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PREFACE

As the Ciba Foundation had included fifteen conferences on
endocrinological subjects 1 1ts first forty small, international
and multi-disciplinary meetings, with only slight reference to
the thyroid, 1t was clearly high time to devote a collogquium
entirely to the subject. 1In a three-day meeting of our usual
fairly relaxed conversational type, it was impossible even
then to consider all aspects of thyroid physiology, and it was
decided to concentrate our attention at one end on the regula-
tion of the thyroid gland, and at the other on the character
and mode of action of 1ts hormones.

This colloquium would not have taken place without the
interest, support and advice of Sir Charles Harington and Dr.
Rosalmd Pitt-Rivers, and 1 the event all members of the

d and ad d the cf hip of Dr.
Pitt-Ravers, the first lady to occupy this position on one of
these occasions.

The facilities of the Ciba Foundation are such as to compel
us to limit membership to about thirty, always a distressingly
hard task of selection, Our expertence fully confirms that in
our circumstances a group of np to thirty in size can converse
m a coherent, co-operative manner, whereas above this
number people tend to remam isolated in thewr separate
nationalities, diseiplines and opini In a large pany,
members are also much more guarded in their expressions, for
fear of offending unknown people, where 1t 15 not possible
easily to be aware of the identities of all people present.

For those who could not be 1nvited to join us at this meeting,
the papers and the discussions they aroused, are reproduced
extensively in this volume. We hope that the reader will
obtain from it not only mformation and ideas, but also a
sense of participation 1n a friendly oceasion.

Although this will be the thirty-fourth book containing the
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vi PREFACE

papers and discussions of one of the Ciba Foundation’s con-
ferences, it may be helpful to add a few explanatory words
about the Foundation and its other activities. It is an inter-
national centre, established as an educational and scientific
charity under the laws of England. It owes its ineeption and
support to its Founder, CIBA Ltd. of Switzerland, but is
administered mdependently and exelusively by its distin-
guished British Trustees.

The Foundation provides accommodation for scientific
workers who visit London fram sbroad, organizes and holds
international conferences, conduets (in conjunction with the
Institut National d'Hygiéne) a postgraduate medical ex-
change scheme between England and France, arranges
informal meetings for discussion, awards two annual lecture-
ships, has initiated a scheme to encourage basic research
relevant to the problems of ageing, assists international
congresses and sclentific societies, is bwlding up a Library
service in special fields, and generally endeavours to give aid
in all matters that may promote international co-operation in
scientific research.
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GHAIRMAN'S OPENING REMARKS
Rosauinp Prrr-Rivers

My first duty is a very agrecable one to thank the Ciba
Foundation on behalf of us all for arranging thiy symposium
on the regulation and mode of action of thyroid hormones.
This 15 the first of the Ciba Foundation meetings which has
been devoted exelustvely to the thyroid gland, and 1t comes at
a time most opportune for us; we ean now take stock of some
of the discoveries 1n this field which have been made m the
past ten or fifteen years,

During this time the use of the radioactive 1sotope of 1odine
191] has contributed largely to our knowledge. It has allowed
us to study dynamie aspeets of iodine metabolism 1n man and
animals in health and disease and to investigate alterations in
thyroid function as influenced by other endoerine organs.
The part played by the hypothalamus in the control of the
thyrod by the anterior pituitary has received special atten-
tion, and the relationship of the adrenals and of the pancreas
to certamn aspects of thyrod function 1s now beginning to be
mvestigated.

In the biochemical field, chromatography of 3-labelled
thyroid products has enabled us to deteet and separate
10dinated compounds which are present in biological material
m amounts too small to be investigated by the older analytical
methods These studies have led to the discovery of 3: 5 : 8"~
triodothyronine, which joins thyroxine as one of the thyroid
hormones.

Recently two other 1odinated thyronmmes have been
demonstrated in the thyroid and m other tissues, further,
tetralodothyroacetic acid (TETRAC) and trnodothyroacetic
acid (TRIAC), which have been postulated as likely metabol-

ttes of thyroxine and truodothyronine, have been detected in
TaTROID—2 1



2 Rosavivp Prrr-Rivers

tissues and tissue h genates after admimstration of the
parent amino acids in vivo and in vitro, Whether these new
compounds alse have a place among the thyroid hormones is
not yet established, but they merit further investigation.

In spite of the large amount of work which has been done
on the mode of action of thyraid hormones, we are still in the
dark as to its exact nature. Much of this effort has been
dirccted to the investigation of effects at s sub-cellular level
ang it is now thought that one of the thyroid’s actions is to
control the hberation of energy released during biological
oxidations. It does indeed scem reasonable that hormones
which contribute so much to the control of energy in the
whole animal should have as their target some part of the
control mechanism of coupled high energy phosphate reac-
tions. It 1s however unlikely that this is the whole story, and
future work may show that the overall thyrad hormone
effect 15 only ifested 1 a physiological system which
includes other endoerine glands, since these exert so great an
mfluence on thyroid function in vive,

One result of the spurt i thyroid research has been some
divergence of opi about a ber of probl The Ciba
Foundation now offers us an opportunity to air these differ-
ences and help to resolve them by an exchange of information
and by discussion.




HYPOTHALAMUS-PITUITARY-THYROID
RELATIONSHIPS*

G. W. Harrss and J. W. Woobs

of inology, Institule of Psychiatry,
Maudsley Hospital, London
Previous work (Brown-Grant, von Euler, Harris and
Reichlin, 1954; Brown-Grant, Harris and Reichlin, 1954a, b),
which was briefly reported by Harms (1935a) at o Ciba
Foundation Colloquium, demonstrated that the 3! output
method forms a simple and direct technique for observing
changes in thyroid activity in the rabbit. The necessary pro-
cedures may be carried out without anaesthesia and afford a
period of 10-18 days, in any one experiment, in which changes
in thyroid activity may be detected. In the work cited above,
1t was found that with the animals under standardized con-

ditions the rate of release of thyroidal radioactivity follows an
exponential curve and that a decreased or increased activity
of the gland is associated with a decreased or increased slope
of the curve respectively. Stressful or noxious stimuli were
uniformly found to produce tnlbition of the thyroud gland,
and evidence was adduced that this effect was mediated by
the hypothalamus and anterior pituitary gland. Since such
stimuli umiformly lead to increased activity of the adrenal
cortex 1t was pointed out that under many, if not all, condi-
tions of environmental change a reciprocal relationship
seemed to be maintained between the thyroid and adrenal
cortex, A study of the effect of administration of adreno-
corticotrophie hormone (ACTH) or cortisone on thyroid
activity m the adrenalectorized rabbit showed that inhibition
of the thyroid gland occurred when the blood concentration of
adrenal corticoids was increased.

* The orgmal work reported 1n thns paper was carnied out during the tenure
by one of us (J W. W.) of a Fellowship of the American Cancer Society, and
aided by @ grant from the Research Fund of the Maudsley Hospital.

3



4 G. W. Harris Axp J. W. Woops

The aim of the present experiments was to investigate any
changes mn thyroid activity produced by prolonged electrical
stimulation of the hypothal in the thetized
rabbit. Green and Harris (unpublished, cited by Harris,
1955b) stimulated various regions of the hypothalamus and
prtuttary gland of unanaesthetized rabbits and studied their
oxygen uptake No consistent changes were observed but the
limitations of this method for assessing thyroid activity
prevented any definite conclustons from bemng drawn. Colfer
{1919} found hstological signs of increased thyroid activity
m rats and rabints after prolonged electrical stimulation of
the hypothalamus.  An wnereased discharge of thyrotrophie
hormone (TSH) was reported by Elhs and Wiersma (1945)
following repeated electronarcosis i dogs and guinea mgs.
Del Conte, Ravello and Stux (1955) confirmed these findings
n the gminea mig and reported a rise in blood concentration
of TSH watn 30 mnutes of electroshock. In view of these
data and the well-established fact that clectrieal stimulation
of the region of the median cminence of the hypothalanius
evokes anterior pituntary secretion of ACTIH (rabbits, de
Groot and Harris, 1950; dogs, Hume and Wittenstemn, 1950;
eats and monkeys, Porter, 1953, 1954), and of gonadotrophic
hormone (Harris, 1937, 1948; Markec, Sawyer and Hollinshead,
1946) 1t seemed reasonable to suppose that stmiar stimuiation
might evoke discharge of TSH.

The method used for detecting changes in thyroid activity
of the rabbit, in the present study, 1s the %1 output method as
deseribed previously  Eleetrieal stimulation 1s performed by 2
modification of the remote control method of de Groot and
Harris (1950). This techmgue makes it possible to stimulate
the hypathal of the hetized, unrestrained rabhbit.
A small s dary coil 1s implanted subent; sly over the
Jumbar spine and connceted by flexible leads to glass-insulated
platinum  electrodes inserted into the hypothalamus or
pitnitary region, Dunng an experiment the animals arc
housed in eages surrounded by a Jarge primary coil, and
aimulation apnlied at appropriate times by passing condenser
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discharges through the field coil at 50 cye.fsce. The pulses
induced in the sccondary are alternating with a duration
0-5-0-7 m.scc. The primary cireuit 15 provided with an inter-
rupter which makes it possible to stimulate with on:off
periods of any desired ratio—} min. on:} min. off in the
present experiments. The intensity of stimulation is con-
trolled by the position of the rabhit’s cage relative to the
primary coil and by the capacitance of, and voltage applied to,
the condenser bank discharging through the primary coil.

Results
(a) Beforc complete adrenalectomy

Electrieal stimulation has been applied to the hypothalamus
or pitmitary gland of 27 animals i 41 experiments. Fifteen of

STIM

o100}

"
<]

RABBIT 10T 27955

THYROID RADIOACTIVITY

1
]

. 1
100 200
TIME (HOURS)
Fic 1. Toshow the effect of electreal stimulation of the tuber cinereum
of the normat rablut on the rate of relcase of ! from the thyraid gland

these rabbits were normal, 5 had been subjected to ovariee-
tomy and right adrenalectomy, and 7 to right adrenalectomy,
Stimulation for periods of several days (usually 48 hr)
Tesulted m transient mhibition of thyrod activity n 22
experiments (Figs 1 and 4), no change 1n 16, 2 questionable



6 G. W. Harris anp J. W, Woons

response in 1, and m only 2 experiments (on one normal
rabbit) was a defimte increase in thyroid function seen. In
no case was a detrimental effect on the rabbits ohserved.

(b) After complete adrenaleciomy

In view of the data mndicating first, that inereased ACTII
seeretion may follow electrical stimulation of the hypo-
thalamus, and secondly, that an increased blood concentration

RABBIT 1on 274258

5100

50

THYAOID RADICACTIVITY

[}

o
100
TME{HOURS)

Tic 2. The cflect of hypothalamic stimulation on 11 release from
the thyro:d after adrenalectomy

of adrenal corhicoids mnhibits the secretion of TSI, it was
decided to repeat the experi in pletely adrenalectom-
ized rabbits maintained on constant daily doses of cortisone.
Fighteen of the 27 rabbits reported above have been studied
after complete adrenalectomy, and a striking change in the
thyroid respense has been observed in many cases, Forty-
eight experi ts on these animals showed that 12 rabbits
now rcspondcd 1o the electrical stimulation with a marked
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inerease in thyroid activity {Figs. 2 and 38) {previous to
adrenalectomy, they had shown thyroid inhibition in 10
experiments, and no change in thyroid activity in G experi-
ments). The increase in thyroid function was assessed not
only by measuring the rate of loss of thyraidal radioactivity,
but in 5 experiments on 4 rabbits by simultancous measure-
ments of the total plasma radioactivity or the plasma PB1],

RABBIT 1071 16156

STIM

%100 . '
T
t H
z 3
I} a
H . v
<] o
a o
32 50 o
o &
g <
;1 4o
Ll =
o]
fen
| l l | 2
&
|
g

] 160
TIME {HOURS)

Fic 3 The effect of hypothalamuc stimulation on ™11
release from the thyroid, and on the PBMII concentra-
tion n the plasma

The results mdicated that the blood concentration of thyroid
hormone was increased up to four-fold (Fig. 8). It is significant
that hypothalamic stimulation maintaned, 1n some cases,
an increased level of thyroid activity even i the presence
of a raised concentration of thyroid hormone in the
blood.

The precise localization of the region stimulated has not yet
been determined by histological study in all the animals, but
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response in 1, and 1n only ¢ experiments (on one normal
rabbit} was a definite incrense in thyroid function seen. In
no case was & detrimental effect on the rabbits observed.

(b} After complete adrenalectomy
In view of the data indicating first, that increased ACTH
secretion may follow electrical stimulation of the hypo-
thalamus, and secondly, that an inereased blood concentration
RABBIT 1071 274258

4100

THYROID RADICACTIVITY

L L

<

100
TIME (HOURS)

Fic 2 The effect of hypothalamie stimalation on 1 release from
the thyrod alter adrenslectomy.

of adrenal corticoids inhibits the secretion of TSH, it was
decided to repeat the experiments in completely adrenalectom-
ized rabbits mamtained on eonstant daily doses of cortisone.
Eighteen of the 27 rabbits reported above have been studied
after complete adrenalectomy, and a striking change in the
thyroid response has been observed in many eases. Forty-
eight experi ts on these animals showed th‘at 12 rabiats
notw responded to the clectrieal stimulation with a marked




oy
Fio. 5 Microphotographs of a honzontal section through
the hypothalamus of rabbit 1074 Bi-polar electroles
have been implanted, the site of onc clectrode {x) may
be seen as a exwctlar hole n the antenor part of the median
emmence  The site of the ather electrode (aho x) was
traced through seml sections anil found to be i the

o o



8 G. W. Harris anp J. W. Woobs

the available studies (see Fig. 5) and the radiographic cvidence
suggest that it is stimulation of the anterior part of the
median eminence of the tuber cincreum which results in
increased thyroid activity.

Five of the rabbits that showed a marked acceleration of
thyroid activity during stimulation eventually died, suddenly
and unexpectedly, whilst being stimulated.

(c) Cortisone-treated animals

Seven rabbits with the left adrenal gland mtact were given
high daily doses of cortisone (5-40 mg.) in an attempt to at

sTM stm sTm
oo — —
sol
5
I
=L
v S —
s CORTISONE 1023 ba
8 <
<~ .
N RABRIT 1IOS |
a 26 1456
o
g
£
z
L . L Il
° oo

oo 360
TIME CHOURS)

FI16 4 To show the effects of hypothalamic shmulation before and during

cortisone administration on a rabbrt with the left adrenal gland intact.

Note (1) the reduced rate of Telcase dunng the control periods whilst under

cortrsone adminstration, and (2) the reversal by cortisone of the effect pro-
duced by hypothalanue stimulation,

least partially blockade ACTH secretion, and subjected to
clectrical stimulation. Four of these ammals 1n 6 experiments
responded with an increased rate of release of thyroidal radio-
activity (Fig. 4).
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Discussion

The reversal of the thyroid response to clectrical stimulation
of the tuber cinercum after adrenalectomy may be explamned
in several ways. The most likely hypothesis seems to be that
some substance is liberated from the adrenal glands during
hypothalamie stimulation, which 1n turn inhibits erther TSI
sceretion or the thyroid gland itself. This substance nught
originate in the adrenal medulla or cortex, since it 1s known
that cither adrenaline (Haigh, Reiss and Reiss, 1954; Brown-
Grant, Harris and Reichlin, 1954a; Brown-Grant and Gibson,
1936) or adrenal cortical steroids (Myant, 1953; Brown-
Grant, Harris and Reichlin, 19515) may mhibit thyrod
activity in the rabbit. It 1s unlikely that adrenal medullary
secretion is involved since (a) loealized stimulation of the
tuber cinereum probably does not evoke secretion of adrenaline
(Magoun, Ranson and Hetherington, 1937), (b) the dose of
adrenalime Yy to prod prolonged mhibition of the
thyroid gland of the rabbnt is high (Brown-Grant, Harris and
Reichlin, 1954a), and (c) rabbits with an adrenal gland mtact
may respond to stimulation with inereased thyroid function
if under high cortisonc administration. It is probable that
adrenal cortical secretion is the factor mvolved, since (a)
localized stimulation of the tuber cinereum results m mereased
secretion of ACTH (de Groot and Harris, 1950; Hume, 1952},
(b} the dose of adrenal steroids y to produce prolonged
inhibition of the thyroid gland w1 the rabbit scems within the
physiclogical range (Brown-Grant, Hams and Reichlm,
1954b, Brown-Grant, 1956), and (c) rabbits with an intact
adrenal in which ACTH release is presumably blocked with
large doses of cortisone show a thyraid response, Itis probable
that adrenal steroids affect thyroid activity by suppressing
the secretion of TSH from the anterior pituitary, since
cortisone was found not to influence the response of the
thyrod gland of the hypophysectomized rabbit to njec-

tion of exogenous TSH (Brown-Grant, Harns and Reichlin,
1954b).
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Worcester, Christo, Campbell and Zygmuntowicz, 1951)
although the formaldchydogeme steroids aore decreased
{Daughaday, Jaffe and Wilkiams, 1918). Daughaday and co-
workers (1948} also report that a severe exacerbation of the
thyrotoxic state was accompanied by a fall in the excretion of
formaldehydogenic steroids and such an observation provides
a rational basis for the treatment of thyroid emsis with
adminustration of cortisone. In a more recent study Levin and
Daughaday (1955) found the excretion of urinary 17-keto- and
17-hydroxysteroids to be within the normal range in hyper-
thyroidism. The surpnising factor, on @ priori consideration,
1s that urinary excretion of adrenal steroids 1s not greatly
icreased in Graves’s disease, since the administration of
exogenous thyroxine results in adrenal hypertrophy (Wallach
and Reineke, 1949; and others), an ncreased excretion of 17-
hydroxysteroids in the guinea pig (Levin and Daughaday,
1935) and of 17-ketosteroids in man (Corvilan, 1953). The
physical and mental states of thyrotoxic patients would also
seem to afford a strong stimulus to adrenal cortical hyper-
function.

3 In an nvestigation on thyroid-adrenocortical relation-
ships in man, Hill, Reiss, Forsham and Thorn (1950) found that
administration of ACTH or cortisone depressed the uptake
of 131I by the thyroid and lowered the concentration of blood
protemn-bound iodine, although they noted that exogenous
TSH was still active i the presence of a high concentration
of adrenal steroids in the blood. They also observed that
ACTH and cortisone therapy might be of benefit to patients
with Graves’s diseasc and that the best results were obtamed

n early cases and in those with a good adrenal response to
ACTH.

4. Marine (1930) reported that post-mortem examination
of thyrotoxic patients revealed the presence of a small adrenal
cortex, and such signs of adrenal hypofunetion as lymphoid
hyperplasia and o large thymus gland. LeCompte (1949)
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The present findings are of interest in a consideration of the
aetiology of Graves’s disease, for two reasons.

First, the fact that locahzed stimulation of the rabbit's
hypothalamus ean result in increased thyroid activity is
compatible with the thesis expressed in so many clinical
accounts that emotional stress is an important actiological
factor in the onset of Graves’s disease. The occurrence of
hyperthyroidism following a severe fright was mentioned by
Parry (1825) when he first described the disease, The publica-
tions of Crawford (1897), Maranon (1921), Deutsch (1928),
Lewis (1925), Bram (1927), Moscheowitz (1980), Goodall and
Rogers (1933) may be quoted from amongst the large number
dealing with thi$ subject. Further reference to the hiterature
on the relationship of psychic trauma to Graves’s disease may
be found in the more recent papers of Lidz and Whitehorn
(1950) and Mandelbrote and Wittkower (1955).

Secondly, the fact that stimulation of the hypothal is
effective in the adrenalectomized rabbit rather than the
normal is compatible with much data indicating a state of
absolute or relative deficiency of the adrenal cortex m patients
with Graves’s disease, Emphasis was first placed on this point
by Marine and Baumann (1921) and Marine (1930). The data
at the present time may be summarized as follows:—

1. The oceurrence of thyrotoxicosis in cases alrendy suffer-
ing from Addison’s disease has been reported (Rossle, 1914),
and the frequency of onset of Graves’s disease under these
circumstances has been given as ten times that in previously
normal subjects (Frederickson, 1951). Oppenheimer (1987)
described the onset of hyperthyroidism following X-ray
damage to the adrenal cortex in man.

2, The excretion of 17-ketosteroids seems reduced in
patients with Graves's discase (Fraser, Forbes, Albright,
Sulkowitch and Reifenstein, 19415 Shadaksharappa, Calloway,
Kyle and Keeton, 1951; Corvilain, 1953). The excretion of
reducing steroids may be normal or slightly increased (Shadak-
sharappa, Calloway, Kyle and Kecton, 1951; Talbot, Wood,
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measured the width of the adrenal cortex and found o signifi-
cant narrowing i cases of Graves's disease. Kraus (1923)
desenibe? o smularity of the human pituitary mn cases of

Addison *~veonqrs. Perhaps more signifi-
cant in . 5 . T M Nags)
that the thyrod gland it caves 3 " be

lustologreally similar to that of Graves’s disease, Duyw J44)
summarizes the position by stating: “The more completely
the matter is studied the more clearly does an underlying
relationship become evident between three such apparently
different conditions as exophthalmie goiter, statuslymphaticns
and Addison’s disease.”

1t 1s likely that the normal human, as well as Jaboratory
animals, responds to emotional or physieal stress with an
mereased activity of the adrenal cortex. Its possible thatf,
for some reason, the adrenal cortieal response fails to occur,
and the inhibitory effect of a raised blood concentration of
adrenal corticords on TSH seeretion 1s lacking, thyroid hyper-
activity may ensue,
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e mermmn = T4 T and T da navmal ol hite Mhic antinn

Greer+ The action of cortisone on the thyroid 13 very puzzhing; there
15 evidence on both sides

Harns: The evidence regarding normal rats 13 clearer though. Many
workers have found cortisone depresscs the thyroldal uptake of 1] in
this form, and of more t (1055, E)

56, 607; 1956 J. Physiol,, 131, 58) has found that the same mlrennl
steroid, and also compounds B and I, decrease the rate of loss of thyroidal
radioactvity.

B.-Grant: Yes, large doses of adrenal steroids result in a decrease in
the rate of release of thyroidal radiotodine, The pont ¥ should like to
make, though, is that the whole problem of the action of cortisone 1s a
Very comple‘( one, as Dr, Greersaid  There are reports, for instance, that

cortisone t 1 normal rats may produce thyrord
hypertrophy (Wiater, C. A., Silber, R 1L, and Stoerk, IL C. (1050)
Endacrinology, 47, 60), although 1n acute experiments there s ittle doubt
that 1t produces a decrease in thyroid activity.

I imagine most of the goitrogen expeniments, too, are done on animals
on an lodine-deficient diet 5o perhaps the initial effect of cottisone in

B.-Grant 1 do not think 1t 15 established that the effect of ACTH
admumstration is mediated by any of the known corticoids produced
from the adrenal. I say that Particulasly because, although the rahbxt
does produce F under of ACT!

Yt matnly produces B which 1s ot v Sery effcotuve when tested n the rabblt.
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DISCUSSION
P N - . N

10dine in animals and man given large doses of cortisone, yet there is n
inhnblhon of the goitre produced by the administration of antithyroi

P TR S R T R

to be the case, then your point is why was no mlub:tory nctmn of th(

administration of goitrogens. I should lxke tu ask first, though, how fal
1t would have been possible to measure or observe any inhibition if such
had been present.

PIvbh i
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Res, Publ, Ass. nerv, menl. Dis,, 29, 451); Mandelbrote, B. M., and
Witthower, E. D. (1955, Psychosom. Med., 17, 109)) describmg the
frequency with wlich an emotionally stressful experience is found

Tar 4 <#Oans o0 A wmacn Thaa menavall g 1id that nhont 80

innumerable reports I feel that the possibility that a stress serves 1
some way to trigger the onset of Graves's discase deserves serous
consideration.

' <~ incidence

- oL o clin,
Anaverin, 11, ivvy
Albert It thyTotoxicosis 15 actually due to pitmtary stimulation in

there. . )
Lures: At Dunedin we have mvestigated the réle of TSH in Graves’s

disease; TSH can be found tn thyrotoxic cases—it 1s probably elevated

above normal—but the fact that 1t 15 present, 1 would say 1s an
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It may be that these effects are produced by some steroid or steroids
that are present i very small amounts—perhaps a speetfic “thyro-
cortin” more aetive m this way than the hnown stercids  This would
perhaps fit 1 with Prof Harris's observations on the effect of adrenal-
cctomy——the effect 15 not due 1o getting nd of the B or the F but some
other factor that the adrenal produces.

Maclagan: Yes, such as the androgens.

B.-Grant- T don’t fas our androgens i the rabint, beeouse Jarge doses
of testosterone, at any rate, do not have any signsficant effect on the
thyrod activity of the rablut, male or female, as far as the release curve
s coneerned (Mrown-Grant, K. (1955}, J. Physwt , 123, 390).

Alnclagan Testosterone, of course, 1s not ap adrenal androgen, It
n:iyght,’pmmps‘ be advisable $0 try 5n sndrogen Anown to come from the
agdrenal.

B-Grant: Yes, certomly that would be worth trying

Jialm: X was very pleased to hear that one gets thyroid enlargement
if gne gives cortisone Jong enough  Dr, Barker and 1 have found that
with cortisone treatment you ean actualiy get an enfargement of cefls
1n the thyrowd. This certamnly daes not wndicate an inhibition of release
of TSH.

Taurag- Is that i a normal or tn a hypophysectomized ammal?

Halm That was n the *pormal” animal X do not know how normal
the snimal nctually was because the diet may have contamed some
goitrogen.

Harns For how long did you admmster the adrenal steroids?

Helnn We had two groups of ammals; 1 one group we gave them
5 mg. cortsone daily for 20 days, and the other group we gave 2 mg.
cortisone for almost 3 months  We got the same hypertrophic change i
the thyroid cells m both groups

B.-Grant Hase you tried giving wdide to these animals along with
the cortisone?

Hatmt* No, we have not  This 35 certaanly a good suggestion; there
may be an excessive Joss of wdine in cortisonestreated rats

Barter X do not know if anyone has looked at how much wdide can
move through the kidney of the rat; there certainly s grossly increased
urinary excretion after pdmimustration of wdide to smmals recewving
cortisone treatment,

Atbert. 1 should hike ta change the discussion in the direction of Prof,
Flamis’s second pomnt, namely the relationsp of his findings to the
aetiology of Graves's disease  There sre several points that I stumbled
aver, §do not think the eprdemiology of Graves's disease 1s such that
there are really good datn comcermung emotional stress o support tius

concept. .

Iarrs: I hase hitle personal expenence i this field, and was mercly
-guoting the general consensus of opruon as gien mn the hterature,
“There are very many papers (amongst the recent ones are those of Lidz,
and Whitehom, . C. (1050 Hes, Publ. Ass. nerv, snent, rs., 29,
445), Ladz, T. (1053, J. Rt Stnai Hosp., 20, 273 1958 Psyrhosom,
Aled., 17, 420); Ham, G. €., AJexander, I, and Carmuchael, X 1. (1930,
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adrenal sceretes much compound E.

Purves: Have you done the experiment in the adrenalectomized rabbit
of admnistering cortisone to see:f that inhibits a response to stimulation
which was obtam:d mthout cortxsonn? ..

Iistological evidence of depressed thyrord activity in the rat; the rabbit
behaves stmilarly. But, in my expenience, even such severe forms of
“stress” as death from diphtherta, or from gas gangrene sccondary to a

Prof. Harns said that the thyrord in myxoedema reserables the thyrowd
in thyrotoxicosts It may be that this occurs when there is a relatively
greater depresston of adrenocortical than thyroid function leaving the
thyrod incompletely opposed

cortisone.
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indication that the pituitary function s abmormal, for if the pituitary
function were normal, the elevated thyroxine levels would have whibited
TSH. The fact that TSI does circulate in thyrotoxics 1s an indwation
that the thyroid activity in these cases is due to TSH.

Querido X congratulate Prof Harms on the way be has been able to
change Jus expermental preparation to obtan a positive respouse on
stitatilus, This only shows that he probably khns a preparation where you
can achieve thyroid function change by sncreased TSH production. But
this 15 a long way from sayng that the gland 15 a thyrotoxic gland. Jam
enly thintang, for mstance, of the pont of the posubility of intbition
of the glands with the Werner test, shich 15 pomting 1o o process of
uncoupling. This does not necessaridy mean that if you did the experi-
ment long enough you would not achieve such a state.

Purves - We find that the rebound of 91 levels after TSH stimulation
15 probably due in fact to a re-accumulation of sodsde which is released
from the thyrod by TSH-—TSH releases not only hormone but also
wdide, and when the blood Ievel 1s incressed by TSH stimulation of the
thyroid, the blood when fractionated shows an increase both in iodide
337 and hormonal B1Y, and the iodide is unmediately available for
re-accumulation

{larns- You mean this is lodide derived from degraded hormone?

Purres: No, direct from €hyroid presumably,

Harris: What 1s the evidence that st s from the thyrod rather than
from degraded hormone?

Purves The zodide appears 1y with the thyroxine release.

Altert; Concerning the activity of the adrenal, I thunk that on¢ can
take data to sndicate that patients wath Graves's disease probably haves
greater adrenal achivity since in order 1o imamtain a normal blood level
of corticosterosds i the face of an aceelerated disappesrance rate (which
has been expermentally verfied), the adrenal would have to work
faster.

Purtes: T wonder if . & possible that the adrenal medulla may be
nvolved mn the wnhbition 1 the anmmal with intact adrenals after the
electrode implantation It does seem from your results, Prof. Harns,
that where cartisone was given ta an anumal sshich did not gave a response
befare but gave this thyrout stimulation after cortisone, cortisone from
the adrenal could not be inplicated as an inhiitory factor in the entire
animal. On the other hand, this does not fit any beiter with the wdes
that the adrenal medulla should be inhsbitory. The only explanation
1 could think of nnas that adrenal cortieal secretion of substances other
than cortisone in the animal was inhibtory and that cortione adminis-
tration, by inlibitiog corbieatrophin, had inhibited adrenaf secretion of
steroids other than cortisone.

Harre: 1 think 1 probably did not make the point very clear, What
we unagne nught be happensng 15 that s the normal animal hypothala-
mic stunulation results m a sudden increase in ACTH discharge and 2
sakden tise 1 the blood concentration of adrenal cortical hormons,
and that this may jnhibst any increased secretion of TSI 'z);-m would
atherwise be eherted by the stimulation, On the other hand, if the blood




CONTRIBUTION TO THE REGULATION OF
THYROID ACTIVITY

R. Counritr
Lab de Morphologie Ly e
Endocrinologie, Collége de France, Pans

In the Colldge de France we have carried out vanous
mvestigations on the regulation of thyroid activity.

To begin with, a stmple and rchable procedure 1s required to
measure this activity. We take advantage of a fact which we
noticed 1n 1944 {Johiot, Courrter, Horeau and Sue). In the
blood, & diserimunation 1s made by the red blood cell between
norganic iodine and hormenal 1odine: whereas the former is
distibuted between the plasma and the cells, the latter re-
mams 1n the plasma. The following 1s our usual procedure.
after the injection of radioactive rodine, a sample of blood 15
withdrawn and centnfuged; the radioactivity 1s then measured
using an equal weight of red blood cells (H) and plasma (P).
The ratio of the radioactivities (F/P) decreases from 0+66 to
0-10 1n 24 hours, and reaches a state of equihbrium. We have
observed (Courmer, 1954; Courrier, Morel, Colonge and
André, 1954) that the H/P value and the thyroid activity are
closely related, as can be seen from Table I showing results of
experiments on rabbits,

Table 1
Tume after injection of -
k M;',f,,‘}’(njbw,;' L | abe | s | | 2anr | asan
[P ratio
(1 mg of each material 0 66 092 0 20 011 010
used)

21
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C. N H. Long: The other pomnt Thad, howes ex~—perhaps it is not fair
to talk about what kfls those animals that died—but these are adrena-
lectomized anmals on a constant dose of hormone. Such animals are
e e b T b wmefm mmn e VT e ot N B Aheis L A en e i

maintenance doses for adrenalectomized animals,

Harns: Wath regard to the ovaries, 1 should have mentwaned that
some of our rabbits that responded bad also been ovanectomized,
The high doses of cortisone, of the order of 26 mg./day, were only mven
to the smmals with intact adrenals in an attempt 1o blockade ACTH
release—and tlus dose was of course kept constant throughout the
control and stimulation pemods of any expeniment. The mantenance
dose of cortrsone used in the adrenalectomized rabbits was atound 15
-2:5 mg /day.
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the uptake of iodine by the thyroid, as was shown by Joliot
et al. (1915b). A similar conclusion has been reached for
3:8": 5-trirodo-L-thyronine (Courrier, Roche, Michel, Michel
and Colonge, 1954). The results are given in Table I

‘Table IIT
i % "‘} /sz,:: ? thyrond
Daily treatment for ] one day after end after 24 hours
7 days (groups of 12 Y
1als) of treatment (40 pc)
1st expt. 2nd expt.

2ypg NaiL + 40 44
2pg 8:3° 31T, + 2 21
2 pg. 1T, + 83 83

T,—tritodothy ronine

The daily injection of physiclogical doses of thyroid
hormones decreases the 1odine uptake, truodo-L-thyronine
being more active than L-thyroxine. The same experiments
have been performed (Courrier et al, 1955) on hypophy-
sectormized rats injected with TSI (U.8 P.) (Table IV).

Table 1V

Hyrornysecrouizen Rats {Gnoues or 6)

Day treatment for 7 days

of treatment (25 <)

1341 one day after end

9 WY fized after

2 hours 24 hours

5pg WI
5ug 1 + TSH(O 2umt)
5. 1T, + TSH (0 2 umt)
5ug. LT, + TSH(0 2umt)

et

EEY-Y)
@ o e

29

24

In the hypophysectomized rat given TSH, the admmstra-
tion of thyroid hormones does not further decrease the 10dine
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A correlation of the physiological state of rats with the H/l
ratio is as follows:

Physiological state (rats) I[P 20 Ar. after injection of Nai*
Normal . . . . . 014
Thyroidectomized . . . . 077
Hypoplysectomized . . . . 064
vL-Thyrowne 5 pg /day for 9 days . 056
Incomplete hypuphysectomy -

Before . . . 10

8 days after . RN . 0-51

13 days after .o 041

This procedure has been used by White (1953) m clintca
work, There is general agreement that the uptake of radio
active iodine by the thyroid gives only partial information
If iodine does not penetrate into the gland the technique 1
quite sufficient, but iodine may be trapped without the
hormonal synthesis being possible. We have noted such a dis
sociation with an anti-thyroid substance (Joliot et al., 1954a)
Table IT gives another example which stresses the importance
of the H/P ratio, the results of a study by Psychoyos in my
department of the thyroid activity in artificially bhind rats.

Table IT
Rats 11 uplake by the thyroid P
%
Normal (3) 46 015
20 days after
enucleation (10) 45 015

The H/P ratio shows that the enucleation has induced a
state of hypothyroidism.

e have seen in Table I that the injection of thyroxine
(T,) decreases the thyroid activity*; the hormone prevents

. 29 sve noticed, independently from Cameron, that the ingestion of a
thyr::i:?:ubslance would induce depression of the thyroid
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specificity of the action of various iodothyronines is then
demonstrated as one powmt.

In Table Vb are given the results obtamed with truodo-
thyroacetic acid which does not seem ta be active.

‘Table Vb
Provuct admonetered o, of Y9\I uptake after-
roduct administere
Caravps of 15 vagsy | Duration of
1hr, 2kt 4hr.
Nawi[ 11y of 10 py 580 705 167
3:5 3-TRLAC 1 my. of 10 pg. 660 72 168
Natif 210y, of 5 g 1n 24 hr, — 16 —
3.5 3-TRIAC 21nj of 5 g in 24 hr — 126 —
Nawig 2 mj of 5 pg daly for
3 days —_ 31 —_
3:5 3-TRIAC 21n) of 5 pg dady for
3 days - 57 —
|

* Na Is administered 1 hour after the last Injection of the Pretreatment

The question now amses: do the thyroid substances act
directly on the anterior pitmtary? Do they act on the hypo-
thalamus?

In 1936, von Euler and Holmgren reported two mmportant
expertments 1n rabbits According to these investigators,
thyroxine acts directly on the anterror pitwitary, mnjection of
the hormone nto the antertor lobe mhibits the thyrodal
secretion; this effect does not result from injection of the hor-
mone mto the hypothalamus. Furthermore, although a
pitwtary graft mto the eye does not receive any hypothalamic
blood, 1t still has an effect, although a dimnished one, on the
thyroid hormone. This intraccular graft 1s able to react to the
njection of thyroxine. Scow and Greer in 1955 reached the
same conclusion working with the mouse

These data seem to favour a direct mode of action of
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uptake by the gland after two hours. These results suggest,
therefore, that the hormones are acting through the pitwtary
by the inlibition of TSH. However, after 24 hours there is a
slight decrease in the uptake. Is this due to a dircet action on
the gland? This fact requures further study.

Recently (Courrier, Rache, Michel. Michel and Colonge,
unpubhshed obscrvations) we have studied the action of
various iodothyronines on the jodine uptake by the rat
thyroid. The four physiological products actually known
to be secreted by the gland and circulating in the bloed have
relative antigoitrogeme activities of 1 for r-thyroxine, &7
for 8:5:8"tniodo-L-thyronine, 0:05 for 3:8':5"-trilodo-L~
thyronine and 0-7-0-8 for 3:38"-diiodo-1-thyronine, It was of
mterest to discover if they would keep the same activity
ratios m iodne trapping by the gland, The resnits of the
experiment are given in Table Va,

Table Va
o, uptnhe of mpected W11
Doy treatment for T days
{groups of 7 raly)
after 2 hours after 25 hours
16 pg. NatT (control) 410 193
10 u. 3 : 81T, @ 52 70
0 59 65
0 87 g 2
149 26 9
095 -9

Ty--dfiodothyronine
TRIAC—tniodothyroneetic acid,

A comparison of the effects nduced by the different
substances is interesting; the activity of 3:3":5"-triodo~
thyronine is well demonstrated. As this denvative is prac-
fically as ineffective on tadpole metamorphosis as it 15 on
the goitrogenic action of 6-n-propylthiouracil, its nct}"ityi on
iodine uptake by the gland is very striking. The physiologieal
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Table VI
Radicactivity of 1 mg. of organ
Organ (rabbif) FRadioactiity of 1 mg. of plasma
Median eminence . . . N 0 92
Antenor pituitas N . 0 69
Postenior prtuitary . . 183
Kidney e e e 162
Laver . . - 045
Duodenum ., . . . . . 0 62
Colon . . 033
Spleen . . . . 037
Thymus . .. 0 42
Adrenal - . . o 44
‘Thyroid .. .o 0 3%
Tests . . . . 048
Heart . . . . - . 0-52
Lungs ... 0-41
Stnated muscle . . . 0 51
Penrenal fat . . 0-37

the thyroid too. We have studied the H/P ratio m the rat.
The results are given in Table V1a.

Table VIa
HJP ratio
Controls (rats) 013
Cortisone (2 5 mg jday for 15 days) 023

Recently, with Roche, R and Q. Michel, and Colonge, we
have studied the concentrations of various thyroid substances
in the rabbit. Table VII gives these new results.

‘Table VII
RaproaciviTy 1 MG Orcan
RavioacTiviTyY 1 MG PLASWA’
Vartous Trnyroip SUBsTaNcES, Tareg RABBITS I DAcH EXPERIMENT,

RaTio , Two Houms ArTer INJECTION or

3 :9-{3:3°:5%-[a:5 8~
Organs TRIAC LT, T, T, T Aa*
Anterior
pitumtary 054 | 06z | 042 a0 042 | 040
Posterior
pitwtary 067 - 17 10-8 32 0 43
Hypothalamus | 007 | 031 | 015 075 — —
Adrenals 022 ) 0383 | 020 14 024 | 029

* Values previousty publishied (Courrier e al., 1951)
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thyroxine on the anterior pituitary, But is one allowed tc
postulate that the pituitary, separated from the hypothalamus,
is entirely deprived of any hypothalamic sccretion? We
face here the great problem of the hypothalamus-pituitary
relationships and of the action of the neurosecretion by the
portal vessels.

1t is quite definite that the hypothalamus acts on the thyroid
by a pituitary pathway. Hypophyseal grafts, hypothalamic
lesions, and electrieal stimulation of the hypothalamus have
demonstrated this quite extensively, The works of Harris
(1948, 1956), Harris and Jacobsohn {1952), Greer (1952).
Bogdanove and Halmi (1953), and Ganong, Fredrickson and
Hume (1955) are but a few of the important contributions on
this subject.

The anterior part of the hypothalamus scems to act on the
thyrotrophic function of the anterior pituitary,

Is it possible for us to give o contribution ta this problem?
In 1951, we noticed that radioactive iodine is selectively
concentrated, not in the anterior Iobe, but in the posterior
lobe of the pituitary (Courrier, Horeau, Marais and Morel,
1951). Verifications of the hormonal nature of the radio-
activity were carried out; we have already mentioned these
data here. The localization is quite positive in the rabbit and
in the monkey, and this fact has since been confirmed by
several investigators. In 1955, Ford, Posner and Gross ob-
tained the same results with radioactive thyroxine and
radioactive triiodothyronine. After injection of the latter a
high level of radioactivity is found in the posterior lobe of the
pituitary and a lower one in the anterior lobe and n the di-
encephalon. We might add, today, that this selective concen-
tration 1s gmven with ¥C-labelled cortisone. We have noticed
{Courrier and Zizine, 1956) that in the rabbit there is a con-
centration of this hormone in the posterior pituitary and, toa
lesser degree, in the median eminence, The results aregiven
in Table V1.

Several investigators have noticed that cortisone induces a
hypofuncticnal state, not only of the adrenal cortex but of
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involvement of the posterior pituitary, the injection of thyrox-
e quite definitcly decreased thyroid activity.

On the other hand, one might wonder 1f the concentration
of thyrowdal secretion in the posterior pitwitary does not
bear any conncction with water and mmeral metabolism.
Morel and Simon (1956) have noticed that the yarations i the
concentration of thyroxine mn the posterior pituitary were
parallel to the antidiuretic function of the gland. Further-
more, Seavo, Ciampalini and Niceolar (1955) have studied the
relationships of the thyroid and of the posterior pituitary with
water and electrolyte metabolism

If the physiological meamng of the coneentration of
thyroidal substances m the hypothalamo-neurohypophyseal

remains unexpl d, one has to admit that such a
concentration does undoubtedly exist.
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The highest concentration takes place m the posterior
pituitary. The difference between the two trilodothyronines
15 quite striking; the most active substance, 8 : 5 : 3'-triiodo-
L-thyronine, is chiefly Jocated i the posterior lobe,

What 1s the ing of the ration of thyroid
substances in the posterior pituitary and in the median
cminence? Has this concentration any connection with the
regulation of thyroid activity?

Von Euler and Holmgrén (1956) claim that the antcrior
pituitary is the only pathway for thyroxine 1n the regulation
of thyroid activity, However, various hormones do modify
the hypothalamie neurosecretion. This has also been shown
for thyroxine wn the chicken {Legait, 1955) and in the fish
{Arvy, Fontame and Gabe, 1956).

In our department, Baclesse and Guyon have studied this
problem i the rat. ‘The administration of thyroxine markedly
decreases the ncurosecretion in the paraventricular nucleus.

Aunather pownt deserves consideration. Several mnvestigators
think that the posthypophyseal hormones would be elaborated
by the hypothalamus, and would be able through the portal
arculation to stimnlate the anterior Jobe (Martini, Poli and
Curry, 1956) With Zazine we have studied the miluence of a
posterior putwitary extract on the thyroid actreity of the rat.
The results are given 1 Table VIIE

With Morel and Colonge we have, by hypothalamic fesions,
mduced a state of diabetes insipidus mn the rat. In spite of the

‘Tahle VIII
(Grours oF 8 Hats)
o5 fixation of I } H{T ratio —’
Controls ROl 016 + 002

Post. pit. extract (0 3 iu jday
for 15 days) © ar 451 0-15 £ 003
Post pit. extract (0 5 1u./day
+ 'rl".(l()ug,[dny for 15 days) 643 0 Gl 4+ 0-03
5
Thyroxme (10 pg./day Tor 15 ane ] 0t so0s

days)
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Zuvane: When the numerator 1 fairly constant and when the deromi-
nator is changing, you may postulate that this change is related to
variations of the organic fraction.

arker: I was just making the point that the situation here is reversed
from the usual one where s tissue, say thyroid, is concentrating
radioiodide.

B.-Grant+ 1 did a few experunents last year with rabbits using the
release curve asan index of thyroid activity. Linjected into these rabbits,
after o contrel peniod, mereasing doses of Pitoen, Pitressin and
Pitustrin, and until T got up to very biz doses I saw no effect at all on the
thyrod activity. With really large doses of Pitocin and Piturtrin (3 or
10 umts three times a day) a slight inhibition was produced

Is there a correlation between the radioactive uptake and a special
vaseular, errculation of the postertor pitmtary? I do not think one could
explain Gur results on a vascular basis, because results ate not the same
with different Tonine 1n the posterior
prtuitary of the rablit more than thyroxine, whilst trodoacetic acid
does not concentrate

Gross - 1 would be rather surprised if one could explain Prof Courrier’s
results with the various 1odinated compounds purely on a vascular
basis, On the other hand, I think 1t 1s very specious to say because
SOMething 1o thara s b nad s <M el Sal st e a1
it
th
m
ne
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Greer: 1doubt that 1t is too important a factor, because in ammals with
transplanted pituitaries, the control of TSI secrction by thyroxine
seemed to be just as good as in the pituitary contiguous with the median
cminence.

Purnes: The suggestion is that 1f you have a mechanism which can
remove some of the thyroxine from the blood wlich passes over these
cells, it would permit an increase in TSH sccretion from them.

Harris: Prof. Courrier, have you ever examined the uptake of these
compounds by the pineal gland ?

ourrier: No.

Harris© As 1 remember it, the pineal showed a concentration of

md__i_unctive\ghyrpﬁne 1n our experiments. . i

tissue
Albert: Prof Courrier showed us a shide where blinded antmals had the
same 24-hour jodine uptake as the normals had, but their H/P ratios
:‘ ere gwo to three times larger than the normals. Could you explain this
0 us
Courrier. Iodine uptake 1s the first stage of thyroid function, but the
H/P ratio is a better test of hormonal secretion, and one could observe a
dissociation between iodine uptake and H/P ratio. Some antithyroid
drugs produce such a dissociation.

TRYROID—3
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.Cqurmr: Thyvoxine has perbaps o direct sction upon the anterior
piturtary, but it probably acts upon the hypothalamus since st modifies
the neurosecretion of hypothatamie eentres.

Gross. Dr. Ford, wha is working on thus, feels that these localrations
raight be related to newrosecretory pathways that they have been
plotting i the rabbit hypothalamus

C.N. I Long: My colleague, Dr. Maclean, for entirely different pur-
Poses was injecting labelled methionine; now 1t is true that you do nat
get this hind of m the median of the posterior
Jobe that you shewed, but curiously enough you get the greatest concen-
tration of €he ratioactive methionine 10 this general region of the
hypothalamus,

Greer This concentration s the paraventriealar nucleus is very
interesting, to me at least  ¥n rats with hypothalamie lesions, i seers
that the arca of the paraventrieular nucleus s the one which has to be
destroyed m order to prevent g from propylith Itisat
least possible that thyroid hormone concentration there may not be
r * *~1 ta the postenor lobe neurosecretory process but to the control of
K s

v ~~eements with 22-Iabelled acetic

f T anATETRAC

——a1a {Uh . welled
r and

matenals we could get eviue.
posterior prtartaries, haw ever, they satuta nat a
Jarge dose 1 micrograms of matenal wiil not show nny conuw. ation.

1 am not thrawmng this sugpestion out as being of physwolagieal sigmifi-
cance but onfy fo show that coneentration may be a function of howsuch
matenal 15 admmstered as well as of the concentrating power of the
tissue you are mvestigating

Michel: e have vsed 2 pg per rabbit of nearly 2 kg.; exactly
Ipg /kg radwoactive TRIAL, and hace nat observed any signiicant
concentration n the pitpgacy.

P -Ruters We used what we estimated as about 0 2 py

Tatrog- There is derable spectes Quif in the
of thyroxine »n the postenor prtintary, as both Prof. Courrser and we have
shown. Ve have found tlus eoncentration to occur m the dog and m the
mbl;:t, but not in the rat, the guinea )‘ng or the ¢at.

The

may be pecific i the 1 ptuttary, and
1t 15 not necese “tov £hns 15 the site where thyToune has s effect on
the mhniary | 7~ “taea pot concentrate u the anter-
or prtunary, * ‘8~ funothesss that

thyroune acts diretly o eeessary,
in other words, for a hormone to coticeh,,. s going to
act.

Purves- Stnee it appenrs that the cells of the antenor Jobe that seerete
thytotroplun may be d dreectly by thyr

he
of thyroxine in the median eminence may be a mechamsm that filters
out thyroxine from the blood which eventually passes through the
antenor lobe and may be & factor in the regulation of TSH secretion.
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homeostasis 1t is conceivable that this arca may be the sole
part of the central nervous system dircctly concerned with
regulating anterior lobe function, However, 1t 1s becoming
apparent that other parts of the limbic system modify
hypothalamic and pituitary function to a considerable extent
(Koikegami, Yamada and Usui, 1954; Sawyer, 1955). The
extra-hypothalamic factors are undoubtedly more complex
than has yet been demonstrated.

The present report will be primanly concerned with work
done on the control of thyrotrophin secretion n our laboratory
during recent years and only brief and mecomplete reference
will be made to the many excellent investigations conducted
elsewhere.

Stalk Section

Considerable earlier work has been done on the effect of
stalk section on regulation of thyrotrophin secretion. To some
extent the exp tal data are conflicting, This probably
reflects, as emphasized by Harns, that in many expermments
regeneration of the hypophyseal portal vessels occurred.
Westman and Jacobsohn (1938) found histological evidenee of
thyroid hypofunction in the rat and rabbit after stalk section.
Brolin (1947) noted that in the rat this operation prevented
post-thyroidectomy hypertrophy and vacuolization of the
piturtary basophihis. Barrnett and Greep (1951) reported that
stalk section greatly dimimished the increase in thyroid
weight following thiouracil feeding 1n the rat More recently
Harns (1935) and his collaborators have found that stalk
section will mterfere with rodine uptake and rate of release in
the rabbit thyroid. Systemuc injections of thyroxine are
capable of further.inhibiting radiorodine metabolism 1n such
rabbits but the normal mhibition of stress on thyrotdal 11F
loss 15 lacking

Hypothalamic Lesions

Anterior hypothalamie lesions in the rat have been found to
abolish the thyrotd hypertrophy which normally results from
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It bas become mereasingly apparent that anterior prtuitar)
seeretion 1s not autonomously regufated but 18 in Jarge paxf
dependent upon the central nervous system. This has beer
best established for the gonadotrophic function of the pituit
ary, but m recent yesrs evidence has been accurmnulating that
thyrotrophin and adrenocorticotrophin secretion are also, to a
large extent at least, wnfluenecd by the central mervous
system.

There are many nts of evidence which point to the hypo-
thalamus s being of great mmportance in pituitary regulation.
(1) The anteror mituitary wisli not underge morphogenests
uniess Rathke’s pouch 15 1n close apposttion to the hypothala-
mic anlage. (2} It scems well established that the hypo-
thalamus does indeed exert a direct controlling influence aver
the posterior lobe of the piturtary. (3) Various experiments have
also indreated that removal of the pitwitary from direct contl-
gutty with the hypothglamus, mterruption of the hypephyseal
stalk, destruction er stimulation of parts of the hypothalamus
will considerably alter anterior pitwitary sceretion. The
primary role of the hypothalamus has never been clearly
estabhshed, however. Tt is possible that, so far as anterior
pituitary regulation goes, the hypothslamus is merely a way
station transtutting mpulses from Ingher centres and thenee
relaying them to the anterior pitmtary exther by neurchumoral
or some other form of tTansmission, Because of the demon-
strated importance of the hypothalamus in rpaintaining

34
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Greer and Erwin, 1936). Grossly, the pars anterior usually
appears unaltercd after hypothalamic lesions, even those
involving considerable portions of the median eminence.
Occasionally, infarcts may be produced in one or both lateral
lobes. The alteration of pituitary trophic function does not
depend upon the destruction of anterior lobe tissue, however.

Bogdanove and Halmi (1958) orignally pointed out that
there is a considerable reduction in the number of pituitary
thyroidectomy cells 1n ammals with effective hypothalamic
lestons administered propylthi 1 and that there is also
hypertraphy of the pars intermedia. These results have been
confirmed 1 our laboratory (Siperstein, Greer and Erwin, un-
published data).

Hypothalamic Stimulation

Approximately 100 rats have been stimulated in the
hypothalamic area, either remotely through a subcutaneously
buried micro radio recerver (Greer and Riggle, 1956) or through
direct leads. Concentration was focused particularly upon the
size of the endocrme glands It was hoped especially to stimu-
e v of the hypothalamus

Stimulation was given

peniod of approximately

three weeks. Definite and often qulte striking behavioural

changes were produced (Greer, 1955a) but no change in weight

of any target endocrine gland resulted other than an apparently
non-specific and inconstant slight adrenal hypertrophy.

Pituitary Transplants

Transplanting the pituitary from 1ts normal site offers
another means of studyng the control of hypophyseal function.
As with stalk section, earlier reports gave constderably con-
flictng data ranging from totally non-functional grafts to
those which were as active as normal in situ glands. Because
of the possibility of incompatibility reactions m some of the
eatlier work, a study was made in a large series of genetically
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chronic thiouracil feeding (Greer, 1951, 1952; Bogdanove
and Halmi, 1958). In spite of this the thyroid :serum
iodide ratio, which 1s a reflection of the jodide-concentrating
eapacity of the thyroid, undergoes the usual tenfold increase
resulting from chronie antithyroid drug ndministration. The
hypothalamic area in the rat essential for the normal growth
tesponse of the thyroid to antithyroid drugs seems to lie in the
midline between the paraventricular nucleus and the median
eminence (Greer and Erwin, 1954). In a series of several
hundred rats mvestigated by feeding propylthiouraeil after
making hypothalamic lesions 1t was found that lesions rostral,
dorsal or lateral to the area between the paraventricular
nuclei and the median eminence did not result in the loss of
normal thyroid hypertrophy, wherens lesions within this area
did. Almost invariably, effective lesions posterior to the
paraventricular nuclei resulted in extensive atrophy of these
nuclel. Lesions in the posterior hypothalamus were without
effect. Exogenous thyrotrophin would cause normal thyroid
hypertrophy in animals with effective lesions, indicating that
the thyroid was still capable of responding normally (Greer,
1955b). )

Ganong, Fredrickson and Hume (1955) have reported that
lesions in the anterior median eminence of the dog will result
. oot e *  Radioiodine

hypothalamic
g N .

Lesions must be of fairly good size in order to be effective in
blocking thyrotrophin secretion. A number of animals with
smaller lesions have been studied to locahze more discretely
the effective area, but in most of the animals a block of
goitrogenesis was not produced, -

The location of the thyrotrophin area appears to be
anatomically and functionally distinct from areas controlling
ather pituitary trophic functions. Interference with gonado-
trophin or adrenocorticotrophin seeretion ean also be pro-
duced with or without thyrotrophin involvement (Greer, 1952,
1953; Bogdanove and Haimi, 1953; Ganone. #f a7  1G84-
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but there was hypertrophy of the thyrod epithelium and a
marked increase in nuclear size—approximately equal to the
nuelear hypertrophy 1n normal animals so treated.

No difference in pituitary function could be seen when the
transplants were made from donors ranging from twelve-day-
old foetuses to two-month-old adults, whether male or female
pitutaries were used, or whether one-half, one, or four
pituitaries were implanted. A preliminary experiment in rats
in which the pituitaries were transplanted from newborn
ammals into therr hypophyscctomized mothers indicated
roughly the same extent of mamtenance of thyroidal radio-
jodine metabolism as in mice. Von Euler and Holmgren
(1956b) have recently reported that in hypophysectonuzed
rabbits pitwitary transplants will mamntam thyroidal radio-
10dine metabolism also.

A cytologeal study of the heterotopic pituitaries has been
made by my colleague, Mrs Eleanor Siperstein (Siperstein and
Grecer, 1956). It was found that the neural lobe disappeared
completely after the first week or so of transplantation, but
that the anterior lobe and pars tuberalis grew very well.
There was a considerable loss of chromophul cells as compared
to normal pituitaries of the same age. After several months
the transplanted pitwitaries were much larger than normal
glands of the same age. This growth consisted primanly of
anterior lobe. Although chromophils were largely absent
from the transplanted pars anterior, there was considerable
cytological evidence of activity ewvidenced espeeially by an
wmerease 1n the RNA content of the eytoplasm, enlargement
of the cells and large negative Golgi images. Interestingly
enough, the pars mtermedia underwent the same type of
hyperplasia as was seen following hypothalamic lesions
After the first few weeks, the intermediate lobe was larger
than the mtermediate lobe of normal 2n situ pituitaries of the
same age. However, in later months further hypertrophy of
the intermediate lobe did not scem to occur and the continued

growth of the transplant was largely accomplished by pars
anterior.
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homogenous mice of the function of intraocular pituitary
implants in hypophysectomized hosts (Greer, Scow and
Grobstein, 1953; Scow and Greer, 1055), In none of the animals
was the weight of any of the target organs, including the
thyroid, maintained above the hypophysectomy level. The
animals also lost body weight to the same extent as did
hypophysectomized controls. In spite of this the thyrod
gland maintained radioiodine metabolism at approximately
the same level as that of normal intact mice and at a level
manyfold that of hypophysectomized controls.

It was found that administering thyroxine in an amount
somewhat cxceeding their normal daily requirement would
depress radioiodine metabolism in the implanted mice.
Converscly, feeding propylthiouraell for three wecks, then
stopping 1t for two days to allow excretion of the drg, would
result m a very considerable increase mn the thyroidal radio-
10dine metabolism of such animals. These reactions were
roughly comparable to the changes seen in normal controls.
No corresponding change was produced in the hypophysec-
tomized control mice, In the implanted ammals fed propyl-
thiouracil the radioiodine metabolism per unit thyroid
weight was m fact greatly increased above that of similarly
treated normal controls. In spite of the surprising increase in
thyroidal rachoiodme metabolism m the PTU-treated im-
planted amimals, only a very shight inerease in thyrod weight
was seen compared to the three- to fourfold hypertrophy
produced in normal controls. Preliminary studies have indi-
cated that although radioiodine metabolism in the mice with
heterotopic pituitaries 1s approximately the same as that of
intact mice, they are only producing one-tenth as much
thyroxine daly (Greer and Scow, unpublished data).

Although the thyroid weight of the hypophysectomized,
implanted mice was the same as that of hypophyscetomized
contrals, cytologically the thyreids were somewhere between
those of hypophysectomized and normal animals. With
chronic propylthiouracil administration, there was only a
shght increase n thyroid weight in the implanted animals;
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In Vitro Studies

In view of the report by Guillemin and Rosenberg (1935)
that roller tube cultures of pituitary tissue could be stimulated
to elaborate ACTH upon the addition of hypothalamic tissue,
a simlar experiment was undertaken with mouse pituitary
and hypothalamus to ascertain whether thyrotrophin secre-
tion would be stimulated by the addition of hypothalamic
tissue (Florsheim, Imagawa and Greer, unpublished). Only
preliminary results have been obtaned as yet, but they indi-
cate that after the fourth day no claboration of thyrotrophin
is produced by the in vitro pituitaries, even following the
addition of hypothalamic tissue. Assays for thyrotrophin
utilized the stimulation of 3°P uptake in the chick thyroid
(Kniss and Greenspan, 1954) and stimulation of phospholipid
turnover in beef thyroid slices (Florsheim, Moskowitz and
Morton, 1956).

Decortication

In an attempt to deterrmune how much of the central
nervous system could be removed without significantly inter-
fering with thyrotrophin sccretion, an attempt was made to
remove the cerebrum of adult rats. It was not found possible
to keep the animals alive more than a week, however, even
with forced-feeding and the datly use of antibiotics. Therefore,
the operation was limited to removal of the neocortex. The
animals were then injected with propylthiouracil for a period
of ten days after allowing one to four weeks for recovery from
the operation. It was found that approximately the same
degree of thyroid hypertrophy was produced in decorticate
rats as mn intact animals. The ovaries, adrenals and utert
were also maintained at a size comparable to those of normal
controls,

Discussion

The data mentioned above indicate that anterior hypo-
thalamie lesions or heterotopic location of the pitwitary greatly
reduce the stimulus for thyroid growth, Thyroidal 10dme
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Because of the strange intermediate Jobe hypertrophy seen
sfter both hypothalamic Iesions and mituitary transplants, it
was considered possible that the factor responsible for
thyroidal radwtodine metabolism mught be scercted by the
pars intermedia. Therefore, experiments were conducted in
which various parts of the pitustary were implanted, some
consisting of the central part which contamed pars nervoss,
pars mt diz and a small of pars antertor, and others
consisting of the lobes contaiung only pars antenor {Greer
and Siperstemn, unpubhshed), The results of these experiments
indiented that aff the stimunlation of thyrodal radiciodine
metabolism could be accounted for by pars anterior alone.
At the same time studies conducted i collaboration with Dr.
R, W. Bates (Bates, Siperstein and Greer, unpublished) of
separated pars antenor, pars intermedia, and pars nervosa of
rabbits and rats indicated that only the antenor lobe of these
species was capable of stimulating the relcase of wdine from
the chnck thyrod.

Pituitary plus Hypothalamus Transplants

Because of the possibihty that the hypothalamus wself
might be independently capable of regulating pituitary
sceretion without the mnfluence of ather parts of the central
nervous system, transplants from twelve-day to fourteen-day-
old foctuses with the pitwitary removed in contigmty with
various parts of the central nervous system were wmplanted
into the kidney of mice {Greer and Ssperstein, unpubhshed).
Various size smplants were made ranging 1n size from those
containing only medan emunence and pituitary to those con-
taining the whole head with the mandible and dorsum of the
skull removed. Although the transplants grew well and
healthyJooking nervous and pitwitary tissue grew in con-
tiguity, often with visible blood vessel connections between
them, no evidence has yet heen obtained of the maintenance of
pituitary function beyond that seen with hypophyseal -

plants alone.
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2.5, 3+5 or 3-0 pg. of thyroxine dmly during the same pertod.
8 5 pg. of thyroxine has been estimated as the average daily
requirement for this size rat (Dempsey and Astwood, 1943).
It was found that 3+5 ug. produced a normal thyroid weight
and 1odide concentration. With 2-5 pg. both thyroid weight
and 1odide concentration were shghtly mcreased and with
5 0 pg. daily both were slightly decreased.

Accordingly, 1t was postulated, as a working hypothes:s,
that instead of the classical one thyrotrophic hormone there
might be two (Greer, 1952). One of these called “growth
factor” scemed dependent upon the normal anatomical
hypothalame-pitwitary  relationshap.  The other, called
“metabolic factor”, seemed largely independent of the
hypothalamus. It was suggested that thyroxine regulated the
metabolic factor at the pituttary level since thyroid function
could be mcreased or decreased by lowering or rasing the
level of circulating blood thyroxine i animals with heterotopic
pituitanes. The site of thyroxine in regulating the growth
factor was not apparent and 1t was felt that it mght act
erther at the hypothalamie or pituitary level.

This dual thyrotrophun hypothesis has been justly enticized
by Halmi (Halmi et al., 1953; Halm and Spirtos, 1954) and
VanderLaan (VanderLaan and Caplan, 1954) 1 particular.
They have pomted out, i mvestigations performed subse-
quent to the postulation of the “two thyrotrophin” hypo-
thesis, that propylthiouracil or other antithyroid drugs cause
a greater potentiation of the 10dide-concentrating mechanism
than they do of thyroid weight. Thyroidal 10dide concentra-
tion 1s nversely proportional to the total thyrowd iodine
content. They thus believe that the results, at least those
following hypothalamic lesions, are better explamed by a
quantitative mterference with the secretion of a single
thyrotrophun than by postulating two separate thyrotrophins.

They may well be correct. It 1s quite possible that the
expeniments we conducted with graded doses of propyl-
?h\f;uraml and large doses of propyltinouracil plus thyroxine
in intact rats, which 1n large part led us to this behef, might
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metabolism, on the other hand, scems much less interfered
with by these procedures. Originally, two possible explona-
tions suggested themselves. One was that such manipulations
reduce the abihity of the pituitary to secrete thyrotrophin.
Thyrojdal rodde concentration, however, is more sensitive
than the thyroid growth response to low conecntrations of
thyrotropin. Thus, merely a quantitative decrease in the
amount of thyrotrophin being relensed is produced,

The other posstbility was that two separate thyrotrophic
factors ate secreted. One of these, causing thyroid growth, is
dependent upon a normal relationship of the pituitary to an
intaet hypothalamus, The other, stimulating thyroidal iodme
metabohism, 13 largely independent of the hypothal

It was thought that injeeting exogenous thyrotrophmn in
graded doses would not answer the question as to which, if
etther, of these hypotheses might be correct. ¥ one assumed
the possibility of two thyrotrophic factors, any inercased
sensitivity of one of the measured parameters to exogenous
thyrotrophin rmght be due to greater destruction of ont
thyrotrophie factor than the other in the preparative fraction-
ation of the pitmtary substance. To circumvent this posst-
bility, graded doses of propylthiouracil ranging from 0-00125
ta 0-03 per cent were added to the diet of normal rats for 2
period of fourteen days. It was felt that the graded doses of
goitrogen would produce a corresponding graded seerction of
endogenous thyrotrophm. At the end of this period thyroid
weights and the thyroid : serum jodide ratio were determined,
Both of these paramcters seemed to increase in parafiel
sigmoid curves {Greer, 1952). Jodide concentration was not
more sensitive to small doses of propylthiouracil than was
thyroid growth,

It was also possible that pletely blocking doses of
propylﬂ\iourncil 1 the presence of small amounts of thyro-
trophin might produce the effect of very little thyroid growth
with markedly increased thyroidal jodide concentration. This
possibility was investigated by feeding a series of 100 g. rats
006 per cent pm‘;\ykhm\\mcil for ten days and giving them
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Halmi indicate that the mieroscopical appearance of the
thyroids of rats with efTective lesions is not greatly different
from thatof the glands from normal untreated rats. In our
laboratory, however, the rat thyroids are normally much
more atrophic in appearance than they are in Jowa.

The data of Ganong, Fredrickson and Hume (1955) in the
dog and our results m the rat indicate that hypothalamic
lesions may also depress thyroidal iodine metabolism. Thus,
if there are scparate metabolic and growth factors, 1t is
possible that the metabolic factor is not completely inde-
pendent of the hypothalamus.

Apparently the neocortex 1s not essential to thyrotrophin
release since its removal in the rat does not interfere with
goitrogenesis. Earlier evidence has been presented that the
neocortex is not essential to gonadotrophin production either
(Davis, 1939), It appears, however, that the hypothalamus
itself cannot yet be assumed to be the sole part of the central
nervous system controlling thyrotrophin. Transplants of
pituitary plus hypothalamus, 1n spite of their good growth and
differentiation, do not secm more effective 1n maintaining
endocrine function than transplants of pituitary alone.

Because alterations of the level of arculating thyroxine in
animals with implanted pitwtaries were capable of causing
marked changes m thyrotrophin release, it was suggested that
thyroxine acted directly on the ptuitary itself to control the
release of at least the metabolic factor from the gland. Never-
theless, another possibility 1s that the hypothalamus can
secrete into the general circulation a substance which can
influence the thyrotrophic activity of the pitwitary without
passing through the hypophyseal portal system. The recent
results of von Euler and Holmgren (1956a) are much more
conclusive that thyroxine does indeed act directly upon the
pituitary. These investigators found that micro mnjections of
systemically ineffective amounts of thyroxine when injected
directly into the anterior pituitary would cause a decrease
the release of radioiodine from the rabbit thyroid, but that
when the same amount of thyroxine was injected into the
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have been different if we had first treated the ammals with
propyithiouracil to deplete their stores of hormonal fodine.

The results in the mice with heterotopic pituitaries are
more difficult to explain with o single thyrotrophin, however.
Opponen(s of the two thyrotrophin concept beheve that the
pituitary o implanted ammals or in animals with hypo-
thalamic Iesions is ineapable of producing more than » minimal
amount of thyrotrophun. Presumably in the mice with
heterotopie  pituitarses this thyrotrophin already s being
seereted at maximal rate since thyroid werght is not main-
tained above the hypophysectomy level and the production
of thyroxme n these ammals 1 considerably below that of
normal eontrofs.

This does not scem to be the case, hawever, Lowernng the
blood thyroxine level by the chronte admmstration of propyl-
thiouracil or mncreasing 1t by the mjection of thyroxme will
result in a marked change in thyrotdal radiciodine metabolism
of the implanted animals and derable cytologieal trans-
formation without a corresponding alteration of thyrod size.
In addition, the high Jevel of radiciodine metabolistn maw-
tained by these ammals without propylthiourael treatment
cannot be explamned on the basis of a decreased content of
hormonal sodine in the thyrmd since the procedures of
fmplantation and hypophysectomy would not be expected to
change thyrodal sodine stores. It seems probable that the
heterotopie pittanes are not producing a normal amount of
thmaxme because the hosts are essentially 1 a hypophysee-

=~ Tece  (therwise one would expect
wanld

jsm in response w peuy
The thyroids of rats with anteror Aypous

;c;;;ev .;ly'xtuimrics Toth our results and those of Bogdanove and
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DISCUSSION
C. N. H. Long. Miss E. G. Fry has carried out some experiments on the
functional cxpnclty of anterior pitutary tissue lmnsphnted to the
anbamane b ton -

mized male rats were observed
In sixteen of the animals the adrenal weights were greater than the
maximum of the controls, Further evidence of ACTH release by the
transplants was shown by the fall in adrenal ascorbic acid that followed
and by the of the
remaining adrenal that occurred a few weeks after wnilateral adrenal-
ectomy.
Tn twenty-one of the animals with transplants the thyroid weight

In ten animals the testes re-descended into the scrotum and grew
agamn toa size only slightly less than that of normal rats of the same age.
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median eminence or other contiguous parts of the hypothala-
mius it was without effect.

In conclusion, it is not yet possible to state with certainty
whether one or multiple thyrotrophic factors are released
from the pitwitary. Definite evidence is lacking arther way.
There is reason, however, to believe that there may be a
separate metabolie and growth factor mvolved in the control
of thyroid function. The burden of proof is always justifiably
upon those who suggest a change in classical concepts of
physiology. Therefore, unti] such time as two separste
factors can be isolated from the pitimtary, one of wiich has s
effect only on thyroid growth and the other an effect only on
thyrodal radiowodine metabolism, it 1s perhaps wiser to assume
that only one thyrotrophic hormone exists. fn the absence of
this proof or of more defimite physiological evidence for the
exastence of two such hormones this hypothesss should be
senously questioned, but may not necessaniy be incorreet.
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her normal uptahe despite partial prtuitary deficiency. After 48 hours
Pl WS PR B B SO

that 1t just Te-cyeles in the gland. In complete pituitary deficiency the
uptake 18 also This between and partial
faslure need not imply more than one thyrotrophm.

Harres: Dr. Long, how were the transplanted rats checked for
completeness of hypophysectomy ?

C. N.II. Long. We examined the sella turcica with a magmfying lens.
1f we see any tissue that looks at all suspicious, we section 1t, we do not
senial section each rat.

Ilalmi: The mamtenance of the gonad by transplants is‘ quite sur-

i [ .
trophic factors? Or 1s 1t possible that the amount of TSH required to
stimulate thyroidal accumulation of 3311 would be sm:}ller than the
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Seven of these animals were mated ond between them sired fourteen

Iitters, leaving little doubit as to their functional capacity. In the remain-
der of the ammnls tcs!iculnr regeneruhon did not pecur,

=+ =~termn af the various ituitary functions was not

ught return without

tion. In fact,almost

. r prtuttary actriity

m!ght‘occ\lr and 10 ve Yuie uy ble from ammal to

'
quite normal.
_For cantrast. let us take a second patient, whom we Jknow had a
~Aemaran exmandme mto the cranium, and nmefnprr};ucs
BECR. U fiaw wo
partial pitwstary farlure.
Figure 1 gives more detal of this second patient, which may explain
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PITUITARY CYTOLOGY IN RELATION TO
THYROTROPHIC HORMONE SECRETION

II. D, Purves and W. E. GRIEsSBACH

The Endocrinology Rescarch Department of the New Zealand Meducal Rescarch
Councl, Dunedin, Aew Zealand

CrLLs of the group known as basophils in the pars distalis
of the rat pituitary are markedly affected both by gonadal
hormone deficiencies and by a defi y of thyroid h
While there was a general acceptance by carly investigators
of the idea that the changes observed after castration were
related to an increase in the output and content of the gonado-
trophic hormone complex, the signficance of the somewhat
similar changes appearing after thyroidectomy remaimed for
many years obscure. Our own interest in these changes
resulted from our observation of stmilar changes accompanying
the action of positive goitrogenic agents (Griesbach and
Purves, 1943). The demonstration that basophil cells were
specifically stimulated by even minor degrees of thyroxine
deficiency showed that enlarg t and an apparent increase
1n the number of these cells were related to an increase in the
rate of thyrotrophin secretion (Griesbach and Purves, 1915).

From the investigations of Herlant (1943, 1949), Pearse
(1948) and Catchpole (1847, 1949), 1t became clear that the
charactensticcytoplasmic granules of typieal basophil cells were
water-soluble glycoprotems presumed to represent the con-
tent of thyrotrophin, follicle stimulating hormone (FSH) and
lutemizing hormone (LH), all of which appear to be glyco-
protein 1n character. The perodic acid-Schuff (PAS) reaction
of McManus (1946), which provided a satisfactory method
for the demonstration of glycoprotems n sections, greatly
facihtated the further elucidation of basophl eell function.

51
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Fraser: May not pmpyltlnourac:l’ increase the degree of jodine
deficiency?
Human patients put on antithyroid drugs, even the

activity.
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functionally distinct types of basophil cell in the rat pituwitary,
and that the cells positively stained by it, whieh he termed
“beta” cells, were identical with the thyrotrophs. The AT
staining is due to a specific stammng of the glycoprotemn
granules (Purves and Griesbach, 19515, ¢} and indicates a
chemical difference between the glycoprotemn of these eells and
the glycoproteins in the FSH and LH cells which collectively
compnise the group termed by Halmi “‘delta” cells. The
glycoprotemns n these two cell types can be shown to be dif-
ferent by treatment of fresh pitwitary tissue with 2-5 per cent
trichloroncetic acid which precipitates the glycoprotein in the
LH cells while extracting the glycoprotein from the FSH
cells. This differential solubrlity parallels the behaviour of
the respective isolated hormones (Barrnett, Ladman and
MeAllaster, 1935).

Herlant (1956) has shown that hibernating species of bats
provide especially favourable material for the study of the
speeific functions of pituitary cells types. In the pars distalis
of Mpyotis myotis (Borkhausen) he has demonstrated the
presence of five distinct chromophil cell types. Three of these
contain cytoplasmic glycoprotems. The thyrotrophs are
stainable by aldehyde-fuchsin and stain blue by the Heiden-
hain’s azan or the Cleveland-Wolfe trichrome staining
methods. They are therefore stmlar in staiming reactions to
the thyrotrophs of the rat pituitary. The FSH cells, however,
are also stamable by aldehyde-fuchsin and are not to be
distingwished from thyrotrophs by staining affinity although
they can be dist hed by morphol 1 characters. The
LH cells are not stainable by aldehyde-fuchsin and thewr
granules are strongly acidophilic so that by the trichrome
staiming methods they are stained red and appear to be
acidophuls. It is clear that the staiming reactions of the two
gonadotrophie cell types in Myotis are entirely different
from those of the corresponding functional types in the rat
prtutary, and that in Myotis a differentiation between thyro-
trophs and gonadotrophs is not cbtained by aldechyde-fuchsin
staining.




52 H. D. Purves axp W, E. Griesnacu

It is now clear that three distinet types of cell, each con-
taining a specific and chemically distinct glycoprotein,
together constitute the group of cells known as basophils in
the rat pituitary. In demonstrating this, advantage was taken
of the fact that trcatment with thyroxine reduces the thyro-
trophin content of the rat pituitary to a low level without
affecting the gonadotrophin content, while treatment with
ocstrogen depresses the gonadotrophin content without
affecting the thyrotrophin content. By this means it can be
shown that the thyrotrophin is present as glycoprotein
granules i cells which are angular 1 outline while the
gonadotrophins are found in cells which are oval or round
(Purves and Griesbach. 1951a). Treatment of adult female
rats with testosterone results in pitwitary glands with high
FSH content and little or no LH. In such glands the glyco-
protein is found in rounded cells situated 1n the peripheral
zone of the pars distalis. On the other hand after castration,
when the pitwitary gland has a high luteinizing hormone
content, the predominant glycoprotein-contaiming cell is a
rounded cell dispersed throughout the interior of the pars
distalis (Purves and Griesbach, 1954, 1955). The fact that
each of these cell types has its own characteristic distnibution
indicates that they are distinct and individual eell types and
not different aspects of a single cell type under altered con-
ditions of fi We have therefore desig d these types
by names indicative of their function, namely thyrotrophs,
FSH gonadotrophs, and LH gonadotrophs.

Romeis (1940) reported that staining of pitwitary sections by
the elastic tissue stains, kresofuchsin or resorcin-fuchsin,
followed by azan staiming enabled the differentiation of two
kinds of basophil cells in a number of mammalian speeics.
He aseribed the differential coloration of two kinds of basophils
by this “ Kresazan® method to the action of kresofuchsin or
resorcin-fuchsin in staimng some of the basophil cells and
eaving others unstained. Halmi (1950:.1951a‘ b; 1952a, b)
showed that another elastic tissue stain, Gomori’s (1950)
aldehyde-fuchsin (AF), produced a clear-cut separation of




Prrurtary CyroLocy aNp TSH Srererion 55

thyrotrophs of the human pituitary, are simular in staimng
reactions to the thyrotrophs of the rat, bat, and dog
pituitaries.

Herlant (1936) has indieated that he considers that the
blue basophil or thyrotroph of the human pituitary 1s the cell
which Romeis (1940) designated as the “delta” cell while the
purple basophil is the cell designated by Romeis as the “beta™
cell. After examination of this question we are in agreement
with Herlant. The “blue” cells appear to be the only cells
present to which the term “delta” could be appled, and the
“purple” eells which are in preponderance m normal human
pituitaries are obviously the “beta” cells. After applying the
Romeis-Krezan staining method to human pituitaries we have
observed the purple cells with the exact appearance of the
cells deseribed by Romeis as beta cells while the blue cells
have approximately the appearance of the cells described and
figured by Romeis as delta cells. Romeis, hownever, stated
that beta cells were stamned by resorcin-fuchsin while delta
cells were unstained. In this particular Romers appears to be
mistaken, As in the dog pitwitary, we find i the human
piturtary that both the blue and the purple cells are stamned
erther by aldehyde-fuchsin or by resorcin-fuchsin, Differenti-
ation of these cells is 1n each case obtained by the added
trichrome counter-stain which adds a blue tint to the blue
cells and gives to the purple cells a reddish tint.

From the above 1t appears that while the staining reactions
of the basophils of the human and dog pituitarnes arc simlar,
the usage of the terms “beta” and “delta” by Romeis 1n the
human is the reverse of the usage of Goldberg and Chaikoff in
the dog. Moreover, i neither case does the usage conform
with the defimtion given by Romes, and actually followed by
Halmi, of delta cells as cells which are not stained by resorcin-
fuchsm, or by the similar stain aldehyde-fuchsin. Such dis-

crepancies 1n the application of the terms “beta” and “delta™
are a potent source of confusion, particularly because of
the assumption that cells similarly designated in different
species are functionally equivalent. It now appears that the
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In the dog mtuitary Goldberg and Chaikoff (19524, b)
showed that five speetfie cell types could be differentiated by
statning by Crossmon’s (1937) modification of Mallory’s
trichrome stain. One cell type which stans blue by this
method is specifieally stimulated by thyroxine deficiency and
is presumed to be responsible for thyrotrophin seerction.
Goldberg and Chaikoff designated thws cell as the “beta”
cell; we prefer, for reasons which will appear later, to eall it
the ““blue” basophil. A sccond cell type which, like the blue
eell, gives a strong PAS reaction for glycoproten, they called
the “delta” cell. This cell type is more acidophilic than the
blue cell and retains some acid fuchsin so that it 1s staned 2
reddish or purple shade. Our own name for this eell s the
“purple” basophil. Aecording to Goldberg and Charkoff the
blue cells were stained by aldehyde-fuchsin while the purple
cells were not  In our own nvestigations we have always
faund that both the blue and the purple cells are stained by
aldehyde-fuchsin or by resorem-fuchsin, The staining re-
actions of the purple cells of the dog, presumed to be
gonadotrophic 1n function, are different from those of any of
the cells observed 1 exther the rat or the bat

In the human pitwtary we have observed two types of
basophil cell corresponding in their staining reactions to the
“pine™ and * purple” basophils of the dog. As Herlant (1838)
has indicated, these cell types can be differentiated by
counter-staining PAS-stained sections with phosphotungstic
acid-orange G. The purple basophils being relatively acido-
philic retain the orange & and became brick red, while the
bluc basophuls remain a magenta colour. This differentiation
15 especally easy after fixation n chromate-containing
fixatives which so increase the actdophilia of the “purple”
cells that they stamn by the azan method & red colour in-
distinguishable from the red colour of typical acidophils.
Now Herlant (1858, 1856) has observed that the blue basophils

are specially stimnlated by thyroxine deficiency and give rise
to the voluminous thyroxine deficiency cells scen in the
human pituitary in myxoedemn. These cells, which are the
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DISCUSSION

Halmi "There ate but a few pomts 1n Dr Purves’ presentation that I
eannot agree with First, it 13 too early to conclude that what we stamn

1 these phs 15 actually t —perhaps we should hold
back on that.
PG

P

centralin the lobe, as you have found.
e Mot o Tasl Lo alltia

pitwitary, contaming all its soluble protemns, 1s more potent simull
taneously in FSH, LH and TSH than any preparation that was available,
say two years ago. There is nothing, therefore, 1n the potency to suggest
at the present tume that these are not the “true” hormones
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division of basophil cells into beta and delta cells on the basis
of stainability by aldehyde-fuchsin has no consistent functional
significance. Although the thyrotrophs appear, in the mam-
malian species so far studied, to have consistent staining
properties, the staining reactions of the other glycoprotem-
containing cells are so diverse that a differentiation of thyro-
trophs from two types of gonadotrophs 1s not to be simply
obtained in the generality of mammals, as it 15 in the rat, by
a single staining procedure.

It may be pertinent to refer here to the problem of the site of
corticotrophin production in the pituitary, and partieularly
to the question whether corticotrophin might be secreted by
the same cells s are responsible for thyrotrophin secretion.
In the pars distahs of the pig pituitary there is a particutarly
sharply delimited basophil zone situated medially and
adjacent to the attachment of the stalk. This zone is entirely
free from netdaphil cells and can be easily distinguished in the
fresh tissue. We have assayed the basophil and acidophil
zones of the pig pituitary for thyrotrophin and corticotrophin,
using for the latter on ascorbic acid depletion method.
Thyratrophin 1s strongly concentrated in the basophil zone,
its concentration there bemg about one hundred times that of
the acidophil zone. On the other hand corticotrophin is much
mote evenly distributed, 1ts concentration in the basophil
20ne being only about twice that of the ncidophil zone, This
result confirms the conclusion reached by Smelser (1944}
after a similar investigation of the bovine pitwitary, that
corticotrophin and thyrotrophin must be secreted by different
cells sinee the hormones are differently distributed withun the
gland.
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EFFECTS OF HYPOPHYSECTOMY ON ORGANIC
IODINE FORMATION IN RAT THYROIDS

Arvix Tauroc, Wixtox Toxe and I. L. Cusixorr

Department of Phynology, Unizernity of California Schoal of Medicine,
Berkeley

Ix 1942, shortly after I became available for biological
research, Morton, Perlman, Anderson, and Chaikoff reported
that the formation of ¥!I-thyroxine by the thyroid glands of
rats was greatly depressed in the absence of the pitwmtary,
whereas 131[.diodotyrosine formation appeared to be almost
normal. They concluded that hypophysectomy imposes a
specific block on the conversion of ditodotyrosine to thyroxine.

Later investigators (Albert and Lorenz, 1931; Roche ¢t al.,
1953) did not find so great a depression 1 BiI-thyroxine
formation by the thyroids of hypophysectomized rats as did
Morton and co-workers. These later workers concluded that
the absence of the pitwitary does not have any specific
influence on the condensation of 10dotyrosines to 10dothyron-
ines in the thyroid gland.

The discrepancy between the early results in this laboratory
and those of later investigators led us to reinvestigate the
effect of hypophysectomy on thyroidal 10dine metabolism in
rats. We report here the results of some recent experiments,
based on the improved techniques now available for the hydro-
lysis and separation of the 10dine compounds in the thyroid
gland.

Methods

Male rats (body weight approximately 200 g.; 45-50 days
old) that had been raised on a diet conststing essentially of
Purina Laboratory Chow, were hypophysectomized by the
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of the thyroidal inorganic I, but only a very small fraction
of the gland’s thyroglobulin. The inorganie 1311 section of the
chromatogram was cut out and counted as deseribed above.
This procedure usually yielded lower results for thyroidal
inorganic I than did direct chromatography of the thyroid
homogenate, possibly because the latter may result in some
breakdown of 1¥I-thyroglobulin, as suggested by Wollman
and Scow (1955).

‘Thyrotrophic hormone (Parke, Davis and Co.) was njected
In some experiments, aither as a single large dose or in 5
doses spaced at 12-hour intervals. All injections were sub-

cutaneous,
Results
Uptake of 3311 by thyroids of hypophysectomized rats

Fig. 1 shows the uptake of ¥ by the thyroids of hypo-
physectomized and pair-fed control rats, under the conditions

8
8

Per Cent of Irjected ™
5 &

o

~

Hypophysectomized

20 <0 6D
Hours.

Fic. 1. Uptake of ™I by thyroids of hypophysectormzed and

pair-fed control rats Each point represents an average value
obtained with 2 or 8 rats

6 100

of our experiments. Thyroid uptake of 81 was drastically
reduced 1n rats deprived of pituitaries. At no time up to 96
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parapharyngeal route. One or two days after hypophysectomy
the animals were placed on a special low jodine diet (Diet 2,
Taurog and Chaikoff, 1946) which maintained them in good
nutritional condition. Control rats of equal weight and age
were placed on the same dict. Their food mtake was restricted
to levels approxumating to those of the operated rats.

After 5-8 days on the low iodine diet, the rats were in-
jected with & pg. of 10dide Iabelled with 91, Todide carrier
was admimstered for two reasons: (1) to reduce possible
differences between normal and hypaphysectomized rats in
the concentration of circulating iodide; and (2) to accentuate
differences between normal and operated rats in the capacity
of their thyroids for metabolizing iodide. Groups of animals
were sacnificed at intervals from 45 minuntes to 96 hours ofter
131 injection. Thyroids were } ized, and ch 2
graphed on filter paper, both before and after pancreatin
digestion, as previously deseribed {Taurog, Tong and Chaikoff,
1950; Taurog, Potter and Chatkofl, 1955). Plasma, too, was
subjected to filter paper chromatographic analysis, Radio-
autograms were prepared, and the sections of the chromato-
grams corresponding to the various bands on the radioauto-
grams were cut out and counted in a well-type scintillation
counter. This made it possible to determine the quantitative
distribution of 1311 in thyroids and plasma.

Thyroid/serum (T/S) radoiodide cancentration ratios in
T T enteieed aote ond oomdeale ware measured in the

wacd (PTU). When

ire used was similar

(VanderLaan and

. TeT oY s Te- o meees ~eelysed chromato-

" formation had

nitting organic

determined by

the following procedure, An aliquot ot the thyroid homogenate
was added to 2 volumes of cold cthanol. The rmxture was
centrifuged at 0%, and portions of the elear supernatant were
taken for chromatography. The ethanol extract contained all
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blocking agent to mean that the todide trap 15 the rate-limting
step in the formation of organic jodine by the thyrod.
Contrary to our findings, however, Wollman and Scow also
observed a decrcased T/S ratio in hypophysectomized rats
when organic binding of iodine was not blocked.

Distribution of 11 in thyroids

(1) Unhydrolysed glands. In both normal and hypophy-
sectormized rats, at all intervals measured, thyroglobulin and
10dide accounted for practically all of the 31 in the thyroid
gland. This is illustrated in the radioautograms of Figs. 2
and 3, which show the nature of the thyrodal **I at 45
minutes and at 6 hours after !l mnjection. After 45 minutes
a large part of the I m the thyroids of hypophysectomized
rats was still morgame (Fig. 2) despite the very low total
uptake of 3311, Control thyroids at this mnterval, on the other
hand, took up at least fifty times as much 131 and converted
practically all of 1t to thyroglobulin. There can be lttle
doubt therefore, that hypophysectomy greatly reduced the
rate of thyroglobuhn formation in the thyrod gland (and
also, therefore, the rate of mono- and dnodotyrosine forma-
tron). After 6 hours, the distribution of **f 1n the unhydro-
lysed thyroids of hypophysectormzed rats was similar to that
n control rats (Fig. 3).

(2) Hydrolysed thyroids. Fig. 4 shows the composition of
the 1311 1n thyroid digests from normal and hypophysectom-
1zed rats 72 hours after 1311 injection. A striking effect of
hypophysectomy was observed on the percentage of the
gland’s 11 present as thyroxine. Thyroxme-1311 comprised
16 per cent of the total thyroidal 311 in control rats after 72
hours, but the corresponding figure for rats deprived of
prtwitary tissue was less than 1 per cent. Total 10dotyrosine-
1311, on the other hand, constituted almost 90 per cent of the
1311 1n the thyrowds of hypophysectomized rats, but only about
60 per cent of the 11 1n normal thyroids. At other intervals
also, as shown in Table II, the thyroids of rats without
pitwitaries ncorporated 11 into the 10dotyrosine fraction at a
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hours did the thyroids of the operated rats ncoumulate mare
than 0+6 per eent of the ijected dose of 1. The peak
uptake in the control rats, an the other hand, was about 20
per cent,

T{S Ratios in Hypophysectomized Rats

(1) Organic binding of iodine blocked by propyithiouracil.
Table I shows typieal values for the T/S ratios of hypophy-
sectomized and control rats whose thyrowds were scutely
blocked by a single injection of propylthiouracil. Hypo-
physectomy severely reduced the ability of the thyroids to
concentrate iodide—an observation reported by previous

Table 1
T/S Rar1os 1v Nowuvat axp Hyrornvsrerodizoo Rats

Organse Bunding of Ioding
Blocked by Propytthiuracil * Unblocked

Control Hypophysectormzed Control Hypophysectonuzed

7 41 17
I 28 19

@

89
96

* Determined 75 min after 1 Inlection
1 Determined 3 hours after 1 Injection

investigators (VanderLaan snd Greer, 1830; Halmi et al.,
1953). Under the condstions of our experiments, the T/S
ratio in the absence of the pituitary was spproximately 2,
compared with control values of almost 100,

(2) Organic binding of iodine permitted. When no blocking
agent was njected to mterfere with organie ivdine formation,
the vahues for the T/S ratios in hypophysectomized rats were
not significantly different from those observed 1n the presence
of propylthiouracil. In control rats, however, T/S ratios were

derabl duced. Qur findmgs with control rats confirm
viously reported by Wollman and Seow {1953), who
il‘ll\}tocs:pl)'):tccd theyre(fnc!ion in T/S ratio mn the shsence of a




{
i
E
;I ATy e A 35
|

Fic 2 Radioautographs of filter paper chromatograms of un-
hydrolysed thyroid tissue 45 munutes after 1L njection  Left,

{facing page 61
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“Fable I
T NE-] Axp TopoT M o Tiveow Graxps oF
HyrornyseeTomzep axp ConTnou Rats
Fypophysetiomized Control
Interval after Per cent of total ML in Per cent of fotal 1931 in
™ ingechion gland
hra. Zadalyrosine Thyrorine JTodatyresine | Thyrarine
075 49 0 a3 78 42
3 43 65 ki@ 53
24 87 2 ¢s 138

greater rate than into the thyroxine fraction. These data
mndicate that, under the conditions of our experiments,
hypophysectomy mhibited the oxidative coupling of 1I-
duodotyrosine to a ruch greater extent than it inhibited
Wif.diiodotyrosine formation.

Appearance of ¥ ]-thyrexine in plasma

Fig. 5 shows the results of chromatographic analyses of
the plasmas of normal and hypophysectomized rats 76 hours
after injection of 1. In the hypophysectomized rats, the
thyroxmne fraction of plasma contained only a minute amount
of 11LJess than 0+5 per cent of the total 3 in plasma. It1s
doubtful whether this small amount of radioactinity exceeds
the experumental error of the procedure. The plasma of control
rats, on the other hand, contained sigmificant amounts of ¥1-
thyroxine even at the 3-hour mterval, and in 70 hours, this
fraction compnised over 80 per cent of the total plasma 19

Fig. 5)

{ ’Xghe )level of inorganie I in the plasma decrcased more
slowly in hypophysectomized rats than in control rats. At
the 70-hour nterval, for example, almost 5 per cent of the
ed ] was present as inorgame I per 100 ml. of
the operated rats, whereas the corresponding figure
animals was 1 +25 per cent (F1g. 5). These findings

inject
plasma in
for eontrol
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are comparable with those reported by Morton et al. (1942),
and may be attributed both to the decreased uptake of 311 by
the thyroids and the decreased renal clearance of 3311 (Albert,
Tenney and Lorenz, 1952) which occur in the absence of the
pituitary.

-

@

a

o

N

Per cent of Iyected 1™ per 100cc of Plasma
»

¥ia. 5. Distnbution of 11 1n plasma of

normal and hypophysectomized rats 70

hours after admmistration of L T¥,
thyroune; I, morgame 1odide

Effect of administration of thyrotrophin

Injection of thyrotrophin (FSH) reversed all of the changes
- thyroidal 13Y-metaholism induced by hypophysectomy.
This is sllustrated 10 the radisutograms shown m Fig. 6.
A single large wnjection of TSH (Fig. 68) produced, within 7
!1;‘1urs, a noticeable increase in the percentage of the gland’s
. 1 present as thyroxine. An increase 1n the total uptake of

"1 was also apparent, but there was no detectable effect on
thyroid weight. The injection of 25 mg of TSH in five equal

,TETROID—4
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rats in the observed T/S ratios as a result of the fact that rats
which had been raised on a fairly high iodine intake were
transferred, after hypophysectomy, to a diet low m 1odine.
At the time of the transfer, the thyroids of both control and
operated rats were rich in total iodine. After the transfer,
however, the thyroids of the control group came mto rapid
equlibrium with the new diet, and became relatively depleted
of iodine. The thyroid 10dine stores of the hypophysectomized
rats, on the other hand, remained at the preoperative level, as
indicated in Table III. If an inverse relationship exists

‘Table I1[
Torar. Tayroto IopINT N HYPOPRYSECTOMIZED AND CoNTrOL RaTs

Postoperance level
Preoperatie
ypophysectomuzed Control
mg. per cent mg. per cent mg. per cent
121 123 44
145 04 50
92 181 63

between the iodide trap and the lodine stores within the gland
as postulated by VanderLaan and Caplan (1954) and by
Halmi and Spirtos (1954), this would act to widen the differ-
ence 1n T/S ratios between the control and the operated rats.

The results of this investigation do not permit us to estimate
quantitatively the rates of thyroid hormone production n
normal and hypophysectormzed rats However, 1if the relative
rates of thyroid hormone formation are assumed to be
roughly proportional to the imtial rates of uptake of 11 by
the thyroids, then thyroid hormone formation i the hypophy-
sectomized rats studied here was about 1 per cent of that in
the controls. Randall, Lorenz and Albert (1051) measured
the biological decay of 1] in the thyroids of normal and
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doses over a pertod of 48 hours restored to normal the fraction
of the gland’s 1 present as thyroxine (Fig. 6c), while the
uptake of ¥ and the thyroid weight were increased to values
above those of the controls.

Discussion

Al phases of thyroidal wdine metabolism studied in the
present investigotion were depressed by hypophysectomy.
The iodide-concentrating eapacity of the thyroid, as measured
by the T/S ratio, was reduced from control values of almost
100 to values between 1-5 and 8. The rate of formation of
.thyroglobulin was also greatly reduced in the absence of
the pituitary. Tt 1s not surprismg, therefore, that the total
thyroid uptake of 71 was depressed to extremely low levels.
Formation of both *3Iodotyrosine and ¥I-thyroxine was
greatly inhibited by hypophysectomy, but 1n so far as the
results with ¥ reflect changes in the metabohsm of stable
iodine (*271), formation of thyroxine was inhibited to a much
greater extent than was that of icdotyrosine. These results
confirm the finding of Morton et al, (1942) with respect to the
striking depression of ¥ 4hyroxine formation in the thyroids
of hypophysectomized rats, but they disagree with the con-
clusion reached in the previous study that dhodotyrosine
formation 15 not seriously affected by hypophysectomy.

Our farlure to observe appreciable amounts of **I-thyroxine
1 the plasma of hypophysectonized rats even 70 hours after
1] injection can be attributed to two factors;: {1) the greatly
dimimshed rate of release of thyroid hormone into the circula-
tion {Taurog, Chakofl and Bennett, 1946; Wolll, 1851;
Randzll, Lorenz ond Albert, 1851), and (2) the low specific
activity of the thyroxine fraction in the thyroid gland. Itis
Jdoubtful whether etther of these factors alone could have
depressed therate of appearance of 1531-thyroxine in plasma to
the low levels observed here.

The cxperimental conditions used here probably accen-
tuated differences between control and hypophysectomized
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thyrotrophic hormone had much more effect on organic
iodine formation 1n the thyroid than on the iodide trap.

QOur findings with the thyroids of hypophysectomized rats
lead us to believe, with Stanley and Astwood, that the
changes in 10dine metabolism 1n response to alterations in
the level of TSH are too widespread to be explamned by a
primary effect on any single phase of iodine metabohsm It
appears more hikely that the primary effect of TSH on the
thyroid 1s on some general and fundamental property of the
tissue, such as enzyme synthesis, and that the effects on iodine
metabolism are secondary to this. It is well known that TSH
1s essential for both the growth and maintenance of thyroid
tissue Therefore, TSH undoubtedly plays an important rdle
in the metabolism of thyroid protems, and very hikely in the
formation of many thyroid enzymes. Jodine metabolism n
the thyroid gland may be viewed as consisting of a series of

1ve reactions, b with the 1odide trap and
ending with the release of thyroid hormone mto the blood.
Special enzymes are very likely required at each step in the
process, and the rate of formation of these enzymes may be
regulated by TSH. In this manner, TSH could affect the
various phases of iodine metabolism independently, and which
step would be most sensitive to changes in the TSH level
would depend on species characteristics and on local con-
ditions within the gland. The fact that TSH affects such
fundamental biochemical properties of thyrod tissue as 0,
consumption (VanderLaan, VanderLaan and Logan, 1941),
and uptake of 3P (Borell and Holmgren, 1949; Lamberg, Tala
and Uotila, 1955), also suggests that it has a widespread
action on the gland

Another factor 1n the control of thyroidal 10dine metabolism
by piturtary thyrotrophmn, also recogmzed by Stanley and
Astwood (1949), 1s that TSH regulates the 10dide-concen-
trating capacity of the thyroid gland. The rate of any thyroid
reaction mvolving inorganic 1odine would be expected to
respond to changes in the morgame iodide concentration within
the gland (simply by a mass action effect), and therefore to
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hypophyscetomized rats, and tuded that thyroid hormene
production was reduced to about one-eighth of the normal
value m ammals deprived of pitwitary tissue. These investi-
gators (Randall and Albert, 1951) obtained a similar degree of
depression 1 total thyrord uptake of 81 in their hypophy-
seetomized rats, The reason for the large discrepancy between
their uptake results and ours is not apparent, but perhaps it is
related to differences in the jodine intake of the animals before
hypophyscetomy. Fhewr rats were placed on a Remington low
wdine diet for 2-4 weeks before removal of the pituitary.

The primary site of action of TSH on 1odine metabolism of
the thyroid has been discussed by previous Investigators
(Rawson, 1949, Stanley and Astwoed, 1940; Halm et al,
1958; I’ Angelo, 1955), Keating and co-workers (1045) found
that release of YU from the thyrowds of young chicks was
affected by TSH hefore any effect on uptake of 131 could be
detected, This led to the suggestion that the primary effect of
TSH was on the release of thyroid hormone from the gland,
and that the wmnereased uptake of ¥ was a secondary effect,
related fe the relative jodime deficiency m the gland indueed
by TSH. Stanley ond Astwood (1949), on the other hand,
found that, i humans, a single mjection of TSH enhanced the
iodide-concentrating eapacity of the thyroids and mereased
thyrodal 1 uptake, but produced no measurable effect on
the discharge of ™ from the glands. They suggested that
TSH stimulates the several components of thyroid function
simultancously. Haltm et al. (1958} aited results obtained by
VanderLaan and Greer {1950) to support the view that the
effect of TSH on the iodid trating hanism of
thyroid is not secondary to its effect on iodine release. They
pointed out that if hypophysectomy 15 performed on rats
whose thyroids have been depleted of jodine by the chronic
feeding of thiouractl, the T/S matio rapdly falls from us
initial bigh level, an effect which can hardly be attnbuted to
chauges in lodine release. The observations of Wollman and
Scow (1033) with hypophyscctomized mice suggest that,
the ronditions of their experiments, the absence of

under
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reduces its P Ji{ and end TSH

(Skanse, 1948; Maloof, Dob)ns and Vickery, 1952; Domach
and Logothetopoulos, 1955; Potter, Taurog and Chaikof,
1956). Undoubtedly, there are factors yet to be discovered
which play an important réle in modifying the action of TSH
on the thyroid.

Summary

Hypophysectomy markedly depressed the following phases
of 1311 metabolism in rat thyroids. (1) the total uptake of 1113
(2) the iodide-concentrating capacity; (8) the rate of formation
of 131]-mono- and diiodotyrosine; (4) the rate of formation of
1311 -thyroxine; and (5) the rate of appearance of 1311- thyroxine
in plasma, -thyroxine formation was reduced to a much
greater extent than was *!I-1odotyrosine formation.

The widespread effect of hypophysectomy on the 31
metabolism of rat thyroids leads us to suggest that pituitary
thyrotrophin controls iodine metabolism of the thyroid in
two different ways: (1) directly, by regulating, through its
general metabolic effect on thyroid cells, the rate of formation
of the vanous enzymes involved in thyroidal iodine meta-
bolism; and (2) indirectly, by regulating the ability of the
thyroid to concentrate 10odide. The concentration of iodide,
1 turn, affects the rates of those thyroid reactions which
mvolve inorgame 10dme,
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changes in the level of TSH. The most obvious reactions swhich
would be so affected arc (1) the oxidation of inorganic fodide,
and (2) the iodination of tyrosine residues of thyroglobulin.
If, as Harington and Putt-Rivers have postulated (Harington
and Pitt-Rivers, 1045; Farington, 19851}, the oxidative
coupling of ditodotyrosine to form thyroxine requires jodine
as an oxidizing agent, then this reaction, too, should be affected
by TSH (mndependent of the effect of TSH on the formation of
any enzymes which might be involved),

The response of thyroid tissue to exogenous or endogenous
TSH 15 subject to modifieation by  variety of factors (Rawson,
1952) Excess 1odide, for example, usually dimimshes the
stimulatory action of TSH on the thyroid, although this is
not an mvariable finding (Halmi, Spirtos and Stuelke, 1935).
Antithyroid compounds, such as propylthiouracil, enhance
the action of TSH on the gland (Halmi and Spirtos, 1954}
No entirely satisfactory explanations for these effects have
been offered, but the theory of TSH action discussed in the
preceding paragraphs reealls the view of Wright and Trikojus
(1916), and suggests that, in the presence of excess jodide,
TSH 15 wactivated m thyroud tissue by the relatively high
concentration of rodine which i, itself, helps to create. This
same theory would attribute the potentiating effect of
thwouracil to 1ts ability to prevent the formstion of oxidized
iodine within the gland. This would supposedly minimize the
rate of inactivation of TSH within the thyroid. It is of interest
that the thyroid gland normally carnes aut a type of reaction,
i.e. jodination, which 15 known to be capable of mactivating
enzymes. This suggests that theve are speeial mechanisms
within the gland to proteet 1t from the il effects of exeessive
jodination. One of these may be the mactivation of the
pituitary trophie horroone by sodine when the iodine concen-
tration threatens to get too high.

Tt should be emphasized that the state of the thyroid tissue
jtself is also important in determining the degree of its
sesponse o TSH, For example, internal radiation with13{
affccts thyroid tissue in some as yet undisclosed manner which
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by the work you referred to, because we felt it would be very important

donein 1042
We did these experiments with the rat mn conditions apparently not
very different from your present conditions. We killed the amimals at
dufferent times after the admunistration of labelled rodide. As far as I
we did some exp for 4 hours and some for 23 hours.
The 4-hour results were exactly like yours, There was a relatively
large excess of monorodotyrosine present and a relatively large amount
of d ine too, but ly no labelled thyroxine nor tr-
which was bsolutely normal.
P AP S S S

L, e

From our findings, we formed the impresston that the absence of
ICYT meroet e 1-2 DA mece a v T . Caa -

actually we agree.
Tourog- Yes, 1 think we agree that there 15 no guabtative effect of

hymanhareantamss o

thica avnarmente an sam aea cbans b weant o " e o RO

a atter hy to ghthof the
value of the normal thyroxne secretion, I have a feeling that it 1s lower
than that from the kind of depresston of uptake we have here and from
a shide which I should Like o show t0 you when I have an oppartunity.

Roche On the question of TSH, I think you are absolutely right to
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DISCUSSION
Thibault I am very interested by this selective action of thyroxine
but how do 3 ot explamn the absence of triredothyronine 1 the hypophy-
sectomized rat? N
Taurog: There was some mdication of tenodathyronine there,
B e A S vy
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T don't think that is the answer myself; I think it may have more 1o
do with the iodine content of the diet, and that 1s something which we
are pursuing now. We did one experiment before T left in which we kept
animals on a low jodine © s * ‘
sectomized. I expected
nearly hke what you .
depressed to extremely .
experiments you fed Remington diet, which 19 lower 1n 10dmne than our
dset, for two to four weeks.

When I get back, we shall have rats ready that have been on low
jodine for over a month and we will see if this has any large effect.

Albert: Nevertheless, I think there is o pretty good agreement despite
the fact that this experiment was done in three different laboratories.

Roche: Prof. Courrier and I agree completely with your project to
work with ammals hept on a low 10dine diet, because we have lost a
relatively large amount of time by working on animals kept on too high
an iodine diet, when we studied the influence of vartous jodothyronines
on the penetration of 10dine into the thyroid gland of hypophysecto-
mized rats.

AT ar

T

S N R S T

of the I'sH.

you test that animals ery soon after the hypophysectomy—the time when
1t 13 usually done—before the involutionary changes oceur 1n the gland,
you obtain a maximum response.

I am not competent to say whether this 1s true in the case of the
thyroid or not

Gross Wahlberg (1955

Tamad +ha affe

Acta endocr., Copenhagen, 20, 240) has fol-
ey T . 240) has fo
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think 1t iv a sort of baste action of the thyroid ceff because there is one
strilung thing: 3f one studies everything ing the f ion and
selease of thyroglobulin and of iodinated smino acid, one always findsa
very striking dey action of hypophy y and & very strong
stmulation ection of TSH. You hiave that m the trapping of jodkae, in
the speed of the formation of wdinated aming aeids, in the hydrobysis of
thyroglobulin and i the release, n the desodination processes, there is
absclutely no speaifiesty’; at least T have found no sigm in the hterature
of any known speedic action.

Alberl: Onginally Morton and co-workers did say there was a qualita-
tive defect after hypophvsectomy. As you have just heard, we found
there was a defect but 1t wae quantiutative, and the only quarre] we would
have is the use of the phmse “virtual absence™ of thyroxine, Now,
your figures ate ronghly 10 per cent of what the normal rats will do in
terms of thyroxine manufacture.

Taurog - "They are Yower then that.

Albert: I think your figure tead 5 per cent for control and 0 5 per cent
for hypaphysectomized anmals.

Taurog But then you must reatize that you haxe a blank to subitracts
© 5onchromatogram ke ths is not to be taken as 0-5. There is probably
a0 1or0 2 blank because of the background on paper, which was not
subtracted 1n this case,

Albert; Let us assume that the quantitative difference 15 even lower
than that. Why the quantitative differences among your results, oy
results and Prof. Roche's? You said that the use of carrier iodude would
make things more ever. ¥ wonder if that 1s true; would it ot actoaly

tuate the dif: d animal

mtheb four of hypophy

versus normat ? .

Tauveg: 1 said that 1t rmught even out possible differences in iodsde iz
the aireslation. This s what 1s imtially Jabelled, and of oue wauts to
nfer, from the uptake, something about stable 1odme 1t 15 unportant
1o matially Iabel a pool that is of equal magmtude in the two cases

Alert. But the hypophysectomized rat has a much lower yenal clesr
ance and a lmgher blood level, 5o that when you add earrier iodide, you
are not making them the same; you are making them dafferent.

Zaurog: 1 do not mamtam that we tmake the blood wdine Jevels the
same by admanstering carmer, but I do think that untial differences
thig level are reduced by using e carner dose.

Atbert: Have you & contral for both the normal and the hypophysecto-
mized animal gren earner-fres M7

Taurog: Yes.

Albert- Is it exactly the same? .
Tanurog: Yes.‘ When :\'e first started thee- + preliminary
ents~% cannat =~ e nagy more
:::!E{l‘m - . . also found
I | . . . » Institute
of . : - routinely
n s aneirthyroid uptakes
N s wee obtain using %5 p7 of wdide carrier
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Harns* Dr. Seymour Reichlin, when he was working at the Maudsley
Hospital, made a study of the time relations of the responses of the
bbit’s thyroid gland to the action of thyrotrophtc hormone. in

N DT a M S € amADLd 4 & 18R Dens Cae

the thyroid delay to the action of TSH and thyroxine.
B.-Grant: We did not really mensure the delay, but what Dr. Gibson

Taurog 1 was quoting you.

P.-Rirers: | know you were, but that theory was meant to explain the
in vatro formation of thyrowine which 1s not an exact model

Taurog- Well, I didn’t mean to msinterpret your remarks, but 1t
seems to me that if you think of this as an oxidative coupling which may
require an ovidized form of 1odine, it might happen m the mtact animal
as well as in your n vitro experiments, and I was just suggesting that
as a possibility.

P -Ruvers 1 like the 1dea of the enzyme synthesis bemg depressed but
I do not think that iodine defieiency would work 1n that way

Taurog- You mean on this partieular step, or on any step?

Rivers- On this particular step

Taurog In our Jaboratory, the admustration of 23 pc BII to rats
on a Punne Laboratory Chow diet, where the thyroid 1 uptake 15
faily low, produces after 30 days no detectable change—or mostly
no hang the of the thyroid.
Frequently, our pathologist thinks he can see nuclear changes, but 1t 13
difficult to be sure. But the follicular structure of the thyroid 1s not
changed, the T/S rati0 15 not changed, the ability of the thyroid to form
organic iodme 1s not changed. The one thing that 1s changed 15 the
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cases that you mught see an effect on rodine uptake before you see &t
effect on velease

stanley and Ast\vogd {19810, Endoerinolagy. 44, 9} measured M
humans the effect SETSIL and in their expenments they found an effect
on‘ sodine accumulation before they were able to meastre an effect &%
releasc.

B.-Gran! Workmg with Prof. Harrds ov hypophywmmxud Tabbits,
we found no evdence for a fathng oft 1n the sensitivity of the oland 20
FSH after operation, though 1 believe that when ™7 s
m the department_he obgere?

of the pdeern'® ' 7+
torry 1 th c
We certa .+ 2 wadt un eftect on the rate of release of

1Y long be ety eliect on uplake was seen in the rabbit, Howeves:
1 do not thuk these observations ase really relevant to the anest'™” f
whether TSI 15 acting prumartty xt one e st

Ialmr Dr, long, we e T
respanyeT”
examing
‘bearmng
indide pt '
w my sh . L e 03 thE pump
but ther ous growily, so that there may be
difference ity of the various enzyTnes i the esll to thyTe
tropiun.

Tauroy: Exactly.

Frazer Fave you sny data, Dr Taurog, on what happens when you
give an anumak thyrovne and {7y {0 suppress hytateophm bY that meand
vither than by ‘hypophysectomy ?

Taurag, YWe have nok dane experiments of that ot

Frasess 1t i & fact, T think rhes
vesicles,sugraet < -

Oreers - .

the thyron . awn and
nyroxine, * . wn metensed rate of weleast
withinsn taty to the 8-hout lag pertod seent when 098

measures thyroid uptake. The snereased rate of release due to TSI
persists for abont 24 hours {ollowang the Jast dose. In conirast e
sdministration af thytaine of truodothyroniae will conse 4% rapd 20
Jehibition of thytordal seeretion a3 PEH doey an METEAsE. "This seems
somewhat SUIPTISIE and 1 should therefore like to inquire whether
anyone has given TS antravencusly to human subjects to see whether
the cffect on secretion xs gone i 31 hour or two or whether there is 3
aypourlag perod I ‘there is o fong pexiod duzing which TSH sets, even
after intravenons adnvimisteation, how 1hen does thyroxme act to cu
olt thymld;d seeretion 30 rapidiy?

Fraser: 151t “teue that it does? 1 would not agree that thysoxine cuts
off the dascharge 9 rapidly

Greer? 1t has 10 057 expericnee.



FACTORS INFLUENCING THE THYROIDAL
10DIDE PUMP

. N. 5. Harmr
Depariment of Anatomy, State Unicersity of Iowa, Iowa City

Introduction

TeE efficiency of the thyroid as a producer of thyroid
hormones is 1n part due to its ability to concentrate cirenlating
iodide before incorporating it into the hormonally active com-
pounds. The nature of the thyroidal iodide concentrating
mechanism has not yet been unequivocally established.
Freinkel and Ingbar (1955) have recently suggested that it
mvolves active transport., If such is the case, the term
“thyroidal iodide pimp” (VanderLaan and Caplan, 1954) is
justified. T shall uset throughout this paper in order to avoid
more cumbrous expressions or the term “iodide trap” which
manifestly ignores the fact that much of the thyroidal con-
centrated iodide is freely exchangeable.

‘Whether the transport of 10dide into the thyroid 1s (Vander-
Laan, 1955; Berson and Yalow, 1955) or 1s not (Ingbar and
Freinkel, 1956) the sole rate-controlling step 1n the formation
of thyro:d hormeones, factors influencing this function can
greatly affect thyroid hormone output, and thereby play an
important réle in homeostasis. In this paper some of the
effects of physiological regulators and pharmacological agents
on 1odide pump activity will be reviewed, and special emphasis
will be placed on those with which we have had personal
experience.

Method

The performance of the thyroidal 10dide pump 15 custom-
anly assessed by determining the thyroid/serum radiciodide
concentration ratio (T/S) at equilibrium, after inhibition of
organic binding of iodide with a single dose of propylthiouracil

k)
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growth respense of that thyroid gland te the feeding of & goitrogen, such
&s propylthiouracil, of to the injection of exogenous TSH; so I say that
there 1s somethingsbout thestateof that tissuew hich has been affected by
the radiation, and very hikely in the nucleus, because onee ina while one
can see, histologwally, nuclear changes which I am not competent to
evaluate, but which our pathologssts think ere changes,

These changes, thes, affect the grow th response of the thyroid to TSH.
We have done considerable work on this, and so have other peaple.
Domrch, too, has found this; and way back Skanse found the same
thing, The growth response of a raduted tissue to goitrogen or to TSH
is apparently one of the most sensitive indices of radation damage thet
can be detected 1 1o other way that we have at present

¥Wilkanson - In your experiments hase you found evidence of any
biochemical lesions or rrradiation artifacts?

Taurog; The biochenucal changes which we measured were coneerned
wth 1#1—1the alnlity of the thyromd to form thyroxme. Perhaps if one
were to investigate other aspects of the metahobsm of the thyrosd ane
might find some changes produced by the trradmation. With relatively
small doses of 3t -radiation we have observed no effects on the iodide trap
or on the formation of orgamic 1odine, exther quahtatively or quantita-
tively. However, under the same condittons, there 1s a very definite
anpaitment m the abiity of the thyroid to show a growth response 10
TSH. I brought this up merely to indieate that the response of the thyToid
ta TSH 18 complex and depends on the state of the tissue, as well ason
other factors.

Goolden. As regards the effect of small doses of radiation on thyrod
funetion, 1 have been studying the effect of external uradwtion on
thyroid function n & small group of patients. These are patients with
thyroid earcinoma, who have usually had carcinomatous tissue re{n0§1d
surgically so that the residual thyrosd tissue 15 presumably functioning
normally. I wos rather surprised to find that after quite o smail dose,
zomething in the region of 500 5, there appeared to be a consistent change
1 the rate of release of hormone from the gland. This was hubited for o
period of about 5 or 6 days, after which there was a retumn to the angwnat
rate of discharge.

Taurog: This speaks again for an effect on the response to TSH after
wrradiation, doesn't 1t ¥

Goolden: Yes, 1t does

Taurog: ¥ think we estimated the dosage to our rats at about 5000 rep
It was hugher than i your expenments.

B.-Grant+ Have you mvestigated the effect on the rate of release in
the buman of uradiation elsewhere in the body ¥ Could this response yout
are seeing be one to the systematic effeets of radistion? Thytod
inhibstion as a result of whole body wrradiation has been described

i udies.
nmér';g;ds‘;: It could well be that. . |

ZGrant: Is 5008 enough to produce radiation sickness?

Goolden: No-
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Halmi (1954a) regarding the effect of graded doses of cnr}-ier
iodide on the T/S at various levels of thyrotrophic stimulation,
concluded that TSH does not act by incrcasing the affinity of
the thyroidal iodide acceptor for its substrate. APerhaps the
most plausible of the remaming possibilities is that TSH
augments the number of iodide acceptor sites. This concept 1s

v
1” CAPAGITY, MG %

womaL WeEx APERTSH 15

F1c 1 Effects of endogenous or exogenous TSH on the T/S

(white bars) and the thyroidal capacity for pumped 1odide
lack bars) of rats. (cf Halmy, 1955a.)

m keeping with (although not proved by) the observation that
the thyroid’s finate capacity for pumped iodide 15 expanded by
TSH to the same extent as the T/S for tracer doses of radio-
iodide 15 enhanced (Fig. 1) (Halmy, 1954a).

The level of activity of the thyroidal 10dide pump is deter-
mined not only by its stimulant, TSH, but also by an intrinsic
thyraidal mechanism which depresses the pump. The follow-
g findings, obtaned 1n hypophysectormzed rats, argue for
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(PTU} (VanderLaan and VanderLaan, 1947; Taureg, Chatkeff
and Feller, 1047). Although a gradient for 1odide does exist
between the unblocked thyroid and the serum of rats {Ingbar
and Fremnkel, 1956), acute blocking of organsc bindng per se
enhances the T/S (Wollman and Scow, 1053, 1955a), Wollman
and Scow (10558) have also found that T/S may be further
elevated if the dechne of blood radwiodide levels is speeded
up by the use of an excessively high blocking dose of PTU.
The TS value obtamed swith radioiodide after PTU adminis-
tration therefore does not equal the stable rodide gradient
between the unblocked gland and serum. However, if it is
determined by a standardized procedure, it 1s o useful index,
the variations of which mn all probability parallel those of the
“truc” iodide gradient. Unless otherwise stated, the iodide
pump studies included 1 this paper were carned out on
PIU-blocked thyrosds with tracer doses of radioiodide
(method of VanderLaan and Greer, 1950).

Physiological regulators of the jodide pump

The best known regulator of the thyroidal rodide pump is
thyrotrophin (TSH). The T/S of normal rats given a single
dose of PTU is about 25. Ent d output of endog
TSH due to chronic PTU treatment may raise 1t to 250 or
more {VanderLaon and VanderLaan, 1947; and others)
Hypophysectomy lowers 1t substantially (Greer, 1949; and
athers). Exogenous TSH boosts the T/S of intact { VanderLaan
and Greer, 1950) and hypophysectomized rats (Ingbar and
Roberts, 1952; Halmi ¢ al, 1953). In the latter the Jog. dose
TSH-T/S response curve 1 sigaord, and may furmsh the basis
for an assay procedure (Halm: ef al,, 1955). The mfluence of
TSH on the pump is mamfest v glands depleted of organic
{odine-contaming compounds {VanderLasn and Greer, 1950)
and therefore does not appear to be secondary to enhanced
thyroud hormone discharge, as suggested by Rawson (1949}
However, the ultimate mode of action of TS¥H on thyroidal
todide transport is mot understood. Wollman nnd Scow
(1954), in anslysing their own observations as well as those of
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thyronine on the iodide pump of Tapazole-blocked canine
thyroid slices have been unsuccessful (Fig. 2), although
Molnar and collaborators (1936) could demonstrate an
inhibition of 131 uptake by non-blocked slices under similar
experimental conditions, which suggests that the hormone does
penetrate into the slices. At present the only established

2400-CT$/100 SEC/GM TISSUE
2200
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Fio. 2. Failure of L-truodothyronine (T) to affect the uptake of radioiodide by
canune thyroud shees blacked with Tapazole (method of Molnar et al , 1956).
Each curve represents the average uptake of shices incubated in two separate
chambers. Abscissa: length of incubation T, (20ug /100 ml of medwm)
added to the experimental shices 62 minutes after the start of the incubation
arrow

effect of cireulating thyroid hormones on the rodide pump 1s
the depression which they exert by inhibiting TSH production.

Two observations apparently contradict the concepts of
10dide pump regulation thus far evolved, (a) In PTU-treated
rats administration of lower doses of thyroxine or truodo-
thyronine enhances the T/S instead of depressing 1t as larger
doses do (Fig. 8). (b} In normal mice PTU treatment, while
producing typical goitre, lowers rather than elevates the T/S.
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the existence of such a dey and delincate some of its
charactenisties: (2} The responsiveness of the thyroidal fodide
pump to exog TSH is enhanced by t mediea-

tion with PTU, which depletes the thyraudal hormone stores
(Halmi et ol , 1953; VanderLaan and Caplan, 1854). (b) The
response of the pump to a standard dose of TSH is inversely
proportional to dietary 2odime mtake {VanderLaan and Caplan,
1954; Halm, 1954b). Such 1 not the case it PTY 13 also given
(Halmi and Spirtes, 1955). This shows that the effect is not
due to the level of circulating 1odide, but rather to products
ansing through orgamfication of odwde in the thyrod. In
fact, f organie bindimg 15 blocked with PTU the titres of sexum
sodide must rise exotbitantly (to > 100 pg. per cent} before
any duninution of the T/§ becomes evident (VanderLaan and
VanderLaan, 1947; Halm, 19%4a). Moreover, this dechne of
the T/8 is due to saturation and nat to depression of the jodide
pump, since the stable rodide concentration within the
thyroid nctually increases as the serum todide titre rises,
until the capacity level 15 attamed (Halms, 1853a). (o) Both
PTIU and 1odine mtake aflect the wdide pump in hypophy-

tomized rats not recerving TSH (Halmt, 19535; Halm: and
Spirtos, 1854) This suggests that they do not mercly modify
the activity of TSH. {d) In our experience injected thyroxine
did not dimmish the sodide pump-stimulating effect of TSH
{Halm et al,, 1053).

Al the findings histed above are consonant with the hypo-
thesis that the pump s directly inhibited by one or more organic
fod fung oo ds within the thyroid (redothy-
ronines?). The actinaty of the pump 1s regulated by the inter-
play of TSH and the mtrnwc thyrodal depressor(s) (Halmi
and Spirtos, 1954, Halm and Stuclke, 19565).

We have recently re-cvaluated earher evidence for o direct
action of circulating thyraid-active substances an the odide
pamp of rats (Halwi e al., 1958} and mice (Lipner, Wagner
and Borrfs, 1954), and fuve disaussed € as inconclusive
Halrm and Stuelke, 19565). Frethem, Albert and Halmi's
(1936, unpublished) sttempts to show an effect of tniodo-
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of radioiodide in the thyroid/radioiodide in 0-1 ml. of serum”
(£/8) is suggested as an index of iodide acceptor sites per
thyroid, whereas the T/S 15 an index of their concentration in the
gland. If a goitrous tat 1s treated with increasing doses of
thyroid-active substances, the t/S at first declines less rapdly
than does thyroid weight; this leads to a mse of the T/S, as a

;
.
300
-
.
 BiE
L =

Fic 4 TS, t/S and thyroid weight of untreated or PTU-treated normal mice
and hyy

mice bearing pituitary ymplants  (Based
on results of Scow and Greer, 1955.)

corollary of the resulting increase in concentration of iodide
acceptor sites per unit thyroid weight (Fig. 8) In the PTU-
treated intact mice the t/S rises to values which are apparently
maximal for the species, but thyroid weight increases by an
even greater factor. Therefore the T/S declnes. In the
implant-bearing hypophysectomized mice the t/S responds to
PTU treatment to a somewhat lesser degree than in intact
race. However, since the weight of the gland fails to rise
materially, a “ dilution” of jodide acceptor sites does not occur
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However, in hypophysectomized mice with intraccular
pituitary implants which do not secrcte enough TSH upon
PTU administration to cause significant thyroid enlargement,
the goitrogen brings about 2 marked rise in the T/S (Scow and
Greer, 1055) (Fig. 4). An explanation of these paradoxes is

1oy ]
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Fio. 8. Dect of dases of thyrovine and trodo-

thyronmme on the TS, t/§ and thyrodd weight of PTU-

treated rats. PTU deosage mg jday from day 1-day 80,

Thytoving and tniodothyromme were injected m the

dasages wdicated from day 1)1-day 30. The rats were

Talled oa day 31. (ef Halm: and Stuelke, 19369 )

possible if one makes the plausible assumptions (a) that
activation of the iodide pump requires less TSH than main-
tenance or develapment of a goitre, and {b) that the number
of thyroidal iodide acceptor sites per thyrod cannot be
enhaneed beyond a limit, (For the purposes of this discussion
1 consider augmentation of these sites to be the essentisl
elfect of TSH on the iodide pump.) The ratio “'tolal amount
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effect of TSH on the iodide pump is 1n interesting contrast
with the rapid decline of TSH levels in the blood after the
administration of a single dose of the hormone (D’Angelo,
1935). Even more perplexingly, we have recently found,
using hypophyscctomized rats made sensitive to the action of
TSH on the iodide pump by cither several PTU injections or
prolonged fecding of a low iodide diet, that the mitial effect
of TSH on the T/S 1s one of unequivocal suppression (Fig. 5).
This is true whether the hormone is injected subcutaneously
or intravenously e are at present unable to explain this
observation, and are planning experiments which may disclose
whether the phenomenon 1s due to (a) “flooding” of the pump
with jodide derived from the breakdown of iodotyrosines
discharged from the collod, (b} actual transient inhabition of
the pump by intrathyroidal free todothyronines liberated from
thyroglobulin, or (¢) temporary binding of TSH to iodide
acceptor sites. Since the TSH preparations used (U.S.P.
Thyrotropmm  Reference Substance, Armour’s thyrotropin)
were by no means biologically homogeneous, the possibility
that the transient depression of the T/S was due to a contami-
nant must also be kept in mind. This uncertainty will only be
resolved when pure TSH becomes available.

Pharmacological effects on the thyroidal iodide pump

The effect of certan anions on the thyroidal 10dide pump is
of considerable interest. It has been known for a number of
years that thiocyanate interferes with the active accumulation
of iodide by the thyroid and also discharges pumped iodide
from the gland (Wolff et al., 1946; VanderLaan and Vander-
Laan, 1947). Wyngaarden, Wright and Ways (1952) have
shown that perchlorate is even moare potent mn this regard.
The use of sodium perchlorate (100 mg. or more per rat) has
enabled us to inhibit the 1odide pump of the PTU-blocked
thyroid completely and to study the jodide diffusion space of
the gland. This space does not equal such anatomically
defined compartments as the stromal space, the water space
of stroma plus cells, or the total water space of the thyroid
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and the T/S rises (Fig. 4). It 1s clear that changes in thyroid
weight may render the T/S an unreliable mdex of iodide pump
activity. If the /8 1s used as the index, both paradoxes dis-
cussed fall in hine with the previously presented fundamental
scheme of iodide pump regulation.

i vz nes soane ©
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Fio. 5 Initial depression and subsequent rise of the T/S
wn hypephysectomszed rats given 8 single subcutaneous
injection of TSI (0 0 USSP unit). The rats were fed a
low 10dmne diet {Remington) for 15-10 days, starting 5
days ofter the operation Number of rats per group m
parentheses, Intervals ndicated are between injection of
TSH and saersfice  Vertseal knes. standard etrars

It has been reported that a smgle subcutaneous injection of
TSH does not raise the T/8 of hypophyscetomized rats for at
feast 6 hours, and that the maximal effect of a dose of TSH on
the iodide pump does not become manifest until 1-2 days
after the injection, whether hypophysectomized (Halmi et al,
1953) or normal {VanderLaan and Greer, 1050) rats are us'cd.
This nlso holds true if TSH is given intravenously. Thesluggish
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fraction did not occur between ¢ and 24 hours after the
injection of the tracer (Fig. 8), which means that the concomi-
tant nise in the T/S must have been due to falling blood radio-
iodide levels. The ™I taken up by the jodide pump of
PTU-blocked thyroids appears to be in at least two forms:

freely exchangeable, perchlorate-dischargenble radioodide,

w
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which 15 in equibbnium with serum radioiodide, and a more
inert fraction, which 1s neither i equlibrium with serum
radioiodide nor dischargeable with perchlorate. Preliminary
studies regarding the chemical nature of the latter fraction
have been performed by Dr. Jack Gross. We sent him saline
homogenates of rat thyroids in which orgame binding had been
blocked with chronic PTU pretreatment, and which were
obtained at necropsy 24 hours after 1 admnstration. The
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{Fig. 6). It 1s comparable in magnitude with the iodide space
of some other organs (e.g., salivary glands, spleen) which are
pot'nm:vted by perchlorate. TSH has no effect on the thyroidal
iodide diffusion space (Halm, Stuelke and Schnell, 1956).
We have also found that even 200 my. of sodium perchlorate

.
g+
2
7
34 i
et
il 1
3+
e
£ " *
g+ |3 4 3 3
. £ H H H
o+ |z g H £
£ i 5
B i £ 5 b

fails to discharge all pumped iodide from the thyreids of PTU-
treated rats (Halmi and Stuelke, 1956a). If the perchlorate
was given after 1, the T/S was never ss low as when its
administration prececded that of 1. The concentration
ratio “spon-dischargeable thyroidal 21 /serum 3" increased
with the length of stay of ¥¥ in the thyroid (Fig. 7), although
an actual accumulation of ¥ in the non-dischargeable
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apparently arose under the effect of perchlorate showed little
electrophoretic mobility in barbital buffer at pIl 8:6, and

dioxan-ammona solvent front. The peak betwéen Fand T, in Experi-
ment 11 ) (arrow) 1s an artifact (By courtesy of Dr. Jack Gross }
thereby differed from rat thyroglobulin-1311 (Robbins and

Rall, 1952). Elueidation of the chemical nature of this fraction
requires further studies.
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three groups of animals were given perchlorate 1 hour (Exp
II 1), 2 hours (Exp. II j) and 38 hours (Exp. II k) before
sacrifice, respectively. The T/S was not significantly different
in the three groups (cf. Fig. 7). In the chromatograms (Fig 9)
two peaks of radioactivity were found: one in the region of the
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I 3
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1~ : b 20
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2 2 HRS AFTER PERCHLORATE
4 24 . «  RADIOIODIDE
Fio. 8 Failure of the concentration of 1911 not discharged
by perchl A bt while
the T/S « (white
bars) Tise \lorate
1nyections with
s, {ef

iodide carrier and one at the origin. The latter peak increased
at the expense of the former pari passu with the duration of
perchlorate action. Apparently perchlorate in some manner
brought about protemn-binding of the 131 fraction which it
farled to discharge. Prior to the application of perchlorate the
non-dischargeable 131 may have been present enttrely as
jodide contained in a second 10dide compartment, but this
idea remains to be proved. The protein-bound I which
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than the thyroid, such as salivary glands, stomach and
mammary glands (Honour, Myant and Rowlands, 1952).
The existence of a salivary iodide pump in the rat is doubtful
{Halmi, Stuelke and Schnell, 1936). The active gastric 1odide
pump of this species is similar to its thyroidal counterpart
in so far as 1t too is inhibited by perchlorate (Halmi, Stuelke
and Schnell, 1956), but in hypophysectormzed animals the
gastric jodide pump failed to respond consistently and
significantly to TSH doses which elevated the T/S tenfold or
to combined PTU-TSH treatment which raised the T/S by a
factor of 40 (Fig. 10). Brown (1956) has also found that gastric
clearance of 10dide 1s not affected by TSH.
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the animals with transplanted pituitanes than in normal amimals
similarly treated. Such an explanation scems perfeetly reasonable.

However, I do not feel this has much bennng on the question as to
whether there are one or two thyrotr The

LeteIolupic PILWILATIES Luan I 19 1 My pupnyseclolied mce. it
therefore quite unlikely that the iodide-concentrating mechanism is the
rate-limiting process here. I do not believe that the evidence as yet
permits us to explain the thyroidal effects of heterotopic pituitartes on
the basis of differential sensitivities of certamn processes to a single

y this may prove to be the case.
Halmi: 1 have confined myself to the lodxde pump, but have not
that the of iodide 15 the rate-
Limiting step in thyroid ion, It does not

appear to be that mn the rat and the mouse. I believe that Dr Greer’s
findings of an almost intact jodine-binding capacity of the thyroids in
the mice with implanted pituitaries may mdncate that steps of thyroid
such a concept comes to the fore.

Pochin+ On this question of 1odme swhich 15 not dischargeable by
perchlorate, 1t would be very nice if you could find a species In which

Srabinm fe 4T ol o gt T Ve n e 2 A s

would do. . oo
Taurog: Has anyone investigated the dog for salivary 111 concentra-
tion? 1 think the dog is quite easy to get sahva from, and 1t would be
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DISCUSSION
Taurog: 1 am interested in this material that remained at the qngin
of these chromatograms and I wonder what the nature of the materialis
Do you think 1t is a protein-bound iodide?
Halmz. We don’t know.
- Tl Th wetLoaww oo 3 ooaeeteew teajned
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THE “FEED-BACK"” HYPOTHESIS OF THE
CONTROL OF THYROID FUNCTION

K. BrowN-GRANT

Chemical Defence Expersmental Estoblishment,
Porton, Willshire

PossisLy the earhest indication of the existence of a
functional relationship between the thyroid and the adeno-
hypophysis was an account of pitwitary enlargement in a
series of goitrous cretins (Ni¢pee, 1851). Since then a multitude
of studies have provided detailed evidence of this relationship;
D’Angelo (1955) has recently reviewed the development and
present status of this concept. In the absence of the pituitary
thyroid activity falls to very low levels and the gland appears
to possess, at best, only minimal powers of autonomous regula-
tion in response to such stimuli as iodine deficiency (Chapman,
1941; Goldberg, Greep and Nay, 1953) or cold (Wolf and
Greep, 1937). The value to the organism as a whole of such
changes as are described remains unestablished Other
extra-pituitary regulating systems have been proposed. The
plasma iedide level or more probably the ntra-thyroidal
iodide level has been shown to influence both the jodide-
trapping mechanism and the organic binding of 1odine in
normal and hypophysectomized animals (VanderLaan, 19555
VanderLaan and Storrie, 1955). The admistration of thy-
roxine has been claimed to decrease and goitrogenie drugs of
the thiouracil type have been shown to potentiate some of the
effects of exog TSH in hypophy ized animals
(Cortell and Rawson, 1944; Halmi and Spirtos, 1954). It has
also been suggested that the rate of peripheral extra-thyroidal
destruction of TSH may modify thyroid activity (Gyllensten,
1953; D’Angelo, 1955), These observations are of great

interest and have led to the acquisition of much detailed
TaTROID—5 o7
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Pochin: In man, Rowlands and others have investigated and failed
to' find any :lz'ange,'.u§lxn.g_injected TSH, in the concentration ratio

e ]
matenals? ¥ .

Halmi: We have not but perhaps 1f Dr. Albert will find somebody to
Tun the gravity flow incubator for him, we shall{

Albert: Diiodotyrosine has been tried; it 15 meffective in the thyroid
slice. Thyroglobulin has been tried and it, too, was ineffective. So far,
nothing that we have tried either singly or in collaboration with Dr.
‘Halmi has inhibited the thyroidal iodide pump.

Barker. Perhaps Robbins and Rall's polymer of monoiodotyrosine
may play a role; they first found it 1n serum from 3 T-treated thyroid
carcinoma patients and then in the giand itself. The existence of a
polymerized form waould not be ruled out by the lack of response to the
free ammno acids because the gland simply does not take themup.

Halmi: There 15 no ewvidence for the chemistry of the mhibitor
whatsoever. But the imeffectiveness of the exogenously administered
free amino acids doesn’t mean that endogenous free amino acids are not
the inhjbiter,

Barker: But that 1s the pont~—the gland does not seem to take up free
amno acids.

Haimi: Under the of the shee i Dr. Albert and
his collaborators have found that 1f you do not block the shee with
propylthiouraeil you do get an inhibition of 31 uptake with thyrog!
buhn and thyroxine and triiodothyronine. I hope this will be rcpeated
with tribromothyromine where you cannot make the objection that you
are introducing jodide

P.-Riters: Is it perfused thyroxine?

Halmi: Yes, drip perfused. N

P.-Riters: How fong does it take for a complete change of the thyrovine
solution in the compart'ment‘?

PG I

Ao nb e onbn v dlncTeng  Afact af the

" 4 e cnon macbadly stk emall dacee af thyrayme ar trodothve

$des. . .
g;‘:‘:’:"f ﬂo: nany animals did you have in this experiment?

Halmi: Seven to ten snimals per group.
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led many workers to abandon this and other unitary theories
of the control of ACTII secretion and adrenocortical activity
(Harris and Fortier, 1954; Harris, 1955a). The validity of a
similar ““feed-back” concept as applied to the thyroid will be
examined in the light of recent studies.

Changes in the thyroid induced by
a deficiency or an excess of thyroid hormone

(1) Deficiency of thyroid hormone

When the synthesis of hormone is prevented by the ad-
munstration of gortrogenie drugs the result, as 1s well estab-
lished, is an increased seeretion of TSH by the pituitary and a
series of striking changes 1n the thyroid ensues. The sequence
of events can be readily interpreted in terms of the “feed-
back” hypothesis. D’Angelo (1855) presents the evidence on
this point, though omitting the elegant studies of Dempsey
and Astwood (1943) These workers showed that higher doses
of thyroxine were necessary to suppress goitre formation under
conditions of increased peripheral utilization brought about
by exposure to reduced environmental temperature. The
effects of partial thyroidectomy have recently been re-
examined 1n the rat by Logothetopolous and Dontach (1955).
While they report no unexpected findings, they have confirmed
the older work and added additional quantitative data on the
changes mnduced. Their results are consistent with the hypo-
thesis of control discussed here.

(2) Ezcess of thyroid hormone

The effects of exogenous thyroxine have been nvestigated
in detail in the rabbit using the tate of release of 131-labelled
thyroid hormone from the gland of the conseious ammal as an
ndex of the level of thyroid activity The technique employed
has bee'n fully deseribed by Brown-Grant, von Euler, Harris
and Relc}ﬂin (1954) A single injection of 100 pg of sodium
L-thyroxine resulted in a prompt and complete inhibition of
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information about certain Jimited aspects of thyroid funetion.
It has yet to be shown, however, that any of these mechanisms
play any significant part in the regulation of thyroid activity
in the normal ammal. In the present paper, therefore,
attention will be concentrated on the interplay of the thyroid
and the pitwitary as the major homeostatic mechanism for the
thyrod.

EXTRA-THYROIDAL
DESTRUCTION

THYROID HORMONE
T30 1. The conventional “feed-baek™” mechanism.

T.—hypothalamus ~ P —anteror pitutary,  P.V.
portal vessels TSH-—thyrotraphic hormone T.—thyroid.

Early observations of the atrophy produced by the adminis-
tration of thyroid hormone and of the compensatory hyper-
trophy after partial thyroidectomy, accompanied by changes
in the blood and uninary levels of TSI, led to the formulation

s

attempt to maintain. a constant level o1 thyrola nuimwte i
the Plond {Hoskins, 1049). The essence of such a system is
illustrated in Fig. 1. Similar schemes have been suggested
for the control of other cndocrine glands, notably for the

adrenal cortex (Sayers, 1950). Subsequent work, however, has
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methylthiouracil gave the same value for the delay in onset of
inhibition (Reichlin, 1954). The delay between the intraven-
ous injection of TSH and the onset of an increased rate of
release from the rabbit thyroid has been established as about
one hour (Brown-Grant et al., 1954; Reichlin and Reid, 1935);
allowing for the time involved in the absorption of thyroxine
after subcutaneous or intraperitoneal injection, 1t will be seen
that the pituitary reaction to a raised blood level of thyroxine
is far more rapid than had been suspected, as indeed 1s the
speed of response of the thyroid itself.

Apart from the rapidity of reaction of the thyroid-pituitary
system the second finding of interest concerned the sensitivity
of this system. The release of 331 from the thyroid was
determined over an imtal control period during which daily
1njections of 0-005N-NaOH were given. The effect of daily
injections of thyroxmne or triiodothyromine in 6:0058-NaOH
was then observed. Beginning with a dose of about 12 pg./day
a slowing 1n the rate of release was observed; as the dose was
increased by 1 or 2 pg./day, the rate of release was reduced
still further until at a dose of about 16 pg./day complete
inhibition was produced. Reduction of 1 or 2 pg./day per-
mitted the release of ¥1I from the thyroid to begin agam after
a delay of about 24 hours, and increasing the dose again by the
small amount resulted 1n a second period of complete nhibi-
tion (Brown-Grant, 1955b).

Both the speed of action and the sensitivity of the thyroid-
pituitary axis in the rabbit were demonstrated 1n these experi-
ments using the rate of release of 131 from the thyroid as a
measure of thyroid activity, It seems doubtful if these ob-
servations could have been made using any of the techniques
for measuring the uptake of 131 that have been described.
The relative sluggishness of changes in uptake has been
mentioned previously in connection with the effect of thyrox-
1ne; as a further example the effect of hypophysectomy may be
quoted. Whereas the release of 13! falls to very low rates
within 4-8 hours of operation in the rabbit (Brown-Grant
et al,, 1954), - =11 Y .+ w. " " land onlv falls
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the release of radioiodine from the thyroid, lasting for 50 to
100 hours (Fig. 2). The use of the *release-curve” method
enabled certain aspects of the *‘feed-back” mechanism to be
more clearly appreciated than had previously been possible.
The delay between the mjection of thyroxine and the onset
of inhibition was determined by extrapolating the line through
the pomts obtained during the period of inhibition and the
preceding control period. In nearly two-thirds of a series of

100

THYROID
Pz

50

Sy
o 100 200 240
HOURS.

F16. 2. The eflect of thyroxine (80 injerted subcutaneously at T) on the
rate of release of thyroidal #¢[ in the rabbit © hr —48 hr. afier injection of
3 e of M. (From data of Browa-Grant, 1855a.}

nineteen experiments, the delay was found to be less than two
hours. Although the reaccumulation of 311 from degraded
thyroxine was found to be only 10 per cent in rabbits under
the conditions of these cxperiments (Brown-Grant, von
Euler, Harris and Reichlin, 1954), the observation that the
uptake of #311 by the rabbit thyroid 1s only slowly affected by
yariations in the level of TSH stimulation (Brown-Grant and
Gibson, 1655) raised the question of whether continued uptake
of 111 after release from the gland had ceased might vitiate
this estimate of the delay in onset of inhibition. However,
experiments performed on rabbits in which repecumulation of
1] by the thyroid had been blocked by the administration of
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also described a slight but probably signilicant decrease in the
PBI of intact cold exposed rats at a time when thyroid activ-
ity was unequivocally increased, thus confirming the findings
of Ershoff and Golub (1951). Similarly, Gottschalk and Riggs
(1952) report a slight fall in the PBI of a small group of
American soldiers in the Arctic, while Stevens, D’Angelo,
Paschkis, Cantarow and Sunderman (1935) found no change
or a slight fall in cold-exposed guinea pigs in which the BMR,
thyroid weight and the rate of release of 311 from the thyroid
were markedly increased. Thus an increased rate of peripheral
utilization resulting i a lowered blood level of hormone, may
act via the “feed-back” mechanism to produce increased
thyroid activity in the cold. More information is desirable,
however, on the rate at which this fall in peripheral PBI
develops and also as to its magmtude. However, both the
sensitivity of the system and other factors to be discussed
later should be considered before alternative explanations are
sought for the changes observed in the cold,

Changes in thyroid activity induced by
other experimental procedures

In this section the effects of emotional and physical stress
and of high doses of cortisone or stilboestrol on the thyrod
funetion of rabbits will be discussed

Earlier work had shown that the above procedures led to a
reduction in the rate of release of thyroidal radioiodine
(Brown-Grant, Harns and Reichlin, 1954, b) and subsequently
it was shown that they also produeed a decrease in the 10dide
clearance rate of the thyroid (Brown-Grant and Gibson, 1955;
Gibson, Harns and Skynner, 1954). On the basis of these
observations and the information available in the hiterature,
which is summarized in the above papers and by Harms
{(1955a), 1t seemed probable that the mechamism of these
changes was a depression of pitwitary TSH secretion, It was
therefore of some interest to know whether these changes
could be mterpreted in terms of the conventional “feed-back”
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to its final level after some 10 to 14 days (Brown-Grant and
Gibson, 1955),

(8) The effect of cold

It is unfortunate, therefore, in view of the rapidity with
which changes in thyroid activity have been shown to follow
inerenses in the level of eirculating hormone that the majority
of studies on the reaction of the gland to cold have been
relatively long term experiments. Such acute studies as have
been made were for the most part concerned with the response
of the thyroid to extreme degrees of cold {about 0° C), and
both in the rabbit and in the rat, these very low temperatures
have been shown to be a less effective stimulus to the thyroid
than moderate degrees of cold. This may be because severe
cold is an effective stimulus of ACTH release. A fuller discus-
sion of this point will be found in Harris (19554, b) and
Brown-Grant (1956).

The available evidence, however, gives some support to the
thesis that a decrease in the level of cireulating hormone may
be the proximal cause of increased TSH secretion and thyroid
activation in the cold. The time relationships involved—an
increased rate of release from the thyroid 1s observed after 4-8
hours cold exposure n the rablnt and the rat (Brown-Grant,
1956)—are withm the limits set by the speed at which the
pituitary 1s known to be capable of responding. An increased
rate of peripheral utihzatton or disposal of thyroid hormone is
well established (Dempsey and Astwood, 1913). Bondy and
Hagewood {1952) showed that a marked fall in stable (1271)
protein-bound 1odine was cstablished 15 hours after cold
exposure in intact rats; their additional observation that an
even more marked fall was observed n thyroidectomized rats
maintained on constant doses of thyroxine shows that ths is
due to an increased rate of peripheral utilization. The
studies of Rand, Riggs and Talbot (1952) confirmed the
incrensed rate of utihzation of hormone in cold-exposed rats
and the increased daily dosage needed to maintain normal con-
centrations in thiouracil-treated animals in the cold. They
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the total activity was in this fraction. The highest absolute
concentration was usually observed between 48 and 60 hours
after injection, that is between 12 and 24 hours ofter the time
of peak thyroid content (Fig. 3). From this point on, the
PB™I level, after correction for isotope deeay, declined
exponentially with a half time constant that appeared to be
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Fic, 4 The effect of TSH (2 mg USP equivalent subcutancously
at | ) on the rate of release of thyroidal radioiodine and PBHII levels
(From Brown-Grant, 18935z )

1dentical, within the limits of experimental error, with that
of thyroidal radiciodine.

TSH administration (2 mg. U.S.P. equivalent subcutan-
eously) produced a marked rise in PB11I ahove the predicted
level; following the rapid discharge of radiolodine from the
thyroid, the rate of release fell to almost zero and this period
of *compensatory intubition™ persisted until the elevated
PB' level fell to or below the predicted level (Fig. 4). This
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hypothesis, and experiments designed to permit the simul-
tancous measurement of the blood level of hormone and the
activity of the thyroid were performed.

(1) The technique and its application

Full details of the method may be found elsewhere (Brown-
Grant, 1955a). Bnefly, rabbits were injected with a large
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To show the parallehsm of the thyroid »*!I content and the

Fie. 8
PB™I level of the penpheral blood 0 hr.—18 hr. after the injection of
40uc of ¥ (From Brown-Grant, 1955 )

(40 pc) dose of carrier-free radioiodine and the rate of release
of 15t from the thyroid studied by in vivo counting for ten to
twelve days, begmning 48 hours after injection. Daly
measurements were made of the plasma PB!*1 (trichloracetic
acid precipitable radioactivity). In preliminary experiments,
a sigmficant proportion (about 5 per cent) of the total plasma
radioactivity was found in the PB¥I at about 4 hours after
tion. From 80 hours onwards more than 90 per cent of

injec
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causing a rise in blood hormone levels and consequent inhibi-
tion of TSH secretion.

(8) The effect of cortisone and stilboestrol

Injection of cortisone (5 mg. twice daily for three days) or
stilboestrol (5 mg.) produced the expected complete temporary
inhibition of release (Fig. 6) In both instances this was assoei-
ated with a fall in PB'3 levels followed by a return to normal

4 o 150 300 30

HOURS
Fic. 8. Injection of stilboestrol (5 mg subcutaneously at | ) results
m an inhitition of the release of thyrmdal ¥ and a fall in PB1Y
levels (From data on Brown-Grant, 1955a j

levels when release began agamn. Similar arguments can be
adduced, as 1n the case of the stress experiments, to show that
the changes n thyroid activity occur not in accardance with a
*“feed-back” mechanism but rather that such a mechanism
should be acting to oppose the observed changes.

The evidence, then, is that any variations in the rate of
peripheral utilization of thyroid hormone that may oceur
under conditions of stress or the mfluence of cortisone or
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was followed by a resumption of ¥ release. Such an experi-
ment provides additional evidence for the delicate control of
homeostasis afforded by the ‘“feed-back” system of the
thyroid pituitary axis,

{2) The effect of stress ,

Rabbits, were subjected to forced immoblization for 48
hours (emotional stress) or laparotomy under ether anaes-
thesia (physical stress) during the course of an experiment

s00
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Fio, 5. The effect of “emotionl strems (foreed ymmobilzation) on
the rate of release of thyroidal 11 in the rabbit. Note the associated
fall in PI'"™[level (From Brown-Grant, 19550.)

(Fig. 5). The expeeted inhubition of the release of thyroidal
radioiodine was observed, and was associated with a fall in the
PR below the predicted value. VWhen the release of %1
began again, blood levels returned to normal. Thus the de-
crease n thyroid activity was associated with a reduced level
of circulating hormone in the peripheral blood. Tt does .not
appear possible that the inhibition pr})dlloe.(l by these particu-
Jar stimuli can be related to changes in peripheral metabolism
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without theinterventionof thehypothalamus. Evidencefor this
statement has been obtained from work in two laboratories.
Von Euler and Holmgren (1956a, b) working in Stockholm
have studied the effect of intrapituitary and intrahypothalamic
injections of small amounts of thyroxine I1n conscious rabbits
on the rate of release of thyroidal radioiodine. They showed
that, whereas injections into the hypothalamus had no effect,
intrapituitary injections caused a marked nhibition of re-
lease. The dose of thyroxmne nceded to elieit this effect
produced no change mn the rate of release when injected
systemically. Rabbits were also studied i which, after
hypophysectomy, pituitary tissue from the animals own
young had been successfully implanted 1n the anterior chamber
of the eye. In all cases in which viable tissue was found to be
present at autopsy, the injection of thyroxme was found to
produce a temporary inhibition of 1311 release from the thyroid.
Simultaneously studies were bemng carried out in Professor
G. W. Harnis’s department at the Institute of Psychiatry,
London, on the thyroid function of rabbits in which the
pituitary stalk had been cut and precautions taken to prevent
the regrowth of the portal vessels (Harms, 19555; Harris.
Reichlin and Brown-Grant, 1955). Ameong other findings, the
most important for the present discussion was that in none of
the nineteen animals studied was the imhibitory response to the
injection of thyroxine abolished, despite the absence or gross
Teduction of the vascular connections between the pituitary
and the hypothalamus. It appears, then, that the pituitary
can respond directly to an excess of thyroxne and indepen-
dently of the hypothalamus. In neither group of experiments
was any diminished sensitivity to thyroxine revealed as com-
pared with intact animals.

A hypothetical model of the hypothalamic—pituitary—
thyroid axis

Four separate series of observations have to be considered.
Furst, those reactions of the thyrmd which can easily be
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stilboestrol are not effective, under the conditions of the
experiments described above in causing changes in PBI that
could explain the results obtamed. Other observations support
this view; thus Enpstrom and Markardt (1955) and Ingbar
and Freinkel (1955) found that cortisone (or ACTH) had ne
effect on the rate of metabolism of exogenous thyroxine in
treated cases of primary or sccondary myxoedema, and
Engstrom and Markardt (1954) found that oestrogens had
no effect on PBI Jevels in these cases. Lashof, Bondy, Sterling
and Man (1954) observed no effect of strenuous exercise on the
rate of radiothyroxine metabolism in intact men, and suggest
that the decreased metabohism observed after forced swimming
of thyroidectomized rats in earlier work (Bondy and Hage-
wood, 1052) was due to the raised temperature of the water
(27° C). Therr observation that large doses of cortisone de-
crease the metabolism of thyroxine in thyroidectomized rats,
however, does not appear to have been either confirmed or
denied by any further investigations in this species.

The site of action of thyroxine

A simple “feed-back” does not seem to provide a mechan-
ism for the second group of experimentally induced changes
discussed above. However, more detailed examination of the
site of action of thyroxine may enable these two groups-of
findings to be reconciled in a single hypothesis. Fig. 1
of this paper presents the essence of a “feed-back™ mecha.n~
ism, applied in this instance to the thyroid-pituitary axis;
with appropriate modifications this could also represent, at
Ieast in part, the relationship of the gonads or adrenals to the
pituitary, It will be noted that the target organ hormone
level is represented as aeting both upon the hypothalamus and
upon the pituitary directly. Until recently there was no
evidence to suggest which of these two alternative sites was
the true point of action or whether both were involved, It can
now be stated definitely that alterations in the b].ond ]ev.:cl of
thyroid hormone can react directly upon the anterior pituitary
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blood supply to the anterior pituitary is portal vessel blood
{Harris, 1955a). Anatomically, this arrangement would appear
well adapted to act either as suggested here or in the transfer
of the postulated neurchumoral transmitter substances, There
is evidence that the hormone brought to the region of the
primary plexus (median emimnence) can be removed from the
blood and concentrated there and in the posterior pituitary.
Several workers have described a Jocalization of radioactivity
in this region after the injection of radiothyroxine (Gross and
Pitt-Rivers, 1952; Courrier, 1952), and this has been shown
chromatographically to be due to thyroxine. Tritodothyronine
is similarly concentrated in the rabbit (Taurog, Harris, Tong
and Chaikofl, 1956). That this concentration does not occur
in all species does not ily lude the p of a
mechanism for reducing the hormone content of the portal
vessel blood, as the abstracted hormone may be more rapidly
metabolized or returned to the general circulation in these
species.

If the concentration of thyroid hormone in the blood
supplying the pituitary 1s normally reduced by a constant
amount during its passage through the primary plexus of the
portal vessels, the antenior pituttary will be accustomed to an
environment of lower content than the general blood level.
Certain of the exp al find d d earlier may he
re-examined on the basis of this hypothesis. Transplantation
of the prtuitary or pitwitary stalk section, followed by the
establishment of a non-portal blood supply to the gland, will
result 1n 1ts exposure to blood of a higher hormone content
(Fig. 7). This could be at least a partial explanation of the
reduced thyroid activity observed under these eircumstances
(Schweizer and Long, 1950; Harris and Jacobsohn, 1952;
Greer, Scow and Grobstein, 1953; von Euler and Holmgren,
1956b, for transplants; Westman and Jacobsohn, 1938;
Westman, Jacobsohn and Okkels, 1942; Drohn, 1945;
Barrnett and Greep, 1951; Harris, 19554, b, for stalk section).
Hypothalamic lesions without damage to the portal vessels
may also result in thyroid hypofunction (see references




110 K. Browx-Graxt

expluined on the basis of a “ feed-back ”” mechanism; secondly,
the reactions to oestrogens and adrenal steroids, and to stress
which cannot apparently be so explained; thirdly, the evi-
dence that firmly establishes the capacity of the isolated
prturtary to respond to changes in the blood level of thyroxine.
Finally, there is the considerable body of evidence that the
hypothalamus s concerned i the regulation of thyroid
funetion, its effects presumably mediated 1 some way through
the portal vessels. The older work suggestise of such control
has been presented by Harns (1948, 1958a) and the reeent
studies of Greer (1951, 1952) and Bogdanove and Halmi (1958}
in the rat, Ganong, Fredrickson and Hume (1955} (dog) and
Fortier, Harns and MacDonald (unpublished) m the rabbit
have established beyond ble doubt that certamn hypo-
thalarme lesions reduce the level of thyrowd sctiwty and
dimmmsh the response to varous stimuli such as thionrscl
treatment The final step, the demonstration of increased
thyroid activity followmng electrmeal stimulation of the
hypothalamus, has been recently achieved (see Hams and
VWoods, 1956).

The following specnlative attempt to combune these findings
is based on a suggestion made to the author and Professor
Harns by Dr. Curt von Euler mn 1932, 1t must be emphasized,
however, that the responstbihity for the present digression mto
the realms of speculation 13 solely the author's. The essence of
this hypathesis 15 that the réle of the hypothalamus in the
control of pttwtary TSH secretion 1s to remove thyroid
hormone rom the arterial blood supplying the primary plexus
of the hypophysial portal system and so expose the pituitary
to blood of a modified thyroxd hormone content. Certain
details and conseq es of this hypothesis will be considered.
First, and primarily, it 1s elear that the anterior prtwtary
sceretion of TSH can alter 1n response to changes m the
thyrod hormone content of the blood to which it is exposed.
Secondly, the vascular anatomy of the region appesrs ad-
mirably sdapted to permit such a functional relationship; in
forms (c.g. man and rat) virtually the whole of the

several



“Feep-Back” HyYPOTHESIS 113

compatible with this view, Cortisone and physical stress do

still appear to be effective after stalk section or transplanta-

tion of the pituitary (Brown-Grant, Harns and Reichlin,

1955; von Euler and Holmgren, 19565) but 1t 1s possible that
o o
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cortisone may exert a direct effect on the thyrod which is not
connected with either a reduction 1 pituitary TSH secretion
or the response of the thyroid to either exogenous or endogen-
ous TSH, while laparotomy may alter the sensitivity of the
gland to TSH (Brown-Grant, Harris and Reichlin, 1955),
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previously cited), and the mechanism here may be the destruc-
tion of those parts of the hypothalamus responsible, possibly
by some ruetabolic pracess, for the reduction of portal vessel
hormane Jevels. Electrical stimulation could act by enhancing
this process, lowering the level abnormally and henee stimulat-
ing the pituitary to scerete extra TSH (Fig, 7).

The reaction of the thyroid to variations in the systemic
level of hormone can occur without this mechamsm, In the
intact animal, however, 1t appears that it may play a réle
synergistic to the general change. Thus the response to
goitrogen administration 15 diminished in rats with hypo-
thalamic lesions {Greer, 1952; Bogdanove and Halmi, 1953}
or after stalk section {Barrnett and Greep, 1951). The re-
sponse to cold, as was suggested earlier, may occur as a result
of & fall in the systemue level of hormone. Increased sctivity
of the hypothalamus could be of importance in additionally
reducing the level 1n the blood to which the pituitary is
exposed. This might be a more rapid process than the fall in
penpheral levels. Abolition of part of this dual mechanism
could result m a less sensitive response to cold exposure and
explain the failure of Uotila {1940) and Brolin (1945) to detect
signs of hyperactivity m stalk sectioned rats in the cold and
the reduced response observed by Barrnett and Greep (1951}
Von Euler and Holmgren (19565) found no merease in thyroid
activity when rabbits with ocular transplants of the pitmtary
were exposed in acute experiments; longer exposure might
have eliited an increase via the possibly more sluggish
mechamsm of a f2ll in systemic PBI levels,

Finally, the changes in thyzoid activity produced by corti-
sone and oestrogens in large doses or by stress could be the
result of these infl ing a reduction in the extent to
which the hypothalamus lowers the portal vessel blood level
of hormone, with subsequent depression of pituitary TSH
secretion in response o a rased level of hormone despite the
presence of a lowered systemie level. Oestrogens and emotionsl
stress no longer reduce thyrowd activity after pxtuxtary'stu{k
section in the rabbit (larris, 1955a, b), a finding which is
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This highly speculative attempt to provide a working
hypothesis of the functioning of the hypothalamic-pituitary-
thyroud axis (Fig. 7) has been presented only in the hope that
its shortcomings may be quickly exposed and a more vahd
and better-founded one replace it. In its defence can be offered
only its superficial consistency and the fact that at least two
aspects are readily open to expernimental investigation. The
techmeally difficult, but not impossible, problem of the
collection and assay of portal vessel blood for its content of
stable or radioactive thyroid hormone could disprove the
essential basis of the theory very quickly. The second has
already been investigated on a limited scale; that is the
determination of the uptake of thyroid hormone by the median
emunence and posterior pituitary under different physiological
conditions. To date, such information as 1s available tends
rather to support the thesis developed n this paper, in that,
although the uptake of radiothyroxine by the bram in general
is decreased in thyroidectomized rabbits, the uptake by the
tuber cinereum 1s unaflected and that of the posterior
pituitary 1s increased (Harper and Mattis, 1951; Taurog,
Harris, Tong and Chaikofl, 1956). In contrast the uptake in
hyperthyroid animals 1s reduced (Harper, Mattis and Bochne,
1952).
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. e [ TR R

we quite agree that the anterior pitutary 1s not the only site of regula-
tion We do not share von Euler's conclusion that the direct action of
thyroxine on the anterior pitwitary 1s the only way whereby thyroxine
regulates thyroid secretion,

B.-Grant, T do not tlunk Prof von Euler contends that the action of
thyroxme on the antenior pitwitary 15 the only regulating mechamsm.
He observed, for instance, that 1n hus transplanted animals he abolished
the effects of cold or emotional stress on thyroid activity.

DeUTanl, XOU Cellilily du see @ cllange In the slope it you block the
Pland with Ahonsmnnd hols a8 nro e b it Sdel B
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rabbit. Using three different methods, we found that sbout 10 per cent
of the radioactive jodine scereted in the form of hormone was degraded
and reaccumulated by the thyroud in the form of 1. That means thata

. " a

release, whereas,inpomtof fact,
in the rate of release. $o the effects, 1 that instance anyway, of changes
in reaccumulation do not help you at alf to explain your experimental
findings,

Gross: 1 thiok Dr. Brown.Grant's suggestion of the hypothalamic
region as o thyroid hovmone clearer )5 & very interesting one. In thys
connection, we have some time studies on the concentration of tr-
iodothiyromine 1n the rabbit, the gumea pig, the rat, and a few seat-
tered observations in the monkey. What we find 15 that n nll these
species, with triodothyronine, one can demonstrate concentrations m the
anterior and postenior pituitary, and possibly alse i the hypotbalamus.
¥ith the rabbit it s rather nice; the tune cun e for the posterior pitwitary
rises nbo.\:e and stays aboye that of the auterior pituitary. Tius wou&d

B-Grant: Have y0u sny suguestions s L Uie PUssiuse 16stul us tapos
ments on blood collected from the cut stalk to see whether it has a
different content of thyroid hormone from the artenal blood? Portal
vessel blood has been collected 1n the dog for othet reasons, and it was
attempted 10 Prof. Harns's department on the rablut It certawmnly can
be done although it 15 dafficuit.

Gross: A logeal experiment, which 1 think you suggested, would
he to do stall sections and see whether in the ease of truodothyronine
there 15 s depression of entry of radioactivity into the anterior
pitutary. .

B -Grent: Your findwg of an creased content in tl\ﬁ anterior
B

tiyrord hormane 15 Yagrovine,
Gross: Quite nght. 5 N B
Harris: YWhen you say triiodothiyronine 1s concentrated in the anterior
10be, do you mean above plasta level?
Gross~ Several-fold above plasma, These are unequivocal concentra-

tions.
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might be to modify or to powson thie cells so that this region of the hypo-
thalamus no longer takes up thyroxine, in which case, somewhat analog-
ous to the state under conditions of stress or after cortisone treatment, a
reduced peripheral level might no longer be reflected m a reduced level in
the blood to which pituitary 1s exposed

Maclagan: As T understand 1t this new theory was really designed to
explain the fact that you could have an mhibition of 10dine release
assocated with low levels of peripheral thyraid hormone. Conld one
not explain that equally well—I am not suggestig that it 1s a better
explanation but an alternative one—by saying that the sensitivity of the
pitntary to thyroid hormones 1s altered by the simultaneous presence
of, say, cortisone, That would appear to me to have much the same
consequence.

B .Grant: Yes, certanly that 1s one way in which the effect of cortisone
or stress could be explaned, and 1t 1s an equally valid explanation in
ll;ht of present knowledge 1 do not know whethert explans the effects

there not to explain your results?

B -Grant Ido not thinkso Thats really one of the possibilities that
has been raised every so often as a major factor i controllmg the thyroid
actryity—the rate of extra.thy pheral d of TSII—
and 1t 15 not one that, as far as I can see, has yet been clearly established
as of any importance in the normal intact animal.

Querdo But the extra-thyroidal clearance 1 very fast.

B -Grant+ Certanly. I beheve Sonnenberg (discussion of paper by
D’Angelo (1955) at the Brookh estimated 1t rmight be
that something like 98 per cent of TSH did not go to the thyroid but was
destroyed elsewhere
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established that charges in the extra-thyroidal metabolism of TSH
renlly nffect the level of thyroid selivity? Do you think that such
changes ore an imp factor in d ining the level of thyroid
function in normal intact animals?

Querido: I do not think that any factors mn thyroid disease are hnown
The kidney 1s an important factor for the disappearance of TSH from
the blood. If you bind the renal attery of normal amimals the level stays
up much longer although it is not Ny ted m the urine;
it is just fixed or handled 1n some way by the kidney.

B.-Grant: To make that a physiological mechanjsm, though, you would
have to postulate n gross renal arterial spasm to mimic your experi-
mental conditions

Querido: Yes.
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Greer: The question of TSH assays in the blood was brought up

. i
subjects the response starts at 1 U.S P. unit of TSH/day, given
int larly. This p bly means that the endogenous
secretion 1s below that level. Even assuming that endogenous
TSH secretion 1s equivalent to 1 unit/day and that this is immedi-
ately distributed 1 15 litres of extracellular fluid, there would
only be 006 milliumtsjm}, This is below what might be expected
to be picked up by current methods of bioassay._

continuously over a 24-hour period. It is also probable that the
distnbution would involve more than just the extracellular space.
The actual level one would expect in the blood would thus be very
much less than 0-08 milltumts/ml

That leads me to the question of whether we can actually put
too much faith mn current bioassays of blood TSH. The figures are
qurte discrepant between what one seems to pick up and what one
might calculate should be there. I wonder if those who are doing
blood bioassays might comment on that.

Querido- Of course, the question always comes up whether what
one determmes 1 serum is really TSH. The argument we had for
it is as follows: we concentrated it from serum on the basis of
protein fractionation on properties known to us from hypophyseal
TSH preparations.

Secondly, mn several cases of acromegaly which were active
acromegalics but were not thyrotoxic (as sometimes happens in
acromegalics), there was no mncreased response in the animal on
which the assay of the serum was done From this we conclude
that the factor causing acromegaly 1s not a factor i the TSH
assay.

We have also tried with ACTH and gonadotrophins with nega-
tive results. However, there still might be existent 1n the serum
an unknown factor that gives thyroid stimulation and mmtates a
TSH response.

Albert: Dr. Parves, what is the sensitivity of your thyrotrophin
121
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assay? You sud this moramy that you got thyrotrophin effeots
from serum from patsents with thyrotoxicosss.,

Purves: Nat consnistently. Dr. Adams now states that he has
obtained responses with 2 pg. of the U.S P. thyrotrophin reference;
that is 2 ug. of matensal of which 20 mip. is one unit, so that is 10—
of aumt We could, therefore, detect 105 umt per mi. of seram.

Querido Flus s the famous difficulty m TSH questions. The
assay as we did 1t comes down to 2-8 ug fml provisional U.S,P.
standard. And it was of the same order ss Gilhland and Fraser
claimed with thew clicken assay It was somewhat above the
figures Dr. Purves had with the eytologieal method

Furves The eytologieal assay of the gumea prg thyrod does not
detect any TSH m normal human bemgs or m thyrotoxics except
that one, rarely, gets a response of unknown sigmficance. The assay
method which we are now using 15 that of Adams and Purves
(1953, Eudvcrinology, 57, 17-24), and 1t 1s this methad which
has the senstivity § have just mentioned. With this method one
can assay the bload of rats and get responses which make sense,
they go up when they should, and go down when the hormone
should not be there. Levels in the human are defimtely lower but it
does not seem that they should be unpossible to detect.

Greer. If one pets a level of 2-3 mthumts/ml, that would stil
be roughly at least 50 times as much as one would expeet from this
theoretical onc umt calenlation Father my calculations or the
hioassays would scem to be m error,

Querzdo 1t 15 still open to discussion, of course, whether one is
assaymg TSH or not  The only pomt that can be made 1s that this
matenal gives thyroid stimulation m the assay animal, Further,
that by assay on two gualites of thyrma stymnlation, ether by
uptake or by discharge, the same order of magnitude 15 found;
that is the only thang one can say.

The only thing I can add to that is that I do not have the m-
pression that 1t 15 growth hormone, but that 15 only on the basws of
assay of sewm in netive acromegaly. But still an X factor could
be possible.

First we studied a purified antemor lobe TSH preparatian. The
TSH activity moved on electrophorens with about the same speed
as f-globulin under wWdentical circumstances., We are aware that
this does not necessanily mean the same for serum TSIY

Then we had 2 patient with a postoperative myxoedemn & wthea

tremendous quantity of TSH-hke materal mn the scrum—an

amount which could easily be detected by theany of

trated serum. This serum was then analysed m paper electro-
- pharesis. The activity was so hugh that we could just elute the
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paper in different fractions and do an assay on each fraction. We
found the activity on a spot near to the B-globulins, From those
two points we decided to concentrate serum with Cohin’s method.
The assay 1s done in the mixture of IT 4 TIL, IV1 and IV 4

The next pomnt was that a curve of this strongly active plasma
showed the same regression as our standard TSH matenial in the
assay. Also, we have never been able to show any activity in the
material in other fraction:

PN N

and Lameyer, L. D F. (1956) Proc R Soc. Med., 49, 200).
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assay ! You said this mornmg that you got thyrotrophm effects
Trowm scrum from patients with thyrotoxicosss.

Fareeg~ Not consistently. Dr. Adams now states that he has
obtained responses with 2 yg. of the 1.8 P. thyrottophin teference;
that is 2 pg of matenal of which 26 mg. is one unit, so that is 187
of 2 unit. We could, therefore, detect 1074 unit per ml. of scrum

Querido. "Thus 1s the famous difficulty m TSH questrons. The
assay as ne did it comes dawn to 2-8 pg. /ml. provisions} U.S.P.
standard  And 1t was of the same order as Gubland and Fraser
daimed with ther chicken assay. Tt was someswhat above the
figures Dr. Purves had with the cytological method.

Purges: The evtologieal assay of the gumen pyp thyroid does ot
detect any TSH in nermal human bewmgs or wu thyrotoxies except
that one, rarely, gets a Tesponse of unknown sigmficence, The assay
method which we are now uung 15 that of Adams and Purses
(Y955 Endocrinology, 57, 17-24), and 1t 15 this method which
has the sensstivity 1 have just mentioned. With this method one
can assay the blood of rats and get responses which make seuse,
they go up when they should, and go down when the hormone
should not be there  Levels in the human are definitely Jower but st
does not scem that they should be impossible to detect.

Greer+ 1f one gets o level of 2-3 mlhumts/ml, that would still
be roughly at least 50 times as much as one would expect from this
theoretical one wnst caleulation. Esther my ealeulations or the
bioassays would seem to be in error. .

Querido 1t 1s suafl open to discussion, of course, whether one is
assnymg TSH or not. The only pomt that can be made 1s that this
matenal gives thyrowd stunulation m the assey amunal, Furthex,
that by assay on twe guahties of thyreid stsmulation, either by
uptake or by discharge, the same order of magmtude is found,
that is the only thing one can say )

The only thing I can add to that s that T do not have the im-
pression that 1t 15 growth hormone, but that 1s only on the basss of
assay of serum i active acromepaly Jtut still an X factor could
be possible.

¥irst we stucied 8 punfied antenor lobe TSH preparation The
TSH activity moved on electrophoresis with about the same speedd
s B-globulin under wdentical circumstances. We are aware that
this does not pecessardy mean the ssme for serum TSIL

Then we had A patient with a postoperative myxoedema with a
tremendous quantity of TSH-hke matera) in the serum-——an

amount which could easiiy be detected by the mpection of unconcen-
trated serum. This sersm was then analysed m paper electro-
phaoresis. The activity Was so Ingh that we could just clute the
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Todine prophylaxis was exercised in certain arcas in Holland
through iodinization of drinking water in the years preceding
World War II. Difliculties in supply of potassium iodide
caused an interval of insufficient prophylaxis, which was re-
established after the war by using iodized baker’s salt, The
endemie goitre problem was re-studied in the past five years,
During that period Miss Terpstra had the opportumty to do
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24 br urmery excretion of I%7 in pg
Fig. 1. Relation of I excretion per 24 hours and 24 hours 1] uptake m neck.

observations in groups of young people, comparing 10dine-
deficient areas with regions adequately supplied The 24-hour
urinary excretion of 11 was used as erterion of 10dine de-
ficiency. The thyroid gland function was studied by means of
131] yptake and urinary excretion, as well as by the determina-
tion of PB™¥I and the appearance of PB'3 1n the serum,.
The same type of inverse relationship between average (2-5
collections of 24-hour urine) 271 excretion and 24-hour 117
uptake n the gland was found as Stanburv et al. (1954)
reported from Mendoza (Fig. 1). Some detailed observations
indicated that probably increased 1311 avidity during 10dine



HORMONE SYNTHESIS IN THE IODINE-
DEFICIENT THYROID GLAND

A. Querwo, K. Scaut and JANKE TERPSTRA

D Jor Chinical inology and Discases of Metabohismt, Univerity
Hosptial, Leiden

TuE interesting study by Stanbury, Brownell, Riggs and
their Argentinian co-workers (1954) of the dynamics of iodine
metabolism in an endemic goitre area led to the conclusion
that adaptation to iodme deficiency seems to be entirely
dependent upon the thyroid. The kidney, according to their
ubservations, plays no role in adaptation to 10dine deficiency.
Even in severe 10dine deficiency the thyroid gland seems to be
able to mamntain a euthyroid condition that seems to be
achicved through a hormone secretion equivalent to a normal
amount of thyroid hormone activity. In their studies there
was no indication that this was necessanly achieved through
a change in the composition of the circulating hormone, The
PBI values obtained showed a normal mean value. Stanbury
et al. (1954) state, however, that the standard deviation was
larger than 1n non-goitrous normals, and that low PBI values
tended to oceur m patients with high uptakes.

Adaptation of the thyroid is achieved by increased avidity
of the gland for iodide, which results in a greater share for the
gland of both dietary iodide and iodide from thyroid hormone
degradation. Obviously there will he a level of dietary iodide
so low that this mechanism will not be able to provide the
thyroid with enough iodide for an adequate hormone produc-
tion. In the comp ted iodine-deficient gland increased
uptake leads to a normal iodine supply for hormone synthesis,
and there seems to be no reason to assume changes in intra-
thyroidal metaboli In the d 7 ted gland, however,
intra-thyroidal metabolism puti forward many questions,

12




Horvone Syxrresis 1x Iopive Derrcicxey 127

Table I
Krrect oF lopive Drriciexcy oy PBYWI axb Urvamy
Ionrvt ExcreTioN 1V HUMANS

Goutre group
(34 subjects)

Control group
(11 subjects)

PBUY g, 100 m

57 +11 \

Unnary exeretion of 1
©g per 24 hr.

176 1 42 4 [

with high iodine excretion (Table I). In our 24-hour and 48-
hour serum PB131I data in 1odine-deficient individuals we
were unable to discover any differences from such data ob-
tained 1 normals (1.e. below 0-35 per cent dose/l.). This
might indicate that total thyroid 10dine content n the
mvestigated 1odine-deficient cases was about the same as in
normal individuals (Table IT).

Table T
Dara o~ Expeic Gorrre 15 HoLrann
ria (Bl |t |msemn
Age size ton per 21 sahr, |7 ‘g;ohuﬂer
(fames hr* 24 k.t
normal) [543 ug 95, doseft %
o | a3 2-3 23 60 0 06 o4
o | & s 21 60 0 0o o
g |2 5 27 51 0 026 82
2 | 18 3 g2 53 o018 &
Q 21 4 26 64 Py i
Q 26 2 14 56 o1t P
2| 2 3 17 68 0 011 81
3|87 -4 17 58 008 a
2 | 18 0 15 53 0 047 50
¢ | 82 45 r a0 oo &

* Average Squres of 2 or 3 cbservations

+ Conversion ratio =

serum PBT
total serum 11
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deficiency may precede enlargement of the thyroid pland
(F1g. 2).  Both patients had low 7T excretion and thyroidal

ASch QT
100
o gorter

% dose

I exceetion 17y Excr paltern
nurme of 24n 22 7 25 pe1
167
172 7

PBI 43 1%

Uptake i thyroid

hours 1 2 4 8

el g 18
to0 wiltuse goiter
re3x)

17 exeeetion 187 Excr pattern 1 10,5 %

ingrine of 2ah 14y 25 pCI™ W 05 %
4 87 # o 05%

Uptake 1 thyrold
Yo dose
o
S

K1) 12y g
20 uy 1otal
10 PRI 637°%
hours 051 2 . s 18

Fic 2 Increased thyroid rodime avidity, without and with goitee, 1n fodine-
deficient humans,

131 uptakes were more than 70 per cent. The patient above,

however, had no palpable enlargement of the thyroid gland.
The PB®2[ in thirty-four subjects with goitre and low

jodine excretion was not different from a small normal series
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The problem as to whether severe jodine deficiency changes
the biosynthesis of thyroid hormones was studied m rats by
Dr. Schut. Young female rats of 150 g. were given Remington
diet 342, which contained 0-40 yg. I per kg., for 6-12 months.
Control animals received the same diet, but with addition of
1 mg. 1odine as KI per kg, food. Thyroids were analysed
after intravenous injections of carrier-frec 1311, The glands
were digested with pancreatic powder at pH 8-4, extracted
with butanol saturated with sodum thiosulphate, and chro-
matographed in butancl-acetic acid and/or mn the butanol-
dioxan-ammonia system on Whatman No. 1 or No. 3 paper.
Counting of radioactivity was done m a well-type scintillation
counter. Activity was measured per cm. paper or of spots
obtained with carrier stained by sulphanil diazontum chloride
and palladium chloride. The chromatograms were, in some
experiments, analysed for 12l content with the Barker acid
digestion method. The paper contained only 0-13 pg. fodine
per 15 em.?

The results obtained are given in Table III.

In the iodine-deficient animals the activity of the mono-
iodotyrosine fraction in the gland is equal to or higher than
that found in the dnodotyrosine fraction, In the animals
receiving extra KI (and having normal thyroid weights) the
diiodotyrosme fraction of the gland is always more active
than the monolodotyrosine fraction. The same change is
observed in the relationship between the tmiodothyronine
(T,) and thyroxine (T,) fraction.

Analysis of the serum shows, in the 10dine-deficient animals,
that already at 9 hours a constant ratio of trirodothyronine
and thyroxine (approximately 1 : 10) is established (Table IV)
In the non-deficient animals the ratio of activity 1s different
between 24 and 96 hours, and we do not know at what point
the maximum value is achieved. The deficient glands, further-
more, at 96 hours still maintain high total I and PB™I
values 1n the serum. This, together with the low PBin the
serum and the constant ratio of triiodothyronine and '.hyroxu.w
in the serum, seems to indicate the continuous thyroid
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an increase in size only after lowering of serum PBI values.
In this respect the clinical data are different.

VWhile Schut’s experiments were in progress, Leloup and
Lachiver (1955} published similar data for monoiodotyrosine
and diiodotyrosine activities in the thyroids of iodine-
deficient and control animals. They conclude that more tri-
iodothyrinine 15 formed. Our data support the view that
indeed more monoiodotyrosine than diiodotyrosine is present
inthe gland, as indicated by analyses of the stable compounds.
The serum activity data on trilodothyronine and thyroxine,
however (change of the ratio triiodothyronine : thyroxine in

‘Table V

EFrecT OF LoNGSTANDING lopmNe DEFICIEXCY
oN Trvyroip METABOLISM IN RaTs

Serum Thyroud
Diet wt ™, % 0,
Dt - n mg 1 content % dore T content w g7
nngle 3ronorode-1 Diwodo- | Monorodo- | Durado-
Hefy® | rombined tyrosine | tyroens | tyrosns | tyromne
11 -8
1o 1535 (1200 154 86| 170 0%
Remington | 5 [ 729 |55 153 [126 | 083 213
08 69 5 <
10 539 123 4 14 8 19 0 83 077
31
Ss | ami | sss] sz q a7 ]es {26
Remington +
Imgiodme | 18 | 224} g96] 31| 33 o [202
per kg, food | 29 | 172 10-0
35
3 (B8 o0 13| 10| 8o [138
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‘Table IV
Trrect or IoDiNE DEFICIENCY ON SERUM BII PATTERN

Serum
. Ilours
Diet for
after 9% %I an chromatographic frachions
Gmonths |y inon] w195 dose | grophic]
n 1l ml
1 T, T,
. 9 024 000 1049 TE1 230
Remington| 24 |080 x002 | §E1 7X0 { ez2x2
96 |015 o0z | 6%1 s8Xe | sox2
Remington| o | 903 105 | 0542 10 | 141
1mg Iper| 2% 0039 40020| 69 £12 448 1mE9
kf}uog 96 |oo021x0005| 25+90 10+4 | 538

Al figures indicate mean £ S.D. of 4 or 5 ammals

release of compounds with high speaific actwity, probably
through decreased 10dine store.

Table V gives Dr. Schut’s data in another series, where **I
was estimated in ammals treated in the same way. The
blood PB¥I in the deficient animals was distinctly lower than
in the control group. The glands of two animals were pooled
for analyses. Agawn, more activity was found in the mono-
jodotyrosine fraction than in the diiodotyrosine fraction, and
in four of the six ammals monotodotyrosine was indeed more
than diiodotyrosine, In the control ammals the data on
activity and monoiodotyrosine and diiodotyrosine are the
other way round.

If we try to corrclate the clinical studies with available
experimental data, we have to refer to Money, Rall and Raw-
son {1952), Halmi (1954), and VanderLaan and Cnp]nn (195.4).
These authors all observed increased avidity for iodide prior
h of the thyroid when the animals were on an 10dine-

7 owtl
d‘;gzient diet. Money, Rall and Rawson, however, observed
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I am sorry to intertupt but I do not think that is the usual distribu-
!mn m the normal thyrmd for the percentage of thyroxine present in

figures,

Gross- In some of our work on the
plus 20 pg /day/ammal, and 20 ug./day sIoWed down the th)rcud very
considerably

Tanrog* You mean that even at 96 hours after 111 you would find
such & low percentage—5 per cent of the gland's 1odme present as
thyrovine.

Gross. 1 have no dam on fractionation, only on the formation of
thy In th s(udles we dxd, giving 20 pg of
rdine wath the i was
slowed dewn eonsiderably “‘hether 1t nould reflect m these figures or
not, ¥ do not know.

Quenda- Yes.

Taurog. With regard to that, did you take the area of the paper and do
the 1311 znd 127 on the same picce of paper?

Quendo® Yes, that 1s nght.

Taurog* What order of magmtude of iodine were you determining on
the paper?

Tourog You mean you made an extract of the gland with butanol and

you delivered that on the paper?
uerido - Yes.

Tart?rog And you bad the equivalent of what part of the gland on the
paper

Querido The full amounts of two glands.

Taurog* Well, that 1s quite a trick!

Querido We get 1n the order of nearly 1 pg., and the backgronnd of
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favour of thyroxine) are very difficult to interpret, and weare
not prepared to say whether or not they indicate lowered
trifodothyronine secretion by the thyroid gland.
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DISCUSSION

Barker: I wonder 1if the fact that the serum trodothyronine radio-
activity in your experimental anunals ic so much lower than the thyTox-

ket e LL3 e A Apelh ahasnabunbrthan thaduadaturaame

06 hours.
Querido: Yes. Tsn't this the pomt that you brought up in the analyti-
Se L nau wanmn arnan 1040 _where von had verv hizh sodide

jodine intake.



ENZYMIC ASPECTS OF THYRONINE
METABOLISM AND ITS IODINATED
DERIVATIVES

S. Lissirzey and 8. BoucniLLoux

Laboratovre de Clumue Brologuque, Faculté de
Mddecine ef de Pharmacie, Marseille

Tue metabolism of thyronine and its iodinated derivatives,
particularly those which present a hormonal activity, may in
theory take place in several ways:

1. modifications of the alanyl side-chain,

2. partial or total deiodination,

8. conjugation with compounds able to react with the phenolic
group,

4. modifications of the diphenyl ether structure giving
erther substitution i the benzene rings by other atoms
than 10dine, or the sphitting of the ether linkage, and
perhaps both.

Mechanisms implied n the first suggestion have been ex-
plored during the last few years. It has been possible to show
the presence in bile of triiodo- and tetraodopyruvie acids
after the njection of 1*I-labelled 3.5 : 8"-trnodothyromne
or thyroxine torats(Rocheet al., 1954a) The same compounds
were found in urine (Roche and Michel, 1955). The acetic
analogue can be produced by 1neubation of the hormones with
slices or rat kidney homogenates (Lardy, 1956) as well as
truodothyroacetic acid by muscular metabolism of 3:5: 8-
trnodothyromne (Roche, Michel and Jouan, 1956) The
second pathway was chiefly investigated with regard to the
fact that 8: 5 : 8"-trnodothyronine, which 15 5-10 times as
active as thyroxme according to the test used, would arise
from the peripheral deiodination of the latter. This reaction
was studied in vive (Gross and Leblond, 1951; Gross and Pitt-
Rivers, 1952; Flock and Bollman, 1955; Kalant, Lee and

135
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the paper is something Iike 0-1-0 2 g /15 sq. cm. These figures are
approximate, therefore, but they give an order of magnitude Indeed
there 1s more stable monoiodotyrosine than dnodotyrosine present mn
this digest, and we are not dealing with a faster formation which is not
presenting what actually 1s present.

Lassitshy How did you do the hydrolysis of the thyroid tissue in
those expenments?

Querido: Pancreatic powder, pH 8-4,

Lassitzhy. I think the discrepancies between the results in the amounts
of iodothyronines can be by the of thyToid tissue.
We observed, with Professor Roche and Michel, that pancreatic
hydrolysis is very suitable for the liberation of mono- and duodoty-
rosine, but it is very difTicult to liberate 10dothyrontnes with this method
of hydrolysis. We have done many experiments n order to explore the
possibility of hiberatmg all the 10dothyronines in free state withpanereatic
digestion, but we have not really been able to show that the free amino
acids were hberated in such experiments. I should say that perhaps the
differences between your results and those from Dr, Taurog’s laboratory
and other laboratories could be explained by this techmical 'd:‘fﬁcl{lty.

A2 SR e (1A Vom comee cdmmnnt e b el bt EanTlas Tn Phaunbian

extraction. We put the entire material on paper so that we can sce what
is left at the origin as an indication of what has heen left unhydrolysed.

Now, when you did the butanol extraction, did you count the residue?
If you count the residue that 1s left after the butanol you would get an

iodothyronnes 15 higher, but alkaline hydrolysis always gives wiong

ults.
T Querido: But that we did not dof N

been (UELENL 41 4wy ws

ioxent in selative amounts seems to be hard fo understand
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metric and chromatographic purity were strictly checked.
Mono- and diiodotyrosine were .prepared by iodmation of
tyrosine and chromatographic separation on cellulose column;
mono- and dichlorotyrosine according to Bouchilloux (1935);
mono- and dibromotyrosine according to Yagi, Michel and
Roche (1953).

Thyroxine, 8 : 5-duodo- and 3 : 5 : 3"-triodothyrommne were
supplied by Messrs. Hofmann Ja Roche and used after
rechromatogmphy.

3’Mono- and 3’:5-dnodothyromne were synthesized
'\ccordmg to Roche, Mlchel and Wolf (1954) and purified by
paper chre graphy. 8 do- and 3 : 3’-diiodothyro-
mne were kindly supplied by the latter, tri- and tetraiodo-
thyroacetic acid (TRIAC and TETRAC) were kindly given by
Mrs. R. Pitt-Ravers.

The #]-labelled substrates were obtaned by 1odination of
a direct precursor: 3 5-diodothyTonine for thyroxine and
8. 5: 8"-truodothyromne, thyronme for 3’-mono- and 8': 5'-
diiodothyronine; 8-monotodothyronine for 8:8-di- and
8.8 : 5 truodothyronine; and tyrosme for mono- and di-
iodotyrosine. The 1odination mixture (1271, - 1%11,) arose from
the exchange between 2 chloroform solution of 1271, and an
agqueous solution of tracer Na*¥'I brought to pH 5-6 (Lissitzky
and Roques, 1956). The separation of radioactive 1odinated
ammo acids was done by paper chromatography 1n an appro-
priate solvent, followed by elution and concentration of the
eluate under reduced pressure.

The composition of incubation mediums will be grven in the
text or in the legend of the figures. Experiments were always
done at 88°, with continuous shaking under aerobic conditions.
Experimental details concerming quantitative analysis of
amno acids and therr charactemzation have been recently
published (Lissitzky, Bouchll and Kertesz, 1956).

The quantitative determination of the radioactivity of
chromatograms was carried out either by radiochromato-

graphy or by densitometry of the films obtamed by radio-
autography.
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Sellars, 1955) and in vitro (Sprott and Maclagan, 1955; Larson,
Tomita and Albright, 1955).

The conjugation of thyroxmne (T,) and 3:5 : 8’-tritodo-
thyromne with glucuronic acid was demonstrated in rat liver
{Taurog, 1954; Roche ¢f al., 1954b), this process participating
in the regulation of blood iodothyronines and their excretion.

Finally, modifications of the chemical nature of the benzene
ring substituents accompanying or not the deiodination, and
the eventuality of the breaking of the ether linkage have not
yet been considered. The purpose of this work is to report
and discuss the results we obtained n this field; the mechan-
isms proposed may constitute a model for an eventual meta-
bolism of thyroid hormones in vivo and possibly lead to
compounds acting without lag time.

The fact that biosynthesis as well as metabolhism of thyroid
hormones 1s always realized 1 acrobie conditions incited us to
study the action of oxidizing enzymes on thyronine and its
iodinated derivatives. As they arc phenols we selected
polyphenol oxidase which eatalyses, speeifically, oxidation of
numerous phenols such as tyrosine

Material and Methods

Polyphenol oxidase was prepared by Kertesz and Zito
(to be published) from “ Champignon de Pans” (Psalliola
campestris) by successive fractional extractions and precipita-
tions with acetone, ethyl alcohol and ammonium sulphate—
1 ml of the enzymic solution contimns 11-07 mg. of non-
dialysable material, corresponding to 91,600 units, ic a
specific activity (S.A.) of 8,270. The enzymic umit is defined
by Hogeboom and Adams (1942) as the quantity of oxygen
consumed in 1 minute by 1 mg. of 38 : 4-dihydro-L-phenyl-
alanine (DOPA) in fixed conditions of dll.ution, temperature
and agitation. 0-003 {nl. of the preparation can completely

¥ H +37 mg. tyrosine,
ox:fl‘lzzulbsstz:ltcgs uZed for this work were puriﬁcd by column
or paper chromatography. Their analytical, spectrophoto-
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enzyme catalyses the splitting of a part of the molecules
used with the formation of tyrosine and small qunntmes of
DOPA (Fxg 2). That phenomenon was investigated in its
quantitative aspect. In the case of pigments A and C, for 4

A B BT 5 B A A T
o oo an om0 3 S0
Ty owm ©1

[ 0*] o

00 % 0000 0
0o O

x

L=

06~

' u

Tic 2 Schematic representation of chroma-
tograms of medm contaming pigments A
and B

I. A 15 m —owxdation of thyrontne after 15
rmn at pH 5 8, using the same enzyme/sub-

paper.
n-Butanol . acetic  acid « water (78:5:17)
f = solvent front.
1L A 30 m —oxidation of thyronme after 30
mn st p![ 58

-+ Te red—the same expenment after
xeducmm for 30 min by sodum hydros

phite

B30m andBs0m + red—seme expenment
atpH & 8

Whatman No 4 paper The solvent was
allowed to flow for some hours after 1t
attamed the lower edge of the paper sheet
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Results

Action of polyphenol oxidase on thyronine (Lissitzky,
Bouchilloux and Kertesz, 1956)

The oxidation of thyronine by polyphenol oxidase at
pH 58 1n distilled water, pH 68 in 0-1 M phosphate buffer

L
5 [ép—oc—q 2 Mot

2001~
B__ot% Mot

A &) Mo
00

20 a8 60
minutes

Fic 1. Oxygen consumption dunng o1
dation of Dr-thyronme by polyphenol
oudase at 3 different pEls: pH — 5 8
(pigment A); pH =6 8 (pigment B);
pH = 11 5 (pigment C) The mam com-

\
water (A and C) ‘or O Im phosphate
buffer (B) (final volume 8 ml) ~Side arm
of each flask contamns 0 005 ml enzyme,

and pH 11-5 in dilute sodium hydroxide leads to the forma-
tion of three different pigments (A, B, C) which have becn
characterized by their absorption spectra in ultmviqlet and
visible hght; the consumption of oxygen is.respectlvely 1,
1.5 and 2 molecules 0, per mole thyrqnin‘e (Fig. 1).

A study of the products of the oxidation shows that the
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Kertesz and Lissitzky, 1956). Its physical, chemmcal and
chromatographic properties were studied and the compound
was undoubtedly identified with the product from enzymie
oxidation. The pigments formed at acid and alkaline pH are of
quinonoid nature, for gentle reduction regenerates thyronine
and 8’-hydroxythyronine.

By using the property of o- and p-benzoquinones of forming
fluorescent coloured complexes with o-phenylenediamine
which can be characterized by their absorption spectra n
visible light (Stein and Weiss, 1951), we have been able to
show lately that the phenohe ring was probably changed
during the oxidation of the thyronine by a mixture of 4-
hydroxy-1-2-benzoquinone and 2-hydroxy-1.4-benzoquinone
(unpublished results).

Action of polyphenol oxidase on iodothyronines

The oxidation of 3-monolodothyronine was studied under
the same condittons of substrate concentration as for thyro-
nine, A red pigment appears at pH 7-0. The chromatographic
mvestigation of the products formed shows that there is no
delodination but a breakdown of the ether linkage with
liberation of monolodotyrosine (Fig. 4). Part of the jodine 1s
still contamed mn the pigment which does not migrate i the
solvents which were used.

Mild reduction with sodium hydrosulphite regenerates

dothyronine, with d ance of the pig

We also observed on the ch grams of the b
medium in n-butanol-acetic acid, a compound of By inter-
mediate between that of 3-monoiodothyromine and that of
monotodotyrosine, being detected by ninhydrim, ammoniacal
silver mitrate and cerie sulphate-sodiim arsemte reagents.

This compound has been identified as 8’-hydroxy-3-mono-
iodothyronine,

"
.HOO— o cnl—rin

COOH

3
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moles of thyronine oxidized, one mole of tyrosine is formed;
the rate of formation of the latter seems to be slower than the
rate of disappearance of thyronine (Fig. 8).

At pH 6-8 the concentration of the tyrosine mises to 2
maximum in 10 minutes, which corresponds to the consump-
tion of all the thyronme; then 1ts concentration falls and the
tyrosine disappears altogether 1n 120 minutes.

2 mol

W

A

%0 B0 20 60 minutes
- N o N -*» of consumption

, 68, and 11°5,
‘under agitation

1-5
38,35

It has been possible to characterize the 3’- hydroxyth).vro-
nineas an intermediate derivativen the oxidation of t}}yromne.
This componnd accumulates at acid pIf but it 1s ra‘pldly con-
sumed at neutral and alkaline pH. The ascorbic acid, oxygen
and Fet+ system of Udenfriend et al. (1954) is equally able to
te thyronine in the o-position; 1t has been used to

%t
hydroxy a'.hydgoxythymm'"e m pure form (Bouchdloux,

prepare 3
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demonstrated by comparing the chromatogram in tertiary
amylol saturated with 2N-NH,OH with that in phenol

1
Ho-@n C-ehp-an MM

“NCOoH

——H

g 0 0 1

100 0@
R AR |
S O al
0 30m 140m Bh

0 15m 60m 10m
18

{ = solvent front

saturated with water in an atmosphere of HCN, which con-
stitutes a reducing solvent (Fig, 5).

The significance of these facts with regard to the mechamsm
of oxidation will be discussed later.

The oxidation of 3:3"-duodothyronine by the enzyme
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3’-Monoiodothyronine under these conditions of substrate
concentration is practically unoxidized. 8 X 10-%  solutions

1 1 1
ey Nt _O_ O /NH,
uo-@-o@{n, e on,  HO ol D)-cHimenligd,

..,.O 0

sou-3r, 0 0

ODITY

0 O Ormv
or

Sm 15m 30m t 2h 23h  20h
4 cat

.- .40 o oL M e cadembennl ayidase,

. 1ase.
' hol.

must be used to obtain an enzymic action. The total consump-

tion of the substrate in 18 hours 1s then observed together with
7 of e diAae and of on jodinated
< 1

:)l:;r:::: on redue-

tion. The guioiive. casily be
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not attacked at concentrations under 2 x 107 8:5-Di-
iodothyronine is particularly interesting; it is not oxidized
at a concentration of 1-66 X 103 a but at 8-3 X 105 u it
leads to the formation of diiodotyrosine and 10dides 1n small
quantities, Its oxidation by the ascorbie acid-oxygen-Fe*+

Table I
pe §
Molar Sub- Oxdiza- |Halogen  Other  Breakng
Substrate  concentration | strafe  belity | lbera-  compounds
for Ll by tion formed ether
enzyme  entyme hnkage
Tyrosme 2 66 x 10-%{e1s +++ melanmns
NOTY 2 66 x 107|210 ++| + melamns
MBITY 2 66 X 10~ | 260 + + melanns
MITY 01 x 10| 19 | o+ 7
DCTY
DBrTY 166 x 10-¢( 20 o
DITY
Thyromoe 1 66-x 10-%(800  +-+++| + pigments,
TY,3"-0H-T
8T, 8 x10%| 58 ++ 10dmated +
pigment
3T, 166 x 10 2 |200 +++ 1odsnated +
pigment,
MITY
8:3%T, 2 x10| oo +{ 4+ iodmated +
pigment,
MITY
83 x 10| 10 +| 4 iodmated +
pigment,
DITY
8 x10| 15 [
28 x10%) 023 0
3.3'35°T, 010 ?
8-5:37.5"T,2:9 x10%| 025 ]
TRIAC and
TETRAC 13 x 10| 10 °
TY—ty

maonotodotyrosme DCIYY,
hydroxythyronme T,, T,, T

yrosmes MCITY, MBrTY, MITY—monochloro-, monobromo-, and
DRTY, DITY—dhchioro-, ete. 3O
» T,,—mone., di-, tr-, and tetraiodothyrontne.

T3
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occurs only at concentrations about 2 X 10-%x and a ratio of
substratefenzyme = 0-01 pg.jul. 1t leads to the releasc of
1

NH,
HD-OOQ:H—CH/ "
" Neoon

1

£.
v o

0:
00| k000
I 0 ODITY 0 0 OD'"
OMITV OMI Y
0 0r o o O]

t 3h 22p t

n

.o oomm seothic acid-

3ml g8 x
. g 5ul enzyme.

jodides and monoiodotyrosine, as well as the formntim! of o
pigment { Fig. 4). The pereentage ({f ~oxu:hzcd molecules is l.ow
as it does not exceed 10 per cent. It lsmcrcasr:d by the addition
of traces of catechol to ﬂ}e 'lncubah?n medium, i

8’ 5"-Di-, 8:8: 5’-triiodothyronine and thyroxine are



Enzymic AspeEcts oF TivroNize METanOLISM 147

genation reaction with the addition of the elements of water
(in Gero, 1952).

P ¥
OH - 2H O +H-OH {s]
. o T K oH

A HO’

However, the oxidation of thyronme requires 2 first stage of
hydroxy]utmn ortho to the diphenol group, followed by a
dehydrogi ion of the dipk 1 group formed. The
necessity of a free ortho-position so that the oxidation might
be accompamnied could therefore be foreseen.

The study of the 10dinated denivatives of thyronine shows
that those which possess at least a free position mn 8" or 5', are
the only ones to be oxidized by the enzyme (8- and 8’-mono-
iodothyromne, 3: 8- and 8 : 5-dnodothyrommne). Yet3:5:8'"-
triiodothyronme, which fulfils this condition, is not attacked,
which seems to indicate the further necessity of an unsub-
stituted 8 or 5 position. Thuslast limitation 1s only vahd for our
expermmental conditions (370 enzymic umts for 1 pg. 3: 5: 3'-
triodothyronine). It 1s not impossible that at a higher ratio
enzyme/substrate 1t might be oxidized.

8:5-Diiodothyromne, whose 3 and 5 positions are substituted
by iodine, 1s oxidized with the splitting of the ether linkage
provided the ratio enzyme/substrate 1s high enough (10
enzyme umtsjgg.).

The oxidation of halotyrosines shows that, i the case of
1odothyronines, the ortho-disubstituted derivatives are not
oxidized, On the contrary, ortho-monohalogen derivatives
(monochloro- and monobromotyrosine) are attacked though
with a different velocity according to the nature of the halogen.
The higher the molecular weight, the greater the veloaity
(Fig. 8). A concentration twenty-five times lower is necessary
to obtain an enzyme action thh monolodotyrosine. Oxida-
tion of ), - and yrosine leads to the
formation of a fine red or purple pigment which rapldly
turns into typieal melanins, CI”, Br™ and I” were found in the
wneubation medum. As in the case of 10dothyronmnes the
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system under the same conditions of substrate concentration
produces the same compounds but in higher yield, and an
unknown jodinated substance of high Ry value in butanol-
acetic aod (Fig. 6). The results, summarized i Table I,
correlate the number and position of the iodine atoms in the
molecule with the oxidizabihty of the compound by the
enzyme,

Discussion

‘The action of polyphenol oxidase on thyronine leads to the
sphtting of the ether hnk jomng the two benzene rings of the
amino acid with the formation of tyrosine, A part only of the

Ho. U
/M o 450,
no—@-o@-m, e o O S
o, o K m
Do Coraizze [ Crores)-
iy heicks -
° M eoon T " eoom
o K 0,
s o = H
no@curzn\ + o o T o of
CooH

Fia 7.

molecules undergoes this kind of reaction. Thus process prob-
ably corresponds to the spontaneous hydrofysis of the ether
linkage of the quinone correspondmg to 3”-hydroxythyronine,
the specifically enzymic ph chiefly consssting in the
oxadation of the o-diphenol {Fig. 7). This interpretation agrees
with the following facts:

1. The purity of the enzyme preparation used (homogeneous
swith respect to electrophoresis and ultracentrifugation) n}nkcs
the hypothesis that it could be a mixture of enzymes {oxidase
4 hydrolnse) most unlikely. On the other hand it has never
peen proved that such preparations do possess hydrolytic
activity,

2, The ord
example cathechal, impl

inory ruechanism of o-diphenol oxidation, for
ies the combination of a dehydro-
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action of polyphenol oxidase on the monohalogenated deriva-
tives of tyrosine implies a dehalogenation, the veloeity of
which varics with the nature of the halogen. The delodination
which goes with the oxidation of 8"-monoiodothyronine leads
only to the release of about 50 per cent of the iodine con-
tained in the latter, the remaining 50 per cent left being 1n the
pigment, the structure of which corresponds to a quinonoid

50

40

% of radioactivity of ™13%~T,

N n . s
100 200 300 400
minutes

Fic 10. Oudation of MLsbelled 3-monoiodothyronine.
Formation of jodides and 10dinated pigment.
— @ — z10dides.
— A — z10dinated pigment.

form (Figs. 9 and 10). These facts allow us to propose the
following stages for the oxidation of o-monohalophenols by
polyphenol oxidase: the influence of the para substitution (R)
Temains to be speafied (Fig. 11).

The summing up of these reactions emphasizes that the
corresponding o-diphenol can be obtamed together with a
semi-quinonoid compound which appears to represent the
pigment. Hydrogen iodide 1s formed in 50 per cent yield.
The investigation of the oxidation of monochloro- and

e
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% of halogenotyrosine oxidized
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hypothesis: the dehalogenating system of the thyroid glands
acts equally on bromotyrosines and iodotyrosines (Roche
et al., 1958). All the dehalogenating systems are inhibited by
the exclusion of oxygen or by the addition of inhibitors of
oxidation sequences, Finally, the dehalogenating activity of
different tissues secras to be linked at least to the particulate
structure.

Some chemical systems, such as ascorbic aeid-oxygen-
Fe*+ mixture under conditions compatible with cellular life
(87° C—pH near neutrality—oxidizing medium), can bring
about the deiodination of iodothyromnes and especially of
thyroxine and 3 : 5 : 8’-triiodothyronine (unpubhshed results).
On another hand the action of polyphenol oxidase on certain
lodothyronines and on thyronine 1tself leads to the formation
of iodinated o-diphenols. This action, which may appear as a
specific one of this enzyme, could be brought about, in theory,
by other enzymes such as peroxidases, the distribution of
which is widespread mn animal tissues.

If we consider the possible mechanisms of deiodination we
can propose three types of reactions (Fig. 12). From a con-
sideration of the facts already proved, the reaction (8) 1s the
most likely; reaction (1) must be rejected. Whether it is
accomplished through reactions (2) or (3), the deiodination
must lead to an o-diphenol, 1odinated or not. We emphasize
the eventual importance of such derivatives and their possible
participation as active or activated hormones Their identi-
fication as unknown spots on chromatograms from tissue
extracts of 1'1-injected animals is being investigated.

8 :8"-Dnodothyronine, which must be regarded as a
thyroid hormone (Roche, Michel, Truchot and Wolf, 1956), 1s
oxidized by polyphenol oxidase with the release of 10dine and
monoiodotyrosme. As 1t appears to be a metabolite of
8:5: 3 truodothyronine, the question is whether it is an
obligatory product of the catabolism of thyroxine and
815 : 8'-triiodothyronine, which would throw some light on
the deiodination of this hormone 17 vive.

Polyphenol oxidase oxidizes meither dinodetyrosine, a
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monobromotyrosine has not yet been achieved. An oxidative
enzyme like polyphenol oxidase is thus able to catalyse
indirectly the dehalogenation of o-monohalophenols. The
same is true for Udenfriend’s system (Udenfriend ef al., 1954)

oH [}
1 1
2 $0 —= 2 + HO
]
R [}
[} °
1 A
2 == 2
“+
R R
o [}
1 OH
2 $2H,0 —= 2 +21H
R [}
-3 ox OH [}
+oH 5 ON 1 -
2 + 2 — 2 + 2
R R [ ]

oH

oH [+)
r oH 1
4 +0+HO —= 2 + 2 +210H
R R R

Fra. 11

which fulfills at least two of the typical actions of the en-

zyme~—the dehalogenation and the sphitting of the cther
linkage of thyronine structure. . )

TThis brings us to bypothesize on the deiodinating systems

fardie 7o s emerman eoebame probably act as

,m such ns that

' . . s bear out this

in vito.
oxidativ
mentiontu w~-r '
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DISCUSSION

[ S S

tmodothyronine, for example, on a chromatogram? .
Lissutzky 'Tlus compound, 1n n-butanol-acetic acid, is expected to

Thyromne  3-Hydroxythyromne

n-Butanol-acetic acid-water
(58 .5 13 . - . 068 0 51
Ethyl alcohol-water (80 20) . 079 068

Taurog 1f I understood you correctly, this polypheno! oxidase does
not act on thyroxine or on trnodothyromine, but does act on 3 + 8'-diodo-
thyrorune

Tassizhy That s nght

Taurog Do you postulate then that 1t has physiologteal sigmificance
1n the periphery of the mammal in the delodination process’

Lassuzhy - No, 1 do not know. I give those results only as a model of
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compound naturally dejodimated in aerobic medium by
several tissues (thyroid, kidney, lver, intestinal mucosa),
thyroxine por 8: 5: 8"-trijodothyromne, In spite of this, we
think that the study of its action has directed the nvestigation
on the metabohsm of iodothyronines towards the study of

GH oy
1 H
[0} ¥ W, +
R

R
OH

ox
1 OH
@ + HO +H
R R
OH OH -3 "
1 OR I
@ 4@‘ +’rao;+u,o—-zq:> %2 ©’+zm
R

R R

¥i6 12,

other oxidative enzyme systems, which will help to determine
the actusl nature and mechanism of detodination reactions m
animals.
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AL T8 v e

oxidation of § : 5-duodothyromne by chemical and enzymic methods.
You say that your compound had no thyroid activity?

Lardy- No ‘We really should expect it to benactive, for diodothyro-
nine, which might be & p for the dihydroxy 1s not
active,

P.-Rivers- 1 have thought for some time that hydroxylation of
tmodothyronme 1n the 5/-position tmght lead to an active compound
However, pted hydrox by U 's method have not
met with success, mainly because of solubility problems

ZLassrzky- I have tried to prepare this compound that Dr Pitt-Rivers
tried, but the products obtain by Udenfriend’s method are very num-
erous. Itiscertain that this method does oxidize thyroxine and trilodo-
thyromine, but we have not been able to 1dentify with certanty the
products formed. Dr. Pitt-Ruvers, would 1t be possible to obtan this

with trug e or th ? Isawthata
Belgian worker has published some work on dizotized thyroxine.
Would 1t not be possible by hy i
to obtain this compound 1n good condition?

P.-Riwvers I think so, yes.

0 1

\1

O.Z}O_Q—cnz.c‘n.coost

1 NHAc

That compound will undergo hydrolys:s in cold alkak to give the free
acetarmdo acid leaving the methylene bndge intact. If more drastie
conditions are tried, a dirty brown substance which loses 10dine results
The harder we tried to break down those protecting groups the more
10dine was lost.

Lardy* We used the Glaxo route also, except that we used the di-

methoxy compound. It hydrolyses quite cleanly without decomposition
products.
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reaction; but we are now investigating the action of tyro-
b feo e TTond o Pernpes cmalasinema af mina an thace snbstrates, and
. . . . a

e

v

b N
acts on monoiodotyrosine.
; n . Tt v i sha dhemad, do
. 1 . .
1 - iediate
. . . . tosee
. rbutl

. A H
feel that many spots shown on radioautographs m mauy expelunents in
acidic solvents could possibly be of polyphenolic and polyrodinated
nature. It1s only an hypothesis; I have no evidence really that they can
exist ez vewe m apimals.

i dination of t

Lardy: With to the sch d Y
the system which Larson and Albrght discovered in kidney shces
B B [N $inen e #hot wa must consider ant
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homogenate has been found to convert thyroxine to other
unknown compounds as 1s shown in Figure 1a. The radio-
activity at the position occupied by jodide was present at
zero time and did not increase during the incubation. No

15
20 a
15
s
1 [¢]

[ P .
wn
(From Tomita, Lardy, Larson and Albright, 1856.)

detectable amounts of trnodothyronine were formed. Tri-
iodothyronine was converted to an unknown which migrated
faster than its parent compound and to two other more
slowly moving substances (Fig. 1b).

When the kidney bomogemate (m 8-25w suerose) was



THE METABOLISM OF THYROID HORMONES
BY KIDNEY AND THE BIOLOGICAL ACTIVITY
OF THE PRODUCTS

HeNry Larpy, Kenkicur Toyita, Frank C. Larson
and Epwin C. ALericur

Institute for Enzyme Research and Department of Medcine,
Uniwersity of Wisconstn, Madison

STUDIES of the mechanism of action of the thyroid hormone
have been hampered by a lack of information concerning the
chemical nature of the cellularly-active form of the hormone.
For many years thyroxine was the only naturally-occurring
form of the hormone available for in vitro experimentation.
Novw, as a result of the work of Gross and Pitt-Rivers and of
Roche and Michel, we know that triiodothyronine is a
naturally occurring form of the hormone with even greater
potency than thyroxmne. Thyroxme can be converted to
truodothyronine 1n the thyroidectomized rat (Gross and
Leblond, 1951) or in human subjects (Pitt-Rivers, Stanbury
and Rapp, 1955) and there is some evidence which indicates
that this conversion may be an essential step n forming the
“active” hormone. The conversion of thyroxine to tri-
iodothyTonine by surviving tissue in vitro was first de-
monstrated by Albnght, Larson and Tust (1954). They
demonstrated the reaction in kidney shces; some other tissues
tried produced some iodide but did not accumulate « signif-
jcant amount of trilodothyronine. Because of the possibility
that the kidney plays a major réle in converting thyroxine to
5 more active hormone a more detailed study of thyroxine
metabolism by this organ has been undertaken.

Although the surviving kidney slice can deiodinate thyrox-
yronine, homogenates of this organ de not

Larson and Albright, 1956). However, the
156

ine to trilodoth
(Tomita, Lardy,
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triiodothyronine (Tomita et al, 1956), Homogenates or
mitochondrial preparations lost activity towards both thyrox-
me and trifodothyronine when heated to 100°. The enzyme
system which brings about this conversion of thyroxine (T,)
and triiodothyranine (T3) has been obtaned mn a completely
soluble form by disrupting the mutochondria with somic

%|

90

80)
70
60}
50|
40
30|

PRODUCT

20
19

[ 2 3

|

HOURS
Fic. 8. Rate of formation of T,U, (solid dots) and T,U,

(open circles) by rat Judney mitochondnial extract,
‘The reaction MIttures contained 26 ml dialysed ex-
tract of mitochondnia from 7 ¢ kidney, 2 m-moles phos-
buffer pH 7 4, 12 pmoles ATP, 10 pmoles

.

osaillation. Treatment for 8 minutes 1n the 10 KC Raytheon
osallator hiberates the enzymes from the particles and the
entire activity remains in solution after centrifugation for one
hour at 105,000 g. Figure 8 demonstrates that the soluble
enzyme preparation converts thyroxine and trnodothyronine
to their respective unknowns 1 at about the same rate.
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centrifugally fractionated according to Schneider (1951), the
microsomes and soluble fractions were found to produce only
small amounts of unknowns 1 and 2 from thyroxine (Fig. 2).

The mitochondrial fraction was found to be more effective in
this conversion than was the whole homogenate.

i 3 P
catalysing he same relative activities toward

The fractions exhibited t
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Fii, 4 Isolation of T,U, and cochromatography with tetraiodo-
thyroacetic actd

3 Alquot of reaction products with thvrosine (T,) and tn-
10doths ronine (Ty) ad.lcgl as reference compounds

. 3
¢ Position of labelled unknown corresponds with colour band of
carrier tetratodothy roncetic acs

[ucing page 160
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Since appreciable amounts of free 10dide were not produced
and since we could recover in U, as much as 70 to 90 per cent
of the radioactivity of the original hormone, it can be con-
cluded that the unknowns contain as much iodme as ther
g‘recursors. We have therefore designated them as T,U, and

3Upe

If the solubilized enzyme preparation is dialysed, the rates
at which thyroxine and truodothyromne are converted are
approximately doubled by the addition of diphosphopyridine
nucleotide (DPN). Triphosphopyridine nucleotide and nico-
tinamide were ineffective. Succinate and other Krebs cycle
intermediates enhance the activity of the dialysed preparation
m the absence of DPN but not 1 the presence of the latter.
Adenosine triphosphate was inhibitory under all conditions
tested.

Identification of the Major Products

To obtain suffictent quantities of the unknowns for chemical
charactenzation, experiments were conducted with 2 mg. of
thyroxine or triiodothyronme as the substrate together with
25 ml. of dialysed enzyme 1n a final volume of about 50 ml.
The reaction mixture contained also 2 m-moles of phosphate
buffer pH 7-4, 10 pmoles DPN and 26 pmoles of succinate.
The mcubation period was 8 hours at 87°. The chromatogram
of the reaction products from thyroxine are shown in Fig. 4a.
50 pg of non-isotopic thyroxine and triiodothyronne were
added to the chromatogram and their position after migration
is indicated on the strip by the colour formed on treatment
with diazotized sulphanilic acid. The T,U, peak was cut from
other strips and rechromatographed as shown 1n section b,
again with Ty and Ty as reference compounds. As can be seen,
the isolated unknown gives a posttive diazo reaction indicating
the presence of a free phenolic group. Other samples gave a
positive Kendall’s test, indreating an activated phenolie group
The ninhydrin test was negahive, suggesting th«'e absence of
the a-amino acid side-chamn. The compound z!xd not react
with 2 : 4-dinitrophenythydrazine or semicarbazide (Umbreit
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and Tonhazy, 1951) indicating the absence of a carbonyl
function. It did not react with picric acid (Roche et al.,
1955) nor with o-phenylenediamine (Klitgaard et al.,, 1953)
indicating that it was not an «-keto acid.

The chromatographic behaviour of a great varety of
analogues of thyroxine has been compared with T,U;. Two of
the compounds tested, tetraradothyroacetic acid (Harington
and Pitt-Rivers, 1952) and tetraodothyropropionic acid
(Clayton, Green and Hems, 1951} could not be satisfactorily
separated from T,U, in four different solvent systems. With
tertiary amyl alcohol saturated with 2x-NH,0H the R,
values were: thyroxmne 0-21, tetraiodothyropropiome acid
0-29, and tetraiodothyroacetic acid 0-27. The other systems
whieh failed to resolve these compounds were (a} butanol-
N-HCl at volume ratios of 20 : 1; (b) collidine saturated with
water and with NH; 1 the atmosphere; (c) butanol-acetic
acid-water at volume ratios of 80 - 20 : 20.

Ewidence that T,U, 1s not tetrarodothyropropionic acid was
obtained by recrystallizing a muxture of the authentic com-
pound with radioactive T,U, (Table I). The loss of radio-
activity clearly establishes the non-identity of these two

Table I
COCRYSTALLIZATION OT T,U, Wity TETRAIODOTHYROPROPIONIC ACID

Countsfmin fug

Ongnal Mixture 4-29
1st crystallization 310
2nd erystallization 2 60
3rd erystallzation 103
4th erystallizaton 078

substances. We conclude from the colour tests, the paper
chromatographic studies and from the non-identity with
tetraiodothyropropionie acid that T,U, is probably tetraiodo-
thyroacetic acid, Unfortunately, we did not have sufficient
of the latter for coerystallization with T,U,.

Smmilar large-scale experiments with triiodothyronine
yielded suffi T,U, to d & a positive Pauly reac-
tion (Fig. 5), a positive Kendall test and negative reactions

THYROTD—T
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‘Table III
‘Brotogrcat AcTivity oF TEYROID Hoxmones

Tadpole BMR Anti-Goitre

1 1
no 0 cn,.cmm,coox-l 1 1 1
1 T
R-CH,CH,CO0H 21 o102 02
R-CH,COOH + + 0.5
R- COOH 0 ° 0
R-CH,CH,NH, 9 o1 001
1
no o Cn,clmﬂ,coon 510 5 10
1 1
R-CH,CH,CO0H 15 06 03
R-CH,COOR 48 + 05
~COOH 01 D) o
R*-CHLCH,NH, 36 01 o1

& Tade Tndicates activity but that 1t ts not et possible to give a quantitive value relative to
2

as possibly bemg the cellularly-active forms of the hormone.
This point of view has been championed by Thibault and
Pitt-Ruvers (1955) and 1t has much to recommend it.

In Table III are shown the relative biological activities of
TRIAC and TETRAC and related compounds as determined in
our laboratory (Tomuta and Lardy, 1956). The tadpoles used
were Rana clamitans; the other two assays were performed
with white rats, On a mole equivalent basis TETRAC and
TRIAC are not as active as their parent thyronines, We must
therefore continue the search for more active metabolic
derivatives of 1odinated thyromnes or must find some new
evidence that one or more of the known compounds part:cx-
patesinthe tons leading to the iclogical effects ch 't
1stie of the hormone.

REFERENCES
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with ninhydtin, 2 : 4-dinitrophenylhydrazine, semi-carbazide
and picric acid. T,U, migrated on paper in the four solvent
systems described above at the same rate as triiodothyro-
acetie acrd and only slightly faster than triodothyropropionic
acid. In the tertiary amyl aleohol system the R values were:
triodothyronine 0-40; diiodothyronine 0+ 46; triodothyropro-
pionic acid 0-50; and trilodothyroacetic aeid 0-56.

When radioactive TyU, was cocrystallized with authentic
trilodothyropropionic acid (Tomsta and Lardy, 1956) the
radioactivity was rapidly lost (Table IT). When mixed with

Table 1T
CoCRYSTALLIZATION OF TaU, Wit CARRICR COMPOUNDS
Carreer—r Troodothyrop Trijod !
e
C hu. Counts/min.fug
Ongunal Mixture B 45 339
1st erystalhization 4 32 3 31
2nd erystallization 219 3-37
ard crystallization 098 345
4th crystallization — 8 53

triiodothyroacetic acd, the specific radioactivity remained
constant through four erystatlizations. This, together with the
chromatographic bebaviour of ToU, and the qualitative
chemical tests establish this compound as triiodothyroacetsc
acid.

Bijological Activity

The demonstration of the enzymic formation of the tetra-
and triiodinated thyroacetic acids (TETRAC snd TRIAC,
respectively) is of interest for several reasons. Roche, Miche'zl
and co-workers (1955) have found that radioactive tri-
jodothyroacetic acid can be found in the kidneys of thyrof-
Jectomized rets treated with trilodothyrenine containing 3y,

v e maimmntone mammvinbe fom tha HEC) meadiand bor mabe mion
P \ E . . Te

[ oty ¢

! LI S 1 1

. d Pitt-Rivers, 1955; Trotter, 1055) they descrve attention
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where oxidative phosphorylation is the rate-limiting step in respiration
And in all tissues that have been studied with the possible exception of
some tumours, the rate of phosphorylation is the Limiting factor in
determiming the rate of respiration of the surviving tissue.

Thibault- So that you ean have here an explanation of the action of
TRIAC, TETRAC, or thyroxmne and trnodothyronine This might be
the very enzymuc mechamism of action.

Lardy+ We have always hoped that the in vutro demanstration of
uncoupling was a counterpart of the situation in the whole animal
where thyroxine causes an increased metabolism There are several
questions that one has to ask First of all, 18 there a parallelsm
between compounds of different activity? Secondly, is that the way 1t

mder physi or is that only the way 1t
functions when there is an excess of the thyroid hormone? If the answer
to the latter question is “Yes”, does this explamn the phenomena of
thyrotoxicosis?

Taurog: Do you find this of thyroxine and truod
nme to the acetic acid to take place m any other
mutrochondrial system than that of kidney ?

know 1f this 15 accompanied, in the tadpole, by any perceptible mncréase
in oxygen consumption?

Lardy- This has been studied by a great many workers and they
disagree—at least there are two schools of thought. Some say the
tadpole does increase 1ts metabolism; others say 1t does not Those wha
say 1t does not, say 1t may on a dry-weight bass, but that 1f you caleu-
late the rate of oxidation per tadpole there is no increase. We have
never made any measurements so we cannot say. It 1sa very important
question

Taurog The whole mecharusm may be dfferent m the tadpole from
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TRIAC, TETRAC, or thyroxine and truodothyromne. This might be
the very enzymic mechamsm of action.

rdy- We have always hoped that the in titro demonstration of
uncoupling was a counterpart of the situation in the whole animal
where thyroxine causes an increased metabolism, There are several
questions that one has to ask. First of all, is there a parallelism
between compounds of different activity? Secondly, is that the way 1t

i p or is that only the way it
functions when there is an excess of the thyroid hormone? Ifthe ansner
to the latter question is *Yes", does this explan the phenomena of
thyrotoxicosis?

Taurog* Do you find this of ine and -
nime to the ing acetic acid to take placemany other
mitrochondrial system than that of kidney?

Lardy We have not done enough experiments with other tissues to
give & defimte answer We have done one expeniment with liver but T
should not like to be quoted on 1t. We have been so interested in what

n oxygen consumption?

Lardy: This has been studied by a great many workers and they
disagree—at least there are two schools of thought. Some say the
tadpole does increase 1ts metabohsm, others say 1t does not. Thase who
say 1t does not, say 1t may on a dry-weight basis, but that 1f you calcu-
late the rate of oxidation per tadpole there is no increase. We have
never made any measurements so we cannot say. It 1s a very important
question

Taurog- The whole mechamsm may be different i the tadpole from
 mammal, You may be affecting dilferent systems completely.

Lardy Certamly And that 13 especially brought out by the fact that

the adult frog does not respond to thyroid hormone. It can receive
tremendnnis amantitieg withaut chamrinm anw affans o cntal ot
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extent of about 30 per cont of the thyroxine originally present, Why we
do 'nlot find trilodothy ronine and TIRIAC more often produced, T hase
na fdea.

AW 1Ton g o Benaes < cvmveimom $ €8 m oo maf b BE G 8E ny £y e n g end

It tooks very mueh as though there swould be a whole series of thyro
active compounds, some of which may be inter-comertible Y cannot
quite “xc h‘nw 8 propronic acid could be produced from an almne
A oo ' FA S S T
Rarler 1 tried to corner Dr. Tata on that but he did not seem quite
sure whethier 1t was really tetrajodothyropropione or the acetic acud.
In our hands the tetraiodothyroforme, the one-carbon material, has
slight metabolie actnity, but interestingly enough the butyne has a
considerable amount of netivity so the eurve docs not fall off equally
at both ends. Isuspeet that, if the thy roxine or the thyroactive material
is fastening on anywhere by means of the earboxyl group, there has got
to be n certain amount of clearanre for the ring \ppatently the %-l‘
Ry Eapura TN . rn -t

Roche: We found, hike you Dr Barker, some TIXTRAC in the adney
after ijection of radioacti e thyroxine into nnimals  We tried to find
1f the presence of truodethyronine could be shown by paper chromato-
geaphy after the first resuits obtpined by Larson and Albright with
Lidney slices And we found just at the spot where Larson and Albright
found triodothiyromine, a mixture of TETIRAC and trijedothyromne,
Dut we were nble 1o separate these by paper electrophoresis, So we
completely agree with you

Lassilzhy - Dr. Lardy, have you tried to obtain the formation ofchelates
with other odothyronmes than thyraxine and tr.iiod‘nﬂ‘lymﬂi

o eaation by substitntion.
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Lardy- We can confiem this double peak in the case of the ditodo-
thyrommes; 1t is very striking. At first I thought it was an error, but 1t
really is there and T have no explanation for it
Lassitzky: It is a striking fact that when another atom of iodme 13
added, 85 1 3:5. 3" tilodothyronine compared to 3. 5-diodothyronine,
there is no proper
Lardy: What e bave thou"ht is that possibly this meant that we are
f the dual rings there and that in the
other compound you have i absorption by the molecule which

this fine differentiation

Lussitzhy- Yes, but when you study 1t this 1s very diflicult for thyroxine,
but for thyronine when you survey the spectrum mn acidic and alkaline
eonditions you see that m acidic conditions you hase two bands and
only one in alkaline conditions. Ihd you find that also? And can you grve
an explanation of that?

Lardy The only explanation T could give 15 that the phenolie group
of thyroxine and tritodothyronine 10mzes so much more readily than that
of thyromne or duodothyrommne, at pH 7, for example, thyroxine is
90 per cent or so1n the phenolate form whereas thyronine 1s still 1n the
free phenolic form.



ON THE PRESENCE OF 3:5:3’-TRIIODOTHYRO-

ACETIC ACID AND 3:3’-DIIODOTHYRONINE IN

RAT MUSCLE AND KIDNEY AFTER ADMINIS-
TRATION OF 3:5:3'-TRIIODO-L-THYRONINE

Jrax Rocur, Raymoxp Micuer and Prerer Jouaw*
Bhochumie générale ef comparée, Coltége de France, Paris

Tue thyroid hormones (3: 5: 3’ : 5’-tetraiodo-L-thyronine
or thyrovine, 3:5: 8'-triiodo-L-thyronine, 3 :3’: 3"-triodo-
L-thyronine and 8 : 3"-duodo-L-thyroninet) are metaholized in
the organism along three principal pathways. First, 2
process of dchalogenation hberates the iodide, since this
appears in the unine after mjection of any one of the four
iodothyronines (Johot ef al., 191%; Roche, Michel and Tata,
1954a; Roche, Michel, Ethng and Nunez, 1956}, Sccond, they
are glycuro-conjugated in the liver (Taurog, 1954; Roche,
Michel, Michel and Tata, 1954; Roche, Michel, Etling and
Nunez, 1956). And third, their oxidative deamination leads
to the corresponding todopyruvic acrd (Roche, Michel and
Tata, 19515) without previous deiodination.

Since the formation of 8 : 5 : 8" : 5*tetraiodo- and 3: 5:8™
tritodothyropyruvic acids m the liver and probably also in the
Xidneys has been established ns coming from their hormonal
precursors, it was important to look into their metabolic fate.
The iodothyroncetic acids which could possibly originate from
their oxidation seem to be of unusual interest. These recently
synthesized substances show a fleeting (Pitt-Ruvers, 1953) but
immediate action on rat oxygen consumption (Thibault, 1956)
and on rat kidney shees (Pitt-Rivers and Thibault, 19553
Thibault and Pitt-Rivers, 1055a), while the action of the
hormones appears only after some length of time (Thibault,

. - RN - PRTEE
it

. . ‘TRAC.
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1955; Thibault and Pitt-Rivers, 19555). The question then is
to determine whether they are “the active form” of the
thyroid-secreted hormones, or one of their physiologically
more active metabolites. We undertook to study the products
of the metabolism of 3 : 5 : 3"trilodothyronine in the receptor
tissues of thyroidectormzedrats. Wehoped to find among them
deiodinated derivatives and substancesderived from the oxida-
tion of the alanine side-chain.

Experimental
Chromatographic methods

To detect the metabolic products of 3:5:3"triiodo-L-
thyronine which we wanted to 1dentify in receptor tissues, we
had to work out & method of which two special aspects should
be mentioned. On the one hand, we defined the chromato-
graphic and ionophoretic behaviour of the reference substances,
which allowed us to proceed with preparations and character-
jzations. On the other hand, there were special technical
problems involved due to the very small quantities of 10do-
thyrenines and their derivatives present in the tissues.

The chromatographic solvents best suited to our studies
were n-butanol saturated with 28-NH,OH (descending) and
tert.-pentanol saturated with 2n-NH,OH (ascending). The Ry
values of the various substances on Whatman No. 1 paper at
15° with the two solvents are given in Table I.

Tonophoresis on paper 1n 0-05 M ammonium carbonate
buffer, pH 9, was a helpful addition to paper chromatography
in our studies (using 12 v/em length of paper and 1 majem.
width). The reference substances take up very different
posttions (as revealed by Pauly reagent for the iodothyronmmes
and their derivatives and by ceric sulphate). This way, iodide
can be elmi d by short phoresis and the other con-

stituents of the extract, after elution, can be subjected to a
separative technique. In five hours 8 - 83*-T, 1s 83-5 em. from
the starting-line, 8: 5: 3 TRIAC and 8: 5: 3 : 5-TETRAC
are 6 and 7-5 cm. respectively; T, and 3 : 5 : 3°-T; do not move.
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Identification of these six iodinated compounds in a mixture
ean be carried out using either two-dimensional chromato-
graphy in thesolventsindieated, or by ecoupling one-dimensional
chr graphy with phoresis at right angles. Both
techmgques have been apphcd under the best conditions after
ionophoretic elimmation of jodide and clution of the iodo-
thyronines and their derivatives.

Tabte 1
lf’ Varres or i, Vaniovs IonINATED DeRIVATIVES
Ry i nebutanol (g tetiary pentanct
saturated by saturated by
Substances 25-NILOH ex-NI1,01
15° 15°
Thyroxine (T} 048 0-28
3153 : 3-truodothyronine
(Ty) . 0 63 0-30
3 : 8"-dnodothyronine ST') 0 51 0 36
33518, 5 tetraodothy ro-
acetic acid (TETRAC) 060 040
815 : 8-triiodothiyroacetic
‘acid (TRIAC) o 053
Todide 0 31 018

8: 5 : 3-Truodothyronine, labelled n position 8°, njected
into animals required very high specific radioactivity in
order to be able to study its metabolism after administration
of physiological doses (0-10—0-25 ug.). It was prepared in
quantities of around 15-20 ug., with a radioactwvity of 5-10
mc, in accordance with a method we recently described
(Roche, Michel, Jouan and Wolf, 1955).

Muscle
All experiments were carried out on male rats of about

180 g., thyroidectomized 15-20 days previously and kept at
25°, In our studies of the kidney the animals were killed four
hours after intraperitoneal njection of a single dose of
3 5 : 8'-triiodo-L-thyronine (025 pg./50 pe per animal).
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In the case of musecle, part of the experiments were carried
out on animals having also received a smgle dose of the
hormones (0-1 pg./30 pc). In other experiments, the same
quantity of 3:5:3"triiodothyronine was given n three
injections, 10, 4, and 2 hours before killing by bleeding. The
treatment of the ammoniacal extracts of the organs compris-
mg new techmques has been deseribed in detail elsewhere
(Roche, Michel and Jouan, 1956). We will indicate here only
the general procedure.

Almost all the skeletal muscle was cut out (220 g.), frozen,
ground up in the presence of dry-ice and extracted by 1 per
cent NH,OH (800 m!). The radioactive solution obtaned
(3 per cent of the total radioactivity 1njected) 15 lyophihized
and the resulting powder (15 g } deliprdated by 500 ml. of a
mixture of 95 per cent peroxide-free ether and 5 per cent
absolute ethanol,* then deprotemzed (taken up by 150 ml.
1 per cent NH,OH, and ethanol added up to G5 per cent);
these operations were carried out at 0° and under CO, 1 order
to avoud any deiodination. The alecholie solution 1s then con-
centrated in vacto (under N,, temperature < 80°) and taken
up by 4 ml. 2x5-NH,OH and concentrated agan in tacuo to a
volume of 2 ml. A small aliquot of the ammomncal concen-
trate was analysed by two-d hy
(Whatman No. 1 paper) using as solvent, first, n- butanol
saturated with 2x-NH,OH (descending), and second, feri.-
pentanol saturated with 25-NH,OH (ascending). Three main
radioactive spots could be found by autoradiography and
their constituents dentified respectively as 8-5:8"-T,,
8. 3"-T, and 10dide (Fig. 1)

With them there 15 1n general a much weaker spot and 1t
could be supposed that 1t corresponded to 3+ 5: 3°-TRIAC.
We carried out a second experiment under conditions more
favourable to the characterization of this substance.

Six rats were treated in the same way as 1n the first experi-
ment exeept that 0:1 pg. of 8:5:8"-truodo-L-thyronine

¢ TRIAC 15 extracted by ether from ts neid solution, but s 12 not the
case for its alkaline salt under the conditions of our experiments,




72 J. Rocwr, R. Micues, axp P, Jovay

was given in three injections, 10, 4, and 2 hours before killing.
The muscle iacal extract obtained as indicated above
was utilized to show the presence of TRIAC. In order to do
this, it vas subjected to one-dimensional preparative chro-
matography in the presence of n-butanol saturated with
2x-NH,OI1. The substances whose Ry correspond respectively
to3:5:3%T and 8:5: 3-TRIAC were cluted with water-
saturated n-butanol. The cluate of the latter was analysed by
ascending chromatography in ferf.-pentanol saturated with
2N-NH,01], followed by clectrophoresis at right angles (500
;, 20 ma, 5 hr.) in 0-05 3-(NH },CO; buffer. Thwo spots could
be detected. One corresponds to 3:5:3%Ty, the other to
8:5:8~TRIAC (R fert-pentanol == 0-46 for 3:5: 3Ty
and 053 for 8: 5 : 3*“TRIAC). Mobility 1s 5 cm. for 3: 5: 8"
TRIAC and zcro for 3:5:8%Ty under the conditions of
ionophoresis used (Fig. 2). Two-dimensional chromatography,
with the same solvents, of an eluate of the spot of By cor-
responding to 3:3’: 5°-T, shows that this spot contains 2
mixture of 3:8"-T, and 3: 5: 8"Ty (Fig. 3).

The results obtained cstablished the presence of jodide, of
8:3"T, and of 3: 5 : 3 TRIAC together with 3:5: 3T, in
rat muscle after physiological injection of the latter.

Kidney
Groups of three male rats thyroidectomized 15 days
previously were each given intraperitoneally 0-25 pg. Ts
Iabelled in position 8 by 50 pc ™I and killed 4 hours later.
o T v+t c-ven and ground up
which is taken up
) acts contain sbout
2'per cent of the total radioactivity given. They are lyophtl-
ized and the product extracted five times by 10 ml. portions
of an ether-alcohol mixture (95 per cent peroxide-free ether
and 5 per cent absolute ethanol). Less than 1 per cer.zt'oi the
radioactivity passes into the ether phase. The dry lipid-free
residue is taken up by 2 ml, water and thc_n dlsso]w.'Cfi by slow
addition of 1 ml. 25-NILOH. The proteins precipitated by
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7-5 ml, of 85 per cent cthanol are ehminated by centrifuga-
tion. The supernatant is separated and a second extraction is
carried out on the residue under the same conditions. The
ammoniacal solution (18 ml) contains 95 per cent of the
radioactivity concentrated by the kidneys. 18 ml. chloroform
and 6 ml. 2§-NH,0H are added after centrifugation, the upper
layer is removed, while the lower layer is extracted twice
more by 6 mi. 2x-NH,OI. 80 per cent of the initial radio-
activity is recovered. All the operations are carried out at
0° under CO, 1n order to avoid any deiodination. The ammoni-
acal extracts are evaporated in vacue and under mtrogen
down to about 2 ml., and the concentrated solution obtained
is placed on a strip of Whatman No. 1 filter paper and eluted
with water-saturated 7-butanol. The pigments present
Temain on the paper and the eluate contains practically all the
radioactivity. An ahiquot is analysed using two-dimensional
chromatography, first with n-butancl saturated with 2n-
NH,OH. A radioautogram of this chromatogram is obtained
by placing on it a film of Kodak Kodirex. Four main spots
and several others of lower intensity are found. The position
of these four spots corresponds to those of 8: 5 : 3-TRIAC,
8:5:8"-T,, 3:8-T, and iodide (Fig. 4). The areas of the
chromatogram corresponding to the exact position of the
radioactive spots found on the radioautogram are cut out and
counted in a well-type scintillation counter; this enabled us
to establish the percentage distmbution of the various radio-
-active substances originatlng from the renal metabolism of
3: 5 : 8"-triodothyronine,

Compounds % Radioactivity
3:5:3~TRIAC R
8:5:3-T, . . . . 78
3:83%F, . . . . . 64

I~ P . 2

The spots of secondary intensity do not contain more than
4 per cent of the total radicactivity,
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In order to confirm the existence of 3:5: 8 -TRIAC, a
further purification of the remaining total extract is carried
out by preparative chromatography in n-butanol saturated
with 2N-NI[,OH. After development two strips of Ry =
0-65 (T,) and 0-75 (TRIAC) are cut out and cluted with
water-saturated n-butanol. These two cluates are scparately
analysed using first ferf.-pentanol saturated with 25-NI,0H
followed by clectrophoresis at nght angles, The jonophoresis
is carried out for 5 hours 1n 0-03 3-(NII,),CO, at pll =9
(12 vfem. length and 1 mafem. width). The By of triiodo-
thyronine in fert.-pentanol 1s 0-46 and that of TRIAC s 055,
Under the conditions of electrophoresis trijodothyTonine does
not move while TRIAC moves 625 em. The radiochromato-
electropherogram of the strip corresponding to triiodothyron-
ine shows two radioactive spots, one of triiodothyronine and
another, weaker, of TRIAC; the strip corresponding to
TRIAC shows a single spot at the level of TRIAC reference
(Fig. 5a and b).

Discussion and Conclusions

The significance of the observed facts should be discussed
briefly as far ns the formation of 8 : 3°-T, and 8 : 5 : 3~ TRIAC
is concerned. R

1. For a long time, the existence of tissue deiodination
processes had been known but there was o special problem
involved, Since 3:5:3"-truodo-L-thyromne is five times
more active than thyroxine, it had been supposed that it was
its “active form™ and that it originated by partial delodina-
tion (Gross and Pitt-Rivers, 1953). Experiments on the sub-
ject have not given absolutely elear results. Those can-iefi out
in vivo have been done on non-thyroidectomized animals
(Flock and Bollman, 1955); then their glands, veusing the
Jabelled iodide from the degradation of the radionctive thy-
roxine njected, eould have beent the source of the tnim.imafed
hormone present jn the tissues. .Those c‘amed out in vgtﬂ?
with organ extracts did not permit a precise characterization
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of the products of dehalogenation of L-thyroxine (Sprott
and Maclagan, 1955). Only by having kidney slices act on
solutions containing thyroxine could significant results be
obtained, in the sense that a substance having the same
Rp as 8:5:8"-tniodothyromne 1 one-dimensional chro-
matography appears in small proportions in the reaction
medmm,

However, 83:5:3':5-TETRAC has the same R, as
3 : 5 : 8"-triiodothyronine 1n the solvent used, and 1t could be
inferred from earlier results (Larson, Tomita and Albright,
1955) that 1t is probably formed from L-thyroxine under the
experimental conditions. Unpublished studies allow us to
1dentify under these conditions a mixture of TETRAC and of
8:5:38"trnodothyromne. Anyway, the rapid formation of
3 : 3"-diiodothyronime from its truodinated homologue seems
to be an important step m the metabolism of the latter;
8 : 8’-diiodothyronme 15 found 1n kidney and muscle after
injection of 1ts preeursor, and we also showed 1t to be present
m egg-yolk after mjecting 3:5:8’-trnodothyromne into
laying hens (Roche, Michel and Volpert, 1956). It seems then
that, 1f the detodination of L-thyroxine proceeds by successive
steps n their receptor cells, the formation of 3 : 5 : 3’-trnodo-
L-thyromne does not have the hoped-for importance. It con-
stitutes, 1f 1t actually happens, only an intermediate step of
the dehalogenation of r-thyroxme to 3 : 3’-ditodothyronine.
This product seems to be the ul one 1n the dehal
tion of the 10dothyronines before their metabolic degradation
by rupture of the ether hinkage between the two benzene rings.
It 15 one of the pathways of the catabolism of the 10dothyro-
nines, probably without any important connection with their
physiological activity.,

2 The formation of 8 5:3-TRIAC has an entirely
different meaning. In addition to dehalogenation, the meta-
bolism of the hormone takes another direction at the same time
as the alanine residue of 3. 5 : 3”-triodothyronine undergoes
a degradation without removal of the 1odine atoms on the
benzene ning. As has been pomnted out earlier, probably the
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first step in this process leads to 8:5: 3%trilodothyro-
pyruvic acid, which, 1n the second step, is decarboxylated to
3: 5 : 8’ tritodothryoacctic acid. Since these substances are
very diffusible the fact that they are found only in small
quantities docs not indieate that the reactions which give
Tise to them are not intense.

It should be pointed out that these results on musele are
much clearer than those on kidneys. The latter can present
only a speainl type of metabolism of the tniodothyronines
connected with a detoxifieation funetion, but they can also
Iimit themselves to concentrating the 3:5: 3"-TRIAC cir-
culating in the blood in trace amounts. Unpublished studies
enabled us to identify this substance as an unknown iodinated
derivative exereted 1 the unne after injection of 3:5:3™
tniodothyrenine. Anyway there is no doubt about there
being two pathways for the metabolism of 3 : 5 : 8”-trilodo-L-
thyrenine, and the first step of both is in accordance with the

scheme below.
p X COOH
Ho: CHz-CH
@OO ™
hy ’

wodothyromae

L L /COOH A )
uo-@o@-ﬂ‘,— @ uo-@o@-cu,—co—coou
N, \:

3 5 3-truodothyropyruvic acd

1 1
uo—@o@-cu;coou
h

33 ¥ truodothyroacetic acid

3 3*-duodothyronine

The action of each of these two derivatives, the presence of
which has been established in kidney and musele after in-
jection of 8: 5 : 8trilodothyronine, is not equivalent as far
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as the physiological effects of the product administered are
concerned. It has been questioned for a long time whether
the thyroid hormones have a direct pharmacodynamic effect
or whether they act only through derivatives of their metabol-
ism, Since 8 : 8’-diiodo-L-thyromne 1s six to seven times less
active than 3 : 5 : 8'-triiodothyronine, the dehalogenation of
this substance leads to a great reduction of 1ts eXectiveness,
and should be considered as a simple degradation process.
However, 3 : 5 : 83-TRIAC acts immediately without any loss
of time, and it is possible that the effects of the hormone are
connected with the formation of this substance from its
precursor. New studies are necessary to obtan a defimte
opmion on this subject. It would be helpful to formulate it to
dispose of quantitative data on the transformation rate of
3:5: 8" triodothyronine to 8.5:8-TRIAC, and on the
respective activities of these two substances.*

Summary

1. Muscle of thyroidectomized rats 8 :8"-duod
L-thyronine and 3:35:38’-truodothyroacetic acid, after in-
jection of physiological doses of 8+ 5 : 8’-trnodo-L-thyronine
(0-1 pg.). These results, together with our earlier ones on
kidreys from rats subjected to the same treatment, show that
the metabolism of the injected hormone can take two path-
ways: partial deiodmation without change mn the alanine
residue, and degradation of this residue (oxidative deamination
and decarboxylation, without any deiodination).

2 Since the action of 3: 5: 8"-trnodothyroacetic acid on
the metabolic rate 15 immediate, while that of the thyroid
hormaones has a fairly long lag time, it could be asked whether
the iodothyroacetic acids were not in their active form.
Thus the proof of the existence of one of these iodothyroacetic

T Ly . -
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first step in this process leads to 8:5:3”triiodothyro-
pyruvic acid, which, in the second step, is decarboxylated to
8 : 5 : 8’-triiodothryoncetic acid. Simce these substances are
very diffusible the fact that they are found only in small
quantities does not indicate that the reactions which give
nise to them are not intense.

It should be pointed out that these results on muscle are
much clearer than those on idneys. The latter can present
only a special type of metabolism of the triiodothyronines
connected with a detoxifieation function, but they can alo
limit themselves to concentrating the 8:5:3-TRIAC cir-
culating 1n the bjood in trace amounts. Unpublished studies
enabled us to 1dentify this substance as an unknown iodmated
derivative excreted in the urmne after mjection of 3:5:3~
triiodothyromne. Anyway there is no doubt about there
being two pathways for the metabolism of 3 : 5 : §"trijodo-L-
thyronine, and the first step of both is in accordance with the
stheme below.

35 #-truodothyromine

coon A )

el HO o CHyCO-COOH
o ]
* 1

35 3~ truodothyrepyruvic ood

T l I3
o «@o@—m‘-coou
i

35 Y- truodothyroscetsc oosl

3 3 duodolhyromne

The action of each of these two derivatives, the presence of
which has been cstablished in kidney and muscle after in-
jection of 31 5: 8" triicdothyronine, is not equivalent as far
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Barher: 1 do not see how we can tell at the moment, but with an
effect as, for instance, on the succino«idase system, you get an activity
parallel to the presence of the 3: 5-diiedo-4-hydroxyphenyl on
ea sl ALS Was Do 30 L o TAL CnTan 3005 some evidence
1 up with 10do-

: ' . . . e-chain for the
uncoupling.
Paei

i
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Lassitzky: T think that this discussion leads to the conclusion that
et Mol e M SISO\ e Y R

hormanes, because 1t is not actually possible to see a determmed point

P Ay

metabolism, ) .y
Roche: I think the data presented yesterday by

that at tha mhecalamanl Taeat

f Courner show

mones of many other organs.

Lardy: T endorse what has been said 1f you look at it mn our present
state of knowledge, certanly many phenomena are affected, but I think
this should not stup us from trying to find the exact chemical reactions
whuch are mfluenced 1n titro ot eventually, if we can, 11 vivo 1 look
farward to the time when we can wite exact equations describing the

xz:e&\ﬁ:ax‘l:sm 9‘1 action, as we now can for the pathways of metabolism
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acids in the receptor cells (muscle and kidney) gives to our
studies a spectal importance since 3 : 5 ; 8’-triiodothyroacetic
acid had never been detected in these tissues before.
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you get a much better scparation of the amino acids and the acetic
analogues with only normal or half-normal ammonia. Using ammonia
in lesser concentrations the amino acids move more readily with the
solvent front, and when you increase the smmonia concentration they
remain 1n the first part of the chromatogram

Lardy: Let me give you the Rp values in the terttary amyl alcohol
2% ammonium hydroxide system.

Thyroxine .
Tetmlodolhyropropmmc nc:d
Tetrajodothyroncetic acid
‘Truodothyromne -
Diiodothyronine .
Triiodothyropropionic acld
Tniodothyroacetic amd .

Ta effect better separation, Larson and Albright have sometimes used
a chromatographic chamber that 1s four feet hwh.

Taurog: You mean the filter paper 1s four feet long?

Lardy: Yes.

Gross: Tf I may add a disturbing technical pomnt Recently we were
checking injection mlxtures with tertiary amyl alcohol-ammonia—
these were 1t was very dis-
turbing to us to see that when we did ntwo-dlmensmnal chromatogram
in temary amyl almhol -ammonia we could demons&mte a rather lovely

il A D A memgn = £ aTan <hemrn b

B

&

cooocooo
G b1 13 1Y

S
&

acid with ugh activity and we  have much data to show that the acetic
analogue will be produced.

£.-Riwvers On the paper?

Lissut2ky - Perhaps on the paper or perhaps n the solution, because
this process increases with time.



THE DISTRIBUTION AND METABOLISM
OF THYROID HORMONES

J. Gross, D. F. Forp,
S. Symemowrez and J. H. Horrtox

Department of Anatomy, State University of New York
College of Medicine at New York City

Tue distnbution of thyroxine and truodothyromine labellec
with 131 has been the subject of 2 continuing study. It has beer
found that while thyroxne 15 concentrated mainly i the live
and kidney, triiodothyromne 1s markedly concentrated by ¢
wide variety of organs and tissues (Gross, 1955). This report re
presents part of a series of experiments designed to investigate
the chemical nature of the coneentrated radioiodine and the
dynamuies of its concentration.

Materials and Methods

Male albino rabbits obtained from a commercial breeder
were injected intravenously with 131-labelled tniodothyronine
(Abbott Laboratories, Oak Ridge, Tenn., U.S.A.). The usual
dose administered was about 5 ug./kg., but in some experi-
ments one-tenth this amount was used.

The snimals were maintained under anaesthesia, and
serial blood, muscle and bile samples were taken over a 4-hour
period. At the end of the experiment a number of organs
were also removed. In three experiments the bile was collected
from the cannulated bile duct. In three experiments the bile
duct was cannulated with a polycthylene tube and the other
end was inserted into the distal portion of the bile duct. A
loop of the tubing was brought out through the abdominal
n which permitted sampling of bile without completely

incisio
182
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interrupting its flow into the intestine. In the final three
experiments so far earried out thete was no surgical interven-
tion in the biliary system and at the end of the expenment the
gall bladder bile was aspirated.

The samples were analysed by chromatographic methods
{cf. Gross, 1954); the radioactivity was detected by either

di graphy, or by ing under an end wmndow
flow counter. Quantitative data were obtained by counting
fractions in a well-type scintillation counter,

Results and Discussion

The results of all experiments were essentially the same and
therefore a typical experiment will be used to illustrate the
findings.

The inj d radicactivity disappeared rapidly from the
crreulation (Fig. 1), some 75 per cent of the dose having left
the circulation in 6 minutes. The percentage of the dose in the
muscle mass increased at a much slower rate and its 131
content tould aceount for only a small proportion of the dose
Jost from the circulation during the same time period, This
same relationship was obtained in a study on mice {cf. Gross,
1955) where 1t could be shown that primarily the hiver, and the
kidney to a much lesser extent, were responsible for clearing
the circulation of triiodothyrontne. In both studies, too, the
increase in the proportion of the dose found m the musculature
at later time intervals (e.g. after 1 hour) was greater than
could be accounted for by the decrease i plasma content of
radicactivity. This was interpreted as meaning that the
injected material had passed through the liver andjor the
kidney before 1t could enter the muscle.

The product from the liver and/or the kidney returning to
the arculation should be a metabolite of trirodothyronine.
Such a product is demonstrable 1 the cirenlation (Fig. 2,
“x"} and substances with the sume chromatographie mobihty
are seen 1n the liver and kidney (Fig. 8). From Figure 2 it is

S T
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ples. This rep areal i in concentration with
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concentration in the muscle (Fig. 1) indicates that plasma
“x* could be the precursor of the muscle radioactivity.

Exp 87
T* 40pgfkg v

Concentration % dosefiO0g

¥ 2 3 4
Time hours
Fig. 4. Curves showmny the relationstup between the entry of radiosctive;
1t mscle and the apyensance of an ukknown substance X" (See Fig. 2) 1m
the circulation, in the same expeniment as that shown in Fig, 1.

However, on analysing the musele 1t was found that the
rad;mud'me was predominantly in the form of triiodothyronine
st all time intervals {Fig, 5); it therefore follows that its

™~
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circulating precursor must have contained triiodothyronine.
Accordingly attempts were made to isolate and characterize
the “x” substance.
. S"in?c the hver was probably the major sotirce of plasma
x”, it was thought that the bile might provide a suitable
concentrate for 1ts isolation. Chromatograms of the bile
(Fig. 6) did show several substances 1n the same region as the
plasma compound. Tiwo of these were isolated. The substance
l:}bellcd G was found to be the glucuronide of truodothyronine,
since treatment with mammalian glucuromdase resulted in the

2
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Fi1c. 7. The effect of actd hydrolysis on an isolated sample of the substance
labelled *x*" an Figure 8. The tracings give the distribution of radioaettv+
1ty 1 the chromatograms (BDA) when scanned under a chromatogram

0o _aen ant

has been reduced.
formation of triiodothyronine, and this formation was in-
Rubited it the presence of saccharolsctone (1 £, 2 gloenranidase
inhibitor). This is presumably the same product first demon-
strated by Roche, Michel and Tata (1954) though it is resistant
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to hydrolysis with 0-2 x-1ICl under the conditions described
-by these authors. The substance labelled “x”, after treatment
with 0-2 5-HC! for 2 hours at 54° C, gave nise to tritodothyro-
nine (Fig. 7). In attempts to 1solate the “x* substance from
plasma, the fractions always contained tniodothyronine as a
contaminant together with some iodide. Treatment of this
mixture with 0-2 ~-FCI resulted 1n a disappearance of the
‘“x” component and an apparent increase in the trilodothyro-
nine component. This would suggest that the “x** substances

THYROMD

[ P
1
T T S cnoner
S
% Tyooomen
CIRCULATION LIVER — KIONEY

in bile and plasma may be smmlar, and would support the
view that plasma *x™ 1s a trnodothyronine-containing sub-
stance Definite proof of this assumption must await the iso-
lation of the “x” substance of plasma under conditions which
do not cause its breakdown. Such experi are in progress.

To unify the results of these and other experiments, the
following tentative scheme of thyroid hormone metabolism is
presented (Fig. 8). The principal secretion of the thyroid
gland is thyroxine, and 15 accompanied by small and variable
amounts of triiodothyronne. These two free amino acids are
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cleared from the cireulation by the liver and to a Jesser extent
by the kidney. In the kidney, at least, there is accumulating
evidence that thyroxine can be deiodinated to triiodothyro-
nine. A second metabolic pathway for both substances is
glucuronide formation, and in the case of triodothyronine
there may be formation of a second complex.

The triiodothyronine formed in the kidney does not return
to the arculation (Glitzer, Symchowicz and Gross, 1956);
instesd, an 1odinated substance with a chromatographic
mobility similar to that of the triiodothyronine complex
appears in the plasma. The kidney and hver may therefore
form tniodothyronine from thyroxine, and convert the former
into 2 complex which is passed into the creulation. This
transport form of the thyroid hormone would then be taken
up by the target hissues where it would be rapidly disassociated
to free triiodothyromne, In the Ussues further metabolism
oceurs to give iodide. However, the possibility of the forma-
tion of other rapidly metabolized intermediates (represented
by the question mark) cannot be eliminated.

Summary

(1) Experiments on the metabolism of small doses of 3%11-
labelled trijodothyronine in the rabbit are presented.

(2) An ijodinated product of trilodothyronine has been
demonstrated in the circulation which may be the precursor
of the radioactivity found in the extra-hepatic and extra-
rensl tissues. The liver and kidney contain, in addition to
trilodothyronine and iodide, substances similar to the cireulat-
ing metabolite. This is also true of the bile. In the other

tissues, as exemplified by the muscle and the pituitary, the
. - AR VeI AL e Fr o F “'“"""‘h_‘,’r{’mine.

- af farther

* {3) There is some evidence to mndicate that en unknown

metabolite found in plasma and bile is o triiodothyronine
lex readily disassocinted by dilute acid.
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(4) The hypothesis is presented that the major secretion
product of the thyroid, thyroxine, is metabohzed in the kidney
and liver to trilodothyronine which 1n turn is converted into &
complex. This complex is secreted into the eirculation and is
the precursor of the triiodothyromne found in the tissues.
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THE DEIODINATION OF THYROID
HORMONES IN VITRO

N. F. MacracaN and Doreeny REm
Depariment of Chemical Pathology, Westminster Medical School, London

Tne discovery of tritodothyronine and of its high metabolic
activity, as compared with that of thyroxine (Gross and Pitt-
Rivers, 1952, 19534, b; Roche, Lissitzky and Michel, 1952} has
concentrated attention upon the biosynthesis of the former.
A possible route of synthesis would involve secretion of
thyroxine by the thyroid gland, followed by peripheral
deiodination (Gross and Pitt-Rivers, 19535). Although there
15 abundant evidence for the deiodination of thyroxine in in-
tact animals, the difficulty of demonstrating this process in
isolated organ preparations has been an obstacle to the aceept-
ance of this suggested mode of synthesis (Roche and Michel,
1955), Recently, however, the deiodination of thyroxine in
vitro has been reported by three groups of workers (Albright,
Larson and Tust, 1954; Larson, Tomita and Albright, 1955;
Maclagan and Sprott, 195%, Sprott and Maclagan, 1955;
Cruchaud, Vannotts, Mah and Deckell 1955), and the
purpose of the present paper is to present some further resuits
on this subject from our laboratory, Although we have studied
deiodination of thyroxine in many organ preparations, both
by radioactive and non-radioactive methods, the work to be
described here was carried out mainly with eell-poor liver
extracts obtained as indicated below.

Preparation of Extract
Tresh rat livee {s minced mnto ice-cold 1-15 % (w{v} KC1
solution (10 ml./g.). After 5 minutes shaking, the mixture is
filtered through gauze and the filtrate diluted tenfold. To
100
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5 ml. of filtrate (= 0-05 g. of liver) are added 5 ml. phosphate
buffer at pH 6, and approxxmatcly 1 pg. of Bi-labelled
thyroxine (supplied by the Radiochemical Centre, Amersham,
Bucks).

After a suitable incubation period, 4 ml. of diluted plasma
are added (to increase protein concentration) followed by 5 ml.
2 % (w/v) phosphotungstic acid, and & drops 1 % (w[v) Kl as
carrier, After filtration, a smtable amount of the filtrate 1s
counted 1n a G.M. hquid counter (Veall, 1948) and the results

od
Extract
s
s 5 Homogenate
24 )
B
2%
: Shees
)
.
0
A
o w6 .0 ]

Fime in s

Fic.1. Rates of deiodination of ilisbelled L-thyroxine (1 pg) by
dfferent iver preparations.

expressed as a percentage of substrate radloacnv:ty Sinee
the thyroxme 15 labelled on\y in the 8" :5' positions, this
figure rep t: dination of 8" : 5" iodine.
Some typical results are shown in Figure 1, from which
it will be seen that the activity of the extract 15 signi-

ficantly higher than that displayed by lver slices or
bomogenates,
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General Properties of the Extract

Contrary to our previous experience with homogenates,
which proved to be refatively heat resistant, the actwvity of
extracts 1s readily destroyed by heat. Inactivation is complete
after 10 minutes at 100° C, and appreciable destruction oceurs
4t 87° in one hour,

Other properties are very similar to those of homogenates.
1t will be seen from Figure 2 that the optimum reaction is at
pH 6 and the presence of phosphate is essential for maximunt
nctivity. The system s aerabic, being completely inhibited by
eflective excl of air. The opti temperature is around

% Derodination
N
8

Fio. 2, Effect of pI{ and buffer composition on rate of defodination
of 1L-fabelled L-thyroxine,

37° C, but slow reaction also occurs at temperatures as low as
87 C. At 87° dewodination p ds almost to pletion in one
hour. Although there is some variation with different pre-
parations, the average percentage deiodination of bct\’vecr)
60-70 per cent indicates that more than one of the 3 : 5
jodine atoms are removed. We have not, however, achieved
100 per cent deiodination even by the nddition of further
extract at the end of the reaction.
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Effect of Inhibitors

The effect of some mhibitors on the reaction is shown 1n
Table I These are very similar to those previously reported
for the homogenate, and inelude inhibition by citrate and

Table I

Inmmirory LITTCT OF VARIOUS SUBSTANCES 0N 11.LABELLED
TAYROXINE DEIODINATION BY RAT LIVER EXTRACT (0 05g Liven)

Inhibitor

Anaerobiosis

10! 3-NaCN

0 03 sodwm citrate

0 05 M sodium ertrate

+ 0 01 M-FeCl,

1074 3 sodum arsenite

107 x BHDB

0 1:-KI

10~ thiouraerl

0 5 X 1074 1 truodothyronine
10  truodothyTomne

© 02 % phosphotungstic acid

o4, Inhibution of Dewodination

100
100 (107 3t only 25 %)

reversal of the mnhibition by small amounts of ferric iron, The
iron effect appeared reasonably specific as 1t was not shown by
nickel and cobalt (Table II). The mhibitory effect of n-butyl
4-hydroxy-3 . 5-dnodobenzoate (BHDB) was of importance

‘Table 11

CosparisoN oF FECLy, Co(NO,); aND MNCrL, 1N THEIR

TTECT ON CITRATE INEIBITION

L1,thysoxine and lrver homagenaw m acetate buffer.

hours mcubation

pll 0 03 extrate Conen of salt % Detodination
60 - - 67
67 + - 2
64 + © 001 10.FeCly n
67 + 0 001 11-Co(NO,), 2
67 + 0 001 3t-MaCl, 2

TEYROID—8
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to us in relation to the mode of action of this substance as an
antithyroxine agent, and confirms our hypothesis that these
effects are produced by inhibition of the dejodination of
thyroxine (Wilkinson, Sprott, Bowden and Maclagan, 1954;
Maclagan, Sprott and Wilkinson, 1952). Triiodothyronine
inhibits at a much Iower concentration than that effective in
the case of other inhibitors, indicating some degree of specifie-
ity. Inhibition with iodide only occurs at high concentration
(01 M),

Substrate Specificity

The effect of the system on four substrates is shown in
Table IIT. While triiodothyronine (Ty) is deiodinated at about
the same rate as thyroxine (T,), tri- and tetraiodothyroacetic

Table I
D: or D: S
BY RaT Liver Prr 8. (2 mouws I )
Laver Preparation 94 Dewodinghon
T, T, TETRAC TRIAC
Bpg) (6 pg.) (4p8) 7 pg)
Extract (0 05 g.) 66577 o~ 287202 175108
Homogenate (0-05g) 58 7,546  — — 23:9,23 9
" (05g) T4 58 — —

acid (TRIAC and TETRAC respectively) (Pitt-Rivers, 1953)
were much less readily attacked. Deiodination of the rodo-
acetic acids was inhibited by the same substances (including
BHDB) which imhibtted mn the case of the iodothyronines.

This difference in the rate of attack with iodothyronines as
compared with iodothyroacetic acids is of some interest,
particularly as 1t cannot be explained on solubility grounds.
It could be interpreted teleologically either as an indication
that the liver was *“sparing” the latter compounds, or alterna-
tively that it was unused to dealing with them.

Preparations from other Organs
A wide distribution of the enzyme throughout the body has

been previously reported (Sprott and Maclagan, 1955).
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Although most active in the liver, activity was also shown by
homogenates from kidney, spleen, brain, muscle and adrenal.
Only traces of activity were, however, present in thyroid and
intestinal mucosa. We have obtained very similar results with
the technique of extract preparation described above. No
significant activity was found in blood or in bile, and a number
of autoxidizable systems posed of haematin, lecithin, eyto-
chrome ¢, ascorbic actd, and FeCl, also gave negative results.

Chemistry of the Reaction

The fact that the filtrate radioactivity in our expenments is
due entirely to 10dide has been confirmed by the following
techmque. The filtrates were treated with a cold dilute acid
solution of potassium dichromate to liberate iodine, which was
extracted by chloroform. The chloroform solution was re-
extracted with aq sodmm thiosulph and the resulti:
solution investigated by paper chromatography in the butanol-
dioxan-ammoma system followed by autoradiography. In
this way, it was shown that all the radicactivity was assoer-
ated with inorganic iodide.

Attempts were also made to 1dentify the organic products of
the delodination by extracting the mixture, after incubation,
with acid butanol, followed by chromatography in the butanol-
dioxan-ammonta system. The chromatographs were finally
developed by autoradiography. The results of a typical
experiment are shown m Figure 3 These experiments demon-
strated factonily the disapp of thyroxme and the
production of inorganic iodide, and there is also an indica-
tion of the accumulation of small amounts of triodothyronine,
particularly after one hour’s mcubation As noted above,
triiodothyromne 1s 1itself attacked by the system, which on
doubt explams the difficulty of demonstrating its appearance.
Attempts have been made to improve on these experiments by
the addition of a partially inhubitory concentration of carrier
trifodothyronine, with the 1dea of stopping the reaction at

the trilodothyrommne stage, but the results were very similar
to those shown in Figure 3.
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The exact mechanism of the reaction is obscure, the acrobic
nature of the process being difficult to reconcile with, for
example, the conversion of thyroxine to triiodothyronine,
which is one of reduction. It is, therefore, important to stress
that the evidence for the existence of triiodothyronine as an
end product, both in our work and in that of others, is entirely
chromatographic. After Prof. Lissitzky’s paper this morning,
it 15 ecvident that the compound, 8“-hydroxy-8:5:5"
triiodothyronine, should be scriously considered as a possible
product of the oxidative deiodination of thyroxine.

Physicochemical Data

Table IV shows the results of attempts to define the nature
of the enzyme more closcly. It will be seen that actwvity is
unaffeeted by dialysis, while it was precipitated by one-third

Table IV

Erfecr oF DiaLvsis oN THE DElobINATION OF ¥1-LABELLLD
THYROXINE (1 pg.) BY RAT Liver LxrtRAcT (0 05g)

State of extract Detodiration, S}, dose
Undialysed 355,32 2
Dialy sed (runrung water) 39 8,38 3
Dialysed (static) 318,852
Heated control 32 44

EFFEcT OF PROTEIN PRECIPITANTS

Reagent b Activity Op Activaty

Preaprtated 11 Supernatant
1/3 Saturated (NH SO 52 L]
172 Saturated (NH,),SO, 52 o
Acetone—20°C [ 4

saturation with ammonium sulphate. This would suggest a
soluble protein of moderate molecular weight. The results of
-7 ot with an M.S.E. medium

t 4° € according to the

scheme U1 UL Lust e mie qavvuy o318 consistent \.vi‘th this
hypothesis. Tt will be seen from Table V that no activity was
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Table V

Errect oF Hian Sprep CENTRIFUGATION IN O 233t SUCROSE AT 4°C o¥
TRE AcTivity oF Liver EXTrACT (0 036)

Centrifugal Fraction brought 9% Actinty 9% Activaty
Sield g min, down S F. an Deposit
10,000 Cell debns and nuclet 100 —
33,000 leavy mitochondria 91 12
250,000 Light mitochondsia 74 14

3,000,000 Microsomes 32 a8

carried down with the mitochondria, although a significant
proportion was found 1n the microsome fraction. Further
attempts at punfication were made by precipitation with
acetone at low temperatures, but no active preparations were
obtamed 1n this way,

Effects of Thyroid Status

Larson, Tomita and Albright (1955) reported the mhibition
of the conversion of thyroxine to truodothyronme in kidney
shices, as a resnlt of thyroidectomy. Experiments carried out
mn this department by A. J. Feetham have given simlar

Table VI
Errecr or Trveor FEEDING (2 9, TayRomEUN B P. ror 18-20 Davs) ox
DEIODINATION OF ILLARELLED THYROXINE BY Rt Liven ann Kioxcy
Hovoorwates (Foeraas, A J , UneubLisnep)

Luer Kudney
<, Detodination 9, Daiodination
Control 527 218
group 544 278
(6 rats) s08(_ 28 4f _ .
S8 o[ =140 6Av 19 9 =23 AV
25 2 15 8
82 1 30 4
Thyrod 21 8 16 9
fed 14 2 153
aroup 18 8( _ 1Bo(_ .
(8 rats) 20 5[ =19 0 Av. g 4p =12 34V
21.8 s4
183 67
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results (Fig. 4). The degree of inhibition produced by thyroid-
ectomy was, however, unimpressive,

Contrary to the experience of Larson and co-workers, Mr.
Fectham was, however, unable to produce any evidence of
incrensed activity by thyroid feeding. It will be seen in Table
VI that the results in thyroid-fed animals were in fact below
those of the control group, both with fiver and with kidney

60 |-
Mean from 3~7 ruls;::mu'ld romised
50 - ytoidtetomise
g
% 40 |-
£
k]
2 r W
£ 20t
g
£ ot
1 1 1 1 1

§ 2 3 4 5
Weeks ofter thyrardectomy
Fio 4. Effect of thyrodectomy on deiodination of t-abelled L-
thyroxine by liver homogenates (Feetham, A. J , unpublished).

homogenates, It is difficult to explain this apparent diserep-
ancy which may depend on the employment of different
dosages or substrate levels, It should also be pointed out that
Feetham’s experiments were carried out on homogenates, and
those of Larson and collaborators on slices. There 1s the further
difference that our measurements were entirely concerned
with iodide production, which would not necessarily run
parallel with triiodothyronine production.

Conclusion
The existence of an ncrobic labile deiodinating enzyme
system in the liver and other organs, capable of attacking
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thyroid hormones, is of significance in relation to their possible
deiodination in peripheral tissues, and suggests that this may
well be a normal event in the animal body. The mechanism of
the reaction 1s not established and needs further study. The
diminished activity of this system produced by thyroidectomy
and by thyroid feeding is also of interest, and suggests that a

1 control of deiodination may exist and may be of
importance as a regulating mechamsm.
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DISGUSSION

Lardy. I should like to make o few comments about the whole
homogenate versus the extract, and reasons for the heat stability.
When these data were first published by Prof. Maclagan they looked so
much dlﬂcﬁnt {rom the Larson-Albright system that we did a fesw com-

= mmnen of the exneriments was to see whether or not the

. gy

enzymie catalysis.

Now, concerning the reasons for the differences between your experi-
ments and those of Larson and co-workers on the hyperthyroid animal,
I feel there may be a difference 1n the tissue; they used kidney slices,

=Y e Tadnev tao

tr N [ ryroid
feeding, of course, but 1t Wit stein s we .

Taurog: Dr. Lardy has just said something that strikes me us very
interesting. You say 1t 15 well known that sulphydryl compounds strip
jodine from thyroxme?

Lardy: No; from other hal d
country has reported in the Buoch 1 Journal the logy
alkyl halides by glutathione.

MMichel: But in this paper, possibly, the same author states that

in this
of

d in aliphatic hal ds but not 1n
aromatic compounds.
rdy* A ding to Larson, Y will desod: thyrox

La 3 i
Taurog* That is certanly very important to know in this chromato-

graphy, i N
Maclagan; Yes, but still 10 minutes’ heating would not destroy your
glutathione?
Lardy: No. 5 .
Maclogan: So that the deiodinating activity of our liver extracts could

not be due to glutathione. i ) )
ZLardy: No, the deiodination of thyroxine by your liver extracts is

clearly an enzymic process.
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Taurog: I just wanted to ask Dr. Gross about the nature of this tri-
iodothyronine complex that hementions. Ididnot quite understandw hat

suggestions as to what this complex might mean I know that T'rof.
Rache and Dr Michel have thought ahout a number of coraplexes.
P.-Ruers. Dr. Michel, you did actually do some work, didn't you,
with radioactive sulphate?
BMichel* Yes, butwithout success We first tried injection of tadioactive
sulphate and also radioactive cyfteme. Despite long tre‘atment with

Gt Y es, DUL COLIPOUIU & WdS IUULU WHED LIE DIOUA IS WILIATAWD
4 or 5 hours after mjection of truodothyronme and 20 or 30 hours after
mjection of thyroxme. It 15 possible that if thyroxine 15 deiodmated
ot s lid e g Rt e e H

erroneous.

P.-Ruwers: Ind compound $ have the same Ry as your complex?
Gross. T cannot really say because we never used the same solvent.
Michel T think st has the same Rp. In butanolfammeonra, is this

compound between the ongin and 10dide?
Gross: Yes,

Michel: It 15 surely not the glucuronide conjugate because we have
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spleen or from bacteria.

Lissitzi:y: Prof. Maclagan, you showed an optimum activity in function
of pH with your system, and the experiments you presented today were
doneon the ug. scale. Tdonot remember 1f this is the same as the result

- . H i
. . . . “

1

1
because solubilities come m,
Thibault: Prof, Maclagan, do you think that the inlubiton of thyroxine
by truodothyronine might be due to a reversibility, perhaps, of the
ine to trii i and that excess of

o

triiodothyronine di the in favour of

Maclagan: Perhaps, but we were thinking more of the competition for
the enzyme sites, where the triiodothyronine would be in fairly gross
excess as compared with the labelled thyroxine

Thibault: At what ion does t ine inhibit
deiodination?

Maclagan: 107 molar about.

Roche: As faras I remember, we had similar results for the deiodination

pusey
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a specific activity ranging, usually, between 20 and 50 mc/mg., and they
send it to us by air.

Muchel: We have tmodothyromne with an activity of 0 5 mc/ug.
tniodothyronine and it is  quite impossible to inject that.

Gross: You will that the were not done on
mmice but on tablats, and the dosage used was 3 pg./kg. (1 e. 100—250
ue.fkg )

Maclagan - As regards the preparation of the substrate I should Like to
say how much help we have had from Dr Michel's trick, which he told
me last year, of chrumato"mphmg the thyroxine before one uses 1t and
then simply cutting off the strip of paper, keeping 1t dry and eluting as
much i paper as ls xequu-ed far esch expenment, That has been & great

o \
and we cut 2 or 3 em of paper when we need 1t, and after elution with
butanol saturated with % ater, we concentrate and then use the com-

\
"LrMLEEd PIZAILG COMPOUnAS (SULD: a3 Cholne UF glycine) are capaule
of under the of their own radation,

and that the decomposition was decreased by muxing the crude product

in ponder with some mert matenal, ke tal or by diluting 1t when m

50] lltmn

Taurog. Yes, that certamnly 1s true
Vannotty+ ¥ also often observed the decomposition of the chromato-

pure labelled m glycol solution. The
best way to prevent this d 18 the ly of ‘the
thyroane

oLeL sun ents.
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P.-Rivers. Before we start this discussion I want to draw your
attention to the fact—though I am sure it is quite unnecessary—
that almost cach one of us has individual names, a lot of them
“pet” names, for the different thyroid-like compounds. I think
1t 15 time there was some sort of uniformity about this.

One of the troubles has ansen because thyroxme and triiodo-
thyronne have becn called T, and T, for a very long time—it 1
an casy thing to write on your chromatograms—and Prof. Querido
has extrapolated backwards to dnodotyrosine and monaodo-
tyrosine as T, and T,. Now, this is quite unsystematic: T at least
should refer to the same nucleus, namely thyronine. In view of
Dr. Michel's and Prof. Roche’s discoveries: mono- and diiodo-
thyronine, T think that Prof. Quendo should withdraw his abbrevia-
tion, and that T,, Ty, T, and T, should refer to iodinated thyro-
nines. It was perfeetly clear to me on the marked chromatograms
this morming that what Dr. Michel called 8:3-T, was 3:38-
duodothyromine. If we could n future keep these abbrevia-
tions for the thyrommes, I thmnk it would lead to much fess
confusion,

If we accept this, then we have to produce abbreviations for
mono- and dnodotyrosine, and as most of the abbreviations really
come from people writing on thewr chromatograms and on therr
autoradiographs they should be fairly short. The old MIT and
DIT scem to me quite uncquivocal; you may not care for them
very much, but at least you should know from long usage that
MIT ond DIT refer to monotodotyrosine and duodotyrosine.
With regard to the acetic acid denvatives—again for the sake of
brevity—I started shortening them to TETRAC and TRIAC in

T s et ba e e e e Shenmntngrams, and 2 lot of
Th

e BS  Lape - v
aown L 201
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the literature! I do not know quite what to do about these com-
pounds and would welcome any suggestions.

Gross- 1 wonder 1f we could have the di- and triiodothyrommnes
finished first because I am mn doubt in my own mind about the
conventions for the 3:8’:5'-tn and the 8:5:3"-tr, and the
3:8"-diand the 3 : 5-dy, ete.

P.-Rivers: There 1s no ambiguity about this: 8:3':5"-T, for
8:8": 5"-trnodothyromne, and 8 : 8"-T, for 8 . 8":-dnodothyronne,
15 there? B-refers to one ring, 3’ to the other.

Roche. Then you will accept the numbers?

P -Rwers: Oh yes, surely, they made Prof. Michel's chromato-
grams extremely clear.

Lissutzky. Would 1t not be more homogeneous to call the acetic
derivatives T;AC and T,AC i abbreviations?

Roche* Yes, 1f we accept T

Thibault. But 1t 1s dafficult to say.

Barker. 1 should like to object to this T,, Ty, T, T,AC, T,AC
and so on, because at various larger meetings we have people
using them so mdisemmmately T, 1s so easy to say that 1t is
applied to all sorts of compounds, for instance, 1t has been used
for duodotyrosine. I think that TRIAC and TETRAC are under-
standable, even 1f 1t 1s going to end up with TRIPE or TETROPR
for the propiome acids,

Againwe put innumbers as prefixes, for example,3 8- 5-TRIAC.

Lardy 1t 1s not consistent to write T;AC because T really means
“thyromne” and 1n that case 1t 1s not thyronine.

P -Rivers There 1s another reason for calling the acetic acid
analogues TRIAC and TETRAC and that 1s that they are now
being supp for research purposes
under those names, and 1f any of you want them, all you do 1s
wrte to Glaxo Laboratories and you will get them under those
names, Unless there 15 a very strong objection to them they seem
to me farrly unambiguous

‘With regard to the thyrommnes, I was not proposing that when
Iread my next poper I should say Ty, Ty, T, but merely that when

writing four lines for each name; they really are very clumsy and T
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do not think there is much to rccommend them. TETRAC is
surely better than tetraiodothyroacetic acid,

Barker: And since the dhodo forms are appearing, could we
not use DIAC?

P.-Rivers: 1 do.

Wilkinson: While this 1s being discussed, would it not be as
well to spearfy the names TRIAC and TETRAC for those par-
treular 1somers; and if other 1somers are used or referred to, then
the positions should be noted.

P.-Rivers: Yes.

Fraser: There 15 only one small aspect of this that I think might
lead to confusion and that 1s the MIT and the DIT.

- 1 . aove e

[P IS DY

Fraser: That is what I thought, yes.
Gross: T wonder now why we cannot make this Ty, and Tys?
H o Sobabod s tbos oo boea MITY ywhich becomes
uch better than

. H tyrosine?
v eliaia shew

abbreviations,

P.-Rivers: TYR? Yes, they probably have.

Taurog: Well, there has to be some continuity with previous
reports, 5o why not leave 1t MIT and DIT; I don’t think you want
a sudden change from what you have been using,

P.-Riwers: If you wrote MIT 1n capital letters I do not thgnk
anybody would say that they do not know what you mean by it-

Taurog: Yes, I agree.

2Aichel: What about Tx for thyroxine? s o

«
Barker: And unfortunately, In the Ameriean utetacuie s wo-
come to mean thyroid y nnd’ Hx hypoph y! T think

: I t T, and Ty, aren’t we?
) T suggestions?
become physiologically

significant we can try agau:

p.-Rwers: Then we will get together agam !
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1 didn’t want to be dictatorial about this but just fo suggest
that we should understand each other better, especially where
there is any language difficulty, if we did try and use the same
abbreviations

Barker: 1 have some slides which have a bearing on some of the
work mentioned this mornmg about in vitre effects of thyroxine

suce c
x;‘ -T‘
10
RS
5
) H—
%30 %0 150

5 60
MINUTES
Fio. 1 (Barker) Effect of added thyroxine on “succroxidase”
activity of rat heart homogenate

hour and then 90 and 120 minutes, the rapid falling-off of this
system and the tremendous effect that one obtains with the
addition of thyroxine. I think you can see very easily the difficulty
in talking about stimulation when the things are falling off as
much as this.

. In corroboration of the Clarke-Ball work mentioned this morn-
ing by Dr, Lardy, n Figure 2 I have shown the marked inhibition
which one can get 1n the mahe dehydrogenase system with the
gdsmlon of thyrox‘me.‘l should say that this 1s not a true malic
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MALIC

50
BL

40

30

o 5 b as 20
MINUTES
Fio. 2 (Batker) Effect of added thyroxine on malic dehydro-
genase actwvity of rat heart homogenate.

‘Table I (Barker)
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inactive, which Clarke and Ball interpret as meamng that thyroxine
and DPN have some sort of an antagonistic effect. 5

In comparing the effect of various analogues with thyroxine
on the “stimulation of inoxid: ¢ and the dep of the
S ey B SR

AU .
ularly to tetralodophenolphthalein, the gall bladder dye, ‘which
has absolutely no metabolism-stimul g ability and yet which
you will see has as much in vitro activity as thyroxine. Also a
d hod

diiodotyrosine deri e 15 shown, ybenzoyldiiodo-~
tyrosine, which has the advantage that 1t will not polymenze easily
to form thyroxme. That also has no metabolism-stimulating
ability and yet it is as effective on both succinoxidase and malic
dehydrogenase as is thyroxme.

P.-Rivers. 1 have another compound which will not polymerize
to give thyroxine which you mght like to try, Dr. Barker, and
that is acetyldiiodotyrosyldiiedotyrosine which just will not give
thyroxne under mildly alkaline oxidative conditions, whereas
most of the other duodotyrosine denvatives do.

Lardy: 1 wonder 1f we might have opinion expressed, without
leading to too much of an argument, as to whether people now
agree that thyroxine must be converted to tritodothyronine before
it 1s physiologically active or whether they belteve that thyroxine
stself 1s active without being converted to other compounds,

P.-Rivers: 1 believe all these compounds are probably active.
At present there 15 no evidence against their bemng active m themr
own right, as far as I can see.

Grass* 1 should rather like to stress the physiologieal viewpoint
especially 1n the face of what appears to be non-specificity when
we become less than physiologreal

In the amimal, so far, the main compounds that we see are
thyroxine and tmodothyronme. Of these, thyroxme doesn’t
appear tq get nto target sitE§ readily and truodothyronine does,

thyroxme. ~

Lardy: T think that the discussion should be about the intact

animal,
P.-Ru:'

ers: 1 was going to talk of the intact ammal level. We have
been doi

ng some work by the goitre prevention assay method in
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rats on the comparison between various tetra. and tri-halogenated
thyronines. You have probably seen the preliminary report where
tribromothyronine was many times more active than tetrabromo-
thyronine and trichlorothyronine than tetrachlorothyronine. The
s}xlpl\&\' nm‘xl?gue of trifodothyronine is enormously more active

ing tetra-compound, until we came to this pair of compounds.
The side-chain n all cases m this series is afanine.

a y
0] HOQO—O—CH;—C,HCOOH
o T NH,
a 1
@ no O—O-O-:ﬂ,—riucoon
I NH,

Now, you have got to ber this: trichloroth ine is much
more active than tetrachlorothyronine but compound (1) is about
5 times as active as compound (2). It is the only pair in a large
series of compounds where the tetra-halogenated compound 15
unequivocally more active than the tri-halogenated compound.

My explanation is that these compounds are active in their own

some
mine;

so to
- way

hings
a8 Lel, LUl gy - A:qu s ...é.... wisay ba i;....t.;ely.t
- Dr. Gross, if the thyroxine does not get into the fargel
ccll”a’:vlhfre does the ,triiodothymnine come from? Does it all come
fror'n the liver, and does the thyroxine get into the liver?

gomng aeross
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Gross: There is no question about that—the thyroxine gets into
the liver and into the kidney. When you inject thyroxine you can
demonstrate the jodine concentrating primarily in those two organ
sites and really not to any extent except in the posterior pituitary
which we will leave out of the discussion!

Barker: Well, Dr. Halmi and I have been discussing a point of
mterpretation which bothers both of us. There is no question of
intracellular penetration of thyroxine if the tissue concentration
goes above that explainable by the sodium space. We do question
the interpretation that there must be no cellular penetration yust
because the ley el does not go above that which can be explained by
the sodium space. Suppose 10 per cent of the material goes into
the cell—you cannot tell that.

Gross: No, the point 1s very well taken; certainly one cannot say
categorcally and 1t would be foolish to mamtain that attitude;
but on the relative abilities of these two thyroactive substances
to penetrate cells 1n the animal, one of them with a higher manifest
biological activity——and, to my knowledge, the highest mamfest
biological activity—does get into the target cells readily.

Querido There are two points that I want to raise. Is the ex-
planation for the better distribution of trnodothyronine in the
cells possibly that 1t 1s more loosely bound to the plasma proteins
B T S T T R N TN e
\

i I 1 [ ] ' H i
—1s metabolized Just because 1t 1s a product of metabolism.,
o' abew 1. -2 PR v . SO

Int

muscular exercise on the runmmng wheel. v
Barker: Wulf at Betk has evid that dinitrophenol

i e periph pp of thyroxine.
Querido. 1 wonder 1f doing expenments along that line—by

Push o e 2hn et T T SR

Tun

Fre

bol

increased BMR.
T LT A e

wuerwo® We recently have proof that muscular sctivity enhances
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disappearance of thyroxine, We started out by repeating the
expeniment on the cffect of swimming but the result was negative,
The question arose whether the experiment was well planned.
The questions were- what are the smallest quantitative diff
that can be detected with the analytical procedure? Secondly,
suppose the disappearance rate is 100 per cent quicker, how long
must the animal be exposed to this particular situation to detect
a difference? On that basis we caleulated that if there is a 100 per
cent taster disappearance of radiothyroxine from the peripheral
blood, the experiments had fo last between 6-12 hours in order
to see something in the data.

The next experiments were as follows: thyroidectomized «Mti

rest periods in between, for 12 hours. The results are seen m
Table I

Table I (Querido)
INFLUENCE oF 12 noukrs Runying WiEEL ox M1 DISTRIBUTION (N
M Rarts

LT
(24 hours after 5ug. M1 thyrovine)

Per cent dose W11

6 lrained

12 hours on 8 controls
running wheel frained 8y
Seram . .| 0% +£010 [ 1-19 018 |p:0 01-0-001
(_‘;rvnse ) L 013240016 § 0 I57 40023 6 01-0-01
Laver {total) J 8§01 X175 ) 1090174 0 0oL

Here are just 2 few data from these results. The first column
ives G animals trained and running 12 hours, and in the second
Jumm there are data on 8 trained ammals not running. There

N @ -~ -~Taactive thyroxine
I think 1 other

onsideration that

within the margin

&
ca

" And 1 wonder, 1n a third expenment we ai¢ panning now, after
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we have done the influence of cold and of exercise, what the
effect of ing the temperature, of hyperth will be,

Trotter: I was just & bit worried about the consequences of Prof.
Quernido's line of thought. If we are going to say that hyper-
metabolism due to lar exercise the utihization of
thyroxine, and that hyp boli: due to di phenol
ncreases the utilization of thyroxine, what about the hyper-
metabolism produced by thyroxine? It would seem likely that
that also would increase the utihzatian of thyroxine, which would
Jower blood levels which m turn would stimulate the pitwtary
and the thyroid. All hyperthyroidism should be self-perpetuating.

Querido "My point was whether you would be able to find certain
metabolites more readily in one state than in another, This could
Pput us on the track whether we have to consider them as specific
h or general breakdown products. It was only a sugges-
tion and Y wonder whether there could be something m 1t.

Tralkinson' Table I shows some results of the exammation by
chromatographic procedures of plasma extracts from patients in
vanous thyrowd states. The chromatograms were developed 1n &
variety of different solvents, not all the solvent systems, however,
‘were used in any one case because there was not enough extract
to go round. The compounds were detected by means of cene
sulphate-arsenite reagent which is sensitive down to about 01 or
0+05 gg. on the chromatogram,

Table1 (Wilkinson)
THE D: oF T

AND T4 1 Hinean Prasua
w Variovs THYROID STATES

Compounds ~ de- Number of cases
tected

Thyrotoxse | Euthyrod

Both 15

L. ) 0 0
Ttuodothyronme

alone . [ 1 [ o
Thyroxine alone [ 2 4 2
Neither . o o 1 3

The identity of truodothyronine depends on its having the
correct Ry value in o number of different solvent systems. We
have not been able to isolate suficient for chemical analysis or
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anything like that, so 1t is conceivable that we may be wrong, but
1 think that is unlikely.
\\fc t}egected both compounds in all the thyrotoxic cases, and in

. P . ... B ‘to

. . ne

patient?

Wlkinson: In one patient only. 1Vhether that means anything,
I do not really know,

Querido: D1d he have 2 low PBL?

Iilkinson: We have not done PBI's.

Taurog: Is it possible that your failure to find both thyroxine
and tniodothyronine 1n the enthyroid individuals merely reflects
a lower PBI in those mndividuals and, therefore, a limit to the
sensitivity of your method?

Wilkinson: 1 think that is probably the case.

Taurog: And say a thyrotoxic might have twice as much PBI
as the euthyroid, and 1if the euthyroid had the same percentage
of tritodothyronine, it would be a fower amount for you to detect,
simply beeause the total amount 1s less.

Wilkinson: Yes, quite true, but, as you see, both compounds
were found in most of the euthyroids.

Taurog. Well, 1 thought that you were ‘going to sjug%est that



HEPATIC REGULATION OF THYROXINE
METABOLISM

A. Vaxvorrt
Clinique Médicale Uniwernitaire, Lausanne

As early as 1925, Abelin and his co-workers observed the
huigh concentration of thyroxine in the liver. This was con-
firmed by Krayer in 1928 and later by other authors. Gross
and Leblond (1947) demonstrated that two hours after the
injection of labelled thyroxine into the rat, 9-24 per cent of
the hormone is found in the liver. Lipner, Klitgaard and
Barker {1952), with the same method, have shown that the
thyroxine enters the hepatic cell, and is distributed as
follows: 18 per cent in the nuclei, 28 per cent in the mitochon-
dria and 54 per cent remains in the supernatant fraction.

The biliary excretion of thyroxine was described in 1919
by Kendall. Gross and Leblond (1947), using I-labelled
thyroxine, confirmed the presence of the hormone in the bile.
Taurog, Briggs and Chaikoff (1952) have observed that in
addition to thyroxine, the bile contains glucuronic acid com-
Pounds of thyroxine. Roche et al. (1954) also found triiodo-
thyronine and its glucuronic acid compound in the bile,
Albert and Keating (1952) have demonstrated the existence
of an enterohepatic circulation of the thyroid hormone.
Recently Roche, Michel and Tata (1953) showed that after
hgature of the bile duct in the rat, glucuro-compounds of
:}llyl‘uxine and of triiodothyronine pass into the cireulating

lood.

Fnllowing these observations we studied chnically and
Systematically the metabolism of iodine and orgamwc iodine
tompounds by measuning the 3] fixation in the thyroid, the
PBI level in blood and the conversion index, as well as
Chmmatography of butanol extracts of plasma and bile after

28
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administration of 3 to normal people and to patients suffer-
ing from obstructive jnundice and infectious hepatitis.

The results of these observations lead to the following
conclusions (Scazziga, Béraud and Vannotti, 1955): in
normal people, in agreement with the results previously

S1
3 T I 0
B
——
F T Tx [3] o

Fiz 1.
Sl—chromatogram of butanol extract of plasma in normal people.
Bl-~<chromatogram of butanel extract of bl in normal people,
I~fothde.
—thyroxine.

GC T—ghicuro-compound L.

ngin.
F—front.

obtained by many workers, we never found glucuro-com-
ounds in cireulating blood, but we found them in the bile,
together with thyroxine (Fig. 1). . .
The glucuronic acid compound of thyroxine, often associated
with other known or unknown compounds, appears nguluFly
in the blood plasma in all the cases of obstructive joundice

V4
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{biliary stones or cancerous obstruction of the bile system) in
which the hepatic function tests are normal {Fig. 2).

In infectious hepatitis, 1n which the lesion in the liver cell
was confirmed by hepatie tests, we found the glucuronic acid
compounds neither in the blood plasma nor in the bile. On
the other hand, we regularly found thyroxine in the bile
(Fig. 8).

82
Fot T 3 133 ¢
53
F T ™ S % o
| SE—

Fig. 2,
$2 and S3—chromatograms of butanal extract of plasma of patients with
ohstructive jaundice.
I—todide
Tx—thyrone,
GC I and GC II—glucuro-compounds T and II after Roche.
S—unknown compound after Roche.

These observations showed, therefore, that in man the
normal iver regularly excreted thyroxine and glucuronie acid
ounds of this h 2 h the bile. By the ob-
struction of the biliary tract the glucurome aaxd compounds
pass with the bile into the blood, while in diffuse infectious
Iesions of the hiver the hepatic cell is not able to conjugate the
thyruxmg with glueurenic acid. We confirmed these chnical
observations with some experiments 1n the rat.
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By ch_mmutogmyhy of liver extracts of normal rats which
had received subeutancously 5~10 p¢ of Jabelled and chromato-
grfxphxcally pure thyroxine or triiodothyronine, we found the
3n!ect.ed hormone in the liver three to six hours after the
injection. At the same time, we also found an important
quantity of glucuronic acid compound and the S d

Sy

By

TR % o |

Fio 8.
Si-—chromatogeam of butanol extract of plasma in patients with infectious

hepatitis,
Bi—chromatogram of butanol extract of bile in infectious hepatitts

J-—sodide.
T—thyroxine,

of Roche. On the other hand, we did not see these compounds
in the chromatograms of kiduey extracts.

We obtained the same results after a slight iver lesion with
allyl formate poisoning, but in the severe liver lesion with
allyl formate we observed that the glucuro-conjugation of the
thyroid hormones (thyroxine as well as trilodothyronine}
ceased (Béraud, Scazziga and Vannotti, 1856) (Fig. 4).

The determination of the thyroid function in twenty
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patients suffering from infectious hepatitis showed an eleva-
tion of the PBI level with a low fixation curve of %I in the
thyroid and a diminution of the values of the conversion index.
All these changes have been statistically verified (Fig. 5).

F4
F T

U0
F5

;‘T’N TTn Wﬂf;\o
F6

F ™ S )

Ta none of these chromatograms did we see the glucuro-compounds
of thyroxne and truodothyronme,
TTn~trodothyronime.

The elevation of the PBI rate in infectious hepatitis cannot
be interpreted as a sign of thyroid hyperfunction because the
fixation curve and the conversion index are low. We are

obhged to think that the hyperthyroxinaemia m this case is

the result of an sufficient destruction of the hormone in the
hepatic cell, and possibl. i i

e y an fficient biliary eli ion of
thyroxine. The observation of normal quantities of labelled
thyroxine in the bile in infectious hepatitis goes against thi
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26 Fuxction 1 thyr 1131

— sams
~——-— hépatites

Heures 1 2 3 4 5 6 24 a8
P4 Index de conversion

49|
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w AT hépotites
Heures 24 a3 72

§%tode protémque

Fie. 5. MI-fixation curve in the thyroid in normal people and in patients with
" Infectious hepatitis.

C mf:rrsﬁtrllnl‘:lsdexr:n normal people and in patients with wnfectious hepatitts

Pf}l yalues in normal people and in hepatitis patients
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last hypothesis, but it is to be noted that the total hile
excretion through the intestine in this case is decreased.

The incrense of the thyroxine level in the blood provokes
an mhibition of the pituitary gland which explains the low
fixation rate of 11 1n the thyroid and the low conversionindex.

Finally, using slices of rat livers, we tried to study the
transformation of thyroxme into trhodothyronine and

Troas
strewn Coms Thpraome Tayrase tovioe

—_ e —

Fig 6. Transformation of thyroxine mnte trnodothyronne and TETRAC by
‘meubation of liver with labelled chromatographically pure thyroxine

tetraiodothyroacetic acid (TETRAC) with a techmque
analogous to that of Albright, Larson and Tust (1954) in order
to compare the detodimzation and oxidation of thyroxine in
the hiver and kidney. We arrived at the conclusion that the
transformation of thyroxime, which usually appears after
4-7 hours of incubation of kidney or of heart, in the case of
liver slices always began after 15-30 mmnutes (Fig. 6)

In rats previously treated with thyroxine this transforma-
tion appears in the liver slices later (1-2 hr.). By experimental
Iwver damage with allyl formate the formation of the triodo-
thyromne 4+ TETRAC spot was not observed.
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All these experiments and clinical observations stress the
importance of the liver for the peripheral regulation of the
thyroid hormones, In fact, the liver is able to excrete thytox-
ine through the bile and to convert it into a glucuronie acid
compound. This process is a physiological fanction and
represents one of the ways m which the liver eliminates and
inactivates the thyroid hormones. On the other hand, through
deiodination and oxidation of the thyroxine to triledothyra-
nine and TETRAC, normal hver can influence the utilization of
the thyreid hormone. All these mechamams can be disturbed
by liver damnge.

Finally, I wish to mention that in human pathology we
have another example of altered thyroxine excretion. This is
the case in Iipoid nephrosis, i which we (Cruchaud, Mahaim,
Seazziga and Vannotti, 1954) found o very high fixation of
331Y in the thyroid, with a normal or high conversion index.
By means of chromatography of the urine extracts we found
that in lipoid nephrosis the urine contains not only inorganic
jodine but also protein-bound fodine, and especially thyroxine,
In this renal lesion (but not in nephritis) the low plasma pro-
tein level explams the Jow PBY, the thyroxine, following the
protein earriers, leaves the body vis the kdney.

Under these conditions, the thyroid function is increased,
while the patient shows the symptoms of an hypothyreosis,
Jasing the fodine and the thyroxmne through the unae,

The elimical observations stress the necessity of studying
not only the pitmtary snd thyrowd, but also the peripheral
regulation of the thyroid hormones.

REFERENCES

AsgLy, 3., and ScrmsEvgee, N, (1925). Ergebn Physiol, 24, 840,

AtBERT, A, and Kratove, F. R., Jr, (1952). Endocrinclogy, 51, 421

Armm1ent, E. Co Laksox, F. €, and Tust, R, H. (1054). Proc. Soc. exp.
Biol, N.X, 86, 137.

BEravn, T, Sc;x;;mﬁ;:j. B. R., and VaNNOTTY, A, (1056). Aeta Endaer.,

n, 22, 55,

Cnuci?gflgf Manam, C, Scazzios, B., and Vanworr, A, {1854},

Schwerz, med. Wachr,, 84, 478,

Gross, J. and LEo1oxy, C. B, (1047). J. brol. Chem., 174, 500,



Hepatic REcuraTion oF THYROXINE METABOLISM 223

Kespar, E. C. (1919), Endocrinology, 3, 156,

KRAYER, O. (1928). Arch. Path. Pharm., 128, 116.

Laiener, H. J, Krireaanp, H., and Barker, S. B. (1052). Endocrin-
ology, 51, 406.

Rocuz, J., Mienet, O, Micicy, R, and Tara, J. (1954), Biochim.
biophys. Acta, 13, 471.

Rocnk, J,, Micaex, R., and Tata, J. (1053) Biochim, biophys. Acta, 11,
513,

Scazziga, B. R., Barsierr, L. L., and Béraup, Tr. (1855). Schuweiz.
med Wschr , 85, 471,

Scazzica, B. R., BEravp, Ta., and VANNOTTI, A (1955), Schweiz. med.
Wschr., 85, 1019,

me;r;f;, A., Brices, F. N, and Cuarxorr, L L. (1951) J. biol Chem.,

+29,

‘Taurog, A , Briges, F. N., and Cnatxorr, I. L (1952). J. biol. Chem ,

194, 635,

DISCUSSION

Roche: Prof, Vannottr, I have some figures on the excretion of the
varnious iodothyromnes and of TRIAC by the liver in thyroidectomized
rats, just to compare what happens with the various iodothyrontnes and
with thyroxme.

R

= = m pamenwvn whinh ig an evast enanfirmation
8:5,3"tmodothyronine and thyroxine, except that with thyroxine there

is less of the ketomc derivative—it, 1s easier to find it 1n the unne.
. With the two other compounds the pictures are 1 som

ts
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compared to the others. .

Figure 5 15 concerned with the uninary excretion of radioactivity after
admimistration of the same doscs as before of the same substances.
Here, also, you see that the position of the 3:3%-diodothyromne is
exceptional,” This could possibly be used to mterpret the fate of the
3:3-duodothyronine 1n the orgamism, We find very frequently this
substance as a sort of end-pomt of dei fon of triiodoth;

mlx

—o—3 3-1,

—h—3.5-35T,
—o— TRIAC
—y— 335k,
—O— T4

I s

0 50 700 hrs.

F16. 5 (Roche) Recovery of 1 1n urine of rats after treatment with
different labelled 10dothyronines expressed m per cent of total
Tadioactivity injected

On the other hand we never found it 1 the urine. It seems to indicate
that really if 3: 3-duodothyronine is formed as a sort of end-point of the
detodination process, 1t may be that 1t is also the substance which 1s
destroyed by the breaking of the phenoxy brdge between the two
benzene rings.

Pochin- 1 should like to make a point about the speed of entry of
thyTotine mto the hiver in the human where it appears that if one gives

t i xine, and follows the plasma and the

Ll e

Casp, doa be piowauly GaVig Lue uves per UNUULE. 104y 28
interesting in relation to figures that Myant has obtained on human
TEYROID—O
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roxine in man and it does appear that the equilibrium figure, the liver
space, is about equal for !modolhymmne and for thym‘(me. The) both
enter a thyroxine or space of over seve 9“
Titres. And they enter it ‘ery e oo

cireulating tl\y-roune, and in *
triodothyronine, 13 in the live
cannot be accounted for m the plasma must be 1n the Liver, #l leust
during these early stages.

I think the question anses as to whether the amount of the entero-
hepatic circulation, and so the contro) of eirculating thyroxine in man,
15 not very diffcrent in degree from what 1t 1s obviously shown to be in
the rat where there 1s very substantial flow of thyroxme into the bile,
with, _In man, if these figures are

hiver 1n this way must leave it 1n the bile, ““Ldut‘hf‘t probably a :’m.r‘{!

blig.
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D. 4. Long: Guinea pigs with extensive cirrhosis of the liver secondary
to protem deficiency produced antitoxin more rapidly and in larger
amounts than controls.

test and PBI determination on patients with Iiver eirthosss. The results
of these expermments in ten cases of liver currhosis show that rodine
fixation in the thyroid and the converston rate are practically normal.
The PBI is a little but not i We also
found a clear difference between the results obtawed in infectiwous
hepatitis and those 1n hiver cirrhosis.

We think that the difference in the lodme metabolism between
infectious hepatitis and liver cirrhos1s 15 dependent on the fact that,
1n infectious hepatitis, the iver damage s acute and diffuse on all the
Iiver parenchyma. In the hver cirrhosis, there are still some liver cells
which have a practically normal function and which could partially com-
pensate for the normal function of the liver cell in thyroxine metabolism,

D. A.Long The ivers we used were sectioned and there was extensive

Anrmarn aenme

hiver shees (Rp 0-7-0 9) )
Thus spot contams hipids. Extraction with ipid solvent and elective
coloration with Sudan show the spot to contain ten times more lipid
than the thyroxine spot. It also contains inorgame todine.
. ;he butanol extracts of the PBI contain a certamn quantity of this
jodime,
‘We suspect that we are not dealmg with a spectal 10dine corpound
bu’t" rather an jodme-lipid association or with an artifact.
e e T b SR v S an -
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Wilkinson: In making butanol extracts of solutions of either trito-
dothyronine and thyroxine, we have on many oceasions found a fast-
Tunning spot, and as that had a considerable bearing on the work which
T summarized yesterday, we worked very hard on the problem to find
out the cause. One of my colleagues, Mr. Bowden, subsequently found
that tlus fast-moving spot was due to the buty! ester of thyroxine or
tniedothyronine. This was confirmed by treatment of the solution with
alkall and the fast-moving spot disappeared and the thyroxine or
sm e Subsequently, he treated thyroxine

. o1d butanol and obtamed suflicient

. Moreover, it did not seem to matter

how much water was present in the acid butanol, esterification still
oecurred.

I wonder whether, in your experment, the plasma extract from the
patient who had a high dose of radioactivity was perhaps treated a
little more delicately and was left 1 contact with acid butanel for a
longer perio(l than usual,

mng .
of . . .. s
waie

" reiow seor- THTRONINE

THrroxiNE

anoon
“vetiow spoTt TuvaTRINE

1vi0¢

—————— — —
s i) Chromatograms of butanol extracts of patients who have
Fic. 1 (Vennotti) received 14 me 3], th Sud
; elective coloration of “yellow spot” with Sudan, _
ii 39’ ;’:&L};::rei‘;cmsse of thyTowne, small spot of triodothyronine, and

decrease of “yellow spot” and fodides,
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cholesterol, in the trunsport and the fixation of iodine and iodine
compounds in the body.

P.-Rivers: T must say T think Dr. Wilkinson’s explanation of this 1s
much the most Likely, I cannot think why we did not think of this before,
Butyl esters are formed with extraordinary ease even in the presence
of large amounts of water.

Taurog: What about the pH effect? There is more in acid than in
alkal,

P.-Riters: Yes. I think 1f you made your extract alkahne before
concentrating 1t estenfication would not take place.

Maclagan: As regards thus yellow spot, perhaps I ought to make the
pomt that the butyl ester 13, of course, not a yellow spot.

Taurog. There 1s the possibility of adding & reducing agent, like
Ehiouracll, before you do your chromatography. If it is due to the

1 most solvent systems, and the amount of that materal which crops
up appears to be related to the amount of haemalysis.

P.-Rivers We have had that too-—a rather pinkish hue,

Wukinson+ Yes,

Vannotti In our expeniments we could exclude the possibility of an
influence of haemolysis on the production of the jodine spot.



THYROID HORMONES AT THE PERIPHERAL
TISSUE LEVEL: METABOLISM AND MODE OF
ACTION

OpETTE Tursavrr
Laboratoire de Phyniologie Générale, Unviersité dc Paris

Since the isolation of the active principle of the thyroid
by Kendall, extensive experimental work has been carried
out on its formation 1n the glang, its liberation into the blood
stream and the regulation of its secretion through the pituit-
ary gland, but very little 1s known concerning the mode of its
peripheral action.

The object of our study 1s to examine to what extent the
activity of the thyrowd hormones may be determincd or even
conditioned by their metabolism through the peripheral
tissues themselves. It is not our intention to summarize all the
known facts in a complete general rewew. All we want is to
settle the problem by considering the most recent data on
which 1s based the conception we are going to describe.

How does the problem of the active form of the hormone at
the periphery present itself?

As has been known since the first experiments on the
effect of thyroxine on the organism, no action becomes evident
until after a delay of several hours. That faet 1s very striking
when we compare it with the well-known rapid effects of
adrenaline, That *latent period™, as it was ealled, has been
3 handicap for physiologists wishing to study the enzymic
mechanism of the eatalytic action of thyroxine; it renders,
indecd, quite jmpossible any experimentation in vitre on
isolated tissues, as the hormone is active under those
canditions and has to pass through the living orgamsm before

inducing its characteristic effects, So, the numerous alter{lpts
made in that way (se¢ Barker, 3951) have always given

inconclusive results.
230
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What could be the significance of that latent period? It was
first assumed to correspond to the formation of a complex
molecule resulting from a combmation of thyroxine with a
protein, such as thyroglobulin; but in his general review
Harington (1945) pointed out that such an 1dea would only
constitute an unnecessary compheation. It has nevertheless
been maintained by some physiologists (for instance, Abelin
and Huber, 1951).

Among other hypotheses, 1t could be thought that thyroxine
might exert an indirect action through the intermediary of the
pituitary, especially since Courrier and his co-workers (1951)
have shown an accumulation of thyroxine m the posterior
pituitary; but we have seen, on the other hand (Thibault,
1954, unpublished), that dib which is capable of
blocking the discharge from the antemor pitwitary (Everett
and Sawyer, 1949) does not modify the activity of thyroxine.
We also thought of the possibility that the injected hormone
might be stored 1n the liver in some “dden form” and be
liberated progressively into the circulation; but partial or
incomplete hepatectomy does not modify (Thibault, 1954,
unpubhshed) or shghtly enhances (Grad and Leblond, 1950)
the increase of respiratory exchanges occurring after ad-
mnistration of normal doses of thyroxine: and 1n no cases does
it modify the latent period (Thibault, 1954, unpublished).
That posstbility has thus been eluninated. We will see later
on how the regnlating réle of the hver may be interpreted in
the Iight of recent developments.

As no physiological interpretation seems to be satisfactory,
we tried to find out whether the latent period mght be due to
a chemical transformation of thyroxine from an mactive into
an active compound, the nature of which will have to be
determined,

The diseovery of triiodothyronme, the most rmportant one
m the field of thyroid physiology during the last few years,
brought the hope of finding the solution to the problem.
After its charactenzation 1 plasma and the study of its
physiological properties by Gross and Pitt-Rivers (1952) we




2032 Ovrvre Tiwmaver

}houuht, together with these authors and others, that tri-
l()nln.khyr(minr\ might hie the nctive forn for which we were
lnnkmg. But as we shall see, sueh is not the cnse,

During .U\(' Tast few years, the study of triiodothyronine has
been earricd out on a large seale; the contributions are so
numerons that we shall not review them here (see Harker's
review, 1055a), It ny suflice to say that, by the same
standards s thyroxine, trilodothyronine ean be called o
“hormone”. Both nre formed in the gland and both pass inte
the cireulntion; both exert the same nctivities in all tests but
in different degrees, the tri-substituted derivative showing
most often the highest activity. But it has not been demons-
trated yet that tniodothyronine is scereted after o given
stimulus, morcover we do not know if it 1s discharged prefer-
entinlly to thyroxme in same specinl enses where it depends
on a speeific thyroid function, as scems to be true for adrenaf
ine and noradrenaline. Tt hins only been shown that, in the
gland, under certam conditions {Jodine deficiency) triiodo-
thyronine is preferentindly synthesized (Leloup and Lnchiver,
10565). Data nllowing triindothyronine to he placed exactly
in thyraid physwlogy are, therefore, still lacking. The
question §s further complieated by the introduction of o third
derivative—ditodothyronine  (Roche, Michel, Nunez nnd
Wolf, 1955) to which Lhere is no renson to deny the name of
“hormone” esther,

Whatever it may be, the fuct which interests us here is
that the use of triodothyronine instead of thyroxine does not
in any way suppress the Intent period, the duration of which
ja nlways npproximately the same (Gross, Pitt-Itivers nnd
Thiboult, 1058). Furthermore, trniodothyronine does not
exert more 1han thyroxine any immediate aetion on the
yespiration of tissue slices tn vites (Thibault, 1055a). Therefore
trilodothyronine is nat the nctive form at the pieriplieral
tissue Jeve), and the latent pertod does not correspond, ns had
Leen suppesci, to the defodination of %hyrnxinc in the tissues.
One can find another proaf of this in Barker's latest dutn
(3055bY; indeed, if thyroxine were aeting only after deiodina-



would be due to their inability to realze such a chemical
change and, consequently, triiodothyrononine should act
directly on them; but this is not the case, the same tissues are
insensitive to both hormones.

The discovery of triiodothyromne did not enable us to
resolve the question of the latent period, and three years of
work with that compound can thoroughly be summarized by
the following sentence of Klemperer {1933): *“ the latent period
might, therefore, correspond to the formation of some active
form of the hormone, different from both thyroxme and
tritodothyronine ",

What might that “active form™ be?

The study of sensi 10n ph led us to der the
oceurrence of a simple degradation in the side-cham of the
molecule. This indireet effect of “‘sensitization” consists in an
enhancement of the action of other hormones, especially
adrenaline, or some pharmacological substances. With
Lachaze (Thibault and Lachaze, 1951a, b; Lachaze and Thi-
bault, 1951, 19524, b) we were able to 1dentify the compotnd
acting in that ph : thy resulting from the
decarboxylation of the side-cham alanine 1n tissues during the
latent period. The use of synthetic thyroxamine enabled us to
reproduce all the sensitizing effects without the appearance of
a latent period at concentrations as low as 107 (Thibault,
1951). We have also shown that triiodothyronme, as well as
thyroxine, is able to produce those potentiating effects only
after its tr: ion into truodoth; {Harington
and Thibault, 1953). On the contrary, the same “‘amme
forms* were shown to be mactive on respiratory exchanges
(Thibault and Lachaze, 1852; Thibault, 1952). We concluded
that the amine function at the extremity of the side-chain is
specifically responsible for this sensitization ph de-
pending on thyroid hormones.

_Another derivative might, therefore, be responsible for the
direct catalysing action on cellular oxidations. After having
shown that this effect develops in isolated tissues after
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prolonged contact with the hormones at low temperature
(Thibault, 1955z), we tried to determine what kind of trans-
formation the hormones undergo during this lapse of
time, and thought (by analogy with the decarboxylation
which we spoke of above) of a simple deamination leading to
the formation of the propionic acid derivative. However, this
compound was found to be nactive on the respiration of
tissue slices (Thibault, 1955b). At that time, our attention
was drawn to the work of Pitt-Rivers who succeeded in
synthesizing the acetic derivatives of the thyroid hormenes
(Harington and Pitt-Rivers, 1952; Pitt-Rivers, 1953); she
showed that tmiodothyroscetic acd given daly displays
effcets entirely analogous to those obtained with tritodothy-
ronine. We then tested, i collaboration with Pitt-Rivers, the
effects of the acetic derivatives on respiration of tissue slices
and found that, 11 contrast to trilodothyronine and thyroxine,
they produce an important and, what is more striking, an
immediate effect, (Thibault and Pitt-Rivers, 1955a, ). We
consequently thought that thyroid hormones become calori-
genically active after transformation into their acetic de-
nivatives n tissues.

The study of these acetic derivatives has been extended to
other tests, Let me cite: reversion of thiouracil-induced
goitre in rats (Pitt-Rivers, 1953); restoration of the altered
pl of thyroidectomized birds to normal (Bruce, Pitt~
Rivers and Sloviter, 1954); growth stimulation (Pitt-Rivers,
1955, unpublished); loss of weight and fall of blood cholesterol
{Lerman and Pitt-Rivers, 1955); immediate stimulation of
oxygen consumption and glycolysis in ascites tumour cells .in
vitro {Heimberg, Park, Isancs and Patt-Rivers, 1955); desensit-
jzing action on tubereulin (Long and Pitt-Rivers, 1956).

From the point of view of basal metabolic rate (BMR) of
the whole animal Pitt-Rivers has shown that daily admins-
tration of trilodothyroacetic acid at relatively hugh dosage
enhances oxygen eonsumption in the male rat as doc_s tri-
jodothyronine. We have seen (Thiba{x\t ufld' Pitt-Rivers,
1955a), in o first approximation, that a single injection has an
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immediate effect. Lerman and Pitt-Rivers (1955) found no
significant change in BMR or pulse rate in myxoedema. But
Trotter {1935) found that if a single strong dose has no effect,
the same given orally and fractionally in four or five injections
raises the BMR in myxoedema.

Our own simultaneously conducted experiments on basal
metabolism of thyroidectomized adult male rats confirm that
result (Thibault, 1956a); we observed that too hugh doses arc
ineffective, or induce a contrary effect, as we had already
seen in vitro (Thibault and Pitt-Rivers, 1955b), and that the
effect reappears after fractionation. Now 1f these first results
obtained by the introduction into the organism of a single
dose of the activator proved that 1t was acting without any
latent period, a fact of prime importance, they did not
entirely satisfy us 1n that we could not obtain thereby more
than a transient increase of 40 per cent. How would one
explam, in such conditions, the slow development of the
effect of an injection of thyroxine, which begins after 12
hours, reaches 1ts maxmmal value after 48 hours, decreases
slowly and returns to its initial level only after 5 or G days
(Thibault, 1949)? In fact, under normal conditions we pre-
sume that the hormone discharges progressively at the effector
level very small amounts of active derivative, the use of high
single doses 1s, therefore, entirely artificial. In order to
operate in physiological conditions, we elaborated a techmique
which permts a continuous injection of very small amounts of
the acetic denvative mto the ammal, without taking 1t out of
the metabolism box (Thibault, 1956b). It was thus possible to
follow the effect as it gradually develops, the light anaesthesia
needed 1n that kind of experiment does not cause any trouble
{Thibault, 1956b).

We shall give a few examples of curves obtamned by that
procedure, which will facilitate the diseussion of the mechan-
1sm of the observed phenomena (the whole experimental
work will be published later in Arch. Sci physiol.).

T‘i}& fizst, ost stnking fact which appeats is the extreme
sensitivity of the effector: 0-01 pg. mjected every 1 or 2
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minutes brings about an immediate increase of oxygen intake
already starting during the first minutes of the injection
(Fig. 1), s

If the same frequency of injection is kept up during the
whole experiment, the effeet inereases, then stabilizes and
diminishes, which suggests that the rate of destruction of the
activator 15 greater than that of its introduction. If the
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Fro, 1. Immediate effect of very :;nall qulmmtmtgl ﬂt’rdﬁ(l: ‘(Ix‘er’re :“%XX ;fgge 3‘,
e ey B ption of the maiie aipne rat. T
frequency of injection is too great (every 80 scconds, for
example) or the amount injected every minute too large, th,z,:
effcet starts and suddenly stops: there is a * blockgng effect
(the same phenomena as already observed, Thibault and
Pitt-Rivers, 1955b; Thibault, 1956a). In order to allow the
increase to develop itself in 2 visible i‘arx.n in time, it is neces-
sary to inject a small amount each time an'd to .mcrc%se
progressively and cautiously the frequcncy of n:ucc}mn. b y
taking & higher dose (3% pg.) and extending finjections at a
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progressively accelerated frequency, we tried to reach maxi-
mum response, but could never obtain more than 40 to 50 per
cent. When this value 1s reached, even if the activator con-
centration inereases, the curve flattens at a certain level, and
we observed another small increase only after cessation of the
injections, when part of the excess of activator has been
destroyed (Fig. 2).
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Fra. 2. Effect of TRIAC injected under the same conditions as Fig, 1., but at
» tagher dosage (1/16th pg )

It seems that above a certain *“saturation state” the effector
could not react any more,

On the other hand, 1t 15 possible to greatly diminish the
effective dose injected: we observed a visible response with a
dose as small as 0-001 pg. mected with progressively in-
creasing frequency during 1 hour 45 minutes, the total amount
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being 6-5 pg. One enn consider that dose as the threshold
dosc: 1t is extremely small and demonstrates the great
sensitiveness of the effector (Fig. 3).

e would point out that under the same conditions triiodo-
thyronine remains entirely inactive,

We should keep in mind that it 1s not only impossible to
obtain an inerease higher than 40 to 50 per cent, but that this
effect is not very Insting and disappears progressively and
rather rapidly after the eessation of wjectionsy this is in
contradiction fo the fact that dmly injections of the hormone
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(as well as of its acetic dertvative) may bring about increases of
metabolist easily resching 100 per cent after 8 days. .
In order to explam that phenomenon we many times tried
to repeat the same experiment on the same ammal, As you can
see (Fig, 4}, if durng the first day the effect stops at a value
abaout 40 per eent and does not persist, it can on the second
day increase further and last longer, in such & way 7:11'!1& on tl\t.a
third day the metabohism has not ret\m}cd to its mxt.zal value;
further injections of the ﬂctiv_e denyutxve, adfimg their
effects to the residual one render it pcssxb]evm attain a go ;;er
cent increase and more in the hasal metabolism value (Fig. 5}
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Even medium-high doses which produce a rather small initial
increase (as 1t is the case in Fig. 5) exert a long-lasting action
on the second day and enable, by summation of small effects,
a global important action to be obtained on the third day.
It is impossible to continue after 8 days, beeause one cannot
mdefinitely repeat an experiment which necessitates anaes-
thesia on the same animal, but it is easily conceivable from
these results that daily injections of hormone may, nfter a
certain number of days, bring about a two-fold increase of the
value of basal metabolism.

How can these results be interpreted? The absence of any
effect, or even the slightly negative one of too high doses, 1s
probably due to a toxicity phenomenon, In order to explain
the daily i of the resp it is y to imagine &
progressive adaptation of the reactive systems and, gradually
with the discharge of the activator at cellular level, either a
supply or a synthesis of enzymes or any element whose
presence is necessary for the development of the response.
TIn that connection it may be interesting to consider the data of
Smith and Williams-Ashmann (1951): these authors noticed
an increase in the concentration of certain enzymes during
prolonged administration of thyroxine. It is far harder to
suppose that the effect of the activator 1s getting more and
more lasting. Can we suppose that its speed of destruction
diminishes progressively as it is included in the chain of
enzymic reactions leading to the inereasc of oxidation? All
this belongs to the realm of hypothesis. All we can say,
starting from what we know, is that the use of acetic deriva-
tives of the hormones gives an exact account of the slow and
progressively increasing evolution of metabolism under t.beir
influence. Such a mode of action finds its explanation in a
slow and continuous discharge of small amounts of the
active derivative (as we tried to represent above) n? the
effector level which, by means of an adaptation, attains a
more and more reactive state. X

Another phenomenon which becomes more and more certain
js the presence of 2 regulator mechanism by which the
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hormone, when introduced in excess, is eliminated, We can
see proof of this in the fact that if the injection of 1 mg.
thyroxine/kg. daily produces 100 per cent increase after 8
days, the injection of a daily dose 10 times larger does not
exert a stronger effect. Tlis regulatory system could depend
on the liver; storing and elimination of the surplus in the bile
in the form of glyeuro-conjugates, returned by the entero-
hepatic circulation. This idea, advanced by several authors
(Grad and Leblond, 1950; Klitgaard, Lipner, Barker and
Winnick, 1958; Taurog, Briggs and Chaikoff, 1952) seems to
be definitely proved correct by Roche and co-workers (1954).
In conelusion, it appears from our study on the metabolism
in vivo that acetic derivatives of thyroid hormones immedi-
ately i oxygen tion of the whole animal
Those sre the only demvatives having such a property.
Moreover, their use under conditions closest to physiological
ones makes 1t possible exactly to reproduce the effects of
thyroid hormones but without any latent pertod These data,
together with those obtamed in wtro (Thibault and Pitt-
Ruvers, 19554, b) point to the conclusion that the hormones
from the thyroid gland exert their calomgenic action 1n the
form of the “acetic acid”. No other explanation of this
immediate effect of these substances appears as valid to us.
The objection that the faster action of acetlc denvatives may
be due to the fact that they i bility
and, consequently, enter faster mto the cells {Hoch and
Lipmann, 1954) could be accepted for experiments carried out,
in vitro on tissue slices, but such an explanation cannot be
put forward to explamn a difference in speed of action of 12
hours in vive. On the other hand, 1t bas been demonstrated
even in vitro that the delayed effect of hormones 15 really due
to the formation of an active dertvative during an mcubation
period {Thibault, 19554), and not to difficulties of penetration.
In order to be quite sure that the thyroid hormones act at
the penpheral tissue level as the acetic derivatives, it remained
rate the of such pounds in tissues
after the introduction of hormones. Such an occurrence has
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been reeently found by Roche and co-workers in the kidney
{Roche, Michel, Jouan and Wolf, 1955) and in muscle (Roche,
Michel and Jouan, 1956).

If we really know the substance direetly responsible for
the catalysis of oxidation, 1t is now possible to study the
enzymic mechanism of that phenomenon. The experiments
of Le Breton and Le Van Hung (1956) may open a way by
showing the réle of cocnzyme A in the action of triiodo-
thyroacetic acid.

Discussion and Conclusions

It appears, therefore, that the latent period can be explained
by the necessity for thyroid hormones to undergo chemical
transformations which render them capable of exerting their
peripheral action. It 1s remarkable how simple they are; they
require enzymes normally present in almost all tissues. It has
been known for a long time that through the interplay of
amino acid oxidase all aromatic amino acids ean be trans-
formed nto the corresponding acetic acids. Decarboxylation
processes by which an active denvative 1s formed ean take
place m all tissues (Lachaze and Thibault, 1952a). Some of
them, on the contrary (spleen, uterus) which are rich 1n decar-
boxylase (Lachaze and Thibault, 1952a) are probably poor in
enzymes endowed with the power of transforming the side-
chain alanine into acetie aed, as these tissues arc not sensitive
to hormones injected én vive (Barker, 19535b)

Thus 1t appears that, by the normal action of tissue enzymes,
an inactive hormone becomes active by simple modification
of the side-chain of its molecule. These ch are probably
not the only possible ones 1n peripheral tissues; modification
of the nuecleus can also oceur: the possibility of a deiodination
of thyroxine is still under discussion at present {Gross and
Pit-Rivers, 1958; Roche, Lisutzky and Michel, 1953;
Wilkinson and Maclagan, 195%; Albright, Larson and Tust,
1954; Flock and Bollmann, 1954; Kalant, Sellers and Lee,
1954; Hogness, van Arsdel and Wilkams, 1054; $prott and
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Maclagan, 1955) but it is not impossible that, since deiodinases
exist in tissues, the change from thyroxine to tmiodothyronme
takes place at the peripheral level. It is also possible that both
kinds of modification (degradation of the side-chan and
substitution on the nucleus) are linked together: in fact,
Hartmann (1950) has pointed out that 8 : 5-duodo-4-hydroxy-
phenylpyruvic acid loses its 10dine spontaneously in aqueous
solution. Roche and Michel (1955) have examined the
possibility that “detodination takes place only after degrada-
tion of the alanine residue, giving nise to substances in which
the halogen bond has become very labile”. Whatever the
explanation may be, the number of halogen bends in the
nucleus do not mn any way influence the latent period and
it 15 the modification of the side-cham which determines and
conditions the sense of activity (sensitization or oxidation
catalysis). Reactions taking place at the peripheral level are
therefore extremely 1mportant

This leads us to revise our conception on the effector,
which is not only an organ reacting passively under the m-
fluence of the hormone, but also the seat of an enzymic
activity capable of realizing chermeal changes and conferring
their activity upon the hormones.

We have just shown from experimental facts to what extent
hormonal metabolism at the peripheral level determmes and
even conditions hormonal activity. We are thus obliged to
modify our first 1dea on thyroid hormones- first of all, the
very term “hormones” should be restricted to the airculating
forms (which are two at least) They are themselves trans-
formed, in tissues, not only into one but into several active
derivatives. To that notion of multiplicity of active forms is
necessarily linked the specificity concept. We have seen that
if thyroxamine exerts a hghly efficient sensitizing activity,
it does not act on respiratory exchanges, the contrary is true
for acetic denvatives. The amme function 1s, consequently,
specific of sensitization, the acetic acid function of oxidation
catalysis. Is it possible further to develop that 1dea and to
suppose the propionic derivative to be speaically responsible
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for metamorphosis phenomena? In fact, it appears extremely
active in that mechanism (100 to 1000 times greater than
thyroxine according to the following authors: Bruice, Winzler
and Kharasch, 1954; Roth, 1955; Roche, Michel, Truchot and
Wolf, 1955) though 1t 1s absolutely inactive on respiration in
vitro {Thibault, 1955b) and in vive (Thibault, 1956, unpub-
hished),

In conclusion, thyroid hormones carried by the blood into
tissues could be transformed therem nto a certain number of
active derivatives each of them being specific of a particular
function.
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DISCUSSION

Raslors Alhaneh T chaold 1 Lo bn nemnn wfile ahs aen

response of the acetic acid denivatives, I have already mentioned our
study of the metabolic action of several fatty acid side-chain analogues
of thyroxine (see p. 166). I quite agree that some of these are turning
out to have some very pecularly specific effects, as on metamorphosis

Qur expertence with the sensitization of uterine and intestinal smooth

muscle to ine inhibition or st ion in different species has
been that this 1s a phenomenon which one can obtamn under certamn
irdt with tritodoth , with thyroxne, or with some of

therr analogues. We have been quite unable tJo check the thyroxammne
effect on smooth muscle sensitization because we kil our tissue with
either the glacial acetic acid or the propylene glycol required to dissolve
the msoluble amine. Adding a fine suspension of the amine to the tissue
is without effect.

1 should Like to propose a counter-theory, that instead of having 2
simgle, instantly active form of the hormone, we actually have enzymic¢
changes produced mn the tissues by thyroactive substances accounting
for the latent period. So far we have not found any of the thyroxine
analogues active without a latent period. I should add that mn the
thyroidectormzed anmmal we find that heart, which s an extremely
sensitive tissue, responds about 6-12 hours earlier than the other
tissues to truodothyronine, TRIAC and TETRAC, but not thyroxine.
But this again does not, 1 my opion, show & speaific action for the
acetic acid denvatives.

Thibaull. It may be a variation of the sensitivity among the tissues.

removed the tissues for study. A o .
Thibault: " ) Do,
Barker: D' : . ‘
whole anima’ . i

similar maby
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Thibault- At first, we were unable to get satisfactory results by
mjecting the acetic acid derivative in vive. But here we have a good
dose and mode of administration,

Lardy: 1 think Dr., Asper’s Endocrine Society Abstract dealt with
pag:ex:.t‘s ths‘r than with ammal

can easily miss it.

Barher: We ran Warburg expeniments with rates of shaking down as
Tow as 60 per minute where the rate of shaking with kidney 1s eritical
and up to 120, without effect.

Thibault: It may be due to that phenomenon of adaptation 1n time
which can oceur in whole animals and not in tissue slices

Lardy- I you give a single mjection of the acetic acid analogue on
each of three successive days, do you observe the adaptive response in
basal metabolic rate?

Thibault: I have not tried that.

Lardy- 1 you do 1t with a propionie acid derivative you get an increase
i basal metabohe rate? I think that you must not discount the pro-
ponic analogue for basal metabolism because 1t 1s really a rather
effective hormone in the rat  If 1t 15 injected once a day for a pertod of a
k, you get a very good response, about half as great as with an

1

. expenmental conditions, where
. we, 1€ tmmedately, It 15 not
mpaossible that 1t became active by repeated daily mjection and not
quite impossible to think that we can pass from one to another denvative
n the orgamsm
The object of my search 1s the latent peniod. There are plenty of
dertvatives that are active by repeated daily mjection, but the only
point which mterests us 1s the disappearance of the latent pertod, and T
think 1t 15 the only case (acetic derivatives) in which the latent period
disappears m basal metabohsm.

XTI . . m—— N .
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DISCUSSION

Barher: Although I should like to agree with the very heautifal con-
cept that Mme Thibault has presented, as some of you know we have
been quite unable to confirm many of the qualitative findings. Much
search has failed to reveal any evid for an Lol
Tesponse of the acetic acid derivatives, I have already mentioned our
study of the metabohc action of several fatty acid side-cham analogues
of thyroxine (see p. 166) 1 quite agrec that some of these are turning
out to have some very pecularly speeific effects, as on metamorphosis.

Our experience with the scnsitization of uterine and intestinal smooth
muscle to ef mhibition or st ion n different species has
Deen that tlus 1s a phenomenon wlich one can obtan under certain
cirdumstances with truodothyronme, with thyroxine, or with some of
their analogues. We have been quite unable to check the thyroxamine
effect on smooth muscle sensitization because we kill our tissue with
either the glacial acetic acid or the propylene glycol required to dissolve
the insoluble amine. Adding a fine suspension of the smine to the tissue
is without effect.

I should like to propose & counter-theory, that instead of having &

co oo ¢ # == -c¢-- hormone, we actuglly have enzymc
» thyroactive substances actounting

' we not found any of the thyroxine

period. I should add that n the

. that heart, which 1s an extremely
sensitive tissue, responds about 6-12 hours earhier than the other
tissues to trilodothyronine, TRIAC and TETRAC, but not thyroxine.
Rut this again does not, 1n my opinion, show a specific action for the
acetie acid derivatives. e
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enzymes in the tissues Smith and Williams-Ashman bave noticed an
increase 1n the concentration of certain enzymes dunng prolonged

1t concerns quite a different enzymic mechanism,
raser: You used thyroidectomized animals for these experiments?

Tlabault: Yes.

Fraser: And they had no thyroid admimstration preceding your
experiments at all?

Thibault: No.

Fraser: We wondered, T might say, whether the other patient that I
showed you failed to have an acute BMR effect because he l}ai’l no thy-

pletely thyroid-less ammal needs to be primed up with thyroid hormone
before you can get an acute BMR effect from TRIAC, because the pene-

tmlior; into the cell 1s so much slower 1 a completely thyroid-deficient
anmal

the speed of triiodothyromne.
B.-Grant- What about the accumulation i muscle, then?
Michel It 15 also the same,

njected daly for 8 days 1s 1 mg kg , or 10 mg /kg, 1t 15 exactly the
same m the case of TRIAC as in the case of trindothyronine. So I
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CELLULAR ACTIONS OF THYROXINE AND
SIMILAR COMPOUNDS*

S. B. BARKER

Department of Pharmacology, Tnizersity of Alabama
Medical Center, Birmingham, Alabama

Ix trying to find an answer to the riddle of the mechamsm
of action of the thyroid hormone, workers mn the field have
clutched at whatever straw seemed to offer some support.
Like the classical blind men inspecting the mystenes of an
elephant, we have each felt for some partrcular response and
considered it to be the one most crucial to hormonal action.
The purpose of this paper 1s not to decide what 1s the most
likely site of action of the hormone, but simply to present a
progress report on some of our most recent endeavours.

A primary problem 15 still what 1s to be considered as the
thyroid hormone Here, may I touch again on a point which
has been made before 1n these discussions: I feel that there
may well be & series of physiological thyroactive compounds,
depending upon circumstances which are at present poorly
evaluated. Trnodothyronme (TRIT or T,) is without question,
at least in mammals, the most active one of a long series, but
we still lack much basis for labeling TRIT as the only active
form of the thyraid hormone. A real challenge for future
investigation lies in the observations that the propionic acid
analogue of thyroxine has such a tremendously greater effect
on amphibial metamorphosis than even TRIT (Bruice,
Winzler and Kharasch, 1954).

A wide variety of test objects has been used 1n evaluating
thyroxine action, and I think it only fair to point out that just
because something less than a whole animal has been employed

« .
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think it would pethaps be an explanation, but it hardly explains the
difference of 12 bours 1n vive} and, moreover, there ate pur experiments,
Dr. Barker's and mine, with mcubation of tissue slices at low tempera-
ture. Dr. Barker, do you agree \\:ilh my iden that during this incubation

Al RO R O T A AN

arind harmanne +

port this rough extract onto & new and fresh tissue slice, I see an
¥ a oot t derable but i %

T et Tlove An arnas mmnlen tha ~ypbenat® A4 45 husbne 10

Thabault: That I have not tried, .

Barker: We have: we have tried the tissue and the medium, \Wehave
extracted with salme and methanol and butanol, but we could find no
evidence for anything giving an immediate effect.
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several years, I have collected various bits of data indicating
thyroxine effects on incubated mammalian tissues. Most of
these were sufficiently vague as to be non-interpretable,
because of the rapidly failing oxygen consumption of the
control tissue. For instance, kidney slices held at 37° in serum
for 12-18 hours consumed oxygen at least 50 per cent more
rapidly in the presence of thyroxine than n its absence. Con-
sidering that the control tissue, without added thyroxine, had
fallen to about 50 per cent of its starting rate, this “stimula-
tion™ could hardly be impressive.

A clue to a possible improvement 1 incubation techmque
was furnished by Thibault (1955), who discussed 1ncubation
of kudneys shees at 5° C between oxygen consumption determ~
nations, Using this general procedure, we have obtained
striking and consistent eflfects of thyroxine on oxygen con-
sumption of 1solated tissue. This approach may lead to a
better understanding of thyroxine action.

The experiments to be discussed here are based on the
conventional determination by the Barcroft-Warburg tech-
nigue of oxygen consumption of thyroidectomzed rat kidney
cortex slices. An imtial run was made at 87° over about one
hour. The vessels were then capped with Parafilm and stored
m a cold room at 5° C without shaking. At one day imntervals,
the vessels were opened, flushed with oxygen and the oxygen
consumption redetermined at 87° after a 15-minute warming
and equibibration period.

Thyroxine, or one of its analogues, was dissolved in a small
amount of alkall, and diluted to a final concentration (in the
flasks) of 0-0005 N-NaOH, with the addition of suflicient 10
per cent NaCl to make the solution 1sotonie with 0-9 per cent
NaCl. Control flasks (referred to as “blanks”) received an
equivalent volume of 1dentical solutions without the thyroxine,
All solutions were freshly prepared at the time of setting up
an ex) All gl e and equf luding that
used 1n the preparation, weighing and delivery of tissue, had
been R scrupulously cleaned. However, no extraordinary
aseptic precautions were taken, cxcept that the vessels were
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this does not necessarily imply that one has come closer to how
thyroxine acts. In this laboratory, we have had specific
experience (Barker and Lewis, 1936a) with the action of
thyroxine and many of its analogues on the rapidly failing
succinoxidase system devised by Gemmill (1952) and further
studied by Asper et al. (Wiswell, Zierler, Fasano and Asper,
1951). There is no doubt about the tremendous enhancement
of activity shown by thyroxine, as well as by many of its
analogues, without essential regard to their metabolic effects
in animals. Furthermore, several compounds which are not
thyroactive in the thyroidectomized mammal, a truly sensitive
test object, are just as active against the broken cell “succin-
oxidase” system. The pertinent suggestion of Clarke and
Ball (1955) that the succinoxidase enhancement is operating
through mhibition of malic dehydrogenase, thus decreasing
production of oxaloacetate, a potent inhibitor of succinic
dehydrogenase, has been confirmed. This, however, is also
subject to the same critieism of non-speaifieity, structurally
speaking.

In contrast to these in vitro functions, which are confirmable
but which seem to lack specifieity, are other claims which are
equally dramatic but not duplicatable. Qur own experience
deals especially with the recent excitement over the acetic
acid analogues of thyroxine and TRIT, namely TETRAC and
TRIAC. In contrast to claims of special activities of these
two analogues (Thibault and Pitt-Rivers, 1955), they seem to
fit in well with the entire series of fatty acid analogues as -
thyroactive materials without notable quahitative differcnces
{Barker and Lew:s, 1956b). Actually, I fecl that the
mere fact of 75 per cent of thyroxine activity being shown
by fatty acid rather than amino acid derivatives has con-
siderable significance 1 the evaluation of mechanisms of
action. . .

As emphasized before, a major obstaele in obtaining cor}slﬁt‘
ent responses to thyroxmne in isolated systems is th'e rapidity
with which most such biological preparations deteriorate. In
collaboration with several others in our Jaboratories over
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several years, I have collected various bits of data indicating
thyroxine effects on incubated mammalian tissues. Most of
these were sufficiently vague as to be non-interpretable,
because of the rapidly failing oxygen econsumption of the
control tissue. For instance, kidney slices held at 87° 1n serum
for 12-18 hours consumed oxygen at least 50 per cent more
rapidly in the presence of thyroxine than in its absence. Con-
sidering that the control tissue, without added thyroxine, had
fallen to about 50 per cent of its starting rate, this “stimula-
tion™ could hardly be impressive.

A clue to a possible improvement in incubation techmque
was furnished by Thibault (1955), who discussed mcubation
of kidneys slices at 5° C between oxygen consumption determi-
nations. Using this general procedure, we have obtamned
striking and consistent effects of thyroxine on oxygen con-
sumption of isolated tissue. This approach may lead to a
better understanding of thyroxine action.

The experiments to be discussed here are based on the
conventional determination by the Barcroft-Warburg tech-
nique of oxygen consumption of thyrowdectomized rat kidney
cortex slices. An initial run was made at 87° over about one
hour. The vessels were then capped with Parafilm and stored
n a cold room at 5° C without shaking. At one day intervals,
the vessels were opened, flushed with oxygen and the oxygen
consumption redetermined at 37° after a 15-minute warming
and equibbration period.

Thyroxine, or one of its analogues, was dissolved in a small
amount of alkali, and diluted to a final coneentration (in the
flasks) of 0-0005 N-NaOH, with the addition of sufficient 10
per cent NaCl to make the solution isotonie with ¢ 9 per cent
NaCl. Control flasks (referred to as “blanks”) received an
equivalent volume of identical solutions without the thyroxine,
All solutions were freshly prepared at the time of setting up
an experiment. All glassware and equipment, including that
used in the preparation, weighing and delivery of tissue, had
been scrupulously cleaned. However, mo extraordinary
aseptic precautions were taken, except that the vessels were
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this does not necessarily imply that one has come closer to how
thyroxine acts, In this laboratory, we have had specific
experience (Barker and Lewis, 1956a) with the action of
thyroxine and many of its analogues on the rapidly farling
succinoxidase system devised by Gemmill (1952) and further
studied by Asper ¢t al, (Wiswell, Zierler, Fasano and Asper,
1954). There is no doubt about the tremendous enhancement
of activity shown by thyroxine, as well as by many of its
analogues, without essential regard to their metabolic effeets
in animals. Furthermore, several compounds which are not
thyroactive in the thyroidectormized mammal, a truly sensitive
test object, are just as active against the broken cell “/succin-
oxidase” system. The pertinent suggestion of Clarke and
Ball (1955) that the succimoxidase enhancement 1s operating
through inhibition of malic dehydrogenase, thus decreasing
production of oxaloacctate, & potent inhibitor of suceinie
dehydrogenase, has been confirmed, Thus, however, is also
subject to the same criticism of non-specificity, structuraily
speaking.

I contrast to these in vitro functions, which are confirmable
but which seem to lack specificity, are other claims which are
equally dramatic but not duplicatable. Our own experience
deals especially with the recent excitement over the acetic
acid analogues of thyroxine and TRIT, namely TETRAC and
TRIAC. In contrast to clmms of special activities of these
two analogues (Thibault and Pitt-Rivers, 1955), they scer 0
fit 1n well with the entire series of fatty acid analogues as
thyroactive materials without notable qualitative differences
(Barker and Lewss, 19560). Actually, I fecl that the
mere fact of 75 per cent of thyroxine activity being shown
by fatty acid rather than amno acid derivatives h.as con-
siderable significance m the evaluation of mechanisms of
action. . .

As emphasized before, a major obstaclen obt‘mmng COY)S{St:
ent responses to thyroxine in isolated systems is the rnpl(h;)
with which most such biological preparations detcno'mte. | n
collaboration with several others in our Iaboratories over
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several years, I have collected varous bits of data indicating
thyroxine effects on incubated mammalian tissues. Most of
these were sufficiently vague as to be non-interpretable,
because of the rapidly failing oxygen consumption of the
control tissue. For instanee, kidney slices held at 37° in serum
for 12-18 hours consumed oxygen at least 50 per cent more
rapidly in the presence of thyroximne than 1n its absence. Con-
sidering that the control tissue, without added thyroximne, had
fallen to about 50 per cent of its starting rate, this “stimula-
fion” could hardly be impressive.

A clue to a possible improvement 1n incubation technique
was furnished by Thibault (1955), who discussed incubation
of kadneys slices at 5° C between oxygen consumption determi-
nations. Using this general procedure, we have obtamed
striking and consistent effects of thyroxine on oxygen con-
sumption of 1solated tissne. This approach may lead to a
better understanding of thyroxine action.

The experiments to be discussed here are based on the
conventional determination by the Barcroft-Warburg tech-
nique of oxygen consumption of thyrodectonuzed rat kidney
cortex shices. An 1nitial run was made at 37° over about one

our, The vessels were then capped with Parafilm and stored
m a cold room at 5° C without shaking. At one day intervals,
the vessels were opened, flushed with oxygen and the oxygen
consumption redetermined at 87° after a 15-minute warming
and equlibration period.

Thyroxine, or one of 1ts analogues, was dissolved in a small
amount of alkali, and diluted to a final concentration (1n the
flasks) of 0+0005 N-NaOH, with the addition of sufficient 10
Per cent NaCl to make the solution 1sotome with 0 9 per cent
NaCl. Control flasks (referred to as “blanks”™) recerved an
equivalent volume of identical solutions without the thyroxine.
All solutions were freshly prepared at the time of setting up
an experiment. All gl e and eq) luding that
Used in the preparation, weighing and delivery of tissue, had
been scrupulously cleaned. However, no extraordnary
aseptic precautions were taken, except that the vessels were
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this does not neeessarily imply that one has come closer to how
thyroxine acts. In this laboratory, we have had specific
experience (Barker and Lewss, 1956a) with the action of
thyroxine and many of its analogues on the rapidly failing
succinoxidase system devised by Gemmull (1952) and further
studied by Asper et al. (Wiswell, Zierler, Fasano and Asper,
1954). There 1s no doubt about the tremendous enhancement
of activity shown by thyroxine, as well as by many of its
analogues, without essential regard to their metabolic effects
in amimals. Furthermore, several compounds which are not
thyroactive in the thyroidectomized mammal, a truly sensitive
test object, are just as active against the broken cell “sucein-
oxidase” system. The pertinent suggestion of Clarke and
Ball (1955) that the succinoxidase enhancement 1s operating
through inhibition of malic dehydrogenase, thus decreasing
production of oxaloacetate, a potent inhibitor of succinic
dehydrogenase, has been confirmed. This, however, is also
subject to the same criticism of non-specifieity, structurally
speaking.

In contrast to these in vitro functions, which are confirmable
but which seem to lack specificity, are other claims which are
equally dramatic but not duplicatable. Qur own experience
deals especially with the recent excitement over the acetic
acid analogues of thyroxine and TRIT, namely TETRAC and
TRIAC. In contrast to claims of special activities of these
two analogues (Thibault and Pitt-Rivers, 1955), they secem to
fit in well with the entire series of fatty acid analogues as
thyroactive materials without notable qualitative diflerences
(Barker and Lewis, 1956b). Actually, I feel that the
mere fact of 75 per cent of thyroxine activity being shown
by fatty acid rather than amno acid denvatives has con
siderable sigmficance 1 the evaluation of mechanisms of
action. ) . )

As emphasized before, a major obstacle in obtaining consist-
ent responses to thyroxine in isolated systems is th.e rapidity
with which most such biological preparations deteriorate. In
collaboration with several others i our laboratories over
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2 4 per cent solution. This actually caused a more rapid
decrcase in oxygen consumption, as did also neutralized rat
serum and neutralized rat serum ndded to phosphate glueose.
Several different concentration ranges were tried, although not
shown in the figure, without success.

The next variation tried was the bufler, as shown in Figure
2. Although a definite effect of thyroxine was still present
in tns(hydroxymethylymethylamine-hydrochlone acid buffer,
actual maintenance was much poorer than with phosphate.
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Ovygen consumption of thyroidectomuzed rat kidoey shces
eubated 1m the various solutions shown  Metabolism determinations
done at 37° C, incubation at 5° C mithout shakmng.

When glycine-NaOH was used, control oxygen consumption
was about the same as with phosphate, but with thyroxine it
was as good as the starting level for at least 24 hours, and only
fell off 9 per cent by 48 hours This appeared Lo be less a
function of any buffering ability of the glyemne than some
specific action of the ammno acid, since glycylglycine and
diglyeylglycine, both more powerful buffers than glycine, gave
poorer results,
THYROID~10
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heat-sterilized as part of the routine cleaning. Cultures of
scverfll flasks, made by Dr. C. H. Winkler of the Department
of Microbiology, indicated less than 500 organisms per ml.
even after 3 days of incubation.

Results and Discussion

As can be scen from Figure 1, when Krebs Ringer phosphate
glucose was used for incubation, the control tissue respiration
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Fio. 1. Oxygen consumption of thyroidectomized rat kudney shees
incubated 1 the various solutions shown Metahohsm determimations
done at 37° C, sncubation at 5° C without shakmg.

(BL) fell to 62, 88 and 13 per cent of the starting rates at 24,
48 and 72 hotrs, respectively. In the presence of & pg.
1-thyroxine per ml. fluid, the corresponding values (T) were
79, 67 and 56 per cent. This considerable difference indicates
some action of the thyroxine, but should not be termed a
stimulation. Because of the possibility that colloid osmotic
changes might account for the falling off, bovine serum albu-

min, electrophoretically free of globulins, was ndded to make
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only slight liberation of the free alanine during the incubation
with the acetylated form.

To find out more in detail about the changes taking place
early in incubation, readings were taken as indicated in Figure
4. Tt should be realized that more frequent readings require
more time at 87° in proportion to the total incubation at 5°
and may alter experimental conditions. With kidney n
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© 12 B 24 %o 48 6 12 8 2 3> a8
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Frc. 4, Companson of Ringer glyeme glucose and Ringer phosphate
glucose as meubation media for kadney shces. Uterine metabolism 15 also
shown i the latter solution.

Ringer phosphate glucose, falling off was noted from the 6-
hour reading on, with the thyroxine offering some apparent
protection from the start. In the presence of glyeine, there
was a slight difference at 6 hours, although the spread was not
remarkable until 12 hours. In a simlar experiment with
alamne, no considerable difference between control and
thyroxine vessels was seen until 24 hours, largely owing to the
better general maintenance of tissue respiration in this medium,

Figure 4 also shows that uterus can be held within about 80
to 90 per cent of the starting metabolic rate with or without
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vL-Alanine, certainly no better a buffer ti
shown outstanding effcets (see Fig. 8), Ex
tissue metabohsm was well mantained for
With added thyroxine, in the presence of glue
sumption has increased as much as 30 per cent
with an average increase of 18 per eent in &g
In the three experiments charted in Figure 3,
per cent improvement in one day, and 15 p
The intial Qg of the kidney tissuc in p-alanine
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Fie, 3. Oxygen consumption of thyroudectomized ra
sneubated in the various sofutions shown, Metabohsm
done at 37° C, incubation at 5° € without sha

higher than that 1 the pi-form which m turn
above that in the n. Aftes 24 hours of incu
seemedl somewhat superior to the L-alanme, bu
rapidly thereafter, Neither was comparable to
a discrepancy which deserves further study.

As with glyeine, pept_xdgs f)f g]ax_a.mc, suc}{ as
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only slight hiberation of the free nlanine during the incubation
with the acetylated form.

To find cut more in detail about the changes taking place
early in incubation, rendings were taken as indicated in Figure
4. It should be realized that more frequent readings require
more time at 37 in proportion to the total incubation at 5°,
and may alter experimental conditions. With kudney in

% MNITIAL Cop
nsop r e
R PHOSPMATE GLUCOSE 1 R GLYCINE CLUCOSE E
10O 4 -4

P
A= = oxeZ Tinas

sof- 1

iNEY

-
o

PO Ak
B © 12 13 e

F10. 4. Companson of Funger glycme glucose snd Tunger phosphate
glucose as mmcubation medis for hadney shees. Utetine metabolism is also
shown 1n the latter soluhion.

Ringer phosphate glucose, falling off was noted from the 6-
hour reading on, with the thyroxine offering some apparent
protection from the start. In the presence of glycine, there
was a slight difference at 6 hours, although the spread was not
remarkable until 12 hours. In a similar experiment with
alanine, no considerable difference between control and
thyroxine vessels was seen until 24 hours, largely owing to the
better general maintenance of tissue respirationin this medium.

Figure 4 also shows that uterus can be held within about 86
o 90 per ecent of the starting metabolic rate with or without
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thyroxine. This is one of the tissues showing no metabol
response to hypo- or hyperthyroidism mn the experimenta
animal.

Before considering other amino acids, I should like to show
the results with various substrates in Figure 5. With phos.
phate present, the “Mixed Substrates” (glycine, glutamate,
pyruvate and fumarate) gave slightly better results than
glucose for one day only, while glycine alone seemed inferior
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Fic. 5. Effects of various substrates on oxygen consumption of kidney
shces. Fach bar represents the percentage of imitial Qo, at 24 hours
(unadorned), 48 hours (2 vertical marks) and 72 hours (3 vertical marks).

as an energy source. The mixture proposed by Krebs (1930) as
a superior medium (“Medium IXI”, containing pyruvate,
fumarate, glutamate as well as glucose} does clevate the
starting oxygen consumption, but for mainl‘enance was not as
satisfactory with either phosphate or glycine as was glucose
alone. Beyond the first 24 hours, acetate or pyrln:utc {the
Iatter not shown in the figurc) were not able to su.b'smute.lor
glucose in the presence of alanine, u!thoug.h the k.ldney' slices
performed remarkably well for two days with alanine without
added material.

The results of survey experiments with 2 variety of amino
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acids and related compounds are summarized in Table I,
Serine behaved more like glycine than alanine, but threonine
was nearly as effective as alanine. Both «- and f-amnoiso-
butyric acids, R-alamine and taurine showed remarkable
maintenance properties with thyroxine present. Glutamine
and glutamic acid in conjunction with thyroxine gave 18 and
12 per cent, respectively, better than starting respiration at

Table I

IncusaTion oF Kipwey Suicrs wirn THYROXINE IN Toe PRESENCE
or Various Ammvo Acips

Per cent of tratral values after
Incubation Medwim Start Qo,

24 br, 48 i 72 hr,
Tnger Glucose + BL T BL T BL T BL T
Glyeme 515 s20 [ a7 s | 33 72 7 61
Alanme 38 377 ) 93 119 | 88 116 ) 10 67
Serine 309 388 43 89 21 77 18 39
f-Alamne 324 393 54 107 | 21 0 10 75
Glutamic 82 819 | 42 12 | 15 59 6 26
Glutamne 855 327 | 59 U8 | 21 83 9 26

‘aurme 276 290 | 82 9o | s» 90

@-amno-n-butyne 316 291 | 61 76 | 2 62

nine 312 28 | 5% 1090 ! 18 o
a-Amnoisebutyric 246 23835 | 81 108 | 85 100 | 16 o2
P-Aminowsebutyrie 260 25 | 68 103 | 32 97 8 87

24 hours, but fell off considerably thereafter, Except for the
N-acetylalanine, aiready mentioned, none of these amino
compounds has been as effective as alanine.

Ttist ing to late about the possibility of formation
ofa thyrovyla]amne or other peptide as ‘the busis for the special
type of activity seen here mn the presence of amino acids. The
diversity of structures found to be capable of active participa-
tion would scem to d a more tt gh analysis
before theonzing
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AFigurcs 6 and 7 show the results of incubation of kidney
slices with different concentrations of several organic jodine
% IN(TIAC Qo,
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Fia. 6 Effects of vanous thyroxume analogues on oxygen con-
sumption of kidney slices after incubation 1 Iunger phosphate
glucose or finger glycine glucose Tume indications as m Fig, 5
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1. 7. Fffects of various thy foxine analogues on oXygen consump-
{::)(:\ I %dnﬂy hees nfter meubation in_ Rnger sisnie ghicowe
Tume indications as in Fig. 3.
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compounds. Looking at thyroxine itself, shght effects can be
seen with 1-0 ug. per ml., but the best results required 5-10yg.
The 5 pg. level was used mn most of the experiments being

Table IL

Suinary oF Tm roxing ErFrner o KiDNEY Sricns INCUBATED 1N
Variovs Mroma

Per cent of tmtial values
after

Start Qo,

Ineubation Medium 24 A, 48 hr. | T2Rr.

BL T* BL T {BLT [BLT

R Phosphate glucose (@)t 211290 57 79|31 642156
R Clycine glucose i) 297292| 56101 |10 82] 871
R Alanne glucose
Sug/ml thyroune  (3) 380 386} 9312236114 957
10 g fml. thyrovimne  (5) 362 363|108 117 | 48 118 | 17 88

35 pg 1-thyroxine per m! incubation fwd except where shown with alanine.
t Number of experiments

reported here, but 1t appears from the summaries 1n Table IT
that much better mamntenance resulted at three days when
10 ug. were used. Some falling off occurred when the levels
were as high as 50-100 pg.

When tetraiodophenolphthalein (TIPH) was added to the
Ringer alanine glucose system, there was no consistently
better maintenance than with the blank. In the presence
of N-(4-hydroxy-3 : 5-driodobenzyl)-3 : 5-dnodotyrosine (“B-
5522”), there actually appeared to be some decrease from the
control tissue maintenance, especially with the alanme system.
Both of these organic 10dine compounds are without meta-
bolism-stimulating properties when mijected mnto normal or
thyroidectomized anymals. At higher levels, B-5522 has been
shown to antagonize the metabohsm-supporting action of
thyroxine in athyreotic rats (Barker et al., 1950).
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One experiment 15 shown m Figure 4 with tetraiodothyro-
formic acid (TETRFOR), an analogue found in this laboratory
to have gbout 4 per cent as much metabolism-stimulating
action as L-thyroxine. It was only slightly better m these
incubations than its own control figures, mncluded i the
averages for the “blanks”. These results with TIPH, B-5522
and TETRFOR indicate a much higher biochemieal specificity
for the incubation procedure than for the in vitre effects on
succinoxidase. However, TRIT was no more effective on a
concentration basis than thyroxme, and the acetic acid
analogues TETRAC and TRIAC were approximately as active.
We feel that it is still too early in our analysis of this pheno-
menon to tell whether these quantitive discrepancies, particu-
larly between thyroxine and TRIT, may furnish clues to
mechanism of action. Many ¢n vitro and in vivo differences
have been considered, and one should not overlook differential
rates of destruction, ete. The first possibility has already been
examined ¢n vivo; the only major difference we have en-
countered is a considerably greater effect of the triiodo com-
pounds on heart metabolism (Barker, 1956), although Lerman
and Pitt-Rivers (1955) reported a dissociation between meta-
bolic and other chmical effects with TRIAC,

I should like to indicate some of our excursions to find out
more about what is going on during this type of mcubation.
Paper chromatography of the medium after meubation Ahus
revealed the presence of small amounts of phenylalanine,
leucine, glutamic acid, serine and lysine 1n addition to the
added material. Probably origmating i the tissue, these
amino acids appear regardless of what one has added at the
start of the experiment. The presence or absence of thyroxine

does not appear to nfluence the variety or the quantity af
armino ands liberated into the fluid. .

Chromatography of methanol-ammonia extracts of centri-
fuged incubation medium and tissue indicates that added
thyroxine was completely taken up by th.e tissue shcc?. Tl;x;

icking up of thyroxine gppcm‘s'to be incomplete a l:,er!
fninulcs of incubation at 5° C, but is complete after 75 minutes
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7°. At the end of a three-day incubation run, TETRAC
consistently been demonstrated in the tissue and TRIT
infrequently.

Summary

ices of kidney cortex from thyroidectormzed rats have been
bated in various solutions for as long as 8 days at 5° C.
gen consumption has been measured at daily intervals at
and values compared to pre-incubation runs.

« Krebs’ Ringer phosphate glucose solution, addition of
oxine is able to decrease, but not prevent, the marked
ease of respiration occurring over the 8days. When glycine
‘bstituted for the phosphate, the tissue can be mamtamed
he starting metabolic rate for 24 hours with thyroxine
ent,

1 Ringer alanine glucose, the tissue oxygen consumption
* be as high as 180 per cent of the imtial value after 24
s The average of eight experiments was 118 per cent at
day and 115 per cent at two days Results are more
able at three days, but our most recent runs have shown
: maintenance as high as 87 to 95 per cent of that at the
t can be achieved.

s substrates, pyruvate, acetate, and mixtures of pyruvate,
arate, glutamate and glucose have proved inferior to
'ose alone.

esides alanine, threommne, x-aminoisobutyric aaid, B-amino-
mtyrie acid and B-alanine have given good results. Al-
ugh not strictly comparable m structure, N-acetylalanine
taurine have shown effects warranting further study.

‘his reaction of excised tissue may throw some light on the
roxine control of metabolism,
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~eetand wat arith cevirm sl hawnne known auantities u;

gees g
uly;cme.l —, 4=t sheamataavams show that there is not more
. 3 acid during the three days.
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Barker: Apparently not when glucose 15 there. The substrates which
we have tried so far do not include any dicarboxylic acids but do melude
PyTunate, lactate, acctate and glutamic; glucose gives us best main-
tenance by far.

Lardy: You had good mamntenance with alanine without glucose.
One of your shdes shoned alamne to be far supenot to anytmng else m
the absence of glucose.

Taurog- How did you 1dentify the TETRAC that you claim to be
Present? And secondly, do you think that the action that you were
getting was due to some transformation of the thyroxmne or due to some
other getion of thy such as the mal of enzyme levels, as
Youseemed to favour in your previous argument ?

Barker- My prejudice, as stated before, 15 towards the mamtenance of
cellular integnity, or at least something approachmg it I am just
adopting that ss an arguing pomt—as with msulm, the evidence 1s
mostly indirect, To detect TETRAC we used methanol-ammonium
acetate, butanol tertiary by ) and tertiary amyl-
ammania ly or with d 1 chroma-

thyronne and TETRAC?

arher: Yes, except that minhydrin 1s so much less sensitive than
the ceric sulphate that we do not consider 1t really comparable

Walkinson* But the point I was maling was that this ceric sulphate

Teaction 1s given both by TETRAC and truodothyronne.

arher, We have depended more on an Ry separation 1n a variety of
solvent mixtures because our experience with mnhydrm, even where
¥0u liave an ammo acid, 15 that 1t 1s 5o relatively Wnsensitive that we
Would prefer to try to separate with a variety of solvents and then use the
ceric sulphate reagent.

¥
r
8
asuintl. LHOpe U
trieke cuoh pn
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. . . L T I

Barker: We do not see 1t until after 12 to 24 hours. We especially
hope to be able to set up a very reproducible system which some other

SRS
. : " ards,

B Tow-

. . . say
el e mall
e N-acetyl form) «-aminoisobutyric,

Py oo oo

amount of free alanine from th:
B-ami and t when you add thyroxine you get s
T tv =md pesn abant affont pran that | fes! we are dealine here with
. 3

Barker: Yes,

Lardy: It would be nice if Prof. Barker could make some sort of
extract of his preparation ke Mme Thibault has done and see if he gets
any eflect.

Darker: That we did, we tried making just & ngh-specd centrifugation
of the salme we tried e g with butanol or with
methanel. In no case did we get any materal which would produce an
immediate effect. Dr. Lardy, maybe you and I are using the word
‘synergistic’ differently.

Lardy: Well, i order to show synergism you would have to give us

77 o e alinnca nlie thyrexine.

- . . hos-
.. ven

Tanter
" L. M iia daaewd
. nmt will not
. . . respiration

m‘;'&*ﬁm; it and amino acids Prevent 1t bul tue Luiusnation of the
4
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ne and ammo acid 1s not better than the additive effect of either
think that any evidence for a unique peptide thyroid hormone

ne.

*cent of the mitial Qo,.

ault, T wish first to congratulate Prof. Barker on his incubation
nents. A very interesting fact to me was potnted out by Prof
—that respiration of some tissues 13 not affected by hormones.
t 13 the same tissues which are very easily ‘sensitlzed.'spleen,

er: No, I am afraid I cannot, because the addition of the acetic
aalogue was 1o better than the thyroxine or truodothyrommne

te potentiation of the epinephrine, but often nothung at all. This
ething ke the adenerge blocking effects bemng tmuch greater on
you have Y
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adding or whether we are forcing so much amino acid material into the
cell that cellular d i h it is due to—gocs on less

W IhainLann Lssue 101 o ady, HUW we dle dissatisued wilt 3 aays and want
to get up over 80 per cent stimulation.

Lardy: Is this an immediate stimulation?

Barker: We do not see it until alter 12 to 21 hours. We especrally
!lllpe to b b}‘e o set up a very re;;roduc\ble system which some other

. Lo N t
stimulatory effcet with each agent so you would expect the tio together
to be better than either alone.” Do you get anything over and above the
additive effect of each alone?

Barker: Oh yes. We have several dilferent groups of aminc acids,
some of which are no better than the Ringer phosphate glucose. Iow-
ever, with N-acetylalamne (for no reason I can suggest and I must say
that paper ch hy shows 1 of only a very small
amount of free alanine from the N-acetyl form) «-ammoisobutyric,
f-ami ic and th when you add thyroxine you get a
clear and consistent effect over that. I feel we are dealing here with
some aspect of amino acid or protein metabolism which thyroxine is
able to alter favourably.

Lardy: Is the effect greater than the sum of what each would do alone?

Barker: Yes,

Lardy: 1t would be nice 1f Prof, Barker could make some sort of
extract of his preparation hke Mme Thibault has done and see if he gets
any effect. R

Barl.er- That we did; we tried making just a high-speed centrifugation
of the saline homogenates: we tried extracting with butanol or with
methanol. In no case did we get any material which would produce an
immediate effect. Dr. Lardy, maybe you and I are using the word
*synergistic’ differently. X .

Lardy: Well, in order to show synergism you would have to give us

gm_ater. W+t o tem e semarbg iF an that anca dnaa it?
s . but wll not
. ts respiration

3 .
fm‘;'g)lmé off and amino acids prevent it bUL Lue comvmation of the
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the patient was sent out of hospital and treated with thyroxine.
Comparison of the results suggested that of the two products
TRIAC had the greater effect on blood cholesterol (Trotter,
1956). However, the fact that one was given 1n hospital, the
other while the patient was at home, leads me to distrust the
comparison, as differences of diet, etc., may have affected the
blood cholesterol level.

— T T 1

T )]
mg fay 1 T3 poq oy

tanc[@ =]

400

PLASHA 300
CHOLEST[ROL
mg/100mL 200)

100

+20
BMR
%
-20
, ,
10 20

FERTY WEEKS

Fic.1 Effect of TRIAC, truodothyromne and

thyroune on plasma cholesterol and BMR 1n 2 case
of my<oedema

30

I have greater confidence 1n the results obtained with the
other two cases of myxoedema. Here the patients received
either TRIAC, truodothyronine (Ty), or thyroxme (T,) for
periods of two to four weeks. The patients were hiving at
home but spent the last mght of each experimental period in
hospital in preparation for a BMR the next mornmg. The
plan of the experiment 1s illustrated 1 Figure 1; the other
case of myxoedema was treated n a very ssmilar way.

Since the point of nterest 1s the relative effect on blood
cholesterol and BMR, the results are presented as a plot of



SOME OBSERVATIONS ON THE CLINICAL
EFYFECTS OF TRIIODOTHYROACETIC ACID

W. R. TrotTER

Medical Untt, Unizersiy College Hospual
Medical School, Londan

Tne observations which I propose to describe were insti-
gated by Lerman and Pitt-Rivers’ report (1955) on two cases
of myxoedema treated with tniodothyroacetic acid (TRIAC).
In both instances there was a prompt chimeal response,
marked fall in blood cholesterol, but no change mn basal
metabohic rate (BMR). These observations made one wonder
whether TRIAC was a form of thyrowd hormone with o dis-
sociated action, having 2 more marked effect on blood choles-
terol than on BMR. We have long been familiar with this
type of dissociation 1 the effects of the adrenacortical hor-
mones; it did not seem 1mposs:ble that a ssmlar state of affars
might exist with the thyroid hormones. I have atterapted in
a tentolive way to look into this possibility. The first cases
studied seemed to support the suggestion, but Iater results
suggest that there 1s no essential differentce between the action
of TRIAC and that of the other thyroid hormones, These
studies are still incomplete and inconclusive, and I think their
main jnterest is in provoking ideas on the effect of thyroid
hormones on blood cholesterol and on BMR. I am far from
clear, for mstance, whether the effect on chalesterol levels 1s
regarded as a by-product of the general stimulation of
metabolism, or whether it 1s g specific action of the hormones.

1 have tried to compare the relative effect of TRIAC and
the other hormones on blood cholesterol and BMR in three

,

rogandmenen Tha firct aoen T breoted showed n nramnt
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100 140 180 220 260 300 340 380 420
FEYTY PLASMA CHOLESTEROL mg /100ml

T16. 2 The values for the BMR have been ex-
pressed 1n the conventional way, where average
normal equals 100 per cent A figure of 60 per cent
has been subtracted from all values and the re-
oprocal has then been plotted agamst plasma

cholesterol Same case as 1 Fig 1.

100 140 0 340 380 420
[LE8: ) PLASMA CHOLESTEROL mg /100m!
¥16 8. Another case of myvoedema. Results
plotted 1 the same Way a3 n F1g 2,
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these two parameters (Figs. 2 and 8). In order to achieve
approximate lincarity the cholesterol level has been plotted
against the reciprocal of the BMR, after deducting an arbi-
trary value of 60 per cent (or —40 per cent, where average
normal is taken as 0 per cent} as representing the part of the
BMR which is not under thyroid control. Figures 2 and 8
show that when the results in the two cases of myxoedema are
plotted 1 this way the relative effects of the three substances
appear to be much the same. These studies are being con-
tinued.

I then turned to euthyroid subjects and examined the
ability of the three hormones to lower the blood cholesterol
level, and also radioiodine uptake. The hormones were given
for periods of two weeks with single estimations at the begin-
ning and end of each period. The results are shown in Table I

Table I
Tue EFrect oF Daty OrAL Dosks for Two WEEKS 0N PLASMA CROLESCROL
AND RADIOIODINE UPTAKE OF EUTHYROID SUBJECTS RADIOIODING
UPTAKE WAS MEASURTD As ThE RATIO oF NECK CoUNT TO ThIGH CoUNT
At Two Houns ArTee A TRACER DosE or 1311

Dose  No.of Mean © fallan Mean S5 fallin
Substance (mg.jday) Subjecls tmhal cholesterol tnitial ny
cholestero B uplake
uptake

Thyroxmne 02 5 194 10 G5 4t
Thyroune 04 5 231 29 75 [R]
Tritodothyromne 0 0% 7 215 12 83 41
Truodothyromne 0 08 5 234 21 75 68
TRIAC 10 3 210 14 8.0 61
TRIAC 20 6 235 33 8.9 73
TRIAC 3o H 222 20 51 54
TRIAC 10 5 214 23 67 81
Inert — 6 210 1 538 0

It can be scen that all three hormones lowered the blood
cholesterol, the maximal effect b'eing about 20-30 per cent.
Tritodothyronine was nbout five times as potent as thyroxine.
The results with TRIAC were more variable, but it seems that
the effect of 1 mg. was at feast as great as that of 0-2 mg.
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thyroxine, while 2 mg. or more had about the same effect as
6-4 mg. thyroxine, It is therefore probable that TRIAC may
have about a fifth of the potency of thyroxine, The relatively
greater effect of TRIAC on radiciodine uptake may possibly be
partly due to the larger amounts of fodide which may be
released as the total dose 1s greater.

Tour other euthyroid subjects have been studied in greater
detail, They have been given gradually inereasing doses of

TRIAC
o /day

PLASMA 230)]
CHOLESTEROL
g {100at 200,

+20 .

BMA
% 0

B T S R Ta
18814 WEEKS

¥16. 4. Effect of TRIAC m sn suthyrad subject
with coronary artery disease,

TRIAC, wp to 4 mg. daily for several months, and the effect
on blood cholesterol and BMR has been observed at two- to
four-week intervals. Three of these subjects had definite
coronary disease, and the fourth may well have hadt, though
she has not had & defimte infarct. The results are shown w
Figures 4, 6 and 6 (the remaining case has been described in
full elsewhere—Trotter, 1956), In three cases th.cr? was a
definite fall in blood cholesterol, but in the remaining case
{Fig. 4) the result was indefinite as the cholestero} level was
fallmg at the time TRIAC was started, and has not yet
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returned to 1ts original level after stopping the drug. In
another case the marked fall in cholesterol level has not been
entirely maimtained by a dosage of 4 mg. daily (Fig. 5). In
all four cases the BMR appears to have nisen slightly, though
it 15 not possible to be quite certain that a real change has
occurred.

Inspection of these graphs suggests that an unexpectedly
large fall in cholesterol has occurred in relation to the relatively
trivial nse in BMR. This is demonstrated by plotting reci-
procal BMR agamst blood cholesterol; an example is shownin
Figure 7. It will be seen that the shift in BMR, for 2 given

T

EUTHYROID

'owo"'

100 140 180 220 260 300 340 380 420
PLASMA CHOLESTEROL  mg f100mt
Fi5. 7. Similar plot to Figs 2 and 8. The case of
myxoedemas the one shown 1 Fig. 2; the euthyrod
patient 1s the one shown i Fig. 6.

change in cholesterol level, 15 less in the euthyroid than in the
myxoedemnatous subject. When the regression of' BMR‘(:‘!\
. LI A Stk L alacn on Tage in "

SerIes e Uiuvu vissustun s .
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toBMR in the euthyroid than in the myxoedematous subjects.
This seems to me an unexpected and surprising result, and I
am at aloss to explain it. In view of the results obtaned with
TRIAC, trijodothyronine and thyroxine in the two cases of
myxoedema, Y am reluctant to attribute 1t to a speafic
effect of TRIAC. The four subjects are now gomng to he
treated with thyroxine, which should scttle this point.

X I wondered whether 1t was possible to attribute the rela-
tively labile cholesterol to something pecuhar to the subjects

Table 1T
Tue Swre or TAn REGRESSION OF Tt Recterocar OF THE BMR (ArToR
SUBTRACTION OF A BASAL VALUE OF 60 PER CENT) ON BLoob CroLEsiEROL
IN THREL CASES OF MYXOEDDMA AND IN FOUR LUTHYROID SUTrEcTS
WITH CoroVARY ARTCRY DISEASE

Correlation
Sex Age Duagnosis Stope Coefficient
F 73 My~oedema © 00019 + 086
M 53 Myxoedema 0 00030 +070
M %3 Myxoedema © 00023 +0 13
M 72 Coronary artery 0 00008 4020
disease
M 57 Coronary artery 0 00008 +023
disease
M 56 Coronary artery 0 00008 + 0-51
disease
F 50 ? Coronary artery 0 00006 +076
disease

Tather than to the drug. I have calculated the mean value for
the slope of the regression hine for several groups of patients,
with and without thyrod disease, described in the hterature
(Table TIT). As these caleulations had to be made from only a
few points 1n each case (sometumes only two) there 15 naturally
avery large individual scatter. The means for the three groups
deseribed by Gildea, Man and Peters (1939; Man, Gildea and
Peters, 1940) do, however, agree quite closely with each other,
and with Turner and Stemer’s (1989) values for euthyroid
subjects. Sinee the range of BMR and cholesterol values was
very different 1n the thyrotoxic and myxoedematous groups,
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this close agreement suggests that the method of plotting is
not unreasonable,

1 have also included values for the slope calculated from
data given by Blumgart’s group (Giffigan et al., 1934} for
cardiac patients treated by total thyroidectomy. The mean
values are considerably higher than for any of the other series,
possibly owing to differences of technigque It is, however,
clear that there 15 no difference betw een the congestive cardiac

Table 111
Meax VALUES FOR THE SpovF 0F THE REGRESSION OF 18E RECIPROCAL OF THE
BMR (APTER SUBrRACTION O A BasaL VALUE OF 60 PER CENT) ON
Brooo COOLESTERGL IN THF PRUSENT AND s0ME Rerortep SERILS.

Author Deagross No. of Cases Mean Slope
Present series Myxoederta 3 G 0003
TPresent senes Futhyroid with coranary 4+ 0 00007

artery disease
Galden, Man and
Teters (1939) Mywoedema 14 00021
Gildes, Man and
Peters (1929) Euthyroid 6 0 DO
Man, Gildea and
Peters (1940) Thytotoucoas 21 o po027
Turner and Stewer
(1939) Futhyroid 18 0 060023
Gilbgan ¢f al. (1938 Congestive eardiac
farlure 17 0 00074
Gilhgan ¢ al. (1933) Angina 9 D NoTe

failure group {mainly consisting of patients with rheumatic
heart disease) and the group with angina, sho may be pre-
sumed to be suffering from coronary artery disease. I con-
clude from the absence of any differcnce betsween these two
groups that it is unlikely that the Iow values for the slopeinmy
four euthyroid subjects ean be attributed to the fact that they
have coronary artery disease. .

I am therefore unable to explam why my four euthyroid
patients show such relatively large changes in cholesterol
level, when the corresponding BMR values have changed so

little.



Cuintean ErFrcers or TRIAC 279
Summary

1. TRIAC has been given to threc cases of myxoedema. In
two of these the relative effect of TRIAC, triiodothyronine and
thyroxine on blood cholesterol and BMR were much the same,
In the third case TRIAC appearcd to have a relatively greater
effect on blood cholesterol, when compared with thyroxine.

2. TRIAC, triiodothyronine and thyroxine all lowered the
blood cholesterol levels of euthyroid subjects, and also
depressed the uptake of radioiodine. Triiodothyronine was
about five times as potent as thyroxine in both respects.
TRIAC appeared to have about one-fifth of the activity of
thyroxine.

8. Four euthyroid patients, with coronary artery disease,
were given TRIAC in gradually increasing doses for periods of
several months. The blood cholesterol levels decreased n all
the subjects, The BMR appeared to increase but the change
was so slight that it may not be significant. The cause of this
relative lability of the blood cholesterol 1s discussed. In view
of the results obtained with the myxoedematous subjects it 1s
difficult to attribute 1t to a specific effect of TRIAC. From
other reports in the lterature it seems unlkely to be an
attribute of patients with coronary artery disease.
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Ir. Jacob Lerman in Boston has demonstrated in four of
1 effect on the blood cholesterol and no effect whatsoever

These patients receved smaller doses of TRIAC than Dr.
average dose per day in the first two came to about
the other two to about 1+2 mg.; a weight loss was also

- e - TR ST SO £ )

7ho has access to myxoedematous subjects, and would

ing on the suggestion that there might be a differential
terol metabolism and BMR with TRIAC, the following
wve been treated with th)s substance.

ent (F1g. 1y had for several yenrs suffered from mereasingly

- —
A T WEIGHT

PLASMA CHOLESTEROL

I R R ® we o o

DA
. 1 (Goolden). Effect of TRIAC tn myxoedema.

induced by means
VT T

A degree of hyp



Discusston 281

progess was

~halack-

1al estimations of plasma

luggcd clinically and by

readmitted to hospital so that his thyroud status might be fully assessed

BMR and plasma cholesternl estimations were made on three conseeu-
tive days. The mean value for plasma cholesterol was 235 mg, per cent
3ad the mean of three BMR estimations —25 per cent. The absence of
angna and increased exercise tolerance are perhaps a more reliable

PLASMA
CHOLESTEROL

© 0 o w0 % W0 Lo Wo  ®5 w00 0

Fa 2 {Goolden) Effect of TETRAC and TRIAC i hypercholesterolaemia.

index of reduced] basal metabolism than a BMR  There 1s some evidence
to suggest that n this patient a dose of 2 mg of TRIAC daily »s suffi-
clent to prevent any of the signs or symptoms of hypothyroidism and to
maintam 1 plasma cholesterol level but not to restore the BMR

10 il "

Figure 2 shows the effect of the acetic acid analogues of thyroxine and
triodoth on plasma chol in a patient with famulal

LN Y

escape from ths effect, which was not reversed when the dose of TETRAC
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DISCUSSION

P.-Rivers: Dr. Jacob Lerman in Boston has demonstrated in four of
his patients an effect on the blood cholesterol and no effect whatsoever
on the BMR's. These patients received smaller doses of TRIAC than Dr,
Trotter’s; the average dose per day in the first two eame to about
0 5 mg., and the other two to about 1-2 mg.; a weight loss was also
observed.

If TRIAC is not dufferent from thyroxine or truodothyronine I should
hke some chnician to demonstrate this with triodothyronine; with a
small dose, say, 10 or 15 ug./day you might be able to show this differen~
tial effect on BMR and blood cholesterol. Itisa very stmple experiment
for anybody who has access to myxoedematous subjects, and would
settle this pomt.

Goolden - Acting on the suggestion that there might be a differential
effect in cholesterol metabolism and BMR with TRIAC, the following
two patients have been treated with this substance.

The first patient (Fig. 1) had for several years suffered from increasingly

KG oo
T o
& \rran =" WEIGHT
MGY,
od
PLASMA CHOLESTEROL
300] BLASMA

-30
E‘EGR 20 10 s
o T R - B L R R ]
baYs
Fie. 1 (Goolden). Effect of TRIAC 1n myxoedema
covers angina A moderate degree of hy hyroidism induced by means

on TIIAU 2 g, Uiy, WLILIL 8LLEL & 1w uuyo s s
r;%suzgi"tzdl mg. daily because of slight angina and tachyeardia, Hig
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wag not o proportionate mcrease in the BMR, but tius may well have
been & normat level for a patient of this age,

Ko, WEIGHT |
s s
s “
MG 400 400
PLASMA
CHOLESTEROL
200 100
200 0
oo o
1o BMR °
o i 0
e 0
0 0
10 ©
] ©v DAY _QRALLY
TETRIC i s
T VIR M T
DAYS -

Fic 4 {Goolden). Effect of TETRAC in my~xoedema.

On the results that have so far been obtamed with TETRAC in

ataits aue wue s B went pack to
the on"m:x\ lowlevel ' Afterhehad been of TRIAC for & week, he started
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was snereased t0 10 ma. daly. At this stage TRIAC in a dose of 6 mg.
daly was substituted for TETHAC. The changes in the plasma choles-
terol level on TRIAC were sumlar 10 those observed with TETRAC
with a tendency to revert to the pre-treatment level, Neither substance
ha[d any side effects 1 the dosage used.

n a previous study s patient with mysoedema was treated with
TI.ET.RAC (Goolden, A. W. G. (1856). ZLancet, 1, 890) A chmeal re-
mission wWas obtaned and the plasma cholesterol level and BMR
reveried to normal on o dose of § my datly

Figure 3 shows the respopse of a second mysoedematous patient

P el BOOY_WEIGHT

-
T

PLASMA CHOLESTEROH

"
T

400

MG 10 EIRac

o

O 4 B 12 B 20 24 28 32 36 40 48 4B 52 % &
Laxs

¥, 8 (Goolden), Effect of TRTRAC on body weght, plasma cholestesot
and BME 1 myvoedema.

to TETRAC, "The pattern of response »as sumiar to that of the first
patient and she hecame cuthyraid on o dose of 10 mg. of TETRAC
daily, confirming that the potency of TETRAC in my xeedema 15 about
one-thirtieth that of r-thyroxme .
Figuise 4 shows the effect of a single intravenous dose of TETRAC in
myxoedema and was designed to study the Jatent period of action of
thns substance. After an intravenous dose of 18 mg. of TETRAC there
was no sppreciable effect on the signs or symptams of my~ocdema.
se m the metabohie rate was not cbserved untit 60 hours after
“The effect on plasma cholesterof was insigmificant. The effect
do<e wus observed for a persod of six days and the patient
dose of 10 my. daily, on which he became euthyroid.
holesteral returned to withn normal lismsts there

An increat
the dose.
of u single
was then putens
Although the plosma ch
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returned to the original levels within 6 days of stopping TRIAC,
Considering the mean figures, there was no difference at all between the
BMR’s wluch were carried out at the beginning and end of the expen-
ment, but two of the individual patients had mses of - 17 and + 20

300
Plasmas 0|
Cholest 250
(mg %)

200!

‘260 2 4 6 8 10 @ 1416
WEEKS

Fic. 2 (Macgregor) The effect of TRIAC on six euthyroid
men with coronary artery disease (mean values).
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whaulatie, and atter only 24 hours hus whote appearance and mental
attitude had altered.
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THE INFLUENCE OF THE THYROID GLAND
UPON IMMUNE RESPONSES OF DIFFERENT
SPECIES TO BACTERIAL INFECTION

D. A. Loxa
National Institute for Medueal Research, Mail Halt, London

Tne sole justification for an immunologist’s presence at
this symp is that his plex, even esoterie, techniques
have yiclded facts that may illuminate a wider field of thyroid
physiology than his own. I believe that the bacteriologist’s

SYSTEMIC |ANAPHYLARSS]
Antgen Antpety
Foreign  Host [Arthus or Anaphyiaxis)
Hoat  Formgn [isa-sens taotoa]
Host Hast [Aota-semmtizotion]

IMMEDIATE

LOCAL [ARTHUS)

ALERGIC
RESPONSE:

DELAYED [BACTERIAL ALLERGY]
Fic 1. Allergie Tesponses.

microscope need not necessarily Trestriet his vision, that he
should think not only 1n terms of infection and immunity, but
also mn terms of their relationship with the non-specifie
metabohic response of the host to mfection (Long, 1956), even
though he risks leaving the limits of his own immunological
experience and entermg fields of study of which his knowledge
15 shght. If this should happen on this occasion, there are
experts enough to lead me back to my own intellectual
suburb

Ractenial infection may induce allergic and non-allergic

287
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gf the heparin production in the body under the influence of these
FUgs.

Mucgregor: We were chiefly interested in this problem because Olver
and Boyd have Geen studying the effect of oestrogens on the total
cholesterol and on the fraction of cholesterol carried on the f-hpo-
proteins, We did not get, i these patients receiving TRIAC, the same
decrease in the amount on the B-hpoprateins with TRIAC which they had
previously observed to follow the admsnistration of cthinyl diol,
though there was an overall fall in total cholesterol.

Trotter: Can you say f it was a fall i the a-hpoprotemn?

Mauacgregor: No, there was not  There was an overall fall of 20 per cent
in the total cholesterol and of 27 per cent on the f-ipaprotemn cholesterol.
There was an sbsolute inerease 1n the a-hpoprotemn fraction.

Trotter~ I seem to remembey Oliver and Boyd saying that in a previous
experiment with thyroane they had found an equal fall in both a- and
g-hipoprotetns.

Moigregore Yes. This resull 1s really very much the same, There 33
not qute the same dufference 10 the behaviour of the - and g-hipopro~
tein fraction with exther TRIAC or thyroxine as there 1s with pestrogens,

Barker Could X request our Chairman to give her opinion as to whether
there really is a difference s response to TRIAC and TETRAC?

P.-Rivers Yes, TETRAC does not show so clearly the differential
effect on BMR and blood cholesteral.

Barker: We have tried TETRAC with one myxoedematous patient,
starting 8t 0+5 mg doses by mouth which were too small amounts 10
raise the BMR, and there was no change in the cholesterol.  Ynereasing
the dose to 3 mg. per day seemed to affect both BMR and cholesterol.

P-Rivers. In Lerman's four patients the effect 15 one which you have
not yet seen with thyroxme and trii ¥ £ thnes
for the BMR's but a considerable fall in the blood cholesterols.

Macgregor, We are at present studymg a myxoedematous patient to
whom we have given 0 5 mg. doses of THIAC dmly  So far it looks as
though s cholesterol fall can oceur at that dose Jevel without & BMIL
rise. Her total cholesterol fell from 810 mg. per cent to 331 mg. per cent
without any choreal improvement or rise in BMR.

P.Rivers: That 1s the same dose as two of Dr Lerman’s patients
recerved?

Alacgregar: Yes,
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Table IT
CovParISON OF SPECIES

Species Tubereulin Ascorbic Aeid | Pharmacological
(4 sensiticaty Synthests Response to Cortisone

Man Resistant (antitoxin
} Ascorbic acd | Temstant (entioun

Monke; Readily mdaced
Gumeaypl e notsynthesized | VI IO
Rat

Sensitive (antitoxin
Mouse 8 Ascorbic acid
Rabir }I\otrend\lymdueed sythesized s};l;ﬁlelsess;;l‘mrked]y
erret

* Antitoxin effect not known for ferret

Sodium thyroxine and anaphylaxis (immediate allergic
response) in guinea pigs

A single 1njection of sodium thyroxine, 0-2 mg./kg., into
guinea pigs converted a mildly-shocking dose of horse serum
into a 100 per cent rapidly lethal dose. Ths effect is probably
due to thyroxine-induced increased sensitivity to histamme
phosphate (Fig. 2) The effect is not enhanced by giving

9

SODIM THYROKINE ¥ norm
0 2 MGIKG S oA

8

73

o

DEATHS
s o

"

oz o3 o4
HISTAMINE PHOSPHATE {MGM/KILO INTRAVENOUS)

Fi6.2 Effect of sodim thyroxine on toxucity of
‘ustamine phosphate for guinea pigs.

TTROTD—11
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responses in susceptible specics. The allergic responses can be
tvided into immediate snd delayed types {Fig. 1). Anaphy}-
axis provides an example of the former and the tuberculn
response of the latter. The cssentinl differences between the
two groups are tabulated (Table I).

Table T
COMPARISON OF ANAPAYLAXIS AND BACTERIAL ALLERGY
Boglerial tllergy
4 ol s
Anaplylans (Tubercutin tgpe)
Laboratory phenomenon Natural phenomenon

Sensstivity nduced by a éwngle
injection of allergen

Response immediate

Circulating antibody

The sensitized state can he pos-
sively transferred with serum

Mustamne has a major rdle 1n
ainducing §y mptoms

Antdustamunes  partly  reheve

5

symptoru:
Cortisone does not relieve sym.

ptoms
“Fhe charactertstic lesion 13 spasa
of smooth muscle

Sensttivaty mduced 1 theee weeks
by chrogic low grade infection

Hesponse delayed

Fived antibody

The sensitized state can be pas-
sivaly tronsferred with cells

Hnstamne has o munor rdle m
andueing aymptoms,

Antilustamines do got rebere
symptoms

Cortisane relteves symptoms

The charactensstic lesion s the
nflammatory necrotizing ye-
sponse

* The Arthus phenomenon can be convidered to be & typs of * Jotal anaglisti¥is ™ affecting
the stmooth muscle of blood vessels

The ability to become “allergic” differs with gpeetes. The
delayed (tuberculin-type) hyp wity is readily induced
enly m man, monkey and guinea pig. These species have in
common two further characteristies—nability to synthesize
ascorbic acid and resistance to the toxic actsons of cortisone—
both of which are intimately concerned with the tuberculin
response (Long, 1954, 1935, 1956) (Table IT). The resistance
of duifferent species to the toxte actions of cortisone, namely
the loss of weight and depression of plasma y-globulin and
antitoxin levels, has been fully desenbed by Shewell (1855)
and sumarized by Shewell and Lang (185G). This division
into two groups (Table 11) is fmportant when we come to
e response of these species to thyroxine.

consider th
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results and reached similar conclusions. The analogy between
susceptibility to experimentally-induced diabetes and sensi-
tivity to tuberculin is a strong one (Long, 1954, 1953, 1956}

Houssay (1950) and his colleagues (1946) have studied
experimental diabetes mellitus. My colleagues and I have
worked on desensitization to tuberculin (Long and Miles,
1950; Long, Miles and Perry, 1951a, b; Long and Shewell,
1954). Under comparable conditions, thiouracil and thyroxine,
that is to say hypo- or hyperthyroidism, oppose both the
experimental production of diabetes mellitus and of desensiti-
zation.

Houssay (1950) attributes the beneficial anti-diabetogenic
effect of hypothyroidism to an increase in the free —SH
groups of the tissue, and that of hyperthyroidism to anincrease
in islet tissue ed with hyp 1l (Houssay,
Foglia and Martinez, 1946). As already ponted out, such an
hypothesis will equally well explain the relationship of the
thyroid gland to tuberculin sensitivity.

The remarkable analogy between the brological activity of
cortisone and of alloxan (Long, Miles and Perry, 1951a, b;
Long, 1955) supports the suggestion that —SH metabolism is
timately concerned with sensitivity to tuberculin and with
the action of the thyroid gland upon 1t.

Sodium thyroxine and antitoxin production in guinea
pigs

There 15 a close analogy between the influence of the
thyroid gland on sensitivity to tuberculin and its influence on
synthesis of diphtheria antitoxin Preliminary experiments
showed that treatment of gnea pigs with thyroxine greatly
nereased both the level of circulating antitoxin and associated
to intrad 1ly-iny d diphtheria toxin. Indeed,

the latter provided a measure of the former in thyrotoxic, as
in non-thyrotoxic guinea pigs (Hartley, 1934; Miles, 1949;
Long, 1950*) The increase in immune response was greatest

* Three to
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thyroxine over a long period of time; it may therefore be due
to o direct action of thyroxine upon the host {cf. the cffect of
thyroxine on sensitivity to tuberoulin and on antiloxin
production {see below)). Comparable results have been ob-
tained, in thyrotoxic guinea pigs, with the Arthus phenomenon
{*“local anaphylaxis™), and with lustamine hberators injected
both locally and intravenously (Long, unpublished),

Sodium thyroxine and sensitivity to tuberculin {delayed
afiergic response} in guinea pigs

Using the response to intradermal tuberendin as & measure
of allergie hypersensitivity i albino gunea pigs sensitized
with BCG, it was found that sodwum thyroxane increased
sensitivily {Long and Miles, 1950; Long, Miles and Perry,
19510, ). The eflect was enbanced by prolonged trestment
with a dese of thyroxine msufficient to cruse a loss of weight.
A single injection of thyrotrophic hormone, of sodium thyrox-
ine, of truodothyronine or of truodothyroacetic acid did not
increase sensitivity sigmficantly  These facts suggest that the
action of the thyrod gland on the tuberculin responseis
indirect {of. the effect of thyroxine on immediate allergic
responses).

Further work showed that insulm mereased sensiivity to
tubereulin {Cornforth and Long, 1953); partial pancrea-
tectomy had no effect on sensitivity but prevents the action of
thyrexine m imereasing sensthivity., However, partial pancrea-
tectomy does not prevent the d resy to tul hin
that follows the injection of msubin, It was concluded that
thyroxine mereases sensitivity to tuberculin in puinea pigs by
increnstng the amount of slet tissue and so indueing hyper-
insulinism (Long and Shewell, 1054).

One of the critscsms that has been made of this work is
that it is based an the behaviour of a single tissuc, namely th.e
onse of the skin to ether toxms or allergens. This
little wesght, for Houssay (1950}, using
hns obtained remarkably similar

resp 1
criticism eafrics :
widely different techniques,
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The relationship of endocrine activity to non-protein —SH

and ascorbic acid metabolism (Long, 1953) is also being

actively studied by my colleagues and myself. Time will show

whether these clues are as important as we beheve them to be,

and whether the exploitation of a single tissue with a simple
technique was worthwhile
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when treatment with thyroxine was prolonged and the dose
repeatedly adjusted so that the animals continuously gained o
little weight. An asseciation was noted between a high level
of circulating antitoxin and hypertrophy of both adrenal
cortex and the islets of Langerhans, Hypermmmunity sas
prevented by partial pancreatectomy; it 1s almost certainly
due to hypertrophy of the islets (Long and Shewell, 1955).

The nature of this effect of thyroxmne upon antitoxie
immunity m guinea pigs has been mnvestigated by a new
technique {Long, 1956) designed to identify and measure the
different stages of immumty. Thyroxine speeds up the whole
process of the development of antitoxic wnmunity o the
guines pig, and, m addition, increases the maximum rmmune
response of which each animal 1s eapable (Long, unpublished),

It may be significant, in view of the contribution of Prof.
Vannotty, that gumea pigs with eirrhotic livers behave in s
simnlar fashion (Long, 1956).

Extension of this work to other spectes shaned that, in
direct contrast to these effests m gumen pigs, thyroxine
decrensed and propylthiouracit mereased the immune response
of rats, mice and rabbits (Long and Shewell, unpublished).
One hypothens beng wvestigated 1s that this effect of thyrox-
ine is due to thyroxme-induced adrenocortical hypertrophy in
 gortisone-sensitive” species (Table IT).

Discussion

The division into cortisone-sensttive and -resistant species
{Table II) is important m the study of thyroid activity. The
fact that thyroxine causes hypertraphy of the adrenal cortex
(sympathetic) and of the islets (parasympathetic), the actions
of which are frequently antagomstic, 1s noteworthy and rele-
vant to the species dufference, for adrenocortical hyperactivity
has & more profound effect m cortisone-sensitive ghar'\ an
cortisane-resistant species. A study of the wider jmplications
of this phenomenon provides one of our current research

themes.
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D. A. Long- In both cases, the species were given as much food as
they could eat, and the food intake was measured, and there was not
actinally an appreciable inerease in appetite.

Querido* In rats there 1s no increase in intake under cortisone. We
have done this with both ACTH and cortisone 1n carefully controlled
studies. I, therefore, had the simple explanation that the ncrease m
weight 1n human bengs was more or less n question of appetite because
they feel better and then eat more. So 1t seems not to be a specific effect

1e-

o nt

decrease n these values
Zizne. 1 wonder 1f 1t 15 Justified to say that adrenal hypertrophy

thyrotoxicosis does not seem to induce an intrease of adrenal activity,
In fact, several investigators have shown that thyrotoxicosis 1s often
followed by a state of hypoadrenalism. As far as the question of thy-
roxine and sensitivity 13 concerned, we have seen several patients
who were, at the same time, allergic and thyTotoxic; 2 cure of their
thyrotoxtcosts alleviated their allergic symptoms On the other hand,
we have had myxoedematous patients who were at the same time
allergic; the alleviation of their hypothyroidism was followed by a
cure of ther allergie condition

D. A Long- Is there not a distinetion 1n thyrotoxicosis? I thought the
point about thyrotexicosis was that the adrenal 1s not active, and that
there 15 a disbalance Letween the two, but in normal people adrenal
activity vanes with thyrod activity.

Zizne There may be & question of time between the onset of thyro-
toxicosis and the adrenal activity

ong We certamnly have not measured steroid output and our

evidence of adrenocortical hypertrophy was based on increase m adrenal
s1ze and 1n the width of the adrenal cortex

Fraser. Dr. J Corvilmn (1953 Brit, med. J, ii, 915) and 1 have
made some observations on adrenal function 1n thyrotoxicosis, Looking

at urnary 17-ketosteroid excretion, let us consider first the simpler
SRR, s AT e ST
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other evidence that they had received excess of the hormone and were
reacting to it.
D. 4. Long. ¥ agree, but T hmited it to those two pomts,
1ifT

The effect of cortisone on of t species to bacteral
i fon p anather example of differsng o an effect
of cortisene, Ract wicetion ¢ feom the mnjection

of organisms into guinen pigs or monheys was nat signifieantly affected
by cortisone therapy. But the same organisms cansed septicaemia and
death in cortisone-treated rabbits with histologieal evidence of a faflure
m the celiular response to smfection

The marked contrast 1y the cffect of corbssane on the progress of
tuberculosis i muce on the one hand and gutnes pigs on the other
pros ides another example of diifermg resistance

In all these respects man, monkey and gumnea g are analogous, Do
you consider these ples of n dastinetion of N

C. N. H. Long Y am not certasn that I am competent to answer that
question. In your terms, yes, there would seem to be a difference. Iam
objecting to the peneral statement that there are species that are resis
tant Now, it may be so in this partenlar area, and as X say, you can
show these diferences. But thiz v not reflected m other aspects of
cortisone gverdosage

In the vase of the gmnes mg st has been shown that cortisone wall
produce hypertrophy and bydrope degeneration of the wslets of Langer-
haus.

1t 18 also mteresting what you say abount thyrowd diabetes, and here
again it moy e that st s A matter of condhtions under which this 1
exonined  Certwsnly Houssay showed Girst, and i some of our studies we
alsp shoved, that n o total diabetes renyoval of the thyroid had very
Lttle effect indeed

1 think Dr. Barker has also done this. In the partiaily depancreatized,
smmal some attenuation of the diabetes may ocens, but I have always
thought that this was a consequence of the drop w metabolie

mote.

D A. Long Yowssay and I wers both worlungy on the partially
depancreatized animal.

. N. H. Long- Yes, hut the d by thy
are pot reslly tery marked  comparison to those that follow removal
of the lypophyss. I wondered w this study here why you did ot
remove the hypophysis, where you wauld have depressed the functional
Jevel of several endocrine organs.

o sum it 81t up, T am not at all sure, except n the limited sense that
you are usg W, that there 18 this marked speeses difference n the
reactiont to cortisone.

D A. Long: You are satisfied on body werghts and on »-globuhn?

C.N. I Long: Wil I am not even satsfied on body weight, because
the O one type oF patieat & d ther, d pc‘n“é‘i;‘,g"ﬂﬂ

at move frem one type of patient to another, de)
{-’;i?[“ ;\\::l% ?v:m-r yetention you gef, fiow _nimg 1§ s groem, ood <o G
1‘( 15 very hard to say merely on body neight,
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Gross: I wonder 1if we could get an expresston of opinion in this dis-
cussion as ta the sites of action of the thyroid hormone in this particular
context. Is thisan effect directly on the adrenal; isit an effect on protein
metabolism npart from species difference ?

D. A, Long: 1 think all one can say 15 that the thyroid hormone has
one effect on antibody 1n one group, and the reverse effect on antibody
10 the other group, I do rot think the species difference in response can
be 1gnored . . ) L. -

- .
in cortisone-sensitive spectes, but our present hypothesis 13 that it may
be 4 consequence of adrenal cortex stimulation n these species.

P.-Rwers: Dr. Long, you said something about thyroxine, truodo-
thyronine and TRIAC sll beng equally ineffective 1n produemng an
immediate response, but T has ¢ an 1dea that you have done an experiment
in which TRIAC had a remarkably rapid response.

D. A. Long: Yes, that 1s true. \What the Chairman and I tried to do
was to produce drabetes with a single injection of a very active thyroid
hormone, and we tried the effect of TRIAC wiuch we hoped would
pmd‘:ce desensitization, which we would attubute to ‘thyroid-diabetes’.
AW ~bmimard e Amde o b boint e Beibe o tateer 41 &= 3L 4 o

D. A. Long: Tt did not alter the tuberoulin response.
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slightly lowered. Thus, m myxocdematous subjects acute raising of
ﬂxyyond dosnge raised adrenal function, and treatment of thyrotoxie
patients was followed by signs of Jowered adrenal function. To this we
must add that untreated thyrotoxicosis shows fow urnary 17-keto-
steroids, and, as noted, Iowering of the thyrotoxicosis by trentment also
lowers this further

D. A, Long: Thyrotoxicoss is n special ease. I think myxcedeman 15
more interesting.

Harnis: But doesn’t thiguraed] have the same sction i the norraal
anmal? Several workers have found that admimstration of thiotracit
causes adrenal atrophy i the normat animal.

Fraser: Yes, we have no data en that but I believe 1t 15 so.

Tawrog You mean that it is a diueet effect of the thuouracid on the
adrenal, or 1s the effect through the thyToid?

Flarris: It doesn't appear to be through the adrenal gland smee 1t hag
been shown (Zarrow, M. X, snd Zarrow, I. G, (1051}, Proe. Soc. ezp.
Biel, N.Y., 76, 620) that the stroph adrenat gland of the thioutacth
treated ammal sl retaans ats senstivity to exogenous ACTH.

Lardy: It might Le on ascorbie acud synthesis (ef. 1048, drch. Rio-
chem., 19, 246). Dhd you use propylthwouraes! in sny of your work?

D. A, Long: Yes. Actually we cannot detect any difference between
propy 1 ang tk { 1t has been suggested that the
non-protein SH 1s higher if thiouracl 1s used.

Ruerido Ihd you say that i thyrotoxucs there was less than average
normal ketosterond output, and that they go up under thwoursed
treatment?

Fraser: Gets Iower still, acutely

Querdo: And 1n the course of ime?

Fraser: X am afraid we have not folowed 1t & long time  Presumably
in the long term, if you wast long enough, they will go back to

normal,

QuendoThe reason why T rasse that pamnt 1s because 18 seems difficult
to conctude from ketosternd excretion, if you are not tallung about
really low values, how much there 13 coming from the adrenals. A
change in output does not necessanly meen a change w production.
1 mean, alterstion of utihization a the penphery or some other factor
may create o WIOng impression.

Fraser: T quite agree. That 13 why ¥ theught the more valid evidence
of the relation was on the myxoedematous subject, and on that subject,
the more you increase thyroid the more evidence there is of mcrenvc'd
adrenal funciion. The changes drug of a thyr
patient, might be due to direct effects on either gland.

sdot There probably st coutd worlk through the hypophysis  Vou
h:sggcarﬁary Tated £ p 1o put up the g function,

jch rameters are fAF anay.
of;\‘:::g: l'isllgamvxcedcmatous patients were assessed on twa dufferent
Jenels of thysoid maintenance dusage, on thewr standard dose and on
ae;fm\c g doseges thus & mysoedematons pituitary would not be

involved ia aither ease.
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antenior pituifary control is totally inadequate to account for the

expose “Further problems T need say nothing to cmphasize the
deepness of our perplexity concermng the mode of action of
thyroid hormone, a perplexity that pelsxsts m spite of the work
that has been done on effects on 1solated enzyme systems, and that
was so impressively exemplified by Dr. Lardy m his contribution

Where then are we going, and are we folloning the best path
towards our end? We are trymg to do three things; first to 1dentify
the compound that acts m the body to produce the effects which
we associate with the thyroid, if indeed there is a single substance
that fulfils this réle; secondly to understand the mechanisms that
regulate the output of tlus substance, or perhaps of 1its precursor,
from the thyroid; thirdly to unravel the precise mode of action of
the active compound or compounds at the cellular level.

tlink that most of us feel any confidence that we know which of
these compounds 1s the one that acts in the cell. We are diseovering
new physiological mechamsms 1n the control of thyroid function,
but each of these discoveries pushes the ultimate control further
back mto the central nervous system, and at the same time reminds
us of the complexity of the relationslups between the different
endocrnne organs; we may well deceive ourselves and make things
more difficult if we are 1n too much of a hurry to explain each new
Iink 1n the total mechanism i simple terms, I need only remind
you of the discussion of Prof. Harns’s paper to emphasize this
pomnt. As to thyroid action at the cellular level, we have an un-
equivocal proof from the work of Dr Lardy and of others that
thyroxine and compounds related to it can influence biochemical
P m sep 1, “ pamcles m the direction that
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Harington At a recent Ciba Foundation conference which I at-
tended the tesh that ¥ have to undertake today fell to Sir Mactarlane
Burnet, and he began by saying that he had been given the toughest
assignment of the whole symposium. If he could say this, as he did
with obvisus smcenty although he is an active leader in the field
that had been under diseussion, what can be said of my position
today? For the past three days I have hstened with intense interest
to the Lively accounts and diseussson of work that 15 going on
the field that we have been surveyings from a personal pomt of
view the expenience has been s chastening ove, for it has mevitably
reminded me forobly how nmuch of a back number I have become
in thyrmd research. On the ather hand there is some satisfaction
in the reflection that the great structure of the current physio-
logcal and biochemical work on the thyreid has been built i farge
part on the elementary facts concerning the chenustry and bio-
chemistry of thyroxine that were discovered twenty to thirty years
ago; one s wdeed filled with a sense of sometiung ke sne when
one sees the blossoming that can come from what in retrospect
seem to have been a few sunple and erude observatiwons, when
these are developed by later workers with more enlightened np-
prazch and more lighly developed skills

The discussions that have taken place here dunng the past three
days have ranged so widely and have covered the field so
tharoughly that there is httle indeed that I can uscfully add; 1t
would cestanly serve no purpose for me to take up any pomt of
detanl, nor can I attempt to summarze effectively; olt that I should
like te offer are some general eomments and suggestions; these
arise from a ideration of the colloguium as a whole, I shationly
vefer specifically to those commumecations that are speciliy
relevant to my theme

The blossoming of research on the thyroid that has taken place
during the last ten years or so has of course fed to nn enormous

incresse of knowledge. As 1 have listened to the papers and dis-
cussions, however, I have reabized more and more that such an
ncrease in knowledge, encouraging ws 1t 15, may for the time being
have the effect of makng the ultimate attainmesnt of qur common
a) more than ever Temote, The complexity of the situation
rows with the new faects that arc reyea}ed: even so far as the
fg\ature ‘of the thyroid hormene jtself is concerned we are forced

208




GExERAL DiscussioN 301

essential discovery 1s going to be made that will resolve our per-
plexities; it would be a pity if the true value of such a discovery
were not recognized as soon as 1t should be because our eyes were
too closely fixed on the minutiae that tend to sbsorb our interest,

P.-Rivers: Dr. Honor Fell 1s continuing tissue culture experi-
ments with thyroid hormones but only on bone growth,

Barler: The tissues that respond favourably to thyroximne,
triiodothyromne, TETRAC, etc., such as liver, kidney, and heart
which we have been particularly interested in, are all structures
that farl very rapidly. To my knowledge, nobodyﬁ has been able

“ na

P we

. . V.
Pulvertaft we have been examuning the tissue culture of human
thyrod ial d at thyroid y. Prof. Pulvertaft has
found that he can keep 1t n a viable state for a week or more, but
we have not really got very far on the biochemieal studies yet and
1t would be rather premature to discuss any results

Lardy. One of my former colleagues, Dr. Wiltlam Rutter who 1s
now at the University of Illinois, 1s undertaking an extenstve study
of the effect of hormones on tissue cultures and has already obtained
some interesting results with adrenocortical hormones. He has
even planned some work with the thyroid hormone,

Taurog. I have a slide from another department which I thought
I would throw inte the discussion Just to pomt out how comph-
cated oxygen consumption 15, and the mterpretation of oxygen
consumption measurements This 1s some work which was done
at our Umiversity 1 the Institute of Experimental Biology on the
effect of hydrocortisone on oxygen consumption of thyroidec-
tomized rats I think it is quite an interesting finding.

Metabolic rates, 1n calories per sq. metre per hour, based on
oxygen consumption measurements, are plotted agamst time m
P .

.......... o chan ¢ bha affant Al ama an +ha seababalis wnba

twenty days after removal of the thyroids After about four
AT SR A A i DT TIRTLIN

privhy

sumption up to and above the control values, and this in the absence
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have done more atherto than to suggest one or two means by
which the thyreid hermonc may stimulate cellular metabolism;
the relation of the observed phenomena to thyraid action in the
whole organism remmns obscure. In all these fields, therefore, we
are sull far from the synthesis of knowledge that will be necessary
before we aclueve the final solution of our problems,

Now I should be most regretful 1f my remarks were taken to
unply any under-valuation of the work that has been done and
that 15 proceeding so actively in your hands, On the contrary, I
have the greatest admuration for this work, ond nobody is more
anxious than I am myself to know the answers to some of the
points that have come up n cur discussions; for instance, the
wentification of the substance that Dr. Gross beheves to be the
transport form of truodathyronine, and the synthesis of hydroxy-
tniodothyromne, followed by a study of ats hiologieal properties,
are problems that are erying aut for solution, and cextmmnly ought
to be pursued with vigour,

Al am pleading for s that the very rapidity with which new
discoveries are forthcoming should not be allowed to cause too
much preoccupation with detad), and that i our sttempts to pins
point the action of the thyrord hormene on individual brochemical
processes we do not forget the organism as a whole. The point that
I am trywng to make 1s well taken m a latter that recently appeared
in Nature trom Sic Rudolph Peters entitled “ Hormones and the
Cytoskeleton™, and which I think mught be read with profit by
anyone engaged m a field of research such as we have been dis-
cussing. In ths letter Peters pomts out the errors that may arise
if the biochcnust allows himself, as he may be tempted to do, to
regard the cell as a bag of enzymes and to forget that it hay an
organized structure, modification of one part of which will neces-
sanly affect the whole. Thns consideration seems to me to be par-
treufarly relevant fo the study of the action of thyroid hormones
at the celinlar and sub-cellular levels, and s extension to cover
the wholg of work on the physiology and biochermstzry of the
thyroid is surely suficiently obvious. The thyrod gland after all,
n atself ond in 1ts relations with other endocrine organs, exercises
the most. widespread and complex effcets upon the body, and unless

we constantly remind ourselves of this we shall not see¢ the wood

for“g!g:: rxe::ou)d suggest, therefore, 15 nOL that we should cease to
accuraulate new fiactsy this process must sbwously go on, Whena
new fact is discovered, hownever, let it be thoroughly considered in
the broadest possible context. Sometime oF other, m each of the
sectjons of the general field that we have been discussing, the
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Taurog: 1 do not know if their nutrition was controlled.
Barler: Do you know if the ndrenalectomized animals were

P. Rwers It 1 a short term ion; could you
your hypoph or your thyroid d

mdeﬁmtely on corbisone in the absence of thyroid?

Taurog: Tt was not so short—it was over a pernod of more than
25 days.

P.-Rivers: But could you have kept 1t up for six months?

Taurog- 1 do not know, but I think 1t 1s of interest to speculate
at what sites these various hormones sre acting to promote this
ncrease of oxygen,

Macgregor. It does not need to be a hormone. You can raise the

oxygen p of a myxoed patient by giving lam
simply large doses of aspinm.

Fraser- Or dinitrophenol,

animals

* * * * *

P.-Ruwers. 1 should ke to say how very much I have enjoyed
this colloquum It has certamly provided much food for thought
and although I feel that I am not much nearer knowing what the
thyrord hormone 1s or does, at least 1t has given us some stimulus
towards new expeniments
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of other hormones, I pomt this out to indicate how nnportant
other hormones may be in controlling oxygen consumption. Meta-
bolte rate itself 1s & very complicated process, and I think we alf
recogmze by now that the thyroid hormone 1s not the only onc
important 1 the control of metabolic rate.

C. N. 1L, Long: You do not get that effect m the mntact mt with
cortisone, do you? You do not get a rise in metabolie rate to the
same extent in the mtact rat, whereas you can in the thyroidec-
tomzed amumal?

Taurog. The intact rat 1s quite a bit less sensitive than the
thyrordectonuzed rat, even to thyroid hormone.

It 15 of mterest, however, that m the absence of thyroid hor-
mone one is able to restore the metabolie rate almost to normal,
and if T had to venture a guess, I would say that the hydrocorti
sone 15 not acting at the same site that the thyroid hormone would
be acting if 1t were jected. The rise in oxygen consumption of
thyrond d rats g hyd ssone may be mediated
by brochemical reactions which differ in smportant respects from
those reactions which are stumulated by the ad ration of
thyroid hormone,

Pochin: What happens if you were to admimster thyroxine to
that thyrowdectomized rat on cortisone when its metabolic rate
has risen? Does it nise further or not?

Taurog: I hope I made 1t clear that thus 1s not my study [iwas
nterested in this on hearing the people at the Institute of Experi-
mental Biology speak of it, and T am afrard I am not wmn a posttion
to give you further details.

At the Institute they have also been studying the effect of the
ablation of varous endocrine organs on metabohe rate. Another
fgure shaws the results which they obtamned with groups of rats
that were either hypophysectomized, thyreidectonuzed, adrenalec-

tomzed or ovanectomized. Agan, metabolic rates, in eale==- 1
sq. metre per hour, are plotted apawnet .‘ i P
thought it was of prent .

PSP

e b el
s pata Al
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Taurog: 1 do not know if their nutrition was contralled
Barker: Do you know if the adrenalectormized animals were
maintained on hugh salt?
Taurog: am sure that the adrenalectormized ammals were
S i [ 0 e

Sl Bl

b 1

your hypophy i or your th; ammals
mdefinitely on cortisone in the absence of thyrord?

Tlaurag: 1t was not so short—it was over a penod of more than
25 days.

P.-Rivers But could yon have kept 1t up for six months?

Taurog: T do not know, but I think 1t 1s of mterest to speculate
at what sites these various hormones are acting to promote this
ncrease of oxygen.

Macgregor: 1t does not need to be a hormone  You can raise the
oxygen ption of a myxoed patient by giving hum
stmply larpe doses of aspirin

Fraser: Or dmitrophenol

* * * * *

P.-Rivers: T should like to say how very much I have enjoyed
this colloqum Tt has certamly provided much food for thought
and although T feel that I am not much nearer knowing what the
thyroid hormone is or does, at least 1t has given us some strmulus
tm:i&l;ds new experiments, B

—te Y RPN

1
hus staff, and the Ciba Foundation for their great hospitality and
for the kindness they have shown us 1n the past few days. Ithink
Pm}’mbly this remark has been made by all their Chairmen 1n all
their closing remarks because the kindness shown by Dr. Wolsten-
holme’s staff is so very evident m a great variety of ways.
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of other hormones. I point this out to ndicate how important
other hormones may be in controlling oxygen consumption. Meta-
bolic rate itself 1s a very complicated process, and I think we all
recogmze by now that the thyroid hormone is not the only one
important m the control of metabolic rate.

C.N. I Long-™ ~ ) -
cortisone, do you? *
same extent 1n the . .
tormzed ammal?

Taurog: The intact rat 1s quite a bit less sensitive than the
thyroidectormized rat, even to thyroid hormone.

It 15 of interest, however, that in the absence of thyroid hor-
mone one 1 able to restore the rfletab?!lc rate almost to normal,

by brochemical reactions which differ
those reactions which are stimulated
thyroid hormone.

Pochin- What happens 1if you were to admmister thyroxme to
that thyroidectomized rat on cortisone when its metabolic rate
has risen? Does it nise further or not?

Taurog- I hope I made it clear that this is not my study. I was

A o 4han an han ~mla ot $ha Tactiboto of Expert-
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