1980.



141,

142,

143,

144,

145.

146.

147,

148.

149.

150.

152,

153.

154.

- 132 -

Toyo-Oka, T. TIncreased activity of intramuscular pProteases in the
hyperthyroid state. FEBS Letters 117: 122 - 124, 1980,

Atkins, J.F., J,B. Lewis, C.W. Anderson'and R.F, Gesteland, Enhanced
differential synthesis of protein in a mammalian cell—-free system by
addition of polyamines. .J. Biol. Chem. 250y 5688 ~ 5695, 1975.

Kreip, B., M. Raymondjean, D, Bogdanosky, L. Bachner and G. Shapiro,
An improved and easy technique for polyamine determination in biolo~
gical samples. Application to cell free system from hypertrophied
rat hearts. J. Chromatog. 162; 547 - 559, 1979.

Chideckel, E.W., S.J. Rozovski and E.R. Belur. Thyroid-hormone effects
on ornithine decaboxylase. Biochem. J. 192: 765 - 767, 1980,

Lau, C. and T.A. Slotkin. Regulation of ornithine decarboxylase
activity in the developing heart of euthyroid and hyperthyroid rats.
Mol. Pharmacol. 18: 247 - 252, 1980, '

Pegg, A.E. and H. Hibasami. Polyamine metabolism during cardiac hyper-
trophy, Am. J. Physiol. 239: E372 - E378, 1980.

Bartolome, J., J. Huguenard and T.A. Slotkin. Role of ornithine
decarboxylase in cardiac growth and hypertrophy. Science 210:
793 - 794, 1980.

Crowley, W.F., E.C. Ridgway, E.W. Bough, G.S. Francis, G.H, Daniels,
I.A, Kourides, G.S. Myers and F. Maloof. Noninvasive evaluation

of cardiac function in hypothyroidism. New Eng. J. Med., 296: 1 - 6,
1977.

Plotnick, G.D., D.L. Vassar, A.F. Parisi, B,P. Hamilton, N.H. Carliner
and M.L. Fisher, Systolic time intervals in hypothyroidism: end

organ function as a reflection in clincal status. Am. J, Med Sci.
277: 263 - 268, 1979.

Howitt, G., D.,J. Rowlands, D.Y.T. Leung and W.F.W.E, Logan, Myo-
cardial contractility, and the effects of B-adrenergic blockade
in hypothyroidism and hyperthyroidism. Clin. Sci. 34: 485 - 495,
1968,

Cohen, M.V., I.C. Schulman, A. Schenillo: and M,I. Surks. Effects
of thyroid hormone on left ventricular function in patients with
thyrotoxicosis. Am. J. Cardiol. 48: 33 - 38, 1981,

Paulus, W.J., R.Ranquin and G. Parizel. Systolic time intervals;
a valuable parameter of thyroid function. Angiol. 31: 100 - 108,
1980.

Nose, 0., I. Maki, T. Harada and H, Yabuuchi. 'Systolic time interval
in infants and children with primary hypothyroidism. Am. J. Dis.
Child. 135: 385, 1981.



- 133 -~

155. Baldwin, K.M., S.B. Ernst, R.E. Herrick, A.M. Hooker and W.J.
Mullin, Exerices capacity and cardiac function in trained and
untrained thyroid - deficient rats, J, Appl. Physiol. 49:
1022 - 1026, 1980.

156. Hjalmaron, A.C., C.F. Whitfield and H.E. Morgan. Hormonal control
of heart function and myosin ATPase activity. Biochem. Biophys., Res.
Commun. 41: 1584 - 1589, 1970.

157. Taichman, G. and B. Korecky., Contractile state of the whole heart
after hormonal intervention., Fed, Proc. 29: 321, 1970.

158. Taylor, R.R., J.W, Covell and J. Ross, Jr. Influence of the thyroid
state on left wventricular tension velocity relation in the intact
sedated dog. J. Clin. Invest. 48: 775 - 784, 1969.

159. Murayama, M. and Goodkind, M.J. Effect of thyroid hormone on the
frequency - force relationship of atrial myocardium from the
guinea pig. Circ, Res. 23; 743 - 751, 1978.

160. Buccino, R.A., J.F. Spann , Jr., P.E. Pool, E.H, Sonmenblick and
E. Braunwald. Influence of thyroid state on the intrinsic cont—

ractile properties and energy stores of the myocardium. J.
Clin. Invest. 46; 1669 - 1682, 1967.

161. Pannier, J.L. The influence of thyroid hormone on myocardial cont-
ractility. Arch. Intern. Physiol, Biochim, 76: 477 — 490, 1968.

162. Buccino, R.A., J.F. Spann, Jr., E.H. Sonnenblick and E. Braunwald,
Effect of thyroid state on myocardial contractility. Endocrinology
82: 191 - 192, 1968. ‘

163. Skelton, C.L., H.N. Coleman, K. Wildenthal and E. Braunwald.
Augmentation of myocardial oxygen consumption in hyperthyroid cats,
Circ., Res. 27: 301 - 309, 1970.

164. Gunning, J.F., C.E. Harrison, Jr. and H.N. Coleman ITI. Myocardial
contractility and energetics following treatment with d-thyroxine.
Am. J. Physiol. 226: 1166 ~ 1171, 1974.

165. Pormley, W.W., J.F. Spann, Jr., R.R. Taylor and E,H. Sonnenblick.
The series elasticity of cardiac muscle in hyperthyroidism,

ventricular hypertrophy and heart failure. Proc. Soc. Exper.
Biol. Med. 127: 606 - 609, 1968,

166. Skelton, C.L., P.E. Pool, S.C. Seagren and E. Braunwald. Mechano~-
: chemistry of cardiac muscle. V. Influence of thyroid state or
energy utilization. J. Clin. Invest. 50: 463 - 473, 1971.

167. Minelli, R, and B. Korecky. FEffect of growth hormone and thyroxine
: on isometric contractile mechanisms of cardiac muscle. Can. J.
Physiol. Pharmacol, 47; 545 - 552, 1969.



- 134 -

168. Korecky, B, and M. Beznak. Effect of thyroxine on growth and
function of cardiac muscle. In; Cardiac Hypertrophy. ed.
by N.R. Alpert. New York, Academic Press, pp., 55 ~ 64, 1971.

169. Goodkind, M.J,, G.E. Damhach, P,T. Thyrum and R.J, Luchi.
Effect of thyroxine on ventricular myocardial contractility
and ATPase activity on guinea pigs. Am. J. Physiol, 266:
66 - 72, 1974,

170. Brooks, I,, S.B. Flynn and H,H. Underwood, Effect of L,-3,3%,5-
triiodothyronine (T3) in guinea pigs. International Society
for Heart Research meeting (American section) Vermont, Abstract, 1981,

172. Rackwitz, R., H.P. Otter and H, Jahrmarker. Dose~relation of
: thoxine—~induced changes in myocardial energy stores. Recent.
Gl Adv. Stud. Cardiac Struct. Metab. 8: 485 - 491, 1975,

173. Nishiki, K., M. Erecinska, D.F. Wilson and S. Cooper., Evaluation
of oxidative phosphorylation in the hearts from euthyroid, hypo-
thyroid and hyperthyroid rats. Am. J. Physiol. 235: €212 - €219,
1978.

174, Sestoft, L. Metabolic aspects of the calorigenic effects of thyroid
hormone in mammals. Clin, Endocrinol. 13: 489 - 506, 1980.

175. Nayler, W.G., N,.C.R.Merrillees, D. Chipperfield and J.B. Kurtz.
Influence of hyperthyroidism on the uptake and binding of calcium
by cardiac microsomal fractions and on mitochondrial structure.
Cardiovasc. Res. 5: 469 - 482, 1971.

176. Olson, R.E. Abnormalities of myocardial metabolism. GCirc. Res. 15:
IT 109 - IT 117, 1964,

177. Piatnek-Leunissen, D. and R.E. Olson. Cardiac failure in the dog
as a consequence of exogenous hyperthyroidism. Circ, Res. 20:
242 - 252, 1967,

178. Burns, A.H. and W.J. Reddy. Direct effects of thyroid hormones on
glucose oxidative by isolated rat cardiac myocytes. J. Mol. Cell.
Cardiol. 7: 553 - 561, 1975.

179. Cohen, J., A.A, Whitbeck and F.F, Karch, Conserving effect of thyroid
hormone on myocardial ATP stores in vitro, Cardiovasc. Res. 7: 196 -
200, 1973,

180. Palacios, I., K. Sagar and W,J. Powell, Jr. Effect of hypaxia on
- mechanical properties of hyperthyroid cat papillary muscle. Am. J,
Physiol. 237: H293 - H298, 1979,

181. Tsai, J.S. and A. Chen. Thyroid hormones: effect of physiological
concentration on cultured cardiac cells. Science 194: 202 - 204,
1976,



18la. Schwartz, H. and A, Gordon. Effect of triiodothyronine on chick
embryo heart cells maintained in tissue culture. TIsr. J. Med.
Sci. 11: 877 - 883, 1975.

182. Siess, V.M. and H.E. Gomme., Decarboxylation rate of laC*glucose and 14C—

hexanoate in isolated atria of guinea pigs. Depending on the extra-
cellular substrate concentration, their competition and the direct
influence of drugs. Arzneimittel Forschung, 18: 1357 - 1368, 1968,

183. Ali, F. and N.Z. Baquer. Effect of thyroid hormones on hexokinase
isoenzyme in rat brain and heart. Indian J. Exp. Biol. 18: 406 - 408,
1980.

184. Bernak, M., R.A. Paterson and J.R.E. Valadares. Cardiac responses
to pituitary and thyroid hormones. Brit. J. Pharmacol. 44: 333P —
334P, 1972,

185. Baldwin, K.M,, A,M. Hooker, P.J. Cambell and R.E. Lewis. Enzyme
changes in neonatal skeletal muscle: effect of thyroid deficiency.
Am. J. Physiol. 235: C97 ~ Cl1l02, 1978.

186. Baldwin, K.M., P.J., Campbell, A.M. Hooker and R.E., Lewis. Effect
of thyroid deficiency and sympathectomy on cardiac enzymes. Am. J.
Physiol. 236: C30 - C34, 1979.

187. Paterson, R.A. Metabolic control of rat heart glycolysis after
acute ischaemia, fluoracetate treatment and thyroid interactions.
J. Mol. Cell. Cardiel. 2: 193 - 210, 1971.

188. Sarkar, S.R., B.N. Chaudhuri,L.R. Singh and S.R. Mazumdar. Thyroid
function and myocardial lactic dehydrogenase enzyme system in rats.
Indian J. Exp. Biol. 17: 1252 - 1253, 1979.

SRR 189. Tulea, E., F. Schneider, F. Schneider and A. Petroici. The metabolic

and functional effects of thyroid hormone excess in rats.
Physiologie 16: 37 - 40, 1979.

190. Zaimis, E., L. Papadaki, A.S.F. Ash, E. Larbi, S, Kakari, M. Mathew
and A. Paradelis., Cardiovascular effects of thyroxine. Cardiovasc.
Res. 3: 118 - 133, 1969.

191. Ash, A.S.F., E. Larbi, L. Papadaki and E. Zaimis. Cardiac effects of
thyroxine. Brit. J. Pharmacol. 34: 681P -~ 682P, 1968.

192. Tarjan, E.M. and S,-1, Kamata. Effects of in vivo or in vitro admini-
stration thyroxine on substate metabolism of isolated rabbift
ventricle mitochondria. III. Endocrinology 89: 385 - 396, 1971.

193. Smith, M.T. Effect of chronic low dose of L-thyroxine on succinate
dehydrogenase activity in the mammalian liver and myocardium. -
Biochem. Soc. Transact, 6: 131 - 133, 1978,



194,

195.
196.

197.

198.
199.
200.
201.
202.
203.
204.
205.

206.

- 136 -

Isaacs, G.H,, B, Sacktar and T.A. Murphy, The role of 0 glycero-
phosphate cycle in the control of carbohydrate oxidation in heart
and in the mechanism of action of thyroid hormone. Biochim. Biophys.
Acta 177 196 - 203, 1969.

Lee, Y.-P. and H.A. Lardy. Influence of thyroid hormone on L-o~
glycerophosphate dehydrogenases and other dehydrogenases in various
organs of the rat. J. Biol, Chem. 240: 1427 — 1436, 1965.

Kleitke, B., A. Wollenberger., G. Heifer and H. Syndow. Influence
of thyroid hormones on the activity of o glycerophosphate dehy-
drogenase, Acta Biol. Med. Germ. 22: 7 — 22, 1969.

Reith, A., D. Brdiczka, J. Nolte and H.W. Staudte, The inner
membrane of mitochondria under the influence of triiodothyronine
and riboflavin deficiency in rat heart muscle and liver.

Exper. Cell. Res. 77: 1 - 14, 1973,

Bressler, R, and B. Wittels. The effect of thyroxine on 1lipid and‘
carbohydrate metabolism in the heart. J. Clin. Invest. 45:
1326 - 1333, 1966, -

Brzezinska, Z. and H. Kacuila-Uscilko. Low muscle and liver glycogen
contents in dogs treated with thyroid hormones. Horm. Metab, Res.
11: 675 - 678, 1979.

Rosenfeld, P.S. and I.N. Rosenberg, Effect of altered thyroid states
upon epinephrine induced lipolysis in vitro. Proc. Soc. Exp. Biol.
Med. 118: 221 - 225, 1965.

Fain, J.N. and J.W. Rosenthal. Calorigenic action of triiodothyronine
on white fat cells: effects of ouabain, oligomycin and catecholamine.
Endocrinol. 89:; 1205 - 1211, 1971.

Rich; C., E.L, Bierman and I.L. Schwartz. Plasma nonesterfiied
fatty acids in hyperthyroid states. J. Clin. Invest. 38: 275 -
278, 1959.

Bartels, P.D.,, L.0. Kristensen, L.G. Heding and L. Sestoft. Deve-
lopment of ketonemia in fasting patients with hyperthyroidism.
Acta Med. Scand. 624 (Suppl): 43 - 47, 1979.

Revis, N.W. and A.J.V., Cameron. Metabolism of lipids in experi-
mental hypertrophic hearts in rabbits. Metabolism 28: 601 - 618,
1979. ’

Lifschitz, M.D, and H.L. Kagne. Cardiac myofibrillar ATPase activity
in hypophysectomized or thyroidectomized rats. Biochem. Pharmacol,
15: 405 - 407, 1966. '

Thyrum, P.T., E.M, Kritcher, R.J. Luchi. Effect of thyroxine on
primary structure of cardiac myosin. Biochim, Biophys. Acta 197:
335 - 336, 1970.



207.

208.

209.

210.

211.

212,

212a.

213.

214,

215.

216 .

217.

- 218.

- 137 -

Yazaki, Y. and M.S. Raben, Effect of thyroxine on the enzymatic
characteristics of cardiac myosin; possible mechanism of inotropic
action. Thyroid Research, ed. Robbins, J. Amsterdam, Exerta
Medica Pg. 39, 1976.

Conway, G., R.A. Heazlitt, N.O. Fowler, M, Gabel and S. Green.
The effect of hyperthyroidism on the sarcoplasmic reticulum and
myosin ATPase of dog heart. J. Mol, Cell. Cardiol. 8: 39 ~ 51,
1976. ‘

Rovetto, M.J., A.C. Hjalmarson,H,E. Morgan, M,J. Barret and R.A.
Goldstein. Hormonal control of cardiac myosin adenosine triphos-
phatase in the rat, Circ. Res, 31: 397 - 409, 1972.

Yuzaki, Y. and M.S. Raben. Effect of the thyroid state on the
enzymatic characteéristics of cardiac myosin, A difference in

behavior of rat and rabbit cardiac myosin. Circ, Res. 36:
208 - 215, 1975.

Morkin, E. Stimulation of cardiac myosin adenosine triphosphatase
in thyotoxicosis. Circ. Res. 44: 1 - 7, 1979.

Affletto, J.J. and M.A. Inchiesa, Jr. Decrease in rat cardiac
myosin ATPase with aortic constriction: prevention by thyroxine
treatment. Life S¢i. 25: 353 - 364, 1979.

Katagiri, T., A.S. Fredberg and E. Morkin. Effects of N-ethyl-
maleimide on the ATPase activities of cardiac myosin from thyro-
toxic rabbits. Life Sci. 16: 1079 -~ 1087, 1975.

Banerjee, S.K., I.L. Flink and E. Morkin. Enzymatic properties
of native and N-ethylmadeimidine-modified cardiac myosin from
normal and thyrotoxic rabbit. Circ. Res. 39: 319 - 376, 1976.

Flink, I.L. and E. Morkin. Evidence for a new cardiac myosin species

in thyrotoxic rabbit. FEBS Letters 81: 391 - 394, 1977.

Flink, I.L., J.H. Rader and E. Morkin. Thyroid hormone stimulatesc
synthesis of a cardiac myosin isozyme. J. Biol.- Chem. 254: 3105 -
3110, 1979,

Sartore, S., L. Gorza, S. Bormioli, L,D. Libera and S. Schiaffino
Myosin types and fiber types in cardiac myosin. 1, Ventricular
myocardium. J. Cell, Biol. 88: 226 ~ 233, 1981,

Hoh, J.F.Y., P.A, McGrath and P,T; Hale. Electrophoretic analysis
of multiple forms of rat cardiac myosin; effects of hypophysectomy
and thyroxine replacement. J, Mol. Cell. Cardiol. 10: 1053 - 1076,
1978.

Hoh, J.F.Y., G.P.S. Yeoh, M.A.W. Thomas and L, Higginbottom,
Structural differences in the heavy chain of rat ventricular myosin
isoenzymes. FEBS Letters 97: 330 - 334, 1979.



- 138 -

219. Hoh, J.F.Y. and L.J. Egerton. Action of triiodothyronine on the
synthesis of rat ventricular myosin isoenzyme, FERS Letters 101

143 - 148, 1979.

220. Ueda, S., K. Yamaoki, R. Nagai and Y. Yazuki, Recombination of
heavy chain and light chain 1 in cardiac subfragment -1 for
hypothyroid and euthyroid rabbit hearts. J. Mol. Cell, Cardiol.
12 (Suppl.1):170, 1980.

221. litter, III, R.Z., B.J. Martin, E.R, Howe, N.R, Alpert and R.J.
Solaro. Phosphorylation and adenosine triphosphatase activity of
myofibrils from thyrotoxic rabbit hearts, Circ. Res, 48: 498 -
501, 19381.

222. Banerjee, S.K., E.G. Kabbas and E. Morkin. Enzymatic'pfoperties
of the heavy meromyosin subfragment of cardiac myosin from
normal and thyrotoxic rabbits. J, Biol. Chem. 252: 6925 — 6929,
1977.

223, Toyo-oka, T. and J. Ross, Jr. Influence of hyperthyroidisr on the
superprecipitation response and Ca?t sensitivity of natural acto-
myosin in cardiac and skeletal muscles. Biochem. Biophys. Acta
590: 407 - 410, 1980.

224, Hooker, A.M., S.B. Earnst, R.E. Lewis, J.E. Bradley and K.M. Baldwin.
Effect of thyroid state on cardiac biochemical and functional prop—
erties of rodents. Med. Sci. Sports 11: 107, 1979.

225. Delcayre, C. and B. Swynghedaw, Myosin synthesis and enzymatic
properties during thyroxine intoxication in rabbits. Pathol.
Biol. 27: 36 - 40, 1979,

226. Suko, J. Alterations of Ca2+ uptake and Ca2+ activated ATPase
of cardiac sarcoplasmic reticulum in hyper- and hypothyroidism.
Biochim. Biophys. Acta 252: 324 - 327, 1971.

227. Suko, J. The calcium pump of cardiac sarcoplasmic reticulum.
Functional alterations at different levels of thyroid state in
rabbits. J. Physiol. (Lond). 228: 563 - 582, 1973.

228. Limas, C.J. Calcium transport ATPase of cardiac sarcoplasmic
reticulum in experimental hyperthyroidism. Am. J. Physiol. 235:
H745 - H751, 1978.

229. Limas, C.J. Increased biosynthesis of Ca2+ ATPase of sarcoplasmic
reticulum (SR) in hearts of hyperthyroid (HT) rats. Circ, 62:
IIT - 112, 198Q

230. Limas, C.J. Enhanced phosphorylation of myocardial sarcoplasmic
reticulum in experimental hyperthyroidism, Am, J. Physiol. 234;:
H426 - H431, 1978.



231.

232.

233.

234,

235.

236.

237.

238.

239,

240,

241,

242,

243,

- 139 -

Hicks, M.J., M. Shigekawa and A.M. Katz. Mechanism by which
cyclic adenosine 3', 5'- monophosphate~ dependent pgotein
kinase stimulates calcium transport in cardiac sarcoplasmic
reticulum. Circ. Res, 44; 384 - 391, 1979.

Reuter, H. and N, Seitz, The dependence of calcium efflux from cardiac
muscle on temperature and ionic composition., J. Physiol. (Lond).
195: 451 - 470, 1968.

Langer, G,A. Effects of digitalis on myocardial ionic exchange.
Circ. 46; 180 - 186, 1972.

Drummond, G.I. and D.L. Stevenson., .Cyclic nucleotides and cardiac
function, Circ. Res. 44: 145 - 153, 1979.

Surawicz, B. and M.L. Mangiardi, Electrocardiogram in endocine
and metabolic disorders. Cardiovascular Clinics. 8 (3):243 - 266,
1977. :

McDevitt, D.G., R.G. Shanks, D.R. Haddem, D.A.D. Montgomery, and J.A.
Weaver. The role of thyroid in the control of heart rate. Lancet
1: 998 - 1000, 1968.

Hill, R.C. and P. Turner. The relationship between intrinsic heart
rate and thyrold status in man. Brit. J. Pharmacol. 34: 683P -
684P, 1968.

Arnsdorf, M.F. and R.W. Childers. Atrial electrophysiology in
experimental hyperthyroidism in rabbits., Circ. Res. 26: 575 -
581, 1970.

Markowitz, C. and W.M. Yater. Response of explanted cardiac muscle
to thyroxine. Am, J. Physiol. 100: 162 - 166, 1932.

Freedberg, A.S. and M.W. Hamolsky. Effect of thyroid hormones on
certain nonendocrine organ systems, In: Handbook of Physiology,
Endocrinology, Washington, D.C.: Am. Physiol. Soc., Sec. 7

3: 435 - 468, 1974,

Johnson, P.N., A.S. Freedberg,and J.M. Marchall. Action of
thyroid hormone on the transmembrane potentials from sinoatrial
node cells and atrial muscle cells in isolated atria of rabbits,
Cardiology 58: 273 -~ 289, 1973,

Gargouil, Y.M,, J. Lenfant and R. Trioche, Influence of thyroid
hormone on transmembrane activity in rabbit sinoatrial node.
C.R. Acad. Sci. 262: 1466 ~ 1468, 1966.

Imanaga, I. Effects of l-thyroxine on myocardium. J. Physiol,
Soc. Japan. 36: 325 -~ 326, 1974




- 140 -

244, Wollenberger, A. Action of triiodothyronine on the rhythmicity
of single isolated heart cells cultured in vitro. In: Current Topics
in thyroid research. Ed. by\Cassano, C. and M. Andreoli.
Academic Press, New York, pp. 377 - 381, 1965.

245, TFreedbert,A.S., J. G. Papp and E,M. Vaughan Williams. The effect
of altered thyroid state on atrial intracellular potentials.
J. Physiol. 207: 357 - 369, 1970.

246. Pathomvanich, 0. and M.J,A. Walker, The effect of hyperthyroidism
on rat atrial intracellular potentials, Horm. Metab. Res. 4:
493 - 497, 1972,

247. Goel, B.G., C. Hanson and Y.A,U. Han. A.V. Conduction in hyper-
and hypothyroid dogs. Am. Heart. J. 83: 504 - 511, 1972.

248. ElShahawy, M., M.A. Stefadouros, A.A. Carr and R. Conti. Direct
effect of thyroid hormones on intracardiac conduction in acute
and chronic hyperthyroid animals. Cardiovascular Res. 9: 524 -
531, 1975.

249, Jaeger, J.M., S.R. Houser, A,R. Freeman and J.R. Spann, Jr. Effect
of thyroid hormone on canine cardiac purkinje fiber transmembrane
potential. Am. J. Physiol. 240: H934 - H940, 1981.

250. TLuderitz, B., C.N. d'Alnoncount and H.D. Bolte. Actions of thyroid
hormones on the heart: Electrophysiological effects on the papillary
muscle. Klin. Workenschr, 50: 978 - 981, 1972.

251. sSharp, N.A., J.F. Fiekers and R.L. Parson. Alteration in ventricular
action potentials by chronic thyroxine treatment. Fed. Proc. 39:
1083, 1980.

252. Skerovic, D., D. Matejevic, and J. Vojvodic. Effect of thyroxination
on excitability of the isolated perfused guinea pig heart.
Acta Medica Yugoslavica. 22: 160 - 164, 1968,

253. Smith, R.M., W.S. Osborne-White and R.A. King. Changes in the
sarcolemma.of the hypothyroid heart. Biochem. Biophys, Res.
Commun. 80: 715 - 721, 1978,

254. Curfman, G.D., T.J. Crowley and T.W. Smith. Thyroid~induced altex-
ations in myocardial sodium— and potassium— activated adenosine
triphosphatase, monovalent cation active transport and cardiac
glycoside binding. J. Clin. Invest. 59: 586 — 590, 1977.

255. Weinstein, M., G. Migliora and R.J, Soto. Sodium concentration and
Na-K dependent ATPase activity in red cells of hyperthyroid subjects,
In: Thyroid Research ed, J. Robbins. Amsterdam.Excerta Medica. Pg. 86,
1975,



256.

257.

258.

259,

260,

261.

262,

263.

264.

265.

266.

267.

- 141 -

Philipson, K.D. and I,S. Edelman. .Characteristics of thyreid
stimulated Nat - K+ ATPase of rat heart. Am. J. Physiol, 232:
€202 - €206, 1977.

Lo. C.-S., T.R. August, U,A. Liberman and I.S. Edelman, Depend-
ence of renal (Nat - K+) adenosine triphosphatase activity on
thyroid status, J. Biol, Chem. 251: 7826 - 7833, 1976,

Lin, M.H. and T. Akera. Tncreased CNa+ - K+) ATPase concentrations
in various tissues of rats caused by thyroid hormone treatment.
J. Biol. Chem. 253: 723 - 726, 1978,

Hegywary, C. Alteration of cardiac'Na+ - K% ATPase by the thyroid
state in the rat, Res. Commun. Chem. Path. Pharmacol, 17: 689 -
702, 1977.

Banerjee, S.P. and V.K. Sharma. Stimulation of specific [BH]—ouabain
binding to microsomal preparations for rat heart and skeletal muscle

by thyroid hormones; effects of b~-hydroxydopamines. Br. J, Pharmac.

65: 615 - 621, 1979.

Erdmann, E., G. Philipp, and H. Scholz., Cardiac glycoside receptor,
(Nat + KT) ATPase activity and force of contraction in rat heart.
Biochem. Pharmacol. 29: 3219 - 3229, 1980,

Detweiler, D.K. Comparative pharmacology of cardiac glycosides,
Fed. Proc. 26: 1119 - 1124, 1967,

Morrow, D.H., T.E. Gaffney and E. Braunwald. Studies in digitalis
VII. Influence of hyper - and hypothyroidism on the myocardial
response to ouabain. J. Pharmacol. Exp. Therap. 140: 324 - 328,
1963.

Frye, R.L. and E. Braunwald. Studies on digitalis ITI. The influence
of triiodothyronine on digitalis requirements. Cirec, 23: 376 - 382,
1961. :

Veroni, M. and G.M. Shenfield. The effects of thyroid status on
digonin distribution in the rat. Clin, Exp. Pharmac. Physiol.
7: 159 - 168, 1980.

Peacock, III, W.F. and N.C, Moran. Influence of thyroid state on
positive inotropic effects of ouabain on isolated rat ventricle
strips. Proc. Soc. Exper. Biol, Med. 113: 526 - 530, 1963,

Biron, R., A, Burger, A. Chinet, T, Clausen and R, Dubois-Ferriere.
Thyroid hormones and the energetics of active sodium-potassium
transport in mammalian skeletal muscle, J. Physiol. (Lond.) 297:
47 - 60, 1979,



268,

269.

270.

271.

272,

273.

275.

276.

277.

278.

279.

280.

281,

- 142 -

Ismail-Beigi, F. and I.S. Edelman. The mechanism of the calor-
igenic action of thyroid hormone. Stimulation of Na' + K'-
activated adenosine'triphosphatase activity. J. Gen. Physiol.
57: 710 - 722, 1971,

Edelman, I.S. and F. Ismail-Beigi. Thyroid thermogenesis and
active sodium transport. Recent, Prog. Horm. Res. 30: 235 ~
257, 1974.

Edelman, I.S. Thyroid hormone: thermogenesis and the biosynthesis
of Nat pumps. Biogenesis and turnover of membrane macromolecules,
ed. by J.S. Crook, Raven Press, New York, Pg, 169-177, 1976.

Smith, T.J. and I.S. Edelman, The role of sodium transport in
thyroid thermogenesis. Fed. Proc. 38: 2150 - 2153, 1979.

Folke, M. and L. Sestoft. Thyroid calorigenesis in isolated perfused
rat liver: minor role of active sodium — potassium transport.
J. Physiol. (Lond). 269: 407 - 419, 1977.

Edmonds, C.J. and T. Smith. Thyroid hormone and total body potassium
in man. J. Physiol, (Lond). 302: 21p - 22p, 1980,

Ismail~Beigi, F. and I.S. Edelman., Effects of thyroid status on
electrolyte distribution in rat tissues. Am. J. Physiol. 225:
1172 - 1177, 1973.

Baxter, J.D. and P.K. Bondy. Hypercalcemia of thyrotoxiccsis.
Ann. Intern. Med. 65: 429 - 442, 1966.

Jones, M.K. and S.E. Papapoulos. Control of hypercalcaemia
in thyrotoxicosis. Postgrad, Med. J. 55: 891 - 893, 1979.

Wallach, S., L.N. Cahill, R.H. Rogan and H.L. Jones. Plasma
and erythrocyte magnesium in health and disease. J. Lab. Clin.
Med. 59: 195 - 210, 1962.

Rijek, J.E., A. Dimich and S. Wallach. Plasma and erythrocyte
magnesium in thyroid disease, J. Clin. Endocrin. 25: 350 -
358, 1965.

Jones, J.E., P.C. Desper, S.R, Shane and E.B. Flink Magnesium
metabolism in hyperthyroidism and hypothyroidism. J. Clin.
Invest. 45: 891 - 900, 1966.

Massry, S§.G. and J.W. Coburn, The hormonal and non-hormonal control
of renal excretion of calcium and magnesium., Nephron 10; 66 —
112, 1973.

MacKay Sawyer, M.E. and M.G. Brown., The effect of thyroidectomy
and thyroxine on the response of the denervated heart to injected
and secreted adrenine, Am. J. Physiol. 110: 620 - 635, 1935.




282.

283.

284,

285.

286.

287.

288.

289.

29Q.

291.

292,

293.

~ 143 -

Fregly, M.J., G.E. Resch? E.L. Nelson, Jr., F.P. Field and P.E.
Tyler. Effect of hypothyroidism on responsiveness to B adrenergic
stimulation. Can, J. Physiol. Pharmacol. 54; 200 - 208, 1976.

Eppinger, E.C. and S.A. Levine. Effect of total thyriodectomy on
response to adrenalin. Proc, Soc. Exper. Biol. Med. 31: 485 - 487,
1933.

Leak, D. and M. Lew. Effect of treatment of hypothyroidism on
circulatory response to adrenaline. Brit. Heart J. 25; 30 -
34, 1963.

Van der Schoot, J.B. and N,C. Moran. An experimental evaluation of
the reported influence of thyroxine on the cardiovascular effects
of catecholamines. J. Pharmacol. Exper. Ther. 149: 336 - 345,
1965.

Margoluis, H.S. and T.E. Gaffney. The effects of injected nore-
pinephrine and sympathetic nerve stimulation in hypothyroid and
hyperthyroid dogs. J. Pharm. Exper. Ther. 149: 329 - 335, 1965,

Rutherford, J.D., S.F. Vatner and E. Braunwald. Adrenergic control
of myocardial contractility in conscious hyperthyroid dogs. Am.
J. Physiol. 237: H590 - H596, 1979,

Benfey, B.C. and D.R. Varma. Cardiac and vascular effects of
sympathomimethic drugs after administration of triiodothyronine
and reserpine. Brit. J. Pharmacol. 21: 174 - 181, 1963.

Benforado, J.M. and L,L. Wiggins. Contractility, heart rate and
response to norepinephrine of isolated rat myocardium following
1131~ induced hypothyroidism. J. Pharmac. Exper. Ther. 147:

70 - 75, 1965.

Cravey, G.M. and J.S. Gravenstein. The effect of thyroxin, corti-
costeroids and epinephrine on atrial rate, J. Pharmacol. Exper.
Ther. 148; 75 - 79, 1965,

Thier, M.D., J.S., Gravenstein and R.G. Hoffman. Thyroxin, reserpine,
epinephrine and temperature on atrial rate. J. Pharm. Exper. Therap.
136: 133 - 141, 1962.

Turner, C.W. and G.M. Shenfield. The effect of thyroid dysfunction
on the chronotrobic response to noradrenaline. FEur. J. Pharmacol.
68: 295 -~ 303, 1980.

Coville, P.F. and J.M. Telford., Influence of thyroid hormones on
the sensitivity of cardiac and smooth muscle to biogenic amines and
other drugs. Br. J. Pharmac, 39; 49 - 68, 1970.



- 144 -

294. Rub, H.P., H. Thommen and H. Porzig. Quantitative changes in B-
adrenergic responses of isolated rat atria from hyper— and hypo-
thyroid rats. Experimentia 37: 399 - 401, 1981. :

295. Guarnifri, T., C.R. Filburn, E.S. Beard and E.G, Lakatta. Enhanced
contractile response and protein kinase activation to theshold levels
of fB-adrenergic stimulation in hyperthyroid rat heart, J. Clin.
Invest. 65: 861 - 868, 1980.

296. Tse, J., R.W. Wrenn and J.F. Kuo. Thyroxine-induced changes in
characteristics and activation of B-adrenergic receptors and
adenosine 3',5' monophosphate and guanosine 3',5' monophosphate
system in heart may be related to reputed catecholamine super-—
sensitivity in hyperthyroidism. Endocrinol. 107: 6 — 16, 1980.

297. Nakashima, M., K. Maeda, A. Sckiya and Y, Hagino. Effect of hypo-
thyroid status or myocardiai responses to sympathomimetic drugs.
Japan. J. Pharmacol. 21: 819 - 825, 1971.

298. Simpson, W.W. and J.H. McNeill. Effect of adrenergic agonists on
tension development and rate in atria from euthyroid and hypo-
thyroid rats. Advances in Myocardiology. ed. by M. Tajuddin,
P.K. Das, M. Tarig, and N.S. Dhalla. 1: 417 - 435, 1980.

299. Nakashima, M., H. Tsuru and T. Shigei, Stimulant action of
methoxamine in the isolated atria of normal ‘and 6 Dropyl-2-
thiouracil-fed rats. Japan J. Pharmacol. 23: 307 - 312, 1973.

300. Hagino, Y., T. Uematsu and M. Tachibana. Effects of phenyle—~
phrine and isoproterenol on the activity of cyclic AMP -
dependent protein kinase of hypothyroid rat tissues. Japan J.
Pharmacol. 27: 889 -~ 898, 1979.

L ' 301. Bogdanovsky-Sequeval, D., M, Raymondjean, L. Bachner, B, Kneip
R and G. Schapira. Independent expression of cyclic AMP dependent
- protein kinases related to cyclic nucleotide system, during trii-
L odotyronine induced cardiac hypertrophy. Life Sci. 27: 387 - 394,

302. Klein, I., G.S. Levey and S.E. Epstein, Effect of reserpine on the
increase in myocardial adenyl cyclase activity produced by thyroid
hormone. Proc. Soc. Exp. Biol. Med. 137: 366 - 369, 1971.

303. Yoo, C.S., Y.M. Chu and W.C. Lee, Effect of thyroxine on the cardiac
uptake of catecholamines. Yansei Med. J. 12: 17 - 20, 1971.

304. Prange, A.J., Jr., J.L. Meek and M.A. Lipton. Catecholamines: dimin-
shed rate of synthesis in rat brain and heart after thyroxine pre-
treatment, Life Sci. 9: 901 - 907, 1970.



- 145 -

305. Tedesco, J.L,, K.V. Flattery and E,A. Sellers. Effect of thyroid
hormones and cold exposure on tuxnover of norepinephrine in cardiac
and skeletal muscle. Can. J, Physiol. Pharmacol. 55; 515 - 522,
1977.

306. Lyles, G.A. and G.A. Callingham. The effect of thyroid hormones on
monoamine oxidase in rat heart. J, Pharm, Pharmac. 26: 921 - 930,
1974.

307. Tong, J.H. and A. D'Torio. Differential effects of L-thyroxine on
cardiac and hepatic monoamine oxidase activity toward benzlamine
and seratonin. Endocrinol. 98: 761 - 766, 1976.

e 308. Fowler, C.J. and B.A. Callingham. The effect of age and thyroid
SRR hormones upon the ability of the chick heart to deaminate monoamines.
J. Pharm. Pharmac. 29: 593 - 597, 1977.

309. Lyles, G.A., and B.A. Callingham. Selective influence of age and
thyroid hormones and type A monoamine oxidase of the rat heart.
J. Pharm. Pharmacol. 31: 755-760, 1979.

309a. Malbon, C.C., F.J. Moreno, R.J, Cabelli and J.N. Fain. Fat cell
adenylate cyclase and B adrenergic receptors in altered thyroid
states. J. Biol. Chem. 253: 671 - 678, 1978.

310. Bilezikian, J.P., J.N, Loeb and D,E. Gammon. The influence of
hyperthyroidism and hypothyroidism on the B-adrenergic responsive-—
ness of the turkey erythrocyte. J. Clin. Invest. 63: 184 - 192,
1979.

311. Malbon, C.C. Liver cell adenylate cyclase and B-adrenergic
receptors: increased B-adrenergic receptor number and responsive-
ness in the hypothyroid rat. J. Biol. Chem, 255: 8692 - 8699,
1980.

312. Tsai, J.S. and A. Chen. Effect of L-triiodothyronine on (-) 3H—
dihydroalprenolol binding and cAMP response to (-) adrenaline in
cultured heart cells. Nature 275: 138 - 140, 1978.

313. TLonghurst, P.A. and J.H. McNeill, Effects of isoproterenol on
isolated heart preparations from normal and hyperthyroid rats.
Proc. West Pharmacol. Soc. 22: 415 - 418, 1979.

313a. Sharma, P.V., O. Habhab and R.C. Bhalla. Effect of prophylthio-
uracil treatment on the regulation of adenylate cyclase in rat
myocardium. Biochem. Pharmacol. 28; 2858 - 2860, 1979,

314. Simpson, W.W. and J.H. McNeill. The effect of adrenergic agonists
on the cyclic AMP level in atria from euthyroid and hypothyroid
rats. Res. Commun, Pathol. Pharmacol. 29: 487 - 496, 1980.



314a.

315.
316.
317.

318.

319.
320.
321.

322.

323.

324,

- 146 -

Robberecht, P,, R, Pocket, P. Chatelain? A. Verloes, J.-C. Camus,
P. De Neef and J. Christophe. Decreased secretion and glucagon
responsiveness of adenylate cyclase in cardiac membranes from
hypothyroid rats. FEBS Letters. 132: 33 - 36, 1981.

Ciaraldi, T. and G.V. Marinetti, Thyroxine and prophylthiouracil
effects in vivo on alpha and beta adrenergic receptors in rat
heart. Biochem. Biophys. Res Commun, 74: 984 - 991, 1977.

Williams, L.T., R.J. Lefkowitz, A.M. Watanabe, D.R. Hathaway and
H.R. Besch, Jr, Thyroid hormone regulation of B adrenergic
receptor numbexr. J, Biol. Chem. 252: 2787 -~ 2789, 1977.

Williams, R.S. and R.J. Lefkowitz. Thyroid hormone regulation of
alpha—-adrenergic receptors: Studies in rat myocardium, * J.
Cardiovasc. Pharmacol. 1; 181 -~ 189, 1979.

McConnaughey, M.M., L.R. Jones, A.M. Watanabe, H,R. Besch, Jr.,
L.T. Williams and R.J. Lefkowitz. Thyroxine and propylthio~
uracil effects on alpha - and beta -~ adrenergic receptor number,
ATPase activities and sialic acid content of rat cardiac membrane
vesicles. J. Cardiovasc. Pharmacol, 1: 609 - 623, 1979,

Stiles, G.L. and R.J. Lefkowitz. Thyroid hormone modulation of
agonist ~ beta -~ adrenergic receptor interaction in rat myocardium.
Circ. 62; IIT - 9, 1980,

Scarpace, R.J. and I.B, Abrass. Thyroid hormone regulation of 8 -
adrenergic receptor number in aging rats. Endocrinol, 108: 1276~
1278, 1981.

Brus, R. and M.E. Hess. Effect of norepinephrine and sodium fluoride
on heart adenyl cyclase in newborn and adult rats. Endocrinol.
93: 982 - 985, 1973,

Kempson, S., G.V. Martinetti and A. Shaw, Hormone action at the
membrane level. VII. Stimulation of dihydroalprenolol binding to
beta - adrenergic receptors in rat heart ventricle slices by
triiodothyronine and thyroxine. Biochim. Biophys. Acta 540:

320 -329, 1978,

Kunos, G. Thyroid hormone~dependent interconversion of myocardial
o~ and B- adrenoceptors in the rat, Br, J. Pharmac. 59: 177 -~ 189,
1977.

Chihaza, K., Y, Kato, S. Ohgo, Y. Iwasaki, K. Maeda, Y. Miyamato and
H. Imura. Effect of hyperthyroidism and hypothyroidism on rat
growth hormone released induced by thyrotropin-releasing hormone.
Endocrinology, 98: 1396 - 1400, 1976,



325.

326.

327.

328.

329,

330.

331.

332.

333.

334.

335.

336.

337.

- 147 -

McNamara, D.B., P.V. Sulakhe, J.N. Singh and N.S. Dhalla. Proper~-
ties of heart sarcolemmal (NaT - Kt) ATPase. J. Biochem, 75;
795 - 8Q3, 1974.

Tomlinson, C.W., S.L. Lee and N.S. Dhalla. Abnormalities in heart
membranes and myofibrils during bacterial infective cardiomyopathy
in the rabbit. Circ. Res. 39:; 82 - 92, 1975.

2
Anand, M.B., M,S. Chauhan and N.S. Dhalla. Ca +/Mg2+ ATPase activities
of heart sarcolemma, microsomes and mitochondria. J. Biochem.
82: 1731 - 1739, 1977.

Nayler, W.G., J. Mas-0liva and A.J. Williams. Sarcolemmal calcium
transport and drug action. Advances in Myocardiology. 1: 77 - 94,
1980.

St. Louis, P.J. and P.V. Sulakhe. Isolation of sarcolemmal membranes
from cardiac muscle. Int. J. Biochem. 7: 547 - 558, 1976.

Lowry, O.H., N.J. Rosebrough, A.L. Farr and R.S. Randall. Protein
measurement with the folin phenol reagent. J. Biol. Chem. 193:
265 - 275, 1951.

Katz, A.M., D.I, Rapke, J.E. Williams and M.A, Polascik, Character-
istics of dog cardiac microsomes: Use of zonal centrifugation to
fractionate fragmented sarcoplasmic reticulum, (Nat - KT) activated
ATPase and mitochondrial fragments. Biochim. Biophys. Acta

205: 473 - 490, 1970,

Taussky, H.H. and E. Shorr. A microcolorimetric method for the
determination of inorganic phosphorus. J. Biol. Chem. 202:
675 - 685, 1953.

Lamers, J.M.J., J.T. Stinis, W.J. Kort and W.C. Hulsmann. Biochemical
studies on the sarcolemmal function in the hypertrophied rabbit
heart. J. Mol. Cell. Cardiol. 10: 235 - 248, 1978.

Avruch, J. and D.F.H. Wallach. Preparations and properties of
plasma membrane and endoplasmic reticulum fragments from isolated
rat fat cells. Biochim. Biophys. Acta 233: 334 - 347, 1971.

Drummond, G.I. and L. Duncan. Adenylate cyclase in cardiac tissue.
J. Biol. Chem. 245: 976 - 983, 1970.

Dhalla, N,S., M.B. Anand and J.A.C, Harrow. Calcium binding and
ATPase activities of heart sarcolemma. J, Biochem. 79: 2011 - 2016,
1976.

Folch, J., M. Lees and G.H, Sloane Stanley. A simple method for
the isolation and purification of total lipids from animal tissues,
J. Biol, Chem. 226: 497 - 509, 1957,




338.

339.

34Q.

341,

342,

342a.

343,

344, "

345.

346.

347.

348.

349.

350.

- 148 -

Pumphrey, A.M. Incorporation of IBZPJ orthophosphate into brain
slices phospholipids and their precursers. Biochem, J. 112;
61 -~ 70, 1969.

Bartlett, G.R. Phosphorous assay in column chromatography. .J,
Biol. Chem. 234: 466 - 468, 1959.

Weber, K. and M. Osborn. The reliability of molecular weight deter-—
mination of dodecyl sulfate-polyacrylamide gel electrophoresis. J,
Biol. Chem. 244: 44Q6 ~ 4412, 1969.

Warren, L. The thiobarbituric acid assay of sialic acids. J.
Biol. Chem, 234: 1971 -~ 1975, 1959.

Poiimeni, P.T. Extracellular space and ionic distributions in
rat ventricles. Am. J. Physiol. 277: 676 - 683, 1974,

Matsukubo, M.P., P.K. Singal and N,S. Dhalla, Negatively charged
sites and calcium binding in the isolated rat heart sarcolemma.
Basic. Res. Cardiol, 76; 16 - 28, 1981.

Schwartz, A., G.E. Lindenmayer and J.C. Allen. The sodium—- potassium
adenosine triphosphatase: pharmacological, physiological and bio-
chemical aspects, Pharmacol. Reviews, 27: 3 - 134, 1975.

Askari, A. and D. Koyal. Different oligomycin sensitivities of the
Nat - KT activated adenosinetriphosphatase .and its partial reactions.
Biochem. Biophys. Res. Comm. 32: 227 - 232, 1968.

Robinson, J.D. Kinetic studies on a brain microsomal adenosine tri-
phosphatase II Potassium dependent phosphatase activity. Biochem.
8: 3348 - 3355, 1969.

Israel, Y. and E. Titus. A comparison of microsomal Na+ - K+ ATPase
with KT acetylphosphate. Biochim. Biophys. Acta. 139: 450 - 459,
1967.

Albers, R.W. and G.J. Koval. Sodium potassium activated adenosine
triphosphatase. VIT Concurrent inhibition of NaT™ - K+ adenosine tri-
phosphatase and activation of Kt nitrophenyl phosphatase activities.
J. Biol. Chem. 247; 3088 - 3092, 1972,

Bajusz, E., G. Jasmin and A, Mongeau. Thyroid-parathyroid inter-
relationship in processes governing myocardial calcification.
Endocrinol 73: 92 - 96, 1943.

Abraham, A.S., R. Shaoul, S. Shimonovitz, U. Eylath and M, Weinstein.
Serum magnesium levels in acute medical and surgical conditions.
Biochem. Med. 24: 21 - 26, 1980,

Lo, C.-S8. and TI.S. Edelman. Effect ofhériioddthyronine in the syn-
thesis and degradation of renal cortical (Nat - K+) adenosine tri-
phosphatase. J. Biol. Chem. 251: 7834 - 7840, 1976.



351.

352.

353.
354.

355.

356.
357.

358.

359.

360.

361.

362.

363.

364,

- 149 -

Lo. C.-8. and T.N. Lo. Effect of triiodothyronine on the synthesis
and degradation of the small subunit of renal cortical (Nat - Kk+)
adenonine triphosphatase. J, Biol. Chem, 255; 2131 - 2136, 198Q.

Bonting, S.L. Sodium-potassium activated adenosinetriphoshatase
and cation transport. In: Membrane and Ion Transport. ed. by
E.E. Bittar, 1: 257 - 363, 197Q,

Morad, M. Physiological implications of K accumulation in heart

muscle, Fed. Proc, 39: 1533 - 1539, 1980,

Morad, M. and J. Maylie, Calcium and cardiac electrophysiology.
Some experimental considerations. Chest 78: 166s -~ 173s, 1980.

Rerrick, W.G. and S.K. B, Donaldson. The effect of Mg2+ on submaxi-
mal Calt-activated tension in skinned fibers of frog skeletal
muscle. Biochim. Biophys. Acta 275: 117 - 122, 1972,

Weber, A. The mechanism of the action of the caffeine on sarco-
plasmic reticulum. J. Gen. Physiol, 52; 760 - 772, 1968,

Ford, L.E. and R.J. Podolsky. Intracellular calcium movements in
skinned muscle fibers, J. Physiol. 223: 21 - 33, 1972.

Lamers, J.M.J., C.E. Heyliger, V. Panagia and N.S. Dhalla.
Properties of 5' nucleotidase in rat heart sarcolemma.

(Submitted for publication.)

Bers, D.M., K.D. Philipson and G.A. Langer. Cardiac contractility
and sarcolemmal calcium binding in several cardiac muscle prepara-
tions. Am. J. Physiol. 240: H576 - H583, 1981.

Dhalla, N.S., G.N. Pierce, V. Panagia, P.K. Singal and R.E. Beamish.
Calcium movements in relation to heart function. Basic Res,
Cardiol. (in press), 1981.

Caroni, P. and E. Carafoli. The Ca2+ pumping ATPase of heart sarco-
lemma: characterization, calmodulin dependence and partial purifica-
tion. J. Biol. Chem. 256: 3263 - 3270, 1981.

Rodbell, M., Birnbaumer, L., S.L. Pohl and H.M.H. Krans. The

glucagon sensitive adenyl cyclase system in plasma membrane of
liver. V. An obligatory role of guanylnucleotides in glycagon

action. J. Biol. Chem. 246: 1877 ~ 1882, 1971,

Kimura, N. and N. Nagata. The requirement of guanine nucleotides
for glucagon stimulation of adenylate cyclase in rat liver plasma
membranes. J. Biol. Chem. 252; 3829 - 3835, 1977.

Pfeuffer, T. GTP binding protein in membranes and the control
of adenylate cyclase. J. Biol. Chem. 252: 7224 - 7234, 1977,



365.

366.

367,

368.

369.

370.

- 150 -

Ross, E.M., A.C, Howlett, K.M, Ferguson and A.G, Gilman.
Reconstitution of hormone sensitive adenylate cyclase activit
with resolved components of the enzyme. J. Biol, Chem. 253:
6401 - 6402, 1978.

Heldon, M,, H. Le Vine IIT, N, Sahyoun, C.J. Schmitges and P.
Cuatrecass. Properties of the interaction of fluoride and
guanyl - 5'- imidodiphosphaten'regulatory protein with adenyl
cyclase. Proc. Natl. Acad. Sci. U.S,A. 75: 3693 - 3697, 1978.

Downs, R.W., Jr., A M. Spiegel, M, Singer, S, Reen and G.R.
Aurbach. Fluoride stimulation of adenylate cycase is dependent
on the guanine nucleotide regulatory protein. J, Biol. Chem.
255: 949 - 954, 1980.

Northup, J.K., P.C. Sterniveiss, M,D. Smigel, L.S. Schleifer,
E.M. Ross and A,G. Gilman. Purification of the regulatory
component of adenylate cyclase. Proc. Natl, Acad. Sci. U.S.A,
77: 6516 - 6520, 1980.

Maguire, M.E., P.M. Van Arsdale and A.G. Gilman. An agonist-
specific effect of guanine nucleotides on binding to the B-
adrenergic receptor. Mol. Pharmacol. 12: 335 -~ 339, 1976.

Hegstrand, L.R., K.P. Minneman and P.B. Molinoff. Multiple
effects of guanosine triphosphate on beta adrenergic receptors
and adenylate cyclase activity on rat heart, lung and brain.
J. Pharmacol. Exp. Therap. 210: 215 - 221, 1979,



