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ABSTRACT 

Evidence suggests that thyroid hormone acts by binding to 

nuclear receptors which regulate expression of a discrete number of 

proteins, including cardiac ventricular myosin isoenzymes. 

Administration of thyroid hormone is known to stimulate synthesis of 

ventricular a-myosin heavy chain and inhibit production of a-myosin 

heavy chain. 

The first part of this study examines the effects of 

naturally occurring and synthetic thyroid analogs, catecholamines 

and high carbohydrate diets on ventricular myosin isoenzyme 

expressiom in thyroidectomized and hypophysectomized rats. Also, 

the effects on myosin isoenzyme expression of adrenalectomy and 

hydrocortisone replacement have been studied in euthyroid animals. 

Myocardial CO2 production and hepatic a-glycerol phosphate 

dehydrogenase activity were measured to monitor the effects of these 

interventions on tissue respiration. 

The results indicate that thyroid hormone analogs do not 

selectively stimulate myosin isoenzyme expression as compared with 

their effects on energy production. No significant separation 

between the actions of these analogs on metabolic parameters and 

myosin isoenzyme patterns was found. However, high carbohydrate 

feeding in thyroidectomized and hypophysectomized rats increased the 

x 
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content of the a-myosin heavy chain. a-Adrenergic stimulation with 

isoproterenol and blockade with propranalol did not affect myosin 

isoenzyme expression. Adrenalectomy in euthyroid rats decreased the 

a-mYosin heavy chain with a corresponding increase in the a-myosin 

heavy chain. This could be reversed by treatment with 

hydrocortisone. The results suggest that the mechanism for 

regulation of cardiac myosin isoenzymes may involve a primary signal 

related to dietary carbohydrate, which is modulated by thyroid 

hormone, and possibly glucocorticoids. 

The method for purification of the T3-receptor-DNA complex 

is described. This complex is thought to mediate the action of T3 

on gene expression. The results indicate that a relatively pure 

form of an intact receptor-DNA complex (M.W. 111,000) can be 

isolated from a T3-affinity gel. Only a single protein component 

(M.W. 58,000) was identified by electrophoresis and coomasie blue 

staining of the purified complex. The associated double stranded 

DNA fragment (M.W. 52,000) was estimated to contain about 88 

basepairs. This complex could be dissociated by treatment with 0.4 

M KCl or DNase I, but did not undergo spontaneous exchange with 

exogenous labeled DNA fragments. Equilibrium binding studies 

demonstrated a single class of high affinity T3-binding site with 

a dissociation constant (50 pM) which was significantly lower than 

that of the micrococcal digest (1.1 nM). 



CHAPTER I 

INTRODUCTION 

The thyroid hormones act at least in part at a 

pretranslational level selectively to affect gene expression (Towle, 

1983; Friedman et al., 1984; Nadal-Ginard, Mahdavi and Chambers, 

1984). The binding of T3 to a chromatin-associated receptor found 

in responsive tissue has been thought to mediate this action. 

(Baxter et al., 1979; Oppenheimer, 1979; Samuels et al., 1982). The 

synthetic rates of nuclear RNA are presumed to be altered when the 

nuclear receptor T3 complex has been formed. Changes in specific 

cytoplasmic mRNA levels, specific protein synthetic rates, and 

alterations in cell function Y'esult from the incease in mRNA 

levels. The elevated levels of nuclear RNA polymerase activities 

(Tata, 1966; Widnell, 1966) leads to small increases in the cellular 

concentrations of total and poly mRNA (Towle, Dillman and 

Oppenheimer, 1979; Dillman et al., 1978a) after the administration 

of thyroid hormone. The relative levels of specific mRNAs are 

dramatically altered within this small generalized increase of RNA. 

The first part of this research dissertation explores the 

the effect of thyroid hormone and various analogs on the pattern of 

myosin isoenzyme expression in the rat ventricle. Also, the effects 



of catecholamines, high carbohydrate diet, adrenalectomy and 

glucocorticoids on myosin isoenzyme expression have been studied. 

2 

The second part of this dissertation describes the isolation 

and characterization of the intact T3-receptor-DNA complex. Since 

initiation of thyroid hormone actions is believed to occur through 

the binding of the hormone to chromatin linked receptors, further 

characterization of this reaction may help in identifying the 

mechanisms by which gene expression is modulated. Ultimately, 

availability of the intact complex should allow identification of 

specific DNA binding sites for the receptor. 



1.1. Thyroid Hormone Regulation of 

Ventricular Myosin Isoenzymes 

1.1.1. Biochemical Effects of Thyroid Hormone on the Heart. 

3 

The contraction of both cardiac and skeletal muscle appears 

to involve the sliding of the thick (myosin) filament past the thin 

(actin) filament with energy supplied by the hydrolysis of ATP. The 

interactions of tropomyosin and troponin located on the thin 

filament are regulated by the cytosolic concentrations of Ca2
+. 

The sliding motion between the two filaments is thought to be caused 

by cross bridges extending from the myosin filament that interact 

with specific sites on the actin filament in a cyclic manner. The 

myosin molecule performs an enzymatic as well as a structural role 

in muscle contraction; it contains a specific site for ATP 

hydrolysis and contributes the "head" of the myosin molecule to form 

the cross bridges (Huxley, 1965). 

It has been established that the myofibrils are the contrac

tile element of working cells. They are long parallel strands, 

longitudinally arranged inside the cell. The myofibrils exhibit a 

periodic pattern of dark and light areas which are formed by the 

sarcomere, a repeating morphologic and functional unit (Stenger and 

Spiro, 1961). These contractile units are delimited by the Z bands 
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along the length of the myofibrils and are composed of 

interdigitating thick and thin filaments. The thin filaments are 

formed by actin monomers which appear as double stranded pearls 

twisted together along their longitudinal axis. Muscle contraction 

results from the sliding of actin and myosin past each other. 

Linkages between the myosin and actin filaments (actomyosin) are 

made and detached in a cyclic fashion, which is thought to pull the 

filaments toward the center of the sarcomere. {Huxley and Hanson, 

1954). 

The myosin component consists of two heavy chains (MHC) 

which form globular heads, each of which contains a site for 

hydrolysis of ATP. The two light subunits referred to as light 

chain 1 (LC1) and light chain 2 (LC2) are associated with each head 

region (Wagner and Weeds, 1977). The large polypeptide chains 

(210,OOO daltons) twist_ together to form a hexamere with an 

a-helical Iitail". The sliding filament model of contraction must be 

related to the chemistry of actin-myosin interactions and the 

mechanical events so that the co-existence of myosin isoenzymes is 

compatible within a single contractile unit. Data from kinetic 

experiments suggest that association-dissociation between actin and 

myosin product complexes is quite rapid and during a single turn of 

the ATP cycle, the cross-bridges (myosin heads) cycle on and off the 

thin filament many times (Taylor, 1979; Eisenberg and Green, 1980). 
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If the myosin heads must first undergo a conformational change 

associated with ATP hydrolysis and then organize into the 

myosin-actin complex to produce the force development, the myosin 

isoenzymes could co-exist within a single contractile unit without 

the lower activity forms limiting the mechanical contribution of 
I 

higher activity forms (for review see Morkin, Flink and Goldman, 

1983) . 

1.1.2. Effects of Thyroid Hormone on Cardiac Myosin ATPase Activity. 

The direct influence of thyroid hormone upon the contractile 

proteins of the heart arose out of observations by Bez:nak (1959), 

who was able to restore the low cardiac outputs and bl!ood pressures 

noticed in hypophysectomized rats to normal with T4 administration. 

Lipschitz and Kayne (1966) also found a significant reduction in the 

activity of cardiac myofibrils from hypophysectomized and thyroidec-

tomized rats. The low myofibrillar ATPase activity was completely 

restored upon treatment with T4• Further work by Rovetto, 

Hjalmasson and Morgan (1972) using purified myosin confirmed these 

earlier findings. 

It is now well established that thyroid hormone regulates 

expression of ventricular myosin isoenzymes by stimulating synthesis 

of n-MHCs and inhibiting synthesis of a-MHCs (Nadal-Ginard, Mahdavi 

and Periasamy, 1982; Morkin, Flink and Goldman, 1983; and 



Rabinowitz et al., 1984). These two HC types combine to produce 

three isoenzymes designated, Vl _3, in order of decreasing 

electrophoretic mobility and ATPase activity. The V1 form 

contains two a-MHCs, the V3 form contains two 6-MHCs and the V2 

6 

type is thought to contain one HC of each type. All three myosin 

forms have the same molecular weight and light chain content, but 

vary in their relative proportions according to thyroid status. 

Thus, in the euthyroid rat, V1 is the dominant form, while V3 

predominates in rats made thyroid deficient by hypophysectomY or 

thyroidectomy. Replacement with thyroxine leads to increased levels 

in the higher activity V1 and V2 forms. Since myosin ATPase 

activity seems closely linked to the intrinsic speed of contraction 

in skeletal and cardiac muscles, the effects of thyroid hormone on 

ventricular isoenzyme content may explain, at least in part, the 

actions of the hormone on myocardial performance. 

1.1.3 Evidence for Myosin Isoenzymes. 

Refined method of protein and gene analysis have shown that 

myosin does not exist as a single species of molecules. At least 

ten molecular variants of myosin have been identified which differ 

both in their heavy and light chains. 

Skeletal fast and slow fibers make up distinct classes of 

myosin. These myosins differ in ATPase activities by differences in 
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their Vmax ' curve of pH inactivation, and pattern of activation by 

sulfhydryl reagents. The first line of evidence to suggest that 

these classes of myosins differed in primary structure were: (1) 

different rates of proteolytic cleavage into heavy and light 

meromyosins, (2) staining pattern of light meromyosin paracrystals 

(Gergely, Nakamura and Sreter, 1971) and (3) that two 

3-methylhistidine residues localized in Subfragment-1 were found to 

be present in myosin of fast muscles but absent in slow muscles 

(Huszar and Elzinga, 1972). Cardiac myosin was noted to be similar 

to slow skeletal myosin with respect to the characteristics listed 

above. 

The second line of evidence of multiple forms of myosin came 

from electrophoretic analysis of MHC and LC. Electrophoresis of 

myosin on polyacrylamide gels in the presence of sodium dodecyl 

sulphate (SDS) revealed distinct light chain patterns in myosin 

obtained from cardiac, fast and slow muscles (Sarkar et al., 1971; 

Weeds and Lowey, 1971). Although MHCs from different muscles are 

approximately the same in molecular weight and consequently migrate 

similarly on SDS gels, the existence of distinct classes of MHCs has 

been deduced from studies of peptide fragments produced by 

proteolytic cleavage (Whalen et al., 1981) and CNBr digestion (Leger 

et al., 1979). 

Myosin polymorphism has also been shown by gel 
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electrophoresis under non-denaturing conditions (d'Albis and 

Gretzer, 1973; Hoh, McGrath and White, 1976). Using non-denaturing 

electrophoresis of intact myosin, the three classes of myosin 

mentioned so far were resolved into two atrial isoforms and three 

ventricular isoforms. 

So far, an almost complete sequence of MHC has been reported 

only for nematode body wall (McLachlan and Karn, 1982). However, 

Tong and Elzinga (1983) have reported a complete sequence of the rod 

region of rabbit skeletal myosin, a fast-type myosin. This group 

also has obtained sequences for most of the head region (personal 

communication). Partial amino acid sequences deduced from 

recombinant plasmids containing cDNA sequences corresponding to 

various HC types in rat cardiac and skeletal muscles have been 

reported by Nadal-Ginnard et ale (1982, 1983). Rabinowitz and his 

group (Sinha et al, 1982; Rabinowitz et al., 1984) have shown 

sequences for proteins of the a- and B-MHC of rabbit cardiac 

myosin. An amino acid sequence for a 20K peptide located at the 

COOH-terminus of beef cardiac myosin subfragment-1 has been reported 

by Morkin and Flink (1984). 

Cardiac and slow skeletal myosins have been noted to be 

similar ATPase activities and peptide maps of HCs from these myosins 

and are virtually identical (Flink and Morkin, 1977). The LC 

components may not be identical (Lowey and Risby, 1971; Sarkar and 
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Meikherjee, 1973). S1-Nuclease protection experiments also are 

consistent with a high degree of homology between cardiac and slow 

muscle mRNAs in the rat, suggesting that they are products of the 

same gene (Nidal-Ginard et al., 1982). 

1.1.4. Myosin Isoenzyme Forms and Species Variations. 

In mammalian ventricular cardiac muscle it has been known 

for some time that the myocardium of different animal species vary 

in their shortening velocities and in the ATPase activities of these 

myosins. In general, the smaller the animal, the higher the myosin 

ATPase. Moreover, in animals of similar size, the ATPase activity 

is higher in those whose survival requires sustained exertion rather 

than short bursts of activity (Schwartz et al., 1981). 

It was shown recently that cardiac myosin differ not only 

between various animals, but also in the same heart. These myosins 

exist in multiple molecular forms; both atria and ventricles are 

comprised of distinct sets of myosin isoenzymes which vary in their 

ATPase activity, class of LCs, and primary structure of MHCs (Flink 

et al., 1978). Multiple molecular forms of myosin have been 

identified by native gel electrophoresis in some species, namely 

rabbit and rat (Hoh, McGrath and White, 1978, Lompre et al., 1981). 

In other species, such as guinea-pig, dog and man, only one band of 

myosin has been resolved by using this procedure (Clark et al., 



1982). Based on its electrophoretic behavior, the variant having 

relatively high mobility was classified as V1 myosin isoenzyme, 

while the intermediate and low mobility forms were referred to as 

V2 and V3 respectively. The ATPase activity of V1 myosin 

isoform has been demonstrated to be about three times higher than 

that of V3• The V2 ATPase appeared to have intermediate 

activity between these two forms (Pope, Hoh and Weeds, 1980). 
I 

The electrophoretic mobility of the individual myosin 
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isoenzyme has been shown to reflect the endogenous charge of myosin 

at alkaline pH. Since this differs between animals, different 

myosin isoenzymes in the ventricles of different animals might have 

similar mobilities. This may explain why ventricular myosin in some 

animal species yields only one band upon electrophoresis. In 

addition, subclasses of a and a MHCs have been reported in rat 

(Mohdavi, Periasmy and Nadal-Ginard, 1982), rabbit (Everett et al., 

1983), and bovine myocardium (Morkin and Flink, 1984). Other 

techniques may be needed to supplement electrophoretic analysis. In 

such cases, differences between MHCs can be detected by analyzing 

the peptide produced either by proteolytic fragmentation or 

immunochemical characterization, or DNA sequence analysis of the 

cloned mRNAs and structural genes. 



1.2. Determinants for Myosin 

Isoenzyme Expression. 

1.2.1. Evidence for Molecular Variants of the Myosin Isoenzymes. 

11 

The molecular diversity of ventricular myosin has been found 

to reside in the MHCs, which are of two types, a-HC and a-HC (Hoh et 

al., 1978; Chizzonite et al., 1982). These two MHCs are different 

in their peptide maps, and in several antigenic determinants in both 

the LMM and HMM parts of the molecule. Comparison of the amino acid 

sequence deduced from cDNAs coding for regions in the $-2 segment of 

the a- and a-MHC molecules show about 15% divergence between these 

forms (Rabinowitz et al., 1984). The above evidence strongly 

suggests that the a- and a-MHCs are products of two separate genes. 

This conclusion recently has been confirmed by Nadal-Ginard, Mahdavi 

and Chambers (1984), who showed that the a- and a-MHC genes are 

organized in tandem and span 50 kilobases of the chromosome. The 

a-HC gene was found to be linked 4 kilobases upstream from the a-HC 

and organized 51 to 31 according to their developmental expression 

(see below). Furthermore, the high degree of sequence conservation 

between these genes suggest that they may have arisen by duplication 

of a common ancestor. 



12 

1.2.2. Developmental Changes in Myosin • 

. The expression of cardiac a- and 6- MHC follows a defined 

developmental pattern (Hoh, McGrath and Hale, 1978; Chizzonite et 

al., 1982) which can be markedly altered by thyroid hormone 

administration (Hoh, McGrath and Hale, 1978; Sartore et al., 1981; 

Chizzonite et al., 1982) or by application pressure overload (Lompre 

et al., 1979; Gorza et a1., 1981; Litten et al., 1982). In the rat, 

the relative amount of a-MHC forms increases during the postnatal 

period, and becomes the major form in the adult. In rabbit 

ventricular muscle, the 6-HC eventually becomes the abundant form 

even though both HCs are expressed during gestation. In the 

postpartum period, the proportion of a-MHC rapidly increases to 

approximately 50% of the total MHC, and then declines, 6-He becoming 

the predominate form in the adult. In humans (Mercadir et al., 

1983), and large mammals (Lompre et al., 1981), however, 6-MHC is 

the predominant form throughout development, and only slight 

variations in a-MHC synthesis are detected. 

MHCs are encoded by a mu1tigene family that is regulated 

temporally and spacially (Nadal-Ginard, Mahdavi and Periasamy, 

1982). These workers have isolated and characterized the a- and 

6-MHC genes of a rat myogenic cell line (L6E9). Preliminary 

evidence suggested that the MHC genes were located on a single 
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chromosome and that the expression of the a- and a-genes occurred in 

order of their position in the chromosome. Most recently, a-MHC, 

predominately expressed in fetal life, was shown to be located 

upstream from the a-MHC gene, predominantly expressed in adult 

life. These genes are linked in the rat genome, 4 kilobases apart, 

and organized 51 to 31 according to their developmental expression. 

1.2.3. Thyroid Hormone Effects on Myosin Isoenzyme Expression. 

The distribution of the ventricular a- and a-MHC forms can 

be markedly affected by thyroid hormone administration. When 

thyroid hormone was administered to young adult rabbits, where more 

than 75%of the MHC was in the a form, there was complete conversion 

to a-HC production within 2 to 3 wks. Analysis of [3H] leucine 

incorporation showed an increase in the synthesis of a-HC and 

decreased synthesis of a-HC (Everett et al., 1983). Similarly, when 

adult rats were thyroidectomized and given methimazole or 1311 to 

ablate residual thyroid gland, about 3 wks were needed to convert 

95% of the a-HC to the a-HC form (personal observations). 

The changes in MHC expression appeared to result from 

transcriptional control of the respective genes. Sl nuclease 

mapping analysis using cDNA probes indicated that the relative 

concentrations of a- and a-MHC mRNAs,closely matched the relative 

amounts of the a- and a-HCs in different stages of rabbit cardiac 
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muscle development (Sinha et al., 1982 and Everett et al., 1983). 

The change in mRNA expression is quite rapid and could be detected 

within 4 h following the administration of thyroid hormone to 

hypothyroid rabbits (Everett et al., 1983). Since thyroid hormone 

administration increased the synthesis rate of a-He and de.creased 

that of a-He, the hormone was shown to regulate the expression of 

both He genes at the pretrans1ational level. Regulation at the 

transcriptional level was also reported by Hon and Egerton (1979), 

who found that in hormone treated rats, the synthesis of a-He in 

papillary muscles maintained in culture was inhibited by 

pretreatment with actinomycin 0 (Friedman, et a1., 1984). The 

mechanism whereby thyroid hormone repress transcription from the 

a-He gene and activates synthesis of the mRNA from the a-He gene has 

not been determined. 

1.2.4. Other Factors Affecting Myosin Isoenzyme Expression. 

The factors which regulate the expression of ventricular 

myosin isoenzyme may also depend upon time-dependent factors. Two 

mechanisms have been proposed by which a given phenotype can be 

selected. According to the first proposed mechanism, all 

differentiation is viewed as a process of induction mediated by 

cell-cell interaction or by exogenous molecules. In the second 

proposal, intracellular, time-dependent changes occur which alter 
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chromosomal structure and, thereby, the expression of cell specific 

genes. The differentiation program of a cell is viewed as inherited 

and, consequently, limited. 

Other determinants of the myosin enzyme profile in the heart 

are known to exist. For example, swimming exercise of rats induces 

replacement of V3 by VI' while pressure overload results in 

opposite changes (Gorza et a1., 1981). Moreover, the V3 isoenzyme 

content of the ventricle also increased in experimentally induced 

diabetes (Dillman and Oppenheimer, 1979), during semistarvation 

(Dillman et a1., 1983), and in response to pressure overload (Rupp, 

1981). In some of these examples, however, the observed effects 

might be linked to subtle changes in levels of thyroid hormone. 

1.3. The Role of Thyroid Hormone on Other Proteins. 

In addition to cardiac MHCs, thyroid hormone has been shown 

to specifically offset the expression of other proteins such as 

growth hormone (Samuels, Stanley and Shapiro, 1976; Leo et a1., 

1976), malic enzyme (ME) (Towle et a1., 1981), a2u-g10bu1in 

(Kurtz, Sipple and Fuge1son, 1976), and a-glycerophosphate 

dehydrogenase (GPDH) (Oppenheimer et a1., 1978). Measurements of 

growth hormone in mRNA by cell-free translation (Leo et a1., 1976; 

Martial et a1., 1977; Shapiro et a1., 1978), cDNA probes (Dobner et 
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a1., 1981; Evans et a1., 1982), and analysis of ~ vitro labeled 

RNAs from nuclear run-off experiments (Spindler, Mu110n and Baxter, 

1982) indicate that the increase in synthesis of the proteins 

resulted primarily from increased transcription of the gene. 

Analogous to the mechanism of steroid hormone action, it is 

generally believed that the enhanced transcription is mediated 

through the binding of thyroid hormone to chromatin-bound nuclear 

receptors (Oppenheimer, 1979; Baxter et a1., 1979). Although high 

affinity of intranuclear receptors have been identified (Samuels and 

Tsai, 1973) and there is some correlation between receptor occupancy 

and metabolic effects (Oppenheimer, 1979), this evidence is still 

not conclusive. 

1.3.1. Interaction of Thyroid Hormone With Other Factors. 

An important characteristic of thyroid hormone action has 

been related to the requirement for other hormones and factors. For 

example, synergism between glucocorticoids and T3 have been 

demonstrated in the control of growth hormone synthesis in cultured 

GH1 cells (Shapiro et a1., 1977). Thyroid hormone together with 

insulin plays a permissive role in the induction of pancreatic 

amylase in neonatal rat (Kumegawa et al., 1980). A spectrum of 

opposing effects on myosin isoenzyme distribution and cardiac 

performance has been observed in response to pressure overload and 

thyrotoxicosis. 
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Alpert, Mulure and Litten (1979), have demonstrated that 

cardiac hypertrophy, secondary to pressure overload, results in a 

depressed velocity of unloaded shortening, rate of isometric force 

development, tension-dependent heat production, and myosin ATPase 

activity. Whereas cardiac hypertrophy induced by administration of 

thyroxine leads to an increase in these parameters. Morever, 

thyroid hormone administration to animals subjected to pressure 

overload tended to normalize myosin ATPase activity and cardiac 

performance. 

No information is available with regard to the effects of 

hemodynamic overload on plasma thyroid hormone concentration. 

However, plasma thyroid hormone levels are known to be affected by 

systemic illness (Chopra et al., 1975). Administration of T4 has 

been shown to prevent the decrease in mYosin ATPase activity that 

occurs after aortic constriction in the rat (Affito and Inchiosa, 

1979). These changes of mYosin ATPase are probably the result of 

changes in myosin isoenzymes, since phosphorylation of myofibrillar 

troponin-I and mYosin LC2, proteins which have been implicated in 

calcium regulation of the myofibril, are unaltered in both 

pressure-overloaded and thyrotoxic rabbit hearts (Alpert et al. 

1979) • 

Interestingly, a number of proteins that are under the 

influence of thyroid hormone also were induced in thyroid-deficient 
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rats by administration of high carbohydrate diets. In rat liver, 

the activity of several lipogenic enzymes such as fatty acid 

synthetase (Volpe and Vagelos, 1976; Morris et al., 1982 and Roncari 

and Murthy, 1975), acetyl-CoA carboxylase (Roncari and Murthy, 

1975), ATP-citrate lysase (Gibson et al., 1972 and Sul et al., 1984) 

and glucose-6-phosphate and 6-phosphogluconate dehydrogenases from 

the hexose monophosphate shunt (Tepperman and Tepperman, 1964; 

Diamant, Gorin and Shafrir, 1972; Mariash et al., 1980 and Miksicek 

and Towle, 1982) responded to high carbohydrate diet and thyroid 

hormone administration. Cytosolic malic enzyme has been 

particularly well studied in this regard (Tepperman and Tepperman, 

1964; Mariash et al., 1980; Wise and Ball, 1964; Tarrentino et al., 

1966). The biochemical mechanisms whereby carbohydrate effected 

these enzymes were unknown. 

1.3.2. Effects of High Carbohydrate Diet Upon Enzyme Induction. 

Immunological studies have shown that T3 and carbohydrate 

stimulation of cytosolic malic enzyme activity could be accounted 

for by an increase in enzyme mass (Isohashi et al., 1971) resulting 

from a higher rate of enzyme synthesis (Li et al., 1975; Goodridge 

and Adelman, 1976). ~ vitro translation assays have shown that 

increased malic enzyme synthesis was related to a proportional 

change in the mRNA encoding for malic enzyme (Towle et al., 1980; 
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Towle et al., 1981). This could reflect either modification of the 

translational efficiency of preexisting mRNA or an authentic 

increase in cytoplasmic malic enzyme mRNA amount. Using malic 

enzyme cDNA, Magnuson and Nikodem (1983) obtained direct evidence 

for the regulation of malic enzyme by T3 and carbohydrate at a 

pretranslational level. In kinetic studies, the induction of malic 

enzyme activity was accompanied by an increase in the mass of 

hybridizable malic enzyme mRNA. Since a lag period of at least 6 h 

preceded the substantial rise in hybridizable malic enzyme mRNA in 

T3 stimulated liver, these workers proposed that T3 promoted, in 

a tissue specific manner, the synthesis of a primary intermediate 

which, in turn, regulated the expression of the malic enzyme gene. 

Alternatively, the hormonal induction could affect directly the 

transcription efficiency of the malic enzyme gene, which implies 

that some additional factors were required to specify the hormonal 

response in individual tissues. 

Recently, regulation of malic enzyme in cultured hepatocytes 

has shed additional light on the mechanism of enzyme induction by 

carbohydrate (Mariash, 1981; Oppenheimer and Mariash, 1982). In 

these experiments, graded increases in media glucose concentration 

were shown to induce the formation of malic enzyme in the complete 

absence of T3• Addition of T3 to cells grown in high glucose 

media caused a relatively constant increase in malic enzyme 
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activity, which was interpreted to suggest that T3 may act to 

amplify a glucose-induced signal. The nature of this signal has not 

been defined. 

1.4. Identification and Characterization 

of Thyroid Hormone Receptors. 

1.4.1. Intranuclear Local ization of the Thyroid Hormon~ Receptor. 

Intranuclear T3-receptor sites have been show to be 

associated with the chromatin. Surks et al. (1973) isolated rat 

liver nuclei and treated them with Triton X-100 to rerrove the outer 

nuclear membrane and then extracted the soluble nucle r proteins in 

buffer containing 0.14 M NaCl and 0.1 M Tris-Cl. Specifically bound 

T3 and T4 were associated with the chromatin, whereas the 

nonspecific T3 and T4 binding occurred mostly at the outer 

membrane. 

By using chromatin prepared from rat liver nuclei containing 

specifically bound T3 (Spindler et al., 1975), formaldehyde-linked 

chromatin preparations centrifuged in CsCl gradients (Doenecke and 

McCarthy, 1975), and T3 binding to isolated chromatin (Defer, 

Dastugue and Kruh, 1974a; Defer, Dastugue and Kruh, 1974b; Defer et 

al., 1977), these studies have shown that the receptor is localized 

in the chromatin and furthermore that the nuclear receptors for 

thyroid hormone are chromatin-localized proteins. 



21 

The T3 receptors association within the chromatin appeared 

to be nonrandomly distributed (Charles et al., 1975, Doenecke and 

McCarthy, 1975). The localization of receptors in chromatin has 

also been examined with the use of nucleases. Gardner (1975) 

treated rat liver chromatin with micrococcal nuclease, an enzyme 

that liberates DNA-histone containing nucleosomes and nucleosome 

oligomers. In these experiments, the majority of bound T3 

remained associated with the nuclei after 65 of the DNA had been 

liberated by micrococcal nuclease. The higher concentration of 

receptors in the DNase-resistant fraction was relatively enriched in 

nucleolar chromatin, suggesting that the receptors were concentrated 

in the nucleoli (Gardner, 1978). Presumably, the thyroid hormone 

receptors are preferentially associated with nucleosome oligomers 

and not monomers. These data were interpreted to suggest that the 

receptors bind to DNA in the internucleosomal spacer region. 

Further studies have indicated that the receptor is localized within 

DNase but not RNase susceptible regions of chromatin. 

1.4.2 Characterization of Thyroid Hormone Receptor and Associated 

DNA Component. 

More recent studies concerning the characterization of the 

receptor from the micrococcal nuclease digest has been carried out 

by Samuels, Stanley and Casanova (1980), Perlman, Stanley and 
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Samuels (1982), Jump and Oppenheimer (1980), and Groul {1980}. 

These studies showed that the receptor can be extracted under high 

salt conditions from liver or GH1 cell nuclei. In liver this 

receptor fonn was found to have a Stokes radius of 3.5 nm {55,000 

M.W.}, and a sedementation coefficient of 3.5 S {Latham et al., 

1976}. From GH1 cells, the KCl extracted receptor exhibited an 

estimated Stokes radius of 3.3 nm and a sedementation coefficient of 

3.8 S {Samuels et al., 1980; Perlman et al., {1982}. The difference 

in the physical parameters of the high salt extracted receptor from 

rat liver and GH1 cells may be related to variations in 

experimental measurements rather than intrinsic differences in the 

receptor binding component. 

~ situ, the receptor has been shown to have a half-life of 

about 5 h while the total nuclear receptor population appears to 

fully exchange within a 24 h period. Therefore, the receptor is 

constantly replaced by newly synthesized receptor protein and does 

not remain fixed to specific regions of the chromatin. 

Excision of the thyroid hormone receptor by DNase I and 

micrococcal nuclease has demonstrated that digestion of chromatin 

results in a predominant 6.5 S {110,000 M.W.} species and a less 

abundant 12.5 S form. {Samuels et al., 1980; Perlman et al., 

1982}. Studies in rat liver {Jump and Oppenheimer, 1980; Groul, 

1980} have also indicated that the predominant excised form of the 



23 

receptor sedimented at about 6.0 S. The 12.5 S form of the receptor 

may represent the association of receptor with a subset of 

mononucleosome particles that appeared to be excised more rapidly 

than the bulk of the mononucleosomes generated. 

Evidence has supported the conclusion that the 6.5 S 

receptor form may represent the 3.8 S receptor in association with 

other chromatin protein components which are excised as a complex 

bound to a DNA fragment of approximately 35 to 40 base pairs. 

Future approaches to determine the significance of the DNA 

associated with the receptor require analysis of this complex on a 

functional as well as a structural level. 

1.5.Statement of the Problem 

1.5.1 In Vivo Studies. 

One of the most important properties of the heart is its 

ability to adapt to altered hemodynamic loads. On a short term 

basis, the heart is able to adapt to an enhanced load by increasing 

its ability to develop pressure via the Frank-Starling mechanism. 

However, in response to repeated or prolonged pressure overload, as 

well as administration of certain hormones, a second mechanism 

becomes activated which has been shown, in some cases, to lead to an 

altered expression of cardiac genes. This adaptive response can 
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take three forms: 1) an increased synthesis of cardiac components 

with enlargement (hypertrophy) of the organ; 2) an altered rate of 

synthesis of some cellular components, resulting, in a change in the 

composition of the heart; and 3) a change in the characteristics of 

the cardiac proteins. 

Among the most interesting stimuli to cardiac hypertrophy is 

the action of thyroid hormone. Recent observations, cited in Sect. 
-

1.2, indicate that myosin isoenzymes are changed in response to 

thyroid hormone administration. However, many aspects of the 

control of ventricular myosin isoenzyme expression by thyroid 

hormone have not been explored, including the relative efficacy of 

thyroid hormone analogs and identification of other factors which 

may modify the response. Potentially, these factors might be useful 

in regulating the V1 content of the ventricle as a positive 

inotropic stimulus in hypertrophied and failing hearts, 

particularly, if undue stimulation of myocardial oxygen consumption 

could be avoided. 

In the first series of experiments reported here ventricular 

myosin isoenzyme patterns were studied in thyroidectomized and 

hypophysectomized rats in response to treatment with T3, the 

physiologically active form of the hormone, and several of its 

analogs. To evaluate the effects of these hormones on tissue 

respiration, 14C02 production from 14C-labelled glucose and 



25 

palmitate was measured in isolated atria. Hepatic mitochondrial 

GPDH activity, was measured as an index of peripheral responsiveness 

to thyroid hormone (Oppenheimer, 1980). In a second series of 

experiments, the influence of several factors reputed to modify the 

actions of thyroid hormone on other enzymes, such as 6-adrenergic 

agonists and antagonists, glucocorticoids and high carbohydrate 

diets have been studied utilizing the same animal models and assay 

procedures. 

1.5.2. In Vitro Studies. 

In view of the evidence presented in Sect. 1.4, it seems 

plausible that thyroid hormone action is initiated through 

interaction with nuclear receptors, followed by alterations in RNA 

production. The demonstration of high affinity, low capacity 

binding sites for thyroid hormones in chromatin places the 

hormone-receptor complex in a favorable subcellular location for 

affecting RNA production. The rapid and specific stimulation of 

mRNA production in response to thyroid hormone administration 

strengthens the concept of a direct action of a hormone on gene 

expression. There remain, however, many fundamental questions 

related to thyroid hormone action. 

The most fundamental question of all pertains to the 

molecular mechanism(s} by which binding of the hormone to its 
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receptor can generate a signal leading to altered RNA production. 

The lack of knowledge involving the mechanism of eukaryotic gene 

expression and the structure of chromatin has hampered efforts to 

address this question. The purpose of the second part of thi~ study 

was to isolate and characterize the intact T3-receptor-DNA 

complex. Since mYocardial nuclei are rather difficult to purify, 

these studies have been carried out using nuclei from rat liver. 

Spec'ific binding of T3 to the receptor complex will be 

demonstrated and evidence presented to indicate that DNA associated 

with the receptor has physiological relevance. 
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CHAPTER 2 

2.1.1n Vivo Studies 

2.1.1.Surgery of Animals. 

Male Sprague-Dawley rats 6 to 8 wks of age were used for all 

experiments. Hypophysectomized and thyroidectomized animals were 

obtained from Hormone Assay Laboratory, Chicago, 1L. About 1 wk 

after arrival, thyroidectomized animals were injected 

intraperitoneally with 1 mCi 1311 to ablate residual thyroid 

tissue and received 0.15 Ca-gluconate as drinking water. 

Hypophysectomized and thyroid deficient animals were used for 

experiments 3-4 wks after operation if they showed no evidence of 

testicular development or weight gain. Adrenalectomy was performed 

locally on rats of the Sprague-Dawley strain under anesthesia with 

fentanyl and droperidol; postoperatively, the adrenalectomized 

animals were given hypotonic saline (0.9 NaCl) as drinking water. 

2.1.2.Diets for Normal and Hypothyroid Rats. 

Except as indicated, animals were maintained on rat chow 

containing (% of total calories) 18% protein, 44% complex 

carbohydrate, and 38% fat (Ralston Purina Co., St. Louis, MO) and 
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water ad libitum The tube-feeding procedure and diets were adapted 

from those described earlier for hypophysectomized rats (Samuels, 

Reinecke and Bauman, 1943; Tepperman and Tepperman, 1955; Tepperman 

and Tepperman, 1964). The rats were fasted overnight before 

beginning feeding of the high carbohydrate diet through a 

nasogastric tube. The diet consisted of a synthetic mixture with 

76% of total calories as fructose or glucose, 21% protein, and 3% 

fat. Vitamins, salts, and nonnutritive cellulose also were added. 

On the first day of the diet, each animal received by gastric tube 4 

ml of the high carbohydrate diet every 12 hrs. This amount was 

increased by 2 ml per feeding to a maximum of 8 ml. This feeding 

was continued for 10 days and body weights were monitored on a daily 

basis until the animals were killed. 

2.1.3. Administration of Drugs. 

Stock solutions of 3,5,3'-L-triiodothyronine, T3; D-3,5,3'

triiodothyronine, dT3; 3,5,3'-L-triiodothyroacetic acid, Triac; 

3,5-L-diiodothyronine, T2 (Sigma Chemical Co., St. Louis, MO); and 

3,3',5'-L-triiodothyronine, rT3 (Calbiochem-Behring Corp., San 

Diego, CAl were prepared by dissolving the powder in 50% ethanol at 

pH 12. The solution was diluted to 2 mg/ml with distilled water. 

Dilutions of stock solutions were made with physiological saline and 

administered subcutaneously once daily at the dosages indicated in 
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Results. Hydrocortisone acetate (2 mg/100 g) and isoproterenol (0.5 

mg/100 g) were administered subcutaneously and intraperitoneally, 

respectivelY5 once daily. Propranolol was administered in drinking 

water at a 1 mM concentration. 

2.1.4. Measurement of CO 2 Production from Isolated Atria. 

Left and right atria were used to measure the recovery of 

14C02 from labeled palmitate and glucose, respectively. Atria 

were washed with cold oxygenated calcium-free Krebs-bicarbonate 

buffer, pH 7.4, to remove blood and placed in 3 ml plastic flasks 

containing 0.5 ml of the same buffer to which had been added 10 mM 

palmitate complexed with albumin,S mM glucose and either 7 ~Ci 

[1_14C]-palmitate or 7 ~Ci D-[14C(U)]-glucose. Individual 

reaction flasks were connected to the apparatus described by Brendel 

and Meezan (1974) and gassed with 95% 02:~1o CO2• Incubation in 

the presence of labeled substrates was carried out with gentle 

shaking at 37~ C for 3 h. Evolved 14C02 was collected from ten 

separate reaction mixtures simultaneously. Scintillation vials 

containing I ml of 0.3 N NaOH with 40 drops of 5% Triton X-IOO per 

liter were used as trapping vessels. These vials were replaced 

every 20 min to permit continuous monitoring of 14C02 production. 

Omnifluor (New England Nuclear, Boston, MA) containing one-third 

Triton X-IOO was added to each vial and radioactivity was determined 

in a liquid scintillation counter. 
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2.1.5. Assay for a-Glycerol Phosphate Dehydrogenase. 

For assay of a-GPDH activity, liver mitochondrial membranes 

were prepared according to the procedure of Kadenbach (1966). 

Enzyme activity was determined by measuring the reduction of cyto

chrome C at 550 nm in a recording spectrophotometer (Beckman 

Instruments, Palo Alto, CAl as described by Kubista, Kubistova and 

Pette (1971). The assay mixture (1 ml) contained 100 mM phosphate, 

pH 7.5, 5 ~1 EOTA, 1 mM KCN, 25 mM L-a-GPOH, 0.09 mM cytochrome C, 

and 0.1 mM phenazine methosulfate. Glycerol phosphate was omitted 

from the assay mixture in the reference cuvette. The activity was 

expressed as ~moles cytochrome C reduced/min/mg protein. 

2.1.6. Myosin Preparation. 

Myosin was prepared according to purification procedures 

described earlier (Dow and Stracher, 1971; Bhan and Scheuer, 1975). 

All procedures were performed at 4° C. The ventricles were blotted 

dry, weighed, minced with scissors, and washed with 0.05 M KC1, 

0.01 M potassium phosphate buffer (pH 7.0). Homogenization was 

performed in 10 vol of the same buffer with a Polytron (Brinkman 

Instruments, Westbury, NY) at setting 6 using 2 bursts of 10 sec 

each. After centrifugation at 2000 X g for 10 min, the residue was 

resuspended in 5 vol of extraction buffer (0.47 M KCl, 0.01 M 
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potassium phosphate buffer, pH 6.8, and 0.02 M sodium pyrophosphate) 

and slowly stirred for 15 min. The viscous solution was centrifuged 

for 30 min at 13,000 X g and the supernatant was diluted 10-fold 

with cold, deionized water containing 1 mM EOTA. The precipitated 

myosin was stored in 50% glycerol at -20~C. 

2.1.7. Gel Electrophoresis. 

The methods and apparatus used for polyacrylamide gel 

electrophoresis of myosin as intact molecules in pyrophosphate 

buffer was essentially the same as described by Hoh et ale (1978). 

Stored or fresh myosin precipitates were dissolved in 0.2 M Na 

pyrophosphate, 2 mM cysteine, pH 8.8, for gel electrophoresis. 

About 2-3 ~g myosin were applied onto polyacrylamide gels prepared 

as described by Hjerten (1963). Electrophoresis was carried out at 

60 volts for 20 h. The temperature was maintained at 4~C and the 

buffer was recirculated to avoid pH changes. Gels were stained as 

described by Fairbanks, Steck and Wallach (1971) and scanned in a 

recording spectrophotometer (Carl Zeiss, New York, NY) equipped with 

a device for integration of peak areas. 

2.1.8. Protein Determination. 

Protein concentrations were measured by the biuret technique 

(Layne, 1957) using serum albumin standards or the Bio-Rad 
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(Richmond, Ca.) protein assay using y-globulin standards. 

2.1.9. Analysis of Dose-Response Curves and Statistics. 

Assay data for the effects of thyroid analogs on myosin iso

enzyme content, a-GPDH activity, and atrial CO2 production were 

fitted by a least-squares approximation to the dose-effect relation

ship essentially as described by Tallarida and Murray (1981). 

Statistical signifiance of intergroup comparisons between control 

values and those obtained after various interventions were made by 

the Newman-Keuls test after analysis of variance had demonstrated 

statistically significant changes (Zar, 1974). 

2.2.1n Vitro Studies 

2.2.1.Thyroid Hormone Analogs and Chemicals. 

3,5,31-Triiodo-L-[1251JthyrOnine (3,300 ~Ci/ug) was 

obtained from New England Nuclear. Nonradioactive 

3,5,3 1-triioiodo-L-thyronine was purchased from Sigma Chemical 

Co.(St. Louis, Mo.) Micrococcal nuclease (15,000 to 20,000 u/mg) 

was obtained from Worthington Biochemical Corp. (Freehold, N.J.) 

Ultrapure sucrose was obtained from Schwartz-Mann (Springvalley, 

N.Y.). Sepharose CL-6B was purchased from Pharmacia (Piscataway, 

N.J.). The compound Hoechst 33258 was purchased from American 

Hoechst (Milwaukee, Wi.). 
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2.2.2.Preparation of Nuclei. 

Rat liver nuclei were prepared by the method of Hewish and 

Burgoyne, 1973 as modified by Woll et al. 1981, which uses buffers 

containing polyamines as divalent cations. This is reported to 

result in recovery of higher molecular weight DNA species than 

methods employing buffers containing Ca2+ or Mg2 salts, which 

may activate endogenous nucleases. For labeling of nuclear 

T3-receptors, isolated nuclei were incubated with 2 nM [125 IJ _ 

T3, 50 mM KC1, 0.1 mM EDTA, 5 mM OTT, 20 u/ml aprotinin, and 10 mM 

Tris-Cl, pH 7.4. 

2.2.3. Micrococcal Nuclease Digestion. 

Freshly prepared nuclei were washed once by resuspension and 

low-speed centrifugation in digestion media containing 50 mM KC1, 

5 mM OTT, 20 u/ml aprotinin, 0.2%Triton X-100, and 10 mM Tris-Cl, 

pH 7.4. The nuclear pellet was washed a second time in the above 

buffer without Triton X-100 and a third time in buffer containing 

1 mM CaC1 2 and 3 mM MgC1 2• Nuclei were resuspended with the 

above buffer and diluted to 15 A260 u/ml. Micrococcal nuclease 

(35 u/ml) was added and the mixture was incubated at 0° C for 1 h or 

at the times and concentrations of micrococcal nuclease indicated in 

the figure legends. To terminate the reaction, the digest was 

centrifuged at 30,000 x g for 5 min and EDTA was added to the 



supernatant to a final concentration of 5 mM after which the 

supernatant was centrifuged at 30,000 x g for 30 min. 

2.2.4. Preparation of T3 Receptors. 

Solubilized nuclear T3 receptors were prepared from 
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purified rat liver nuclei by the procedure described by Latham, Ring 

and Baxter (1976). Briefly, the nuclei were resuspended in 0.25 M 

sucrose, 5 mM EDTA~ 0.5 mM OTT, 0.4 M NaCl and 30 mM Tris pH 8. Two 

15 sec burst at a setting of 6 with a 1 min cooling between bursts 

was performed prior to centrifugation at 45,000 x g for 30 min. To 

prevent reassociation of free receptor with DNA at low ionic 

strength, the supernatant was adsorbed onto a column of 

DEAE-Sephadex, washed with buffer to remove DNA and then eluted with 

0.15 M KC1. The eluant was concentrated and dialyzed versus 

low-ionic strength binding buffer. 

2.2.5. Chromatography of T3 Receptor Complexes. 

In some experiments, the T3-receptor complex released by 

micrococcal nuclease digestion was subjected to initial purification 

by filtration through a 3.5 cm x 42 cm column of Sepharose CL-6B 

equilibrated with 50 roM KC1, 5 mM OTT, 20 u/ml aprotinin, and 10 mM 

Tris-Cl pH 7.4. A 2 ml sample size was applied with a 20 ml per h 

flow rate and fractions were collected every 3.1 ml. DNA and 
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specifically bound T3 was assayed for each fraction to 

characterise the associated receptor-DNA complex. These fractions 

were subjected to further purification procedures ,as described in 

text. 

Affinity purified complexes (see section 2.2.6.) were 

concentrated and dialyzed in a chamber (Micro-ProDiCo~, Biomolecular 

Dynamics, Beaverton, Or) under vacuum to a volume of about 0.15 ml. 

This material was analyzed by chromatography in 0.5 C~l x 82 cm 

columns of Sepharose CL-6B which were equilibrated an run in the 

same buffer at 10 ml per h. The eluant was collected in 0.5 ml 

fractions and analyzed for radioactivity and DNA conc 

estimate of the size of T3 receptor forms was determi 

An 

standard proteins (Pharmacia, Piscataway, N.J.) of known Stokes 

radii and apparent molecular weights (thyroglobulin M.W. = 669,000, 

ferritin M.W. = 440,000 catalase M.W. = 232,000 aldolase M.W. = 

158,000 and bovine serum albumin M.W. = 67,000). The void volume 

(Vo)' total column volume (Vt ) and the elution volume (Ve) for 

the standard proteins were determined. The average elution constant 

(Kav) was calculated for each protein where Kav = 
Ve-Vo/Vt-Vo. The elution volume of various T3-receptor 

forms was determined by evaluating each fraction for bound 

[125IJT3 and the Kav for each form was then calculated. 
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2.2.6. T3-Affinity Chromatography. 

Fractions containing the T3-receptor DNA complex from 

Sepharose CL-6B columns were pooled and incubated overnight on ice 

with T3-affinity gel which had been equilibrated with 50 mM KC1, 

5 mM OTT, 20 u/ml aprotinin, 0.05 mg/ml histone, and 10 mM Tris, pH 

7.4. About 5 ml of gel was used per 50 ml of pooled material. The 

resin was washed at 4°C with 30 ml of the above buffer and allowed 

to settle. DNA concentration was determined and the wash procedure 

was repeated until DNA could not be detected in the supernatant. 

Generally, this required 5 to 6 washes. The gel then was 

resuspended in the same buffer containing 10 mM KC1, centrifuged at 

3,000 x g and analyzed for DNA. This procedure was repeated 1-2 

times at room temperature (22°C). The T3-receptor complex was 

eluted by gently stirring the gel at room" temperature in the same 

buffer which contained, in addition, 2 x 10-6 M T3, for 6 to 8 h. 

The mixture was spun at 3,000 x g (4~C) for 10 min and the 

supernatant removed. 

2.2.7. Labeling and Digestion of Affinity Purified Receptor. 

Affinity purified receptor prepared as previously described 

was dialyzed overnight to remove free T3 and concentrated to 

0.5 ml after which the receptor complex was labelled with 

2.0 nM [125 IJT3 for at least 10 h at 0° and treated with AG 1-X8 
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(Cl- form) for 5 min to remove loosely bound T3 • Aliquots of 

0.15 ml were removed from the supernatant for a control, DNase 

digestion, or high salt teatment. Afterwards, samples were applied 

onto Sepharose-CL6B columns (lB x 1.5 cm or 42 x 1.5 cm). Column 

effluents were analyzed for radioactivity by an auto-y spectrometer 

and DNA by th.e fluorescent assay described below. 

2.2.B. Binding Assays. 

Hormone-receptor binding was measured as described by 

Bernal, Caleoni and DeGroot (197B) in 0.1 ml buffer containing 30 mM 

Tris-Cl, pH B.O, 50 mM KC1, 5 mM OTT, 1 mM EDTA, 3 mM MgC'2' 

Total binding capacity was determined on receptor-containing 

fractions by addition of specified amounts of [1251]T3• 

Nonspecific binding was measured by simultaneous addition of 

lOa-fold excess nonradioactive T3 to duplicate tubes at O°C or 

20~C for the indicated times. After incubation, 1.9 ml of a 40 

mg/ml slurry of Bio-Rad AG 1-XB resin (Cl- form) was added per 0.1 

ml of reaction to remove loosely bound [1251]T3• The mixture 

was thoroughly mixed and centrifuged for 10,000 x g for 3 min at 

4°C. 

Moles of bound ligand were calculated from the radioactivity 

retained in the supernatant and the specific activity of the T3 

solution. The experimental data was analyzed by plotting the molar 
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binding ratio versus B/F (Scatchard 1949). The intercept on the 

vertical axis is the number of binding sites, while the negative of 

the slope of the regression line gives the dissociation constant, 

KO· 

2.2.9. Protein Electrophoresis. 

Electrophoresis was performed in a polyacrylamide slab gels 

containing SOS using the discontinuous system described by Laemmli, 

1970. Prior to electrophoresis, samples of DNA-receptor complex 

which had been affinity purified were filtered through a column of 

Sepharose CL-6B (0.5 cm x 85 cm) and fractions eluting under the DNA 

peak were pooled and concentrated in a dialysis chamber under 

vacuum. About 2 ~g protein were applied together with about 5-10 ~g 

micrococcal digest and standard proteins of known molecular weights 

(bovine serum albumin, 66,000; ovalbumin, 45,000; glyceraldehyde-

3-phosphate dehydrogenase, 36,000; carbonic anhydrase, 29,000; 

trypsin inhibitor, 20,100; and a-lactalbumin, 14,200). Gels were 

stained in a solution containing final concentrations of 0.1 

Coomassie blue, 50% methanol, and 10% acetic acid, and destained by 

diffusion in a solution of 5% methanol and 10% acetic acid. 

2.2.10. DNA Labeling. 

A recombinant plasmid, (pMCa174) described by Sinha et ale 



(1982) containing a cDNA insert coding for a portion of rabbit 

cardiac a-MHC was labeled by nick translation using a_32P_dATP 

according to the method of Rigby et ale (1977). The specific 

activity of the DNA was 0.75 x 107 cpm per ~g DNA. 

2.2.11. DNA and Radioactivity Analysis. 
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DNA was determined using a fluorescent assay (Paigen and 

Labarca, 1980). This method is based on the enhancement of fluores

cence seen when the compound (2-[2-(4-hydroxyphenyl)6-

benzimidazolyl]-6-l-methyl-4-piperazyl)-benzimidazol-HCl (Hoechst 

33258) binds to DNA. Samples (0.25 ml) and standards prepared from 

calf thymus DNA were diluted with 0.75 ml buffer containing 10 mM 

Tris-Cl,pH 7.6. To this mixture were added 1 ml reagent containing 

0.2 ~g/ml Hoechst 33258 and 4 M NaCl. This concentration of Hoechst 

33258 was used in the lower range of DNA measurements (0.01 - 0.2 

~g). Increasing the amounts of Hoescht reagent 2 to 10 fold 

permitted DNA determinations in the range of 0.5 - 2 ~g • 

Fluorescence measurements were made using an Aminco 

fluorocolorimeter with a Corning 7-60 (370 nm) filter for excitation 

light and a Wratten 2A (415 nm) filter for the emission light. 

Radioactivity in column fractions was determined in an auto-y 

spectrometer (Tracor Analytic, Oakland, Ca.). 



CHAPTER 3 

RESULTS 

3.1. In Vivo Studies 

3.1.1. Control Values for CO2 Production, a-Glycerol Phosphate 

Dehydrogenase and Myosin Synthesis. 
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Production of CO2 from palmitate and glucose in isolated 

atria together with hepatic a-glycerol phosphate dehydrogenase 

activity (GPDH) were used as indicators of enzyme metabolism. The 

effects on myosin isoenzyme content produced by various 

interventions were quantitated from densitometric scans to provide 

comparison between the effects on myosin isoenzyme synthesis and 

enzyme metabolism. 

Values for 14C02 production from labeled glucose and 

palmitate, GPDH activity and myosin isoenzyme distribution in 

euthyroid, thyroidectomized and hypophysectomized rats are given in 

table 1. Both groups of thyroid deficient animals exhibited values 

for 14C02 production that were less than 50% of those found in 

atria from intact animals. GPDH activity was even more severely 
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depressed in thyroid deficient animals, being less than 20% of the 

average euthyroid value. In normal rat ventricles the fast 

migrating, high ATPase activity VI form represented over 9~ of 

the myosin. Conversely, in thyroidectomized rats all of the myosin 

appeared to be in the V3 form. Ventricular muscle from 

hypophysectomized animals contained small amounts (12% and 23%, 

respectively) of the VI and V2 forms; about 64% was in the V3 

form. 

A dose response of T3 administered in thyroidectomized and 

hypophysectomized rats was established in order to compare the 

potentcy in VI myosin isoenzyme synthesis with the various thyroid 

analogs investigated. Figure 1 shows the effects of graded doses 

(0.1-7.0 ~g per day) of T3 administered to thyroidectomized rats 

over 10 days. The dose at which 50% of the V3 isoenzyme was 

replaced with the VI isoenzyme (ED50 ) was about 0.3 ~g/IOO 

g/day. 

3.1.2. Thyroid Analogs. 

Enzyme metabolism and stimulation of VI myosin synthesis 

were analyzed in the folowing experiments in order to determine if 

synthetic thyroid analogs exhibited selective stimulation of the 

VI myosin isoenzyme when compared with tissue respiration. Data 

on 14C02 production from labeled glucose and palmitate in 



Table 1. Control values for atrial 14C02 production, hepatic 
GPOH activity and ventricular myosin isoen~me composition in 
euthyroid, thyroidectomized and hypophysectomized rats. 

Euthyroi d Thyroi dectomy Hypophysectomy 

palmitate 10.8%1. 7 3.9%0.3 4.5%0.3 
103dpm/mg/h 

glucose 7.5%0.2 
104dpm/mg/h 

3.1%0.4 3.5%0.5 

GPDH nmol cyto. C 18.3%2.0 2.5%0.7 3.3%0.8 
reduced/mg/min 

myosin type (%) 
Vi 98.4%2.1 NO 12.3%3.3 

V2 23.4%3.1 

V3 1.4% .5 100.0 63.9%2.3 

Values are means ±SE for 5 animals 
NO = Not detectable 
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Figure 1. Electrophoretic patterns of ventricular myosin isoenzymes from thyroidectomized 
rats treated with graded doses of T3. Rats were treated for 2 v1ks with the dose of T

3 listed with each gel. 
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Figure 2. Effects of administration of graded doses of T3 
and T3 analogs to hypothyroid rats. Animals were treated for 14 
days with T3 and T3 analogs. (A) Atrial 14C02 production 
from labeled glucose, (8) atrial 14C02 production from labeled 
palmitate, (C) hepatic mitochondrial a-glycerol phosphate 
dehydrogenase activity (GPDH), (0) ventricular myosin VI isoenzyme 
content. (A) T3, (.) dT3, (D) Triac, (II) T2, (A) rT3. 
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isolated atria, hepatic GPDH activity, and the percentage V1 
myosin isoenzyme in hypothyroid rats receiving graded doses of 

various thyroid analogs for 14 days are presented in figure 2. The 

relative potency and efficacy of these analogs were strikingly 

similar in all assays. In,particular, the results shown in table 2 

indicate that there were no separation of the effects on stimulation 

of V1 myosin synthesis as compared with stimulation of atrial 

CO2 production and hepatic GPDH activity. This was determined by 

the ratio of Emax estimates for V1 and GPDH. It also appears 

that Triac, T2, and rT3 are only partial agonists relative to 

T3• Also, the results show that the activity of rT3 was very 

low, particularly with respect to stimulation of CO2 production 

from glucose and palmitate. No attempt was made to calculate 

dose-effect parameters from these assay results. From estimates of 

Emax the relative efficac~ of the thyroid analogs tested was as 

follows: T3>dT3>Triac>T2>rT3• 

3.1.3. Effects of the B-Adrenergic System. 

A major characteristic of the responses triggered by 

B-adrenergic stimulation is that they increase the contractility of 

the heart. Thyroidectomized animals were used to determine if 

stimulation of V1 myosin isoenzyme contributed to the increased 

force of contraction observed with adrenergic agonists. The 



influence of isoproterenol, a a-adrenergic agonist, on myosin 

isoenzyme expression, CO2 production, and GPDH activity is shown 
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in figure 3. Daily injection of 0.5 mg/100 g of the drug had no 

significant effects (P > .OS) on any of the parameters shown. 

Furthermore, the average ventricular weight/body weight ratio in 

isoproterenol treated thyroidectomized animals (290*31 mg/100 g) was 

not significantly greater than in untreated thyroidectomized rats 

(276*15 mg/100 g) (P > .OS). Since a minimal level of thyroid 

hormone might be required for a-adrenergic modulation to become 

manifest, additional thyroidectomized animals were given partial 

replacement with thyroid hormone (0.4 ~g/100 g T3/ day) at the 

same time that isoproterenol was administered. From figure 3 it can 

be seen that, except for a small increase in CO2 production from 

labeled palmitate, isoproterenol treatment of animals receiving 

partial thyroid replacement did not modify significantly the effects 

on myosin isoen~mes and GPDH activity produced by partial 

replacement alone. However, isoproterenol administration in these 

animals increased the ventricular weight/body weight ratio to 434*23 

mg/100 g, an increase of about 40% over the value in untreated 

thyroidectomized rats (P < .01). Thus, thyroid hormone is required 

for the effects of isoproterenol on myocardial growth to be 

expressed, but isoproterenol does not potentiate the effects of 

thyroid hormone on MHC synthesis. 



Table 2. Differential effect of T3 analogs on cardiac myosin VI isoenzyme content, stimulation of atrial 
C02 production and hepatic a-glycerol phosphate dehydrogenase. 

ED50 Estimates 

Analog 14C02 from 14C02 from GPDH VI 
glucose palmitate myosin 

T3 0.18=0.03 0.35=0.02 0.38=0.03 0.46*.02 

dT3 0.31:1:0.02 0.41:1:0.03 0.62*0.02 0.56*.04 

Triac 0.58:1:0.04 0.45*0.02 0.73*0.04 0.78:1:.13 

T2 0.62.*0.03 0.71:1:0.04 0.81*0.07 0.75:1:.21 

rT3 1. 20*0. 08 0.86*.13 

*Efficacy of analogs relative to T3. 

Emax Estimates* 

14C02 from 14C02 from 
glucose palmitate 

1.00 1.00 

0.83 0.86 

0.54 0.67 

0.43 0.59 

~ 
-...J 

GPDH 

1.00 

0.85 

0.48 

0.27 

0.13 

VI 
myosin 

1.00 

0.99 

0.71 

0.33 

0.08 
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Figure 3. Influence of isoproterenol and partial replacement with 
T3 (0.4 ~g/IOO g/d1*) on expression of the VI ventricular myosin 
isoen~me, atrial C02 production and hepatic a-glycerol 
phosphate dehydrogenase activity in thyroidectomized (THX) rats. 
Values represent mean: SE for: (A) atrial C02 production from 
labeled glucose, (8) atrial C02 production from labeled palmitate, 
(C) hepatic mitochondrial GPOH activity, and (0) ventricular mYosin 
VI content. The VI myosin form was not detectable (NO) in 
untreated thyroid deficient animals. N = 5 in each group. *p < 
.001 compared with thyroidectomized control group. P < .001 
compared with thyroidectomized animals receiving T3. 
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To determine whether B-adrenergic blockade has might 

selectively interfere with induction of MHC synthesis, additional 

animals were treated with propranolol and T3• As B-adrenergic 

might interfere with responses to lower but not to higher doses of 

thyroid hormone, a range of T3 doses (0.17 Ilg/lOO g to 1..5 Ilg/lOO 

g) were given to animals receiving propranolol. However, T3 

dose-response curves in the presence and absence of propranolol 

(figure 4) were virtually superimposable. 

3.1.4 Effects of Adrenalectomy and Cortisol Replacement. 

The permissive role of cortisol on thyroid hormone action 

was investigated in euthyroid animals. As shown in figure 5, 

adrenalectomy produced a reduction in a-glycerol phosphate 

dehydrogenase and 14C02 production from palmitate and glucose 

with an average decrease of about 33% in the V1 myosin isoenzyme. 

The effects of adrenalectomy on myosin isoenzyme expression and 

other metabolic parameters were reversed completely by replacement 

with hydrocortisone for 10 days. 

The myosin isoenzyme patterns before and after adrenalectomy 

can be seen in figure 6. Densitometric scans revealed about a 33% 

increase in the a-HC contained in the V2 and V3 myosin 

isoenzymes. Plasma T3 in the adrenalectomized rats showed similar 

levels when compared with the euthyroid values in table 1 and 

hydrocortisone replacement had no effect on plasma T3 levels after 

ad rena 1 ectomy • 
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Figure 4 Effects of B-adrenergic blockade with propranolol 
on response of thyroidectomized rats to graded daily doses of T3 
for 14 days. (&) Control hypothyroid aniTals, (e) 1 mM 
propranolol in drinking water4 (A) Atrial 4C02 production from 
labeled glucose, (B) atrial C02 production from labeled 
palmitate, (C) hepatic GPOH activity and (0) myosin V1 isoenzyme 
content. 
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Figure 5 Effects of adrenalectomy (ADX) in euthyroid rats 
and glucocorticoid replacement. fA) atrial 14e02 production 
from labeled glucose, (B) atrial 4e02 production from labeled 
palmitate, (e) GPDH activity and (D) myosin VI isoenzyme content. 
Hydrocortisone acetate (2 mg/kg) was administered subcutaneously to 
ADX animals for 14 days. N = 5 in each group, except ADX plus 
hydrocortisone where N=3. 
*p < .001 compared with intact animals. 
P < .001 compared with ADX animals. 
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Figure 6. Effects of adrenalectomy in euthyroid rats on 
myosin isoenzyme distribution. Ventricular myosin from a euthyroid 
rat (Intact) and from an adrenalectomized (ADX) rat 2 wks 
postoperatively. ~ 



53 

3.1.5. Effects of High Carbohydrate Feeding. 

It is well knmom that a number of enzymes \'/hich are 

influenced by thyroid hormone, including malic enzyme, the two 

hexose monophosphate shunt dehydrogenases, and mitochondrial 

a-glycerol phosphate dehydrogenase, can be induced in thyroid 

deficient rats by feeding a high carbohydrate diet (Tepperman and 

Tepperman, 1964). To determine whether cardiac myosin isoenzymes 

might be subject to similar regulation, hypophysectomized and 

thyroidectomized rats were tube fed with a diet containing 76% of 

the calories as fructose or glucose over 10 days. The V1 myosin 

form increased from 12:1:3% in hypophysectomized animals fed rat chow 

to 36z3~ of total myosin in fructose-fed animals. Essentially the 

same results were obtained in a separate group of hypophysectomized 

rats administered a diet containing glucose in place of fructose; 

the V1 myosin form represented 28:1:2% of total myosin in this 

group. Furthermore, as shown in figure 7, administration of a 

partial replacement dose of T3 (0.3 ~g/100 g/day) together with 

fructose feeding had synergistic actions on myosin isoenzyme 

expression; the effect of combined treatment on a-glycerol phosphate 

dehydrogenase activity was additive. Values for atrial CO2 
production from labeled glucose and palmitate were only slightly 
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Figure 7. Effects of high fructose diet and partial 
replacement with T~ (0.3 ~g/100 g/day) in hypophysectomized (HPX) 
rats. (A) Atrial 4C02 production from labeled glucose, (B) 
atrial 14C02 production from labeled palmitate, (C) hepatic GPOH 
activity and (D) myosin VI isoenzyme content. Animals were tube 
fed for 10 days with a synthetic diet containing 76% of the calories 
as fructose. N = 5 for each group. 
*p < .001 compared with hypophysectomized control group. 
P < .001 compared with T3 treated group. 
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greater than on the high fructose diet alone. The pyrophosphate gel 

in figure 8 demonstrates the conversion to the Vl isoform after 

fructose feeding to the hypophysectomized rat. Small amounts of the 

V1 myosin form present in hypophysectomized rats suggested that 

there might be some residual thyroid ,function. Studies were also 

performed on the hypohysectomized rat using glucose over the 10 day 

feeding period. Figure 9 shows the same results as obtained in the 

fructose fed animals with about a 5% reduction in the metabolic and 

myosin isoenzyme parameters. 

The effects of high carbohydrate diet on myosin isoenzyme 

distribution and metabolic parameters, also were examined in 

thyroidectomized, 131I-treated animals. As noted for 

hypophysectomized animals, the effects on myosin isoenzymes and 

metabolic parameters of partial T3 replacement (0.3 ~g/day) and 

fructose feeding were synergistic (figure 10). In these animals, 

the V1 myosin form usually could not be visualized upon gel 

electrophoresis. Administration of the high fructose diet caused a 

striking increase in the faster migrating V1 and V2 forms. 

Quantitation of these bands by densitometric scanning revealed that 

the V1 form increased from 0% to more than 28% of total myosin 

(figure 11); V2 and V3 represented 48% and 22%, respectively, of 

total myosin. Thus, the effects on myosin isoenzymes and metabolic 

parameters of partial T3 replacement (0.4 ~g/day) and fructose 

feeding were additive. 
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Figure 8. Effects on myosin isoenzyme expression of 
fructose feeding in hypophysectomized rat . Electrophoretic patterns 
on pyrophosphate-containing polyacrylamide gels of ventricular 
myosin from a hypophysectomized rat (HPX) and from a 
hypophysectomized rat tube fed for 10 days with a synthetic diet 
containing 76 % of the ca 1 ori es as fructose ( HPX + Fructose). 
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Figure 9. Effects of high glucose diet and partial 
replacement with T3 (0.3 ~g/100 g/ day) in thyroidectomized rats. 
lA) Atrial 14C02 production from labeled glucose, (B) atrial 
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4C02 production from labeled palmitate, (C) hepatic GPDH 
activity and (D) myosin VI isoenzyme content. Animals were tube 
fed for 10 days with a synthetic diet containing 76% of the calories 
as glucose. N = 5 for each group. *p < .001 compared with 
hypophysectomized control group. P < .001 compared with T3 
treated group. 
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Figure 10. Effects of high fructose diet and partial 
replacement with Ty (0.3 ~g/100 g/ day) in thyroidectomized (TX) 
rats. fA) Atrial 4e02 production from labeled glucose, (B) 
atrial 4e02 production from labeled palmitate, (e) hepatic GPOH 
activity and (D) myosin VI isoenzyme content. Animals were tube 
fed for 10 days with a synthetic diet containing 76% of the calories 
as fructose. N = 5 for each group. *p < .001 compared with 
thyroidectomized control group. P < .001 compared with T3 treated 
group. 
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3.2. IN VITRO RESULTS 

3.2.1. Micrococcal Nuclease Digestion of Rat Liver Nuclei. 

Micrococcal nuclease shows significant preference for 

cleaving linker DNA regions, which upon release, contain n~cleosome 

core particles with their associated DNA linker regions. Fragments 

of linker DNA are produced which have been shown to contain specific 

chromosomal proteins that represent receptor proteins of low 

abundance (Varshavsky et al., 1978). Studies were performed to 

further characterise the kinetics of release of nuclear bound 

[125IJT3 as a function of the extent of digestion of DNA 

rendered soluble in PCA, (figure 12). At the highest concentrations 

of micrococcal nuclease (300 u/ml), approximately 35% of the total 

nuclear DNA was released as PCA-soluble material. The amount of 

receptor in the supernatant fraction reached a maximum value after 

about 120 min incubation. For subsequent experiments, a 1 h 

digestion period at O~C was used with an en~me concentration of 38 

u/ml and a nuclei concentration of 15 A260 u/ml. 



Fi gure 12. t4icrococcal nucl ease di gestion kinetics of receptor rel ease from rat 
liver nuclei. Isolated nuclei at a concentration of 35A260 u/ml were divided into four 
groups and digested \'1ith varying amounts of micrococcal nuclease at O°C in buffer containing 
50 mr~ KC1, 5 ml'l OTT, 3 m~·1 MgC12, 1 mM CaC12, 20 u/ml traysolol and 10 mM Tris pH 7.4. 
The digestion times were 15, 30, 45, 60, and 120 min. One nuclear preparation which did not 
receive enzyme served as a control. At the times indicated, tHO 0.15 ml aliquots were 
removed, centrifuged at 3,000 x g for 5 min after which 0.110 ml aliquots were removea and 
the reaction was inhibited by adding EOTA to a final concentration of 10 mf",. Ten III \'1ere 
removed for ONA determination as described under r'1ethods and 0.10 ml [1251]T3 was added 
giving a final concentration of 0.5 nM T3 for both total and nonspecific (1000 fold excess 
unlabeled T3). After a 4 h incubation at 20°C each sample was treated ~/ith AG 1-X8 resin 
as described under Methods. Nonspecific binding was measured by adding 1000 fold excess 
unlabeled T3. Control values (nuclei not receiving nuclease) were subtracted from the 
times during digestion. Counts released ( , , ,) and ONA ( , , ,) were digested with 
micrococcal nuclease at 380, 38, and 3.8 u/ml repectively. 
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3.2.2. Characterization of T3-Binding Protein(s) Using Gel 

Filtration. 

The Sepharose CL-6B elution pattern of the nuclear 

T3-receptor species released after 1 h digestion with micrococcal 

nuclease is shown in figure 13. Under the digestion conditions 

used, only a single major radioactive peak was obtained which was 

associated with the major DNA component. Based on the Kav for 

proteins of known Stokes radii (Rs) and molecular weights, 

themajor labeled peak corresponded to a Rs value of about 4.8 
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(M.W. 112,000). This value is in good agreement with that reported 

by Perlman, Stanley and Samuels (1982) for the major labeled species 

(6.5 S) released after micrococcal nuclease digestion. 

A major concern in the affinity purification of the 

T3-receptor-DNA complex was the possibility that free T3 

receptors in the digest might recombine with unrelated DNA 

fragments. However, the chromatography pattern obtained with 

labeled digests (figure 13) suggested that free T3-receptors (MW 

about 58,000) were not present in any appreciable amount relative to 

the earlier eluting DNA-containing T3-binding species. 
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Figure 13. Gel filtration of micrococcal nuclease digested 
receptor. Sepharose CL-6B chromatography of [125I]T3-labeled 
supernatant from a rat liver nuclei micrococcal nuclease digest. 
About 1.5 ml of supernatant containing approximately 28.5 ~g DNA and 
7.18 x 105 cpm were layered onto a column of CL6B-Sepharose (3.5 
cm x 42 cm) which had been equilibrated with buffer containing 10 mM 
Tris 7.4, 50 mM KC1, 5 mM OTT, and 20 u/ml aprotinin. Fractions 
(3.1 ml) were collected at a flow rate of 15 ml per h and assayed 
for radioactivity and DNA by a sensitive fluorescent assay (Paigen 
and Labarca, 1980). Afterwards, the column was calibrated by the 
use of Dextran blue and proteins of known molecular weights. An 
estimate of the size of T3 receptor forms was made using standard 
proteins of known apparent molecular weights. The void volume 
(Vo)' total column volume (Vt) and the elution volume (V~) for 
the standard proteins were determined. The average elutlon constant 
(Kav) was calculated for each protein where Kav = Ve-Vo/ 
Vt-Vo. The elution volume of various T3-receptor f~~s was 
determined by evaluating each fraction for bound [1 I]T3 and 
the Kav for the major peak was then calculated. 
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3.2.3. Affinity Purification of the T3-Receptor DNA Complex. 

It was anticipated that some modification of the technique 

originally described by Latham et ale (19B1) for affinity 

purification of T3-receptor protein might be required since 

dissociation of the T3-receptor DNA complexes would occur in the 

high-ionic strength wash buffer described. Experiment!s were 

performed, to determine an appropriate ionic strength !for the 

washing and elution buffers. In brief, aliquots of [~25I]T3 

labeled nuclear digest were applied onto small columns (O.5 cm x 42 

cm) of Sepharose CL-6B which were equilibrated and run in buffers 

containing 0.05 M Tris-Cl, pH 7.6, and 0.05 to 0.4 M KCl (ionic 

strength 0.07 to 0.41 11). At a KCl concentration betw[een 0.1 M and 

0.15 M the labeled complex dissociated into a lower molecular weight 

free receptor. Based upon this result, the maximum KCl 

concentration of 0.05 M was used in the wash buffers in subsequent 

experiments. Removal of nonspecific DNA was monitored by use of the 

fluorescent DNA assay. Generally, 3 to 4 washes were carried out at 

4°C and 2 additional washes were performed at room temperature 

(22°C). The DNA concentration in the wash buffers was monitored in 

each experiment, and the washing procedure described was found to 

remove all detectable DNA prior to application of the counterligand. 
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T3-DNA receptor complexes were eluted in buffer adjusted 

to have a slightly lower ionic strength than the last wash buffer 

(10 mM KC1). The greatest yield of receptor-DNA complex was 

obtained when the elution was allowed to proceed at room temperature 

for 4 to 6 h in the presence of 3 ~M T3• In 5 experiments, the 

average amount of receptor complex recovered from the affinity gel 

represented about 0.07% of the DNA and protein in the supernatant of 

the micrococcal nuclease digest. When the specific T3 binding by 

the initial nuclease digest and the purified receptor were compared 

at 0.2 nM T3, (about 5 times the KD value of the purified 

receptor), this procedure resulted in approximately 1,191 fold 

purification (Table 3). 

The supernatant from the nuclear digest also was assayed for 

T3 binding activity after incubation with affinity resin. About 

1% of the total T3 binding activity and 45% of the DNA remained 

after treatment with affinity gel as compared with the initial 

nuclear digest binding capacity. 

3.2.4. DNA Exchange Experiments During Purification of the 

DNA-Receptor Complex. 

To test the additional possibility that exchange might occur 
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between T3-receptors and unrelated DNA fragments in the digest, an 

experiment was performed in which aliquots of 32P-labeled plasmid 

DNA containing 2.5 ng DNA and 20,668 cpm were added to the nuclear 

digest at 15 min intervals during the digestion period and again 

immediately after the reaction was stopped by addition of EDTA. 

When the receptor complexes were purified by adsorption onto the 

affinity gel and eluted in buffer containing 3 ~M T3, no 

radioactivity could be detected in the eluate. These findings 

suggest that exchange between DNA in the receptor complex and 

unrelated fragments in the digest did not occur to any significant 

extent. 

3.2.5. Characterization of the Affinity Purified Receptor Complex. 

Figure 14 shows the Sepharose CL-6B elution profile of 

affinity purified receptor-DNA complexes. In material which had 

been dialyzed to remove free T3 and concentrated, it was possible 

to label the receptor complexes with [125 I]T3• Loosely bound 

label was removed by treatment with AG 1-X8 resin (Samuels, Stanley 

and Casanova, 1979). Virtually all of the radioactivity and DNA 

eluted together as a single peak with an Rs value of 4.2 (M.W. 

about 105,000). These values correspond closely with the apparent 

molecular weight of the major labeled peak on Sepharose CL-6B 



Table 3. Purification of the T3 receptor-DNA complex 
from rat liver nuclei. 

Specific 
Bindinga Total 

Step DNA Purification Binding Total T3 

mg pmol/mg DNA fold 

Supernant 1. 76 0.12 0 
from nuclear 
digestb 

Sepharose 0.052 1.5 13 
Cl-6B 

Affinity gel 0.003 150 1,191 

aSpecific binding was measured at 0.20 nM [125I]T3. 
bNuclear digest was prepared from 100 g liver. 

pmol 

1.51 

0.94 

0.47 
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Recovery 

% 

100 

62 

31 
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Figure 14. Gel filtration chromatography of affinity 
purified T3-receptor-DNA complex. Receptor-DNA com~lSx was 
prepared as described under Methods. The labeled [ 2 I]T3 
complex was applied to a column of CL-68 Sepharose (0.6 cm x 80 cm) 
which was equilibrated and run in buffer containing 10 mM Tris-Cl, 
pH 7.4, 50 mM KC1, 5 mM DTT, and 20 u/ml Traysolol at a flow rate 
of 9.0 ml/h. Fractions (0.93 ml) were collected and analyzed for 
DNA and radioactivity. Pooled fractions under the DNA peak were 
concentrated and dialyzed overnight. About 10 (12.5 ~g) of the 
applied protein and 82 (4.5 ~g) of the DNA were recovered. 



chromatography of the micrococcal nuclease digest (figure 13). 

After concentration and dialysis, the purified material yielded a 

DNA: protein ratio of about 0.86. 

3.2.6. DNase I Digestion and High-Salt Dissociation of the 

Affinity Purified Receptor Complex. 
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The results (figure 15) show that with extensive DNase I 

digestion (250 ~g/ml) or high-salt treatment (0.4 M KC1) the 

T3-binding peak eluted at a larger volume. After DNase I 

digestion the DNA peak was largely lost. The change in elution 

volume of the T3-binding peak suggests that the binding protein(s) 

were originally associated with DNA. 

3.2.7. SDS-Polyacrylamide Gel Electrophoresis. 

The protein electrophoresis pattern of pooled fractions from 

the labeled peak of affinity purified material run in a Sepharose 

CL-6B column are shown in figure 16. The concentrated material was 

analyzed for protein and DNA. An aliquot also was applied to a 

SDS-slab gel for electrophoretic analysis. After Coomassie blue 

staining only a single band was present with an apparent molecular 

weight of 58,000. 
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Figure 15. DNase I and high salt treatment dissociation of 
affinity purified receptor-DNA complex. Samples of [125I]T3 
labeled, affinity purified material containing about 5.5 ~g DNA and 
82,000 cpm were applied to columns of CL-6B Sepharose (0.6 cm x 48 
cm). The columns were equilibrated and run in buffer containing 10 
mM Tris-Cl, pH 7.4, 50 mM KC1, 5 mM DTT, and 20 u/ml Traysolol at a 
flow rate of 9.0 ml/h. Fractions (0.93 ml) were collected and 
analyzed for DNA and radioactivity. (A) Untreated receptor-DNA 
complex. (B) DNAse I treatment of affinity purified receptor-DNA 
complex treated with 500 ~g/ml DNAse for Ih at 4°C. (C) Affinity 
receptor-DNA complex treated with 0.4 M KC1. 
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Figure 16. 50S-polyacrylamide slab gel electrophoresis 
pattern of the affinity purified receptor-DNA complex. Pooled 
fractions from a column like that shown in figure 14 were 
concentrated and dialyzed in a chamber under vacuum to a volume of 
about 50 ~~. The concentrated material was analyzed for protein and 
DNA and a sample was applied to SDS-slab gels which were prepared 
and run as described by Laemmll (1970). 



3.2.8. Characteristics of T3-Binding to Micrococcal Nuclease 

Digest. 

Since T3 binding had not been previously performed on the 

micrococcal digest at low ionic strength, it was necessary to 
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satisfy the criteria of ligand binding for a specific receptor under 

defined conditions. Specific [125IJT3-binding to increasing 

amounts of crude micrococcal digest either in the presence or 

absence of 1000-fold excess of T3 is shown in figure 17. 

Departure from linearity above 90 ~g of DNA is partly explained by a 

decrease in free T3 during the period of binding. Binding 

appeared to be linear in the range of 5 to 50 ~g per 0.1 ml of 

reaction mixture. 

The rates of association and dissociation of [125IJ_T3 

from the supernatant of a micrococcal nuclease digest are shown in 

figure 18. Binding appeared nearly complete after 2 h incubation at 

20~C. The half life dissociation rate of T3 from the receptor was 

calculated to be 72 min, for a 2 h incubation period at 20~C, 

endogenous T3 fully exchanged with [125IJT3 • Latham, Ring and 

Baxter (1976) have shown that after 2h incubation at 20°C, the 

amount of endogenous T3 bound to high-salt extracted receptor 

protein is less than 5%. 

The T3 binding isotherm for the crude micrococcal digest 

is shown in figure 19. When these data were replotted as a single 
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Figure 17. Specific [1251JT3 binding as a function of 
micrococcal nuclease digest concentration. Varying amounts of 
micrococcal nuclease digest were incubated for 3 h at 20 0 e in a 0.1 
ml reaction volume containing 0.5 nM of labeled T3 in standard 
binding buffer. Binding assays were performed as described under 
methods. Specific (.) and nonspecific (.) binding. 
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Figure 18. Kinetic analysis of the wicrococcal nuclease 
digest. Association and dissociation of [12 I]T3 binding to 
micrococcal nuclease digest were performed ~nder the following 
conditions: The assay contained 0.5 nM [12 I]T3 and 50 ~g of 
DNA at 20°C. Specific binding was quantitated as a function of time 
from the addition of receptor. Specific binding (A) was obtained 
from the difference between the total binding and nonspecific 
binding (.), 1000-fold excess unlabeled T3. At the arrow, a 
1000-fold excess (0.5 ~M) T3 was added to a parallel set of tubes 
and the dissociation of the T3-receptor complex (m) was monitored 
for an additional 3 h. The t1/2 for dissociation was estimated to 
be 72 min. 
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Figure 19. Scatchard analysis of the T3 binding to the 
micrococcal nuclease ~~~est. Saturation isotherm of specific (A) 
and nonspecific (e) [ IJT3 binding to micrococcal nuclease 
dl~5st containing 50 ~g of DNA. Various concentrations of 
[ IJT3 was used for each 1 ml reaction volume at 20o~ for 3 
h. Specific binding at each free concentration of [12 IJT3 was 
replotted according to the method of Sca}Ihgrd (insert). The 
abscissa (B/F) represents specific pmol [ 2 IJT3 bound/mg DNA/pM 
fr25 T3 concentration in the medium. The ordinate is pmol 
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[ IJT3 bound/mg DNA. The dissociation constant (KD = 1.1 
nM) and maximum binding capacity (Bmax = 0.83 % 0.08 pmol/mg DNA) 
were obtained from the slope of the line and the X-intercept, 
respecti vely. 



straight line according to the method of Scatchard (1949), the 

negative of the slope gave a KD value of 1.1 nM (r2=0.99) and 

maximum binding capacity for T3 (Bmax) of 0.83 pmol/mg DNA. 

3.2.9. [1251]T3 Binding Characteristics of Affinity Purified 

Receptor Complex. 

In order to demonstrate specific T3 binding to the 
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affinity purified receptor and further purification of the receptor 

complex, binding studies similar to the crude micrococcal digest 

were compared. Figure 20 shows that specific binding of 

[1251JT3 was linear over the range of 0.3 to 6 ~g of DNA when 

the affinity purified receptor was assayed. Consequently, a DNA 

concentration of approximately 1.25 ~g was used in each reaction 

volume for subsequent experiments. 

The biological response to most receptor-hormone binding is 

saturable with respect to ligand concentration (Goldstein, Arnow, 

and Kalman, 1974). For this reason, one would anticipate that the 

receptor binding also will saturate at ligand concentrations similar 

to those which elicit a biological response. As is apparent in 

figure 21, specific [1251]T3 binding is saturable, whereas 

non-specific binding increases linearly with increasing [1251]T3 
concentratio~s. Scatchard analysis (insert) of specific [1251J 
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T3 binding indicates a single class of high-affinity binding sites 

with an apparent dissociation constant (KD app) of 50 pM and r2 

= 0.97. The maximum capacity of the purified complex to bind T3 

(Bmax) was estimated to be 150 ± 9.5 pmol/mg DNA at saturating 

concentrations of T3• 
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Figure 20. Specific [125I]T3 binding as a function of 
the DNA content of the affinity purified rece~tor complex. The 
purified receptor complex was incubated at 20 C for 3 h in standard 
binding buffer containing 0.2 nM of labelled T3. Specific binding 
was determined by subtracting nonspecific (100 fold excess unlabeled 
T3) from total counts for each concentration of receptor complex. 
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Figure 21. Scatchard analysis of the affinity purified 
receptor complex. Specific ( ) and nonspecific ( ) binding of T3 
to the purified receptor-DNA complex after micrococcal nuclease 
digestion. The insert shows the data replotted according to the 
method of Scatchard. After 'elution of the complexes from the 
affinity gel, excess T3 was removed by treatment with AG 1-X8 
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resin and overnight dialysis. T3 binding assays were performed as 
described by Anselmet, Bismuth and Torresani (1983). Total binding 
capacity was determined on receptor-containing fractions by addition 
of specified amounts of [12S1]T3. Nonspecific binding ( ) was 
measured by simultaneous addition of 100-fold excess nonradioactive 
T3 to duplicate tubes at 20~C for the indicated times. After 
incubation, 1.9 ml of a 40 mg/ml slurry of Bio-Rad AG 1-X8 resin was 
added per 0.1 ml of reaction to remove loosely bound [1251]-T3_ 
The mixture was thoroughly mixed and centrifuged for 10,000 x g for 
5 min at 4°C. When the data was replotted according to Scatchard 
(1949), the dissociation constant (KD app~ was found to be SO pM 
and Bmax = ISO ± 9.S pmol bound/mg DNA (r = 0.97) • 
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CHAPTER 4 

DISCUSSION 

4.1. IN VIVO STUDIES 

The dose of T3 required in this study to return atrial 

CO2 production and hepatic a-glycerol phosphate dehydrogenase 

activity to approximately normal levels in thyroidectomized rats is 

in good agreement with the doses required to provide normal oxygen 

consumption (0.5 ~g/100 g/day) and suppression of goiter formation 

(0.25 ~g/100 g/day) in rats receiving propylthiouracil (Stasilli, 

Kroc and Meltzer, 1959). Also, the order of the T3 analogs in 

terms of efficacy is the same as would be expected from earlier 

studies using calorigenic and antigoitergenic assays (Stasilli, Kroc 

and Meltzer, 1959; Greenberg et al., 1961). 

The ratio of the thyroid analog dose (Emax) required to 

elevate maximally atrial CO~ production and/or a-glycerol 

phosphate dehydrogenase activity to that required to stimulate 

synthesis of the VI form of myosin should be predictive of the 

separation of these two types of biological activity. For example, 

calculation of the ratio of Emax VI to Emax GPDH activity for 

the thyroid analogs tested (table 2), after normalization for the 
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value obtained with L-T3, gives values which range between 0.64 

for rT3 to 1.48 for Triac. On the basis of earlier work on the 

differential effects of thyroid analogs on O2 consumption versus 

cholestrol-lowering activity (Greenberg et al., 1961), the analog 

probably would have to exhibit a ratio greater than 2.0 to possess 

any significant advantage over the endogenous hormone. 

There remains many fundamental questions on the hypothesis 

of thyroid hormone action. One important question is whether all 

the effects of thyroid hormone are initiated through the nuclear 

route. Specific binding to mitochondria has been demonstrated, but 

the physiological significance of extranuclear sites is uncertain. 

Another important issue is the nature of the interaction of thyroid 

hormone with other hormonal and metabolic controls. The three 

systems used for assay of T3 action illustrate this point: myosin 

isoenzyme expression, a-glycerol phosphate dehydrogenase levels and 

atrial CO2 production are subject to regulation by T3, 

glucocorticoids and an unknown dietary signal. 

It is now generally believed that T3 stimulates protein 

synthesis by binding to nuclear receptors which regulate the 

activity of specific mRNAs (Oppenheimer, 1980; Samuels et al., 
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1982), including mRNAs coding for a- and a-MHCs (Sinha et al., 

1982). Efforts to understand the binding of thyroid hormone to its 

receptor and transduction producing a signal leading to altered RNA 

production are hampered by the lack of knowledge on the mechanism of 

gene expression and structure of chromatin in eukaryotes. It seems 

likely that one site of interaction between regulatory signals 

produced by T3, glucocorticoids or carbohydrate is 

pretranslational level. However, the mechanism of regulation of 

mRNA by T3, carbohydrate or glucocorticoids, are not known and the 

elucidation of these will require further experimentation. 

Synergism at the transcriptional level is supported by the 

observation that induction of malic enzyme by T3, carbohydrate, or 

their combine action is related to the amount of mRNA for malic 

enzYme (Towle et al., 1980). Also, glucocorticoids have been shown 

to regulate some of the gene products which are regulated by thyroid 

hormone (Eberhardt, Apriletti and Baxter, 1980). Goodridge and 

Adelman (1976) have developed the use of primary hepatocyte cultures 

for the study of malic enzyme induction. Further work by Mariash et 

al., (1981) demonstrated the accumulation of malic enzyme mRNA 

activity with T3-free media containing between 100 and 500 mg/dl 

glucose. T3 was then added to the cultured cells containing media 
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with graded amounts of glucose and the results demonstrated a 

constant proportional increase in malic enzyme activity, suggesting 

that this hormone acts as a multiplier of a carbohydrate-generated 

signal. 

Results shown in figures 7 and 10 are consistent w·ith the 

hypothesis that cardiac myosin isoenzyme composition may be 

regulated by a primary carbohydrate-generated signal which is 

modulated by thyroid hormone and possibly glucocorticoids. The fact 

that the maximum increase in the Vi myosin form produced by high 

carbohydrate diets was only about one-third that produced by full 

replacement doses of T3 may indicate that the strength of the 

primary signal is relatively weak unless amplified by thyroid 

hormone. 

An alternative explanation for the results is that there may 

be multiple independent mechanisms for control of MHC synthesis, 

that is, one for thyroid hormone and others for carbohydrate and 

glucocorticoids. This hypothesis would seem to be a less 

satisfactory explanation for the interactions observed, since it 

would require that these dissimilar factors act on a common site for 

regulation of MHC transcription. However, definitive support for a 

single mechanism versus multiple regulatory mechanisms will require 

further study. 
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4.2. IN VITRO STUDIES 

The model of thyroid hormone action, orginally proposed by 

Oppenheimer (1979) and Samuels et al. (1982), entails hormone 

binding to nuclear receptors which somehow alters the rate of 

transcription of specific genes. A limited number of genes 

exhibiting regulation by thyroid hormone recently have been 

identified, including those coding for malic enzyme (Towle, Mariash 

and Oppenheimer, 1980), a2~-globulin (Kurtz, Sipple and Fugelson, 

1976), a-glycerol phosphate dehydrogenase (Oppenheimer et al., 1978) 

and cardiac myosin a and B heavy chains (Kavinsky et al., 1984). 

The location of these receptors with respect to the genes they 

control is not as yet known, but it has been proposed that they may 

be located either on the promotor region of each of these genes or 

on some master regulator gene (Openheimer, 1979). Here, advantage 

has been taken of the tight binding between T3 receptors and their 

DNA binding sites to develop a method for isolating T3 receptors 

with their DNA fragments attached. Ultimately, this should permit 

identification of specific T3 receptor-DNA binding sites and 

thereby help to clarify the mechanism of thyroid hormone action. 

Results from micrococcal nuclease digestion studies and gel 

filtration studies are consistent with earlier findings that the 
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6.5 S receptor form (110,000 M.W.) contains T3 binding protein(s) 

in association with DNA fragments. The 6.5 S form is preferentially 

released by use of MgC1 2 in the digestion buffer (Perlman, Stanley 

and Samuels, 1982). Under these conditions, mononucleosome 

particles and higher chromatin forms remain insoluble and the 

receptor is released mainly as a 6.5 S species. The results shown 

in figures 14 and 16 indicate that T3 receptor-DNA complex then 

can be obtained from the digest in relatively pure form by affinity 

chromatography. 

This is the first demonstration of the isolation of an 

intact nuclear hormone receptor-DNA complex. Based upon the 

sedimentation properties of the 6.5 S species, it has been suggested 

that it might contain several proteins involved with T3 and DNA 

binding (Perlman, Stanley and Samuels, 1982). However, results from 

SDS polyacrylamide gel electrophoretic analysis of the isolated 

complex revealed only a single protein component (figure 16).. This 

conclusion is consistent with the molecular weight estimates 

reported for the T3-binding protein which has been extracted from 

liver nuclei in high-ionic strength buffers (Aprilleti et al., 

1981); the KD for T3 binding to the purified complex also is the 

same as reported for the T3-binding protein. In addition, 

measurements of the protein content of the affinity-purified 110K 

receptor complex are consistent with a protein component of about 
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this molecular weight. Since equilibrium binding studies on the 

salt-extracted nuclear T3-receptor protein indicate that it 

contains only a single class of high affinity low capacity binding 

site(s) per T3-receptor, the 58K protein must be the major 

T3-binding component of the complex and most probably is identical 

to the high-salt extracted receptor species. 

A molar binding ratio for the T3 receptor complex may be 

calculated by dividing the moles of bound ligand by the moles of 

DNA-receptor complex as determined from the DNA content of the 

sample. Taking molecular weight of the complex to be about 110,000 

a value of 0.88 moles T3/mole receptor is obtained. This result 

is consistent with the assumption made by others (Apriletti et al., 

1981) that the receptor protein contains one high affinity binding 

site per molecule. 

The applicablity of affinity chromatography to the 

purification of the receptor complex was made possible by the 

stability of the complex in relatively low-ionic strength buffers. 

Nonspecifically bound proteins and DNA could be removed by extensive 

washing with 60 ~ ionic strength buffer; to avoid further 

displacement of nonspecifically bound protein-DNA complexes the 

ionic strength of the buffer solutions was lowered to 20 u before 

eluting the T3 receptor-DNA complex by addition of counterligand 

(3 ~M T3). Subjecting the digest to initial gel filtration of the 
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micrococcal nuclease digest resulted in only about 13 fold 

purification in terms of T3 binding activity and could be 

eliminated witout altering the purification obtained with the 

affinity gel. The recovery of T3-binding activity from the 

affinity gel may have been somewhat reduced under the low-ionic 

strength conditions needed to keep the complex intact; nevertheless, 

about 31% of the binding activity was recovered. Most of the 

remaining binding activity apparently was adsorbed to the column, 

since only 12% of the binding activity could be recovered in the 

supernant from the affinity gel and less than 1% was found in the 

wash buffers. 

To estimate the purification of the receptor complex, the 

specific binding capacity of the affinity purified receptor-DNA 

complex was compared with that of the micrococcal nuclease digest at 

a concentration of T3 sufficient to nearly saturate the purified 

complex (0.2 nM). On this basis, the results in table 3 show a 

1,191 fold purification after elution from the affinity gel. Since 

the KO of the purified complex was higher than the KO of the 

micrococcal nuclease digest, the purification would be less if the 

specific binding activity of the materials were compared at higher 

T3 concentrations. In any case, the reduction in the number of 

bands obtained upon SOS-gel electrophoresis in going from the 

initial micrococcal nuclease digest to the affinity purified 



material indicates that a high degree of purification has been 

obtained. 

Although no satisfactory explanation is apparent for the 

increase in T3-binding affinity with receptor purification, 
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several possiblities should be considered. The affinity gel may 

have selected out a subpopulation of high affinity sites Even 

though Scatchard analysis of T3-binding data for the micrococcal 

nuclease digest gives no suggestion of a second class of high 

affinity sites, the relatively high nonspecific binding observed in 

the crude digest may have masked these sites at low concentrations 

of T3• Also the crude nuclear preparation may have cross 

contamination from cytsolic or membrane bound T3 binding proteins, 

the higher KD values exhibited by these proteins may account for 

the decrease in affinity for T3• The period of time needed for 

affinity purification of the complex probably was not responsible 

for any change in binding affinity, since no significant changes in 

T3 binding were observed in samples of digest which were dialyzed 

overnight or stored at 4°C for 48 h prior to assay. Finally, it 

should be noted that the concentration of T3 needed for 

stimulation of cell growth and glucose utilization and half maximal 

nuclear binding in GH1 cells coresponds more closely to the KD 

value for the high affinity site (Samuels and Tsai, 1974). Thus the 

population of receptor complexes isolated by affinity chromatography 



may, in fact, represent the physiologically revelent nuclear 

receptors for thyroid hormone. 
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Apriletti et al. (1981) reported a 500-fold purification in 

the high salt nuclear extracted receptor as compared to a 1,000 fold 

purification in the micrococcal nuclease digest (table 3). The 

difference in purity can be accounted for, at least in part, by the 

fact that the binding activites of the purified receptor and the 

initial high salt extract were compared at relatively high 

concentrations of T3 (1 nM). However, these workers did not 

demonstrate the homogeneity of the isolated protein by gel 

electrophoresis. 

The biological response to most receptor-hormone binding is 

saturable with respect to ligand concentration, including that for 

binding of T3 to its nuclear receptors (Samuels and Tsai, 1973). 

For this reason, one would anticipate that the receptor binding also 

will saturate at ligand concentrations similar to those which elicit 

a biological response. The binding properties of T3 receptors 

from cells or isolated nuclei labeled with [1251]T3 before or 

after extraction are summarized in table 4. When the receptor is 

solublized from chromatin in high ionic strength solutions, the KO 

hormone binding is somewhat higher than in intact cells (29 pM) or 

isolated nuclei (0.17-0.24 nM). Values for salt extracted material 

and crude micrococcal digest, however, exhibit similar KO values 

and Bmax values (1 nM and 0.8 pmol/mg of ONA, respectively). As 
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noted earlier, the KD for affinity-purified receptor complex and 

the purified receptor protein are similar to one another and to the 

values measured by T3 labeling in vivo or in isolated cells 

(Samuels and Tsai, 1974). 

It is interesting to note that when a molar binding ratio is 

calculated for the receptor-DNA complex by dividing the moles of 

bound ligand by the moles of DNA-receptor complex as calculated from 

the amount of DNA present in the sample, and assuming the molecular 

weight of the DNA-receptor complex to be 111,000 (average of 4 

experiments), a value of 0.88 moles T3/mole receptor is obtained. 

This result is consistent with the assumption made by others 

(Apriletti et al., 1981) that the receptor protein contains one high 

affinity binding site per molecule. 

As outlined under the discussion of the in vivo results, 

thyroid hormone is known to have multiple interactions with other 

hormones as well as dietary factors. However, there is no evidence 

that these or any other factors modify the binding of T3 to its 

nuclear receptors. The question raised here of regulation of T3 

binding as well as many other details of T3-receptor actions await 

further study. 
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Table 4. Comparison of T3 binding characteristics of nuclear receptors prepared by different methods. 

Source Preparation KD Bmax Reference 

Rat liver High salt nuclear extract 1.0 nt4 0.8 pmol/mg protein Latham, Ring and Baxter, 1976 
DEAE-Sephadex 

Rat 1 iver High salt nuclear extract 0.5 nM 0.5 pmol/mg protein Torresani and DeGroot, 1975 
Rat 1 i ver High salt nuclear extract 0.13 nf4 0.5 pmol/mg protein Torresani and DeGroot, 1975 
Rat liver Intact nuclei 0.24 nM 0.8 pmol/mg DNA Spindler et al., 1975 
Rat liver Intact nuclei 0.21 nM 1. 0 pmo 1 /mg DNA Samuels and Tsai, 1974 
GH

1 
cells Isol ated cell s 29.0 pM 1. 0 pmo 1 /mg DNA Samuels and Tsai, 1974 

GH1 cells Intact nuclei 0.17 nM 1. 0 pmo 1 /mg DNA Samuels and Tsai, 1974 
Rat liver Nuclear lysate G-100, 0.77 nM 0.5 pmol/mg DNA Anselmet et al., 1981 

DEAE-Sephadex 

Rat 1 i ver Hi~h salt nuclear extract, 50.0 pM 14 pM Apriletti et al., 1981a 
a finity gel 

Rat 1 iver Micrococcal digest 1.1 nf4 0.8 pmol/mg DNA present report 
Rat liver Micrococcal digest, 50. 0 pr~ 143 pmol/mg DNA present repo rt 

affinity gel 

a Receptor protein concentration in binding assays was not stated. 
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CHAPTER 5 

CONCLUSION 

5.1. IN VIVO STUDIES. 

1. The effects of T3 and several naturally occurring and 

synthetic analogs on myocardial myosin isoenzyme expression, atrial 

CO2 production, and hepatic mitochondrial GPDH activity have been 

studied in hypothyroid rats. The results showed that the thyroid 

analogs acted as partial agonists (L-T3> D-T3> Triac>L-T2> 

rT3) with no differential action on myosin isoenzyme expression 

versus stimulation of atrial CO2 production or hepatic GPDH 

activity. 

2. In separate studies using the same animal model and 

assay procedures, the effects of several possible modifiers of 

thyroid hormone action, including catecholamines, glucocorticoids, 

and high carbohydrate diets have been examined. Isoproterenol and 

propranolol had no effect on T3 dose-response curves. 

Adrenalectomy in normal rats caused a 33% decrease in V1 and a 

corresponding increase in V3• Fructose feeding increased V1 

from 0 to 30%. Partial replacement with T3 and fructose feeding 

had synergistic action on myosin isoenzyme expression, GPDH 

activity, and CO2 production. Thus, regulation of cardiac myosin 



isoen~mes by thyroid hormone is subject to modification by a 

variety of factors. 

5.2. IN VITRO STUDIES. 

1. The T3-receptor-DNA complex can be isolated from rat 

liver using affinity chromatography under low ionic strength 

conditions. 
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2. The complex had a DNA:protein ratio of 0.86 and M.W. = 

110,000 by gel filtration. 

3. Upon SDS-polyacrylamide slab gel electrophoresis the 

affinity purified complex contained a single protein component (M.W. 

= 58,000) which is thought to be the same as the receptor protein 

described by Apriletti et al. (1981). 

4. Equilibrium binding of [125I]T3 to the receptor 

under low ionic strength conditions showed a single class of high 

affinity binding sites with KD = 50 pM, which was appreciably 

greater than the value obtained for the starting micrococcal 

nuclease digest (1.1 nM). 

5. The protein and DNA components form a tight complex 

which could be dissociated in 0.4 M KCl and by DNase I treatment. 

No exchange occurred between the complex and labeled exogenous DNA 

during purification. 
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