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PREFACE

In 1961, C. S. Pittman of the Veterans Admin

istration Hospital at Birmingham, Alabama, and S. B. 

Barker of the University of Alabama Medical Center were 

discussing, in the Journal of Clinical Investigation, 

the great attention that researchers recently had been 

giving to structural analogues of thyroxine because of 

their interest in the "modus operand! of the thyroid 

hormones on the molecular level". They stated: "as 

these and other analogues are rapidly gaining consider

able clinical usage, the metabolic study of these 

compounds has lagged behind".

Today, it would be absurd to repeat that state

ment. Since Pittman and Barker, extensive information 

concerning the metabolic effects of thyroxine and its 

analogues has been accumulated. However, the technique 

by which this information has been accumulated has been 

monotonous. Oxygen-consumption assay of either tissue 

cultures or thyroldectomized animals treated with hormones 

has been the exclusive method for determining the meta

bolic effects of thyroid hormones. My purpose in this 

paper is to present a unique, alternative technique for

iii



measuring the metabolic effects of thyroxine and its 

structural analogues in thyroidectomized rats.
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Introduction

In a biological project of any sort it is always 

absolutely necessary to first establish the physiological 

and biochemical groundworks that the project depends upon. 

Part I covers succintly the major points from hormone 

synthesis to hormone excretion. In later parts of this 

paper, reference will be made to these phenomena as 

presented in Part I. Finally, a good understanding of 

this part will increase the reader’s appreciation of the 

other parts.

Synthesis

Crystalline thyroxine^ was first isolated from 

thyroid tissue in 1914 by E. C. Kendall. Later, in 1926, 

using an improved technique for the extraction of thyroxine 

C. R. Harington computed the empirical formula of thyroxine

to be and the structural formula to be:
I H I H
1 I I
C ----- C G'/

HO-.C C —• 0— C
X / \

C = G c
I * I
I H I

I
C

H H
XNZ

k0H

H
1 0

c — c — c — cz I
H

I
HC

1
H

In 1926, the iodine-containing amino acid thyroxine was

^An alternate spelling for this hormone is 
t-h-y-r-o-x-i-n. However, this writer believes that 
that way of spelling the hormone represents a form 
other than the iodinated form drawn above. For the 
sake of consistency, the same manner of spelling the 
hormone will be used throughout this paper.
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believed, to be the principal thyroid hormone. Today, 

this supposition is disputable. It is now known that 

the thyroid cells also produce triiodothyronine, mono

iodohistidine, and trace amounts of reverse triiodo

thyronine and other compounds (1).

The actual process of synthesis of thyroid hormone 

is somewhat elaborate. The thyroid cell extracts iodide 

from the circulation rather rapidly but synthesizes thyroid 

hormone much more slowly. Iodide, ingested with the food, 

is absorbed from the small intestine into the plasma.

While a small amount of the iodide is excreted by the kid

neys, most of it is accumulated by the thyroid cells where 

a concentration gradient is established between the cells 

and the plasma. The accumulated iodide is oxidized to 

iodine, activated possibly by the formation of h.ypoiodide 

(I0“), and bound in a matter of seconds to the 3-position 

of tyrosine molecules attached to thyroglobulin. Now the 

process slows up a bit. Monoiodotyrosine thus formed is 

next iodinated in the 5~position to form diiodotyrosine. 

Eventually, these iodinated tyrosines couple to form 

iodothyronine molecules, thyroxine (T^), and triiodothyronine 

(T3) (1,2).

The thyroglobulin molecule that tyrosine is 

attached to is a glycoprotein of approximately 650,000 

molecular weight. On the basis of terminal amino acid 

analysis, it is composed of about 120 tyrosine residues



divided, into a total of four chains. Each thyroglobulin 

molecule contains one or two iodothyronines; that is, it 

holds within its peptide chain, in any combination, the 

T4 and T3 formed from the coupling of monoiodotyrosine 

and diiodotyrosine. To and TZ4. remain bound in this 

peptide linkage to thyroglobulin until they are secreted (2).

Secretion

Release of the thyroid hormone is accomplished by 

a series of proteases and peptidases operating within a 

pH of 3.5 to 5.7 (2). These proteases which are localized 

in the lysosomes break the peptide bonds between the 

iodinated residues and thyroglobulin by means of hydrolysis. 

The secretary process is finalized as the thyroxine, tri

iodothyronine, diiodotyrosine, and monoiodotyrosine are 

first released into the cytoplasm and eventually are 

discharged into the capillaries■(1).

Control

Since 1926 and the work of P.E. Smith, all ob

servations have confirmed that the functioning of the 

normal thyroid gland at a physiologically significant 

level, and the release of the hormone from the thyroid 

cell is dependent absolutely on the stimulatory effect 

of the thyrotrophin secreted by the pituitary gland (3).

The thyroid gland and pituitary gland are the two 

components of Hoskin’s "hormostatic” system in which any-
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thing affecting the thyroid gland and altering its hor

mone secretion also effects a response from the pituitary 

gland which acts to restore thyroid hormone secretion to 

its original level. In other words, the lack of the thyroid 

hormone stimulates thyrotrophin secretion while excess of 

thyroid hormone inhibits thyrotrophin secretion (3).

Thyrotrophin is secreted by a specific type of 

basophil cell, a thyrotroph, which is situated in the 

anterior lobe of the pituitary gland. H.D. Purves says 

that at a level slightly above normal, the thyroid hor

mone will totally suppress the thyrotrophin secretion by 

acting directly on the thyrotroph cells. No other hormone 

at physiological levels has any comparable inhibitory effect 

The amount of hormone present in the circulation of the rat 

which suppresses thyrotrophin secretion is one ugram of 
L-thyroxine (3).

Transport

While protein binding is the basis for the storage 

of thyroid hormone, it is also the basis for the transport 

of thyroid hormone. The earliest evidence that the thyroid 

hormones were carried in the plasma bound to protein was 

the demonstration that thyroxine added to plasma was non- 

dialysable and could be precipitated with plasma protein. 

When serum is analyzed by electrophoresis, it can be shown 

that in circulation thyroxine is associated with three 

protein components. In order of decreasing affinity for



6

thyroxine these are thyroxine-binding alpha-globulin (TBG), 

thyroxine binding pre-albumin (TBPA), and serum albumin (3) 

Normally, T^ accounts for most of the iodine bound to 

serum protein because it is rather firmly bound while 
is loosely bound to serum protein (4). Triiodothyronine 

binds to TBG but, unlike thyroxine, not to TBPA. Even 

its affinity for TBG is low and thyroxine readily displaces 

it from TBG (3). The metabolic status of an individual 

is not determined by the amount of bound hormone in the 
serum but rather by the amount of unbound or "free" thyroid 

hormone available to the tissues (4).

Entrance
The protein binding exhibited in both the storage 

and transfer of the hormone can also be applied to the 

cellular site. Here a type of equilibrium is established 

between plasma-bound and cellular-bound forms of thyroid 

hormone on the inside-side and the outside-side of the 

cell membrane. A continuous flux of thyroid hormone ac- 

cross this boundary is possible through the establishment 

of a gradient. This gradient is a function of different 

but interdependent mechanisms which can be divided into 

the following two classes: a) those responsible for 
reversible binding to cellular constituents, and, b) those 

responsible for the enzymic attack that leads to hormonal 

metabolism (5). As mentioned above, the metabolic status 

of an individual is dependent only on the free hormone that
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may be available (4). The reason for this is that the 

deiodinating enzyme is known to attack only the free, non- 

protein-bound hormone (5)• The actual entry, distribution, 

and metabolism of the thyroid hormone at the cellular level 

is just a function of binding and release at different 

sites. To illustrate the entrance of the thyroid hormone 
into the cell it is advantageous to use Tata’s "Scheme 

for the distribution and metabolism of thyroid hormones at 

the cellular level" (5):

Cell Membrane

Blood Cell Sap
Extracellular Fluids

Figure 1.

Intracellular
Membranes

U
Binding

[j- ■ Metabolism

Mitochondria, 
Microsomes, etc.

Active Form

It has been suggested from time to time that one 

or both forms of circulating thyroid hormones (i.e., T^ 

and T/|) have to be converted in the tissues Into some 

active derivative in order to function properly. This

hypothesis has been further augumented by speculation
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that various tissues produce degradable products tailored 

to their specific metabolic needs. This dispute has es

pecially focused on the relative calorigenic potencies of 

thyroxine and its analogues.

The higher relative calorigenic potency of T^ as 

compared to T^ as well as some reports of partial de- 

iodination of thyroxine in producing its calorigenic ef

fect suggests that this transformation from T^ to T3 by 

means of deiodination is a part of the mechanism for the 

activation of thyroxine (T^) (5). The finding that the 

thyroxine deiodinase level in skeletal muscle parallels 

the metabolic rate further supports this hypothesis (l).

The formation of acetic acid analogs from the deamination 

and deiodination of T^ and T4 in the tissues is yet 

another example of cellular "activation". These compounds 

are said to have an "immediate" calorigenic action without 

the usual latency period (6).

As far as the acetic acid analogues are concerned, 

later studies have failed to confirm the hypothesis con
cerning them (6). As far as the "activation" of thyroxine 

is concerned, clarification is required. Why does T^ seem 
to have a greater "height" of action than T/j, and conversely, 

why does T^ have a "longer-lasting" action? If, in con

sidering the question of "immediacy" or potentiation of 

action of these two metabolites, the importance of emphasiz

ing the different rates of distribution of these related 

substances from the blood to the tissues is realized, and
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in turn, the difference in their binding to blood pro

tein is realized then the answer to the above dispute 
becomes obvious (6). is weakly bound to TBG (3). A

substance which diffuses into or otherwise reaches tissues 

more rapidly is likely to be accumulated in higher 

concentrations at its sites of action. T^ is more avail

able to the tissues because it has a shorter latency 
period (6). It literally beats to the active site.

That is why it has greater calorigenic potency. The 

higher potency of T^ with respect to T^ is not because of 

the necessary "activation of T2j", but rather because of 

an obviously shorter latency period.

The factors contributing to the difference between 

T^> and T/j can also be applied to the difference between T^ 

and other analogues. In concluding this section on the 

active form of the thyroid hormone, it may be said that 

the circulating, active forms at the cellular level are 

T^ and T^ and that their difference in potency is a function 

of binding, distribution, and latency, but not of change 
or "activation".

Mechanism of Action

The deiodinating step mentioned previously in 

which T/| was changed to T^ prior to exhibiting its effect 
was felt for some time to be the basic explanation for 

thyroid hormone activity. At present it appears that 

deiodination may be a mechanism of inactivation of thyroid
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hormone or that It may be a non-specific consequence of 

hormone action (5). The thyroid hormone effect on the 
basal metabolic rate^ is not simply an expression of its 

deiodination. The actual manner in which the thyroid 

hormones exhibit their effect, especially on the BMR, is 

much more complicated.

Almost nine-tenths of the cells requirements for 

ATP and other high-energy compounds are obtained by the 

process of oxidative phosphorylation. Any substance that 

lowers the phosphorus-esterified to oxygen-consumed ratio 

is called an uncoupler of oxidative phosphorylation (6).

In 1951> it was reported from the laboratories of LIpman, 
Lardy, and Martius that thyroxine (T^) added to isolated 

liver mitochondria would uncouple oxidative phosphorylation. 

They later proposed that this effect on phosphorylation 
was exerted through some extramitochondrial site (6).

If the thyroid hormones could effect extramitochondrial 

electron transport, then possibly they could actually 

regulate mitochondrial oxidation itself (6). The 

physiological significance of uncoupling of oxidative

^The effect of the hormone on the BMR is deter
mined by the calorigenic potency of the hormone. The 
idea of effect on BMR and the idea of calorigenic potency 
with respect to thyroid hormones are used interchangeably 
in this paper.
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phosphorylation by thyroid hormone is that an increase in 

respiration will represent a compensatory increase in ox

idation of substrates because of lowered efficiency (6).

Since 1951# greater insight into the mechanism 

of activity of the thyroid hormones has been accumulating 

steadily. Several experiments have suggested that the 

NAD-linked first phosphorylation site is sensitive to

(6). Klebanoff has shown that thyroxine strongly 

stimulates the oxidation of reduced NAD and NADP, as well 

as of other hydrogen donors (6). From their work on the 

uncoupling of mitochondrial oxidative phosphorylation by

and certain free radicals, Park et al have presumed 
the formation of free radicals of thyroxine (6). The work 

of Allison has been even more revealing. He has suggested 

that the biological activity of thyroid and steroid hor

mones may depend on a combination of charge transfer and 
hydrogen bonding to receptor sites in the cell.(7). A 

close look at the electronic properties of the thyroxine 

molecule suggests a more subtle involvement of the hor
mones as intermediate electron carriers (6). Recent 

experimentation, in which the electron-acceptor capacity 

of various halogen-substituted analogs of thyroxine has 

generally agreed well with their relative biological 

activities, confirms the above hypothesis (7). It seems 

then that the primary hormone action involves a direct 

interaction between the hormone and rate-limiting en

zymes whose alteration in activity manifests itself as
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one or more of the physiological actions (6). Finally, 

Tata correlates all of the previous experimentation by 

hypothesizing that the generation of reduced NADP is via 

extramitochondrial dehydrogenases. The likely link with 

mitochondrial oxidation is through a direct transfer of

electrons between NAD and NADPH. The overall effect of

the thyroid hormones then is to shift cellular oxidation 
from NADH-dependent to NADPH-dependent pathways (6).

Metabolism

The rate at which thyroxine and its analogues are 

eliminated from the body is a function of the rate at 

which they exhibit their effect. As might be anticipated 

from its prolonged action, thyroxine is only slowly 

eliminated from the body. The opposite is true of tri

iodothyronine. Thyroxine and triiodothyronine are de- 

iodinated and deaminated in many tissues. In the rat, 

the liver is the main site of destruction of thyroxine.

The liver conjugates thyroxine and its analogs with glu

curonic and sulfuric acids through the phenolic hydroxyl 

group and excretes these conjugates and a small amount of 
the free compounds into the bile.(8))

Effects
For some time the normal secretory activity of the 

thyroid gland was not considered essential for life as was

that of the adrenal gland or pancreas eventhough its
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effects were considered as widespread. Today taking into 

consideration the severe changes in the body produced by 

the complex absence of the thyroid hormone and the extreme

ly small doses of replacement hormone required to restore

the body back to normal, it is very likely that the non- 
•3

essential category will be revised (5).

In general, thyroid hormones appear to exert 

an effect on just about every organ and tissue of the 

body. A deficiency of the thyroid hormones results in 

decreased matabolic rate, alterations in growth and dev

elopment, disturbances in water and electrolyte metabolism, 

altered functions of the central nervous system, skeletal 

muscles, and circulation, and changes in cholesterol 
metabolism (9). Many other effects may occur but these 

are secondary to the capacity of thyroid hormones to 

stimulate the basal metabolic rate. This "calorigenic" 

action is the main effect of the thyroid hormone (9).

Thyroxine increases the oxygen consumption of 

almost all living tissues. This was first illustrated 

by Magnus-Levy in 1895, later by Boothly and Sandiford, 

Harington, Salter, Means, and most recently, by Pitt-Rivers 

and Tata, Tata, and Barker (6). The following two diagrams,

^The term thyroid hormone used in this section or 
in any of the paper does not mean only T/j unless it is 
designated that way. It also includes To, monoiodohistidine, and any other analogue of T^. 3

CARROLL COLLEGE LIBRARY 
HELENA, MONTANA 59601



taken from Barker and Klitgaard's "Metabolism of tissues

excised from thyroxine-injected rats", should illustrate, 

in a general way, the change in the BMR of thyroidectomized

V\OMkV*5 oi'fAe-v*’

Figure 2 The Rate of Oxygen Consumption in a 
Thyroidectomized Rat Treated with Thyroxine (10).

There are many ramifications of the calorigenic 

effect of thyroid hormones. When the metabolic rate is 

increased by hormone administration in adults, nitrogen

excretion is increased. If food intake is not simultan

eously increased, then endogenous protein and fat stores 

are catabolized and weight is lost. The potassium liber

ated during protein catabolism appears in the urine and 

there is an increase in uric acid excretion. In Part II, 

a discussion of the importance of the thyroid hormone in 

maintaining body temperature will be presented. All in 

all, thyroid hormones have their greatest effect in 

homeothermic animals where they clearly are part of the 

array of mechanisms involved in homeostasis (5).
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In the absence of thyroid hormone, pituitary growth 

hormone content and secretion are depressed. Thyroxine 
pontentiates the effect of growth hormone on the tissues (l) 

The well-known dwarfism associated with hypothyroidism at 

early stages in life is a classical example of the in
fluence of thyroid hormones on whole body growth (6) . As 

a matter of fact, the effect of thyroid hormone in restor

ing growth in the thyroidectomized animal is one of the 

most sensitive responses to be seen. In thyroidectomized 

rats, as little as .25 ugram of thyroxine injected daily 

greatly augments growth while .5 ugram restores it to 
normal (8).

Thyroid hormone effect on carbohydrate metabolism 

is especially relevant to this thesis and reference will 

be made to it in later parts of this paper. Thyroxine 

increases the rate of absorption of carbohydrates from 

the gastrointestinal tract and it increases the rate of 

glycolysis in tissues of the thyroidectomized rat (1,6).

The last area to be covered as far as this section

is concerned is that of the effects of the thyroid hor

mones on intermediary metabolism. Thyroxine is necessary 
for the hepatic conversion of carotene to vitamin A (l). 

Furthermore in the absence of thyroid hormones nutritional 

disorders may result from the diminished ability on the 

part of specialized cells to utilize vitamins, minerals, 

etc. (5). Finally, in thyroidectomized rats, unless the 

diet is accentuated by cholesterol feeding, the liver
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cholesterol content Is correspondingly high (5). It seems 

that these subcellular effects could be used to explain 

many of the cellular effects of the thyroid hormones.

How the Effects Are Manifested

It has been shown that thyroid hormones can elicit 

a large number of different biological actions. An 

important question to be asked at this point is: does 

this multiplicity of actions result from different, in

dependent interactions with cellular sites or does it 

represent multiple, secondary manifestations of a funda

mental biochemical effect (6)? As will be shown in the 

subsequent discussion, most of the Information that has 

been accumulated indicates that there is but one funda

mental biochemical effect as the basis for the different 

biological actions of the thyroid hormones.

The conclusion that thyroid hormones increased 

the formation of some mitochondrial respiratory and 

phosphorylative constituents prompted Tata to investigate 

mitochondrial protein synthesis. He found that mitochondria 

from the livers of thyroidectomized rats given a single 

dose of T^ showed an increased capacity to incorporate 

amino acid into protein. This increase coincided with 

the onset of stimulation of the BMR (6). Further studies 

of Tata relate that the calorigenic action of thyroid 

hormones under physiological conditions is secondary to 

a general stimulation of cytoplasmic protein synthetic
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activity. Small amounts of thyroid hormone fail to stimu

late BMR if the normal protein synthetic processes are 

inhibited. This same activity of the hormone that is fun

damental to its calorigenic role is also fundamental to its 
role played in development and metamorphosis (6). Finally, 

Bargoni at al have shown that some soluble enzymes of the 

glycolytic cycle are less active in thyroidectomized rats 

than they are after long-term administration of large doses 

of thyroid hormones (11). As will be emphasized in Part 

II, the specific activities of glucose-6-phosphate and lac

tic dehydrogenases are lower in thyroidectomized rats than 

in normal rats (6). At this point it is important to ask: 

what is the mechanism at the basis of this thyroid hormone 

interaction with mitochondrial protein synthesis, cyto

plasmic protein synthesis, and enzyme potency?

Ultimately, J.R. Tata seems to answer this ques

tion. He has discovered that RNA polymerase activity in 

liver nuclei from thyroidectomized rats is lower than in 

intact rats and that it. is significantly stimulated within 

sixteen hours after the administration of triiodothyronine. 

This effect occurs fifteen to twenty hours before the 

stimulation of cytoplasmic protein synthesis and BMR. His 

results suggest that the single biochemical effect respon

sible for the thyroid hormone influence on mitochondrial 

and cytoplasmic protein synthesis, and enzyme potency 

is a regulation of basic nucleic acid metabolism.
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In concluding this section on the biochemical basis 

for the multiplicity of the biological actions of the thy

roid hormones,itt is advisable to make reference to a 
table computed by J.R. Tata entitled "integration of 

Cellular Actions of Thyroid Hormones ". In this work,

Tata presents the major cellular activities responding to 

the administration of thyroid hormones and from it he draws 

profound conclusions. According to Tata, the calorigenic 

action of thyroid hormones can be accounted for by their 

effect on increasing respiration of skeletal muscle 

mitochondria. Furthermore, Tata states that the stimula

tion of growth can be accounted for by increased RNA 

synthesis, cytoplasmic protein synthesis, and mitochondrial 

phosphorylative capacity (6). Taking into consideration 

the thyroid hormone control of nucleic acid metabolism, 

the one fundamental biochemical effect as the basis

for the different biological actions of the thyroid hor

mone seems to have been deduced.
- ,

Conclusion

The role of thyroid hormones in the body is 

diverse. Not only do they affect every bodily system but 

they are vital to maintaining homeostasis.

This discussion in Part I should have helped the

reader to realize what must be taken into consideration

when one is dealing with thyroid hormones. The groundwork 

has now been set for the subsequent discussions in remain

ing parts.
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Introduction

Part II will present a detailed description of 

the experimentation of this thesis. Emphasis will be on 

technique and a short discussion of the valuable aspects 

of the technique will be included. Hopefully, the pur

pose of this thesis, as presented in the preface, will 

begin to make itself known in this part of the paper.

Initial Conditions

Male albino rats were fed Purina laboratory chow 

and given tap water ad libitum. They were housed at a 

constant temperature of 25°C.

Thyroidectomy

The thyroid gland is situated in the neck at the 

junction of the larynx and trachea. It is composed of 

two redish-brown lobes located anterolaterally, and a thin 

slip of tissue called an isthmus, connecting these two 

lobes, located anteroventrally with respect to the trachea. 

Excluding the adrenals, more blood flows through this gland, 

in relation to its size, than through any other bodily or

gan. Furthermore, numerous networks of nerves permeate 

the epithelium of the gland. Though small in size, the 

thyroid is sophisticated in structure and nature (1,2,3,4).

While locating the gland is not too difficult, re

moving it is tedious. Having performed thirty removals 

of a gland approximately three-sixteenths of an inch in



22

diameter, this writer is qualified to comment that he 

found the technique for thyroidectomy as described else

where to be inadequate (3). Without going into this tech

nique, some comment concerning adjustments made on it is 

warranted. In these thirty thyroidectomies, many differ

ent approaches were attempted and numerous innovations 

were incorporated. Before operating on live animals, the 

technique was studied and practiced on preserved specimens. 

All vessels, nerves, and muscles were identified at that 

time. This writer employed self-designed glass instruments 

and avoided cutting any muscles. With increased experience 

this writer was able to decrease the duration of the opera

tion and thus decrease the amount of anesthesia used on 

the animals. Despite these additional efforts, an average 

of fifty-five percent of those animals operated on did 

not survive. Although the cause of death in many instances 

seemed to be due to mucous blockage of the trachea, tra

cheotomy during thyroidectomy failed to alleviate this. 

Possibly, further research could improve the survival rate. 

Although thyroidectomy was one of the most problem-prone 

areas of this thesis, it was one of the most fascinating.

Post-thyroidectomy

Maintenance of environmental conditions following 

thyroidectomy is vital to the survival of the animals be

cause certain body homeostatic systems are disturbed when 

the thyroid is removed,. Leblond and Eart ley found that
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their hypothyroid, animals were unable to survive when the 

environmental temperature was reduced, from 26°C. to l6°C. (5) 

Their finding was verified in this thesis. When the thy- 

roidectomized rats were moved from one room at 25°C. to a 

second room at 23°C., they seemed to exhibit signs of dis

comfort such as nasal discharge and shivering. When they 

were returned to the first room, these symptoms disappeared. 

Another disturbance in body equilibrium following thyroid

ectomy is attributable to the loss of the parathyroid glands 

which are usually also removed along with the thyroid.

Blood and D’Amour found that following thyroidectomy death 

could occur due to "parathyroid tetany" unless a 1% cal

cium gluconate solution was used as drinking water,(3).

All of the rats that this writer operated on did receive 

this solution as drinking water and, although some animals 

did not survive following the operation, death seemed to 

be due to breathing difficulty and not to tetany. The im

portance of maintaining room temperature at 25°C. and. u- 

tilizing calcium gluconate solution emphasized the role of 

the thyroids and parathyroids in maintaining life.

Thyroxine and, analogues

The T^ and analogues used in this experimentation 

were obtained in guaranteed chemically-pure form from 

Sigma Chemical Company. They may be identified and dis

tinguished in the following fashion:
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Formula Name Synonyms

1 X

’ f WC0OH
I

L-3,5,3',5’t
Tetraiodo
thyronine

L-thyroxine,
Tz,

X L-3,5,3’-
Triiodo-
thyronine

Triiodo
thyronine, TIT, 
t3

X

I

3,5,3*-
Triiodo-
thyroacetic
acid

Triac

Figure 3 The Thyroxine and. Analogues Employed 
in This Thesis (6).

It is now advisable to explain why these three hor

mones were chosen from among the many available forms.

This writer felt that in this experimentation it would be 

advantageous to employ hormones of drastically different 

calorigenic potencies so that differences in results would 

be discernible.« Triac has been shown to be much less po

tent than T^ while T^ is considered to much more potent 

than T^. In short, they were chosen in an attempt to ob

tain a good variety in experimental results.

There were also definite reasons for choosing the 

L-isomer as the optical form for these analogues. As es

tablished in Part I of this paper, the calorigenic action 

of T^ and its analogues is accounted for by their effect 

in increasing the respiration of skeletal muscle mitochon

dria (7). Pittman and Barker have discovered that D-thy- 

roxine has a very low calorigenic activity, and Dunne and
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Tapley have attributed, this to its lack of effect on stri

ated. muscle (8). This isomeric relationship between D-thy- 

roxine and L-thyroxine is also applicable to the D and L 

forms of (6). It can probably be applied to all ana

logues. The L-isomers are preferred because the D-isomers 

are virtually biologically inactive.

Considering the physical properties of T^ gives 

some indication of what is required as far as preparation 

for administration of T^ and Its analogues is concerned. 

Thyroxine is insoluble in water, slightly soluble in organ

ic solvents and dilute acids, but fortunately, with alkali 

it will form salts that are soluble in HgO (9). In this 

thesis, the T^ and analogues had been ordered as either 

sodium or diethanolamine salts. They were first dissolved 

in .IN NaOH, then diluted to a final concentration of 5 

milligrams per liter of .02N NaOH solution. Physiological 

saline was both the diluting factor and the solvent for 

the NaOH. Thus, a .9% NaCl solution containing .02N NaOH 

was employed as the control injection. This technique for 

dissolution is taken from Pittman and Barker (8). Alter

nate methods include those of Best and Duncan, or Cortell 

(10,11).

Although these solutions are believed to be stable
i

for about three weeks at room temperature, to insure their 

stability they were stored in the refrigerator at a con

trolled temperature of 4°C. To insure their sterility, the
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solutions were autoclaved, for 20 minutes at 250°F. Dosage 

vtas .6 ugrams per .1 milliliters solution. This was ad

ministered subcutaneously.

Glucose

The foodstuff chosen for this experiment was D- 

Glucose-Cj^CU). It was obtained from Amersham-Searle 

Corporation in the amount of 500 ucuries and in the form 

of a freeze-dried solid. C-^ decays by beta radiation 

and its half-life is 5770 years.

The method of preparing the C^-glucose for ad

ministration was relatively easy. Since the freeze-dried 

solid dissolves in H^O, the vacuum container was opened 

and the contents rinsed out with distilled H£0. The 500 

ucuries were eventually mixed with 75 grams of D-glucose 

all of which was dissolved in 150 milliliters physiolo

gical saline to give a 50$ solution (w/v). The solution 

was autoclaved for 20 minutes at 250°F., and stored frozen 

well below 0°C.

The dosage of foodstuff was 3 milliliters of so

lution containing approximately 10 ucuries. The C,^-glu

cose was administered by stomach tube (18 guage needle 

and .062 inch I.D. polyethylene tubing) to a slightly a- 

nesthetized rat which had fasted for 24 hours. While the 

tubing was still in the rat it was rinsed with 1 milli

liter tap water and withdrawn. 10 ucuries was administer

ed because only 25$ is recovered (12).
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Testing and Grouping

The equiptment involved in this experimentation 

and the manner in which it is set up is illustrated in 

the following diagrammatic sheet. This set-up is an e- 

laboration of that originally designed by Packer (13). 

Although this representation is for one system, the reader 

should note that four systems were operated simultaneously 

and controlled by a five-way valve.

The manner in which the parts function together 

is somewhat elaborate. When the suction is applied, 

air is pulled into the flask where the CGg in the air is 

first dissolved in the NaOH and BaClg mixture and then 

precipitated out in the form of BaCCH, CO2-free air then 

proceeds to the metabolic chamber where the animal uses 

it to respire C]_4-glucose. The radioactive C02 expired 

is then drawn into the first tube where it dissolves in

the IN. NaOH solution. Any excess may be spilled over 

into the second tube and in order to determine whether 

or not this is happening, several drops of BaCl^ are add

ed to this gas trap. An adjustment can always be made 

in the rate of bubbling by manipulating the valves. This 

can be done to eliminate any carry-over of *C02 into the 

second tube. Finally, the air from all four cocks of the 

valve complex proceeds by one channel to the suction flask. 

Suction may be applied by either an aspirator or a vacuum 

pump (13).
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The test was executed five times, each time requir

ing four animals. Since only twelve animals were employ

ed, the first two groups of four were tested twice. A 

group then was composed, of four animals, each of which was 

injected, with a different analogue according to the fol

lowing scheme: animal 1 received T^, animal 2 received 

Triac, animal 3 received T^, and animal 4 was a control. 

Each animal received .5 ugrams of thyroid hormone in .1 

milliliter of solution each day at 7:00p.m. except for the 

control animal who only received a control injection as 

mentioned previously. The first dosage was administered 

twelve days prior to testing and the last dosage was admi

nistered on the day of testing. The dates for the test

ing and the average weights of the animals on those dates 

are presented in the following timetable:

GROUPING DATE OF TESTING AVERAGE WEIGHT OF ANIMALS

Set 1 November 25 231 grams

Set 1 December 19 235 "

Set 2 February 28 251 ”

Set 2 March 20 250 "

Set 3 March 25 150 "

A typical experiment may now be described. A male

rat averaging 250 grams, starved for 24 hours, is given

his last .5 ugrams of thyroid, hormone and immediately ad

ministered 10 ucuries of radioactive glucose by stomach
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tube. He has been lightly etherized, and as soon as he 

recovers complete consciousness, he is placed in the meta

bolic system. All connections are immediately checked.

The vacuum or aspirator is turned on and the time is re

corded. The same process is then repeated on animals 2,

3, and The first collecting tube is replaced every 

fifteen minutes by a *CO2-free tube, and the collecting 

process proceeds until six tubes have been utilized for 

each animal. The animal is then removed. For each ani

mal six fifteen minute samples have been collected, These 

will be assayed to determine the *C02 content dissolved 

in solution.

At this point, it is important for the reader to 

note: l)that the system is air-tight prior to use, 2)

that the animal has been starved to eliminate exogenous 

glucose, 3)that he is breathing nearly COg-free air, 

that he is respiring only *C02 because all he is meta

bolizing is ^glucose, 5)the *C02 expired is caught in 

COg-free NaOH solution, 6)depending on the rate of bub

bling and cloudy formation in the gas trap, all *C0? ex

pired is being caught in the first collecting tube. If 

these six items are true and no other variables are in

volved, then the following direct relationship may be es

tablished: the amount of *CO2 collected is a function of

the rate of *glucose respired which is determined by the 

BMR of the animal which has been regulated by the parti

cular analogue he has received. The validity of the tech-
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nique exists in the establishment of this relationship.

Accumulation and Tabulation

The accumulation and. tabulation of results is an 

expression of the following phenomena:

^glucose —-» *C02 —* Ba*COq
(injected.) (respired) (precipitated and counted)

One milliliter of aliquot is taken from each of the tubes.

To this is added one milliliter of BaClp. The solution 

is swirled and the resulting cloudy mixture is placed drop- 

wise on the preweighed filter paper while suction is being 

applied to the filtering apparatus. This is followed by 

rinsing with H?0, ethyl alcohol, and acetone. Thus, the 

Ba*CO^ has been precipitated out on filter paper. The pre

cipitate-paper composite is then dried in preparation for 

the determination of the specific activity (13).

The employment of a Geiger-Meuller counter to de

termine the specific activity of the Ba*CO-^ was another 

very stimulating part of this thesis. A prebackground and 

postbackground count of the counting tray were taken, aver

aged together, and an adjustment made for them in the data. 

For each precipitate on the filter paper a five minute 

count was taken and an average determined in terms of counts 

per minute. The paper and precipitate were then weighed. 

When the preweighed calculation was subtracted, the dif

ference represented the weight of the precipitate. Taking
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the average counts per minute and. relating it to the weight 

of precipitate in terms of grams, allowed for all of the 

final data to be represented in terms of beta emissions 

per minute per gram dry-weight of Ba*CO^ precipitate. For 

each animal tested there were six readings. The increase 

in metabolism of C^-glucose over one and one half hours 

was represented as increased number of beta emissions over 

the same period. Graphs were then prepared.

Discussion

Since 1950. intensive analysis has shown that the 

use of "in vitro” methods to study interactions of thyroid 

hormones is an insufficient approach (7). When various 

factors such as species, sex, diet, and temperature are 

taken into account, studying the BMR on the whole body le

vel is an excellent method for determining the calorigenic 

effects of thyroid hormones (7). Investigators have dis

covered that a decrease in oxygen consumption in tissues 

and in the whole body of a thyroidectomized rat offers a 

good biochemical explanation for the calorigenic action 

of thyroid hormones (7). Since that time, the measurement 

of oxygen consumption has been the main method for deter

mining the calorigenic potencies of T4 and its analogues. 

The apparatus most often used in this technique seems to 

be that of Watts and Gourley, or of Holtkamp (14, 15). The 

BMR is thus calculated in terms of milliliters of oxygen 

consumed per 100 grams of body weight per hour. Typical 

results for that of a thyroidectomized rat would be 103.6



33

milliliters of oxygen consumed per 100 grams of body weight 

for every hour (8).

In contrast, the experimentation involved in this 

thesis employs quite a significant foodstuff and a unique 

measurement. As mentioned in Part I, for sometime it has 

been known that certain enzymes of the glycolytic cycle 

are less active in thyroidectomized rats and more active 

after long-term administration of large dosages of thyroid 

hormones. Fortunately for the writer of this paper, two 

of these enzymes happen to be glucose-6-phosphate dehydro

genase and lactic dehydrogenase both of which are essential 

to the metabolism of Cq^-glucose (7). The significance of 

using Cj^-glucose in the experimental part of this thesis 

then becomes apparent. If these two enzymes are stimulat

ed when thyroid hormones are administered to thyroidecto

mized rats, what better foodstuff could be used to measure 

the calorigenic effects of these hormones than ClZj,-glu- 

cose?

The technique involved in this thesis contrasts very 

much with that of oxygen consumption assay. The employ

ment of this particular technique is as significant in mea

suring the metabolism of C-^-glucose as utilizing C^- 

glucose is significant in view of the stimulation of glu- 

cose-6-phosphate dehydrogenase and lactic dehydrogenase 

activity by thyroid hormones. Furthermore, this method 

of measuring carbon dioxide expiration is as valid as mea

suring oxygen consumption. The following equation for the
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oxidation of glucose shows how this is true from the bio

chemical point of view:

^6^12^6 * 6CC>2 + 6H2O + energy

For every six oxygen molecules consumed, six carbon dioxide 

molecules are liberated. Finally, by following the path

way of radioactive tracers in intermediary metabolism, 

the employment of carbon dioxide expiration assay as a 

technique seems to be justified. The following diagram 

illustrates this:

Carbohydrate

Figure 5 Citric Acid Cycle (13).

A measure of the radioactive carbon dioxide formation from 

the utilization of C^-glucose seems to be able to be used 

to study the calorigenic effect of thyroid hormones adminis 

tered to thyroidectomized rats. It is now advantageous to 

make a superficial comparison of this technique with that 

most frequently used.
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Measuring 02 consumption means taking into consi

deration not only the state of the animals while they are 

in the chambers but also such variables as volume, pressure 

and temperature. As far as this experiment is concerned, 

all that must be taken into consideration is the degree of 

movement of the animals while they are in the cage. The 

rate of breathing is not even necessarily a variable since 

an attempt is made to draw directly into solution all of 

the *C02 that is expired. Volume, temperature, and pres

sure are irrelevant. All that is necessary is to keep 

the animals relaxed. In conclusion, it seems that an ap

proach with fewer variables involved is more advantageous

to use.

Conclusion

The technique used in this thesis seeks to measure 

the rate of expiration of'animals treated with thyroid 

hormones and injected with radioactive glucose. In format 

it is complex but in measurement it is quite Specific. 

Superficially, it seems to offer definite advantages over 

oxygen consumption technique. The reader is now prepared 

to consider the technique in terms of the results it has 

produced.
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PART III: PRESENTATION OP RESULTS AND A

SUBSEQUENT DISCUSSION
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Introduction

Part III is the most controversial part of this 

paper. Variables that were not accounted for due to the 

inadequacies of this author affected the results in diverse 

ways. The results presented here are inconsistent and 

they cannot be interpreted from a statistical point of 

view. Originally, the validity of carbon dioxide 

expiration assay was to be ultimately established through 

the presentation of a barrage of statistically-sound, con

sistent results in this part. Because this is no longer 

possible, the approach here will be unorthodox. More 

questions seem to be raised in this part than are an

swered but this in itself may serve to solve the dilemma. 

Despite the inconsistencies in results, they seem to re

veal some intriguing pathways for future research. The 

validity of this technique as an alternative to oxygen 

consumption assay for measuring the calorigenic effects 

of thyroid hormones may consist not in the questions it 

answers but rather in the questions it poses. In this 

respect then, the employment of carbon dioxide expiration 

assay in future research of this sort should be warranted.

Presentation of Graphs

The graphs were prepared in terms of beta emissions 

per minute per gram dry-weight of Ba-frCO^ precipitate plotted 

against the time that the animals remained in the chambers 

and metabolized the radioactive glucose. These graphs are 

presented in the subsequent five pages and references will
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be made to them in later sections.

Analysis

A brief commentary may serve to clarify the 

difference between the graphs in a preliminary way. A 

more in depth analysis of what these differences in the 

graphs are attributable to will form the basis for the 

discussion of the results. The difference between graphs 

1 and 2 versus graph 3 is attributable to the writer's 

ignorance of the manner of dissolving hormones prior to 

administration and to his lack of awareness of the im

portance of preweighing each piece of filter paper 

before employing it to precipitate out Ba*C03. The 

difference between graph 3 versus graph 4 is probably 

attributable to the fact that Set 2 animals received a 

double dose of hormone the evening before test 3 but not 
the evening before test 4. The double dosage was ad

ministered in an attempt to magnify the results that 

would be obtained but the author failed to record this 

innovation and thus did not repeat it in test 4. Although 

these factors have caused inconsistencies in the results, 

if the manner in which they have done so is analyzed, path

ways for future research seem to be revealed. The incon

sistencies were probably the fault of the author but the 

ability of the technique to detect them deserves attention. 

This point will be elaborated upon in the ensuing discussion

of the graphs.
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Graphs 1 and 2 versus Graph 3

At first, the comparison of graphs 1 and 2 versus

graph 3 seems to illustrate a classical example of the 

difference between truly absurd and concrete results.

Graph 3 presents linear graphs of increasing slopes which 

seem to express the different effects of thyroid hormones 

on the metabolism of radioactive glucose in thyroidecto- 

mized rats. The difference can be attributed to the fact 

that in test 3 the thyroid hormones had been dissolved 

in solution before being administered and each piece of 
filter paper had been preweighed to 10~^ grams before 

being used. Hormones in test 1 and 2 were in the form 

of a colloidal suspension at the time of administration 

and only an average was taken for the preweight of the 

pieces of filter paper before use. The important thing 

to note is not that the results in graph 3 were more 

linear once these innovations were made but that the 

technique seems to be fine enough to be affected by an 

average difference of .0015 grams in the weight of filter 

paper or by the lack of homogenity in distribution of 

particles in a colloidal suspension. The technique seems 

to be sensitive enough to detect these minute variables 

between tests 1 and 2 versus test 3 and the results re

veal themselves in the graphs. Thus, the effects of either 

of these variables on future research might be determined 

using this radioactive carbon dioxide expiration assay.
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Graph 3 Versus Graph 4

Another very exciting area in which future path

ways for research employing this technique might be re

vealed is in that of the relative effects of different 

dosages of hormones. It is significant to note that in 

the case of the BMR, the mechanism of the calorigenic ac

tion of high doses of thyroid hormone appears to be differ

ent from that produced at near physiological dosages. Ac

cording to Tata, the mechanism of calorigenic action of 

larger doses of thyroid hormone could indeed be due to un

coupling of phosphorylation while the calorigenic action of 

small doses would be due to a specific increase in mito

chondrial respiration through an indirect action (l).

Tata also declares that only a small number of workers 

have used dosages small enough to really show the effect 

of dosage on BMR (l). Fortunately, the work of this author 

does fall within that category. Evans et al in i960 es

tablished that in thyroidectomized rats, the basal meta

bolic rate is little affected by .5 ugrams of thyroid 

hormones and that the amount of hormone to be adminis

tered must fall within the range of 1 to 5 ugrams in order 
to restore the BMR to normal (2). Fortunately this work 

of Evans et al turns a point of inconsistency between graph 
3 versus graph 4 into a source of revelation.

The reader will recall that the same animals were 

employed in both test 3 and test 4. The only difference
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discovered was that in test 3 the animals had received a 

double dosage of hormone the evening before being tested 

while the same animals in test 4 had only received the 

usual dosage. In referring to the graphs, the reader may 

note that the order of potency in graph 3 is the same as 
in graph 4 (control > T^ > > Triac).. The only differ

ence seems to be that the overall magnitude of results 
from test 4 is much less and in some instances, almost 

negligible with respect to test 3. The Triac-treated 
animal in test 4 only exhibited metabolism of radioactive 

glucose in one instance while the Triac-treated animal 

in test 3 was metabolizing redioactive glucose at an 

average rate of 1216 units and the slope of the graph 

for this animal continuously increased. Furthermore, with 

the exception of the control animal in test 4, it was 

thirty minutes before any metabolism of C-^-glucose was 

detected for any of the animals whereas in test 3 all of 

the animals began to metabolize the glucose immediately.

A possible explanation for this difference in 
magnitude but sameness in order of potency may be in the 

difference between the double and single dosage of thyroid 

hormone administered to the animals in test 3 and test 4, 

respectively. A single dosage contains .5 ugrams of thyroid 

hormone while a double dosage contains 1 ugram of thyroid 

hormone. The second dosage approximates the range of 

effective calorigenic action as determined by Evans! If
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this difference does explain the difference in results, 

then the sensitivity of the technique employed in this 

experimentation merits recognition. Could a technique 

measuring milliliters of oxygen detect the difference 

between the calorigenic effect of .5 ugrams versus 1 ugram 

of thyroid hormone as compared to the technique of this 

thesis which strives to record the emission of electrons 

from radioactive carbon dioxide molecules collected from 

the respiring animal? The writer of this paper cannot 

answer this question but the possibility that this techni

que can detect a difference of .5 ugrams in hormone dosage 

is most exciting. Here again is another instance where 

the employment of carbon dioxide expiration assay in 

future research may be warranted.

Graph 4 Versus Graph 5

This third analysis is revealing but not quite as 

exciting as the previous two. In comparing graph 4 to 

graph 5 a difference is noted but of a different dimension 

than that discussed in the previous section. The magni

tude is of the same degree but the order of calorigenic 
potency is quite different (T3 > TriacV Control')’ T^).

The positions of control and T^ have now been subordinated 

to T^ and Triac. In short, the order of potency has been 
reversed.

Again, it is advisable to search for influencing
t

factors in the conditions of experimentation that might
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explain this. When this is done two obvious variables are 

exposed. By referring to the timetable on page 29, the 

reader may note that the group of animals for test 5 

weighed an average of 150 grams whereas the group of 

animals for test 4 weighed an average of 251 grams. The 

second variable, as recorded in the diary that was kept, 

indicates that the animals of test 5 were six to eight 

weeks old while the animals of test 4 were twelve to

sixteen weeks old. The fact that the difference in these 

variables has been detected by the technique as illustrated 

by the graphs seems possibly to warrant the employment of 

this technique to measure the relative effects of these 

variables on results in future instances.

Graph 3

The final area of concern is related to the theory 

mentioned in Part: I where it was proposed that thyroid 

hormones stimulate glucose-6-phosphate dehydrogenase 

activity and thus stimulate glycolysis. It seemed pre
vious "in vivo" and "in vitro" studies proclaimed this 

stimulation of glycolysis because a fall in hepatic gly

cogen was found to precede a number of changes in cellular 

activities after administration of "acute" thyroid hor
mone (l). Since that time substantial studies have de

clared that the lowering of glycogen is perhaps due to a 

side effect on appetite and is unrelated to the changes in
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protein synthesis and oxidative phosphorylation that 
follow (1). It is significant that the results obtained 

from test 3 seem to verify those more recent discoveries.

The strength in making this correlation depends 
upon the facts that: 1) the dosage used in test 3 falls 

within Evan’s range for effective dosages, and, 2) the 

foodstuff metabolized was -glucose. In typical oxygen 

consumption results the relative calorigenic potencies

Figure 7 The Relative Calorigenic Potencies of 
T^ and Some Analogs. (3)

i

The role of C^-glucose as the foodstuff now becomes 

paramount. If any glycolytic stimulation does occur in 

the presence of 1 ugram of hormone then the hormone- 

treated animals in test 3 should metabolize radioactive 

glucose faster than the control. Graph 3 shows the order 
of calorigenic potency to be Control > T^V T^Triac. 

The fact that the hormone treated animals in test 3 did 

not respire radioactive glucose faster than the control
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animal seems to support the recent hypothesis that gly

colysis Is not necessarily stimulated In the presence of 

thyroid hormones. The manner In which results obtained 

by the technique of this thesis contrasts with results 

obtained by oxygen consumption technique warrants further 

study.

Conclusion

Nothing In Part III Is really definite. No true 

conclusions can be drawn. However, the possibilities 

for future use of this technique are most intriguing.
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PART IV. SUMMARY
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The purpose of this paper has been to present 

an alternate approach for measuring the metabolic effects 

of thyroxine and its analogues in thyroidectomized rats. 

Part I laid the physiological and biochemical ground

works. Part II described the technique in detail. 

Finally, Part III sought to discuss the validity of the 

technique as an alternate method In terms of the results 

it produced. While it was relatively easy to draw con

clusions in Parts I and II, Part III was controversial. 

Whether or not the purpose has been fulfilled is not for 

this writer to say. However, the analysis of the results 

in Part III does seem to indicate that this technique 

could be used productively in future research. In the 

last analysis this paper seems to be only a beginning 

but possibly a stimulating one at that.


