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Thig thesis describes and comparyes some of the effectp of
external ¥m-irvradistion, iodine-~13l and iodinel25 irradiations
on the hormonogenetic funcotions of the thyroid and on cell
proliferation in thip tvissuw. ALl the studies were conducted
in vivo and mostly on the rat whose thyroid is n suitable model
Tor controlled oxperiments; obgervations weve, however, also
nade on patients wndergeing radiation treatment for thyrotoxicosi
The leboratory end elinical studies (conducted by myself) repeat,
complenent and supplement obmervations made by others.
A@prayriame reforonce is always mede when investigations by
othere are discussed.

The thesis (composed by myself) consists of six sections.
Seetion A is an introduction end conteins a description of the
microanstomy of the adult rat thyroid and the relation botween
winute wbructure end hormonogenesis and cell proliferation
respectively. Section B contains & detailed amccount of the
principles and procedures employed in the delivery and calonlatio:
of vadiotion domes to the wot thyreid in vive and arising from
extornal I-irradiation, idodine-131l op iodine-l25 irradistions.
The towm radiation dosen refers not only to meen thyreid doses
but also o inbomogeneity of domes. The ledter is of importance
because it is shown in this eection (B) that iodine~125, in
contrast to external Xeirradiation and iodine<~l3l irrediation
delivers about *twiece as mch radiation bo the hormonogenetic part
of the thyroid folliculer c¢ells than to their nuclei. It was

thin difference between the microdogimetry of the three
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rodiations which led me to compare their effects on rat Shyroid
hormonogenesis and on cell proliferation respectively,

In Ssotion € the shtudies of the effects on cell
hormonogenesis are desoribeds  Cell howmonogenesis refors bo
thyroglobulin smthopin, thyroglobulin iodination, togetﬁer with
thyroglobulin composition, resorpiion, probeolysis and hormone
velease by follioular cells in vive. The methods used measured
$ritiated leunine and radioiodine imoovporation into
ultracentrifugation fractions of thyrold proteins together with
rodiochrometographic analyses ond measurement of rat blood hormone
noncentrations, The studies chow thaet most aspecte of thyroid
hormonogenesis are velafively radio-vesisbont and thig includes
rodio-resintance Ho iodine-125 irradiations.

In both sechbions D and B the effects of -imrodimtion,
j0dine=131 or iodine-125 irvadistions on folliculer (and stromal)
cell proliferation are demoribed, The methods used included ‘the
promotion of cell proliferzition in the »at thyroid by goitrogenic
gbimlation together wilth measurements of the propoxtion of c¢ells
in 9-phose snd of the D.N,A. synthotic process iteelf, using
tritiated thymidine,. The work, including special ewphasis on
i0dine~125 effects, shows thot intevruption of ocell proliferation,
or impairpent of cell swrvival, arises through the damage to the
eell nucleus irrespoctive of demege o other parts of the cell,

Tn Section ¥, all the piudies and conclusions mede in
regpact of the rat thyroid radiobiclogy and contained in Sections

A to T vospeatively sre brought to bear on the problems of treatin
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thyrotoxicosin with icnising irvvadiationr. In Section T the
gtructural , hovmonegenetic and cell proliferative changes in the
thyrotoxic thyreid are reviewed and their relevance to the
anticipated effects of X-irradiation, iodine~13l end icdine~125
irreadiations ou thyrotoxie cell hovmonogenesis and survivel ave
discussed. A detailed description is given of the micro-
dosimetry of icdine~i2% in the thyrotoxic thyreid and it is
copcluded that this isolope is more likely to impair excessive
hormonogenesis, without killing cells, then is iodine~l3l. On
this besis, iedine-125 thevepy was used in two pilot smtudies.,  The
resulte of treatment in 62 patients prove that iodine~125 therapy
ig effective and further trials are in progress.
Selected aspechs of the work described in this thesis have

been (or are to be) published as original papers in the Lancet (196
1, T55), fn the International Journol of Rediation Biclogy (1969, 1
211) and in bwo papers in the British Journmal of Radiology (1970, 4
40 and 1970 in press). Papers, based on the work have been (or ax
due to be) reed by myself to the following learned groups:
Medical Research Society (1968 = Leeds)
Scottish Society for Erperimentel Medicine (1969 - (lasgow)
Second Annual Meeting of Burepean Thyroid Associabion (1968 ~
Marseille)
Third Annual Meeting of Burvopesn Thyroid Association (1969 -~ Athens

% Faculty of Radiotherepists Meeting (1970 ~ London)

¥ Annusl Congress of Radiology (1970 - London)

* Radiobiology Group Medieal Remearch Council (1970 - London)
* By Invitation.
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This theeis desoribes and compares some of the effectms ¢
external X~irradiation, iodine~13l and 1odine=125 {rradiations
on the hormonogenetic funotions of the thyroid and on ocell
proliforation in this tissue. All the studies were conducted
in vivo and mostly on the rat whose thyroid is a suitable model
‘for oontrolled experiments] obsorvations wera, however, also
mede on patients undergoing radiation treatment for thyrotoxioos
The 1§boratony and olinioal ufudieu (conducted by myself) repest
comploment and supplement observations made Ly others.
Appropriate reference is always made when investigations by
others are discussed,

The themim (compoaed by myself) consists of six sections
Section A is an introduoction and contains a desoription of the
microsnatomy of the adult rat thyroid and the relation between
minute structure and hormonogenesis and cell proliferation
roppectively, Seotion B contains a detailed mccount of the
principles and prooedures employed in the delivery and caloulati
of radiation doves to the rat thyroid in vivo and arising from
external X-irradiation, fodine-l3l or iodine~12% irradiations.
The torm radiation doses roferg ngt only to mean thygoid doses
but also to inhomogeneity of dosess The latier is of importanc
because it im shown in this seotion (B) that fodine=125, in
~contrast to extornal X-irradiation and iodine~l3l irradiation
delivers about twioe as much radiation to the hormonoguqctie par
of the thyroid follicular cells than to their nuclei. | It vas

this difference betwsen the miorodosimetyry of the ihroq
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radiations which led me to compars their effects om rat thyroid
hormonogenesis and on o9ll proliferation respeotively.

In Sootion C the studies of the effeots on ocell
hormomogonesis are domeribed, Cell hormonogenanis refors to
thyroglobulin synthesis, thyroglobulin iodination, tomether with
thyroglotulin composition, reaorptiom, protealysis snd hormone
releass by follicular cells in vive. The mothods used moasured
tritiated leunine and radioiodine incorporation into
ultracentrifugniion fractions of thyroid protoins tOgatﬁer with
radiochromatographio analysea and messurement of rat blood hormon
'uoncentrations. The studies ghow thet most aspeots of thyroid
hormonogenenis are relatively radio~ranistant anmd this includems
radio-resistance to iodine«125 irradiations,

In both sections D and F the effects of X-irradiation,
fodine-131 or iodine-125 irradiations on folliocular (and stromal)
cell proliferation are desoribeds The mathods used included the
promotion of cell proliferation in the rat thyroid by goitrogonic
stimlation togethor with measuremonts of the proportion of cells
in Sephase and of the D.N.A., synthetic procens itpelf, using
tritinted thymidine, The work, including speoial emphasis om
iodine~125 effects, chows that interruption of call prolgferatiun.
~or impairment of cell murvival, arison through 4he damage to the
~oell nuoleus ixrespective of damage to other partnm of the cell,

In Bection Fy all the studies and oconoclusions medo in
respeot of the rat thyroid radiobviology and oontainod'in Seotions
A %0 T respectively are btrought to bear on the problems of treatir
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thyrotoxicosis witﬁ\ionising jirradiations. In Section ¥ the

structural, hormonogenetic and oell proliferative chanses in th§

thyrotoxic thyroid are reviewed and their relevancs to the
anticipoted effects of X-irradistion, iodine-131 and fodine~123
1rradia£10na on thyrotoxic ocell hormonogenesié and survival are
dicousseds A detailed description is given of the mivro=-
dosinetry of iodine«125 in the thyrotoxic thyroid and 1t it
concluded that this isotope ie more likely to impalr exvesnive

‘hormonogenesis, without killing cells, than 1syiod1ne~131. On

this basis, iodine«125 therapy wes used in two pilot mtudies, Th

results of troatment in 62 patients prove that 1odine~125 therapy
in effective smd further trials are in progrens.
Solected aspects of the work described in this thensis have

been {or are to be) published as original papers in the Lancet (19

1, 755), In the International Journal of Radiation Biology (1969,

211) ond in two papers in the British Journal of Radiology (1970,

40 and 1970 in press). Papers, based on the work have been (or a

dus to be) reod by myself to the following learmed groupss ‘

Medical Research Society (1968 = Leeds)

Scottish Sooiety for Exporimental Mediocine (1969 -'Glaugow)
"Second Annual Meeting of Europesn Thyroid Aaaooiaxfbu (19§§1¢

Marseille) '

Third Annual Meeting of Turopean Thyroid Asscoiation (1969 « Athes
# Paoulty of Radiotherapists Meeting (1970 = london) | V 
® Annual Congress of Radiology (1970  Londen) L
* Radiobiologzy Group Medioal Research Council (1970 « London) ﬂ;‘l
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PRUFACE _AND _SUMUARY

When Roentgen digcovered x~roys it wes appreciated that
there would be o conbinuing demend For information aboud the
biclogical and clinjcal effects of ioniping ivradistions. This
demend ig even move urgent now hecause of the grest increase in
the medicel, industrial end wmilitary applicetions of a wide
variety of ienising irvadiations.

This thesis describes and compares some of the effects of
exbornal Xeiwpadiation, iodine-13l and iodine«~l25 irrediations
on. the hormonggenebtic funchions of the thyroid and on oell
proliferetion in this tiesue. All the situdies were condusted
in vivo and mostly on the rat whose thyroid is a swnitable model
for controlled experiments; observatione were, however, also
made on patients undergoing radiation tveatment for thyrotozicosis.
The loboratory and oliniocal studies (oonduoted by myself) repeat,
complement end supplement obseyvaltions mede by others and
clted in wmedical end seientific literature.  Appropriate velerence
is alwoys made when investigations by others sve dimeumsed, I
hews not, however, included a comprehensive review of ell the
literature.

The thesis (composed by myself) consists of six sections,
Ay By Gy Dy B and s Section A is on introduction and containg
a depcpription of the micvoanatony of the adult rat thyroid and the
velation bebween minute structure and hormonogenesis and cell
proliferation respechively. Sechion B contains o detailed account

of the prineiples and procvedures employed in the delivery and
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caloulation of vadiation doses to the rat thyroid jn vive and
arising from exbternal K-irradiation, iodine-131 or jodine=125
irradiotiong. The term radiation deses rvefers not ouly o mean
thyroid doses bub also bo inhomogeneity of deses. ‘The labter
48 of impovtance because it is shown in this section (B) that
jodine~125, in conbrast to external X-irradistion and iedinew
131 irraedietion, delivers about twice ss much radiation to the
hormonogenetic parts of the thyroid felliculer cells than to
their nuolei, It was this difference between the miorodosimetry
of the three vadiations which led we to compare their effecis on
rodb thyroid hormonogenesis and on eell proliferation respestively.

Tn Section C the piudies of the effects en cell
hormonogeneeis are descpibed. Cell hormonogeneeis refers to
thyroglobnlin synthesie, thyroglobulin iodination, together with
thyroplobulin compositiony resorpbion, proteclysis snd hormone
relesse by folldoular cells in wivo, The mé%heﬁ& uged measured
tritiated leucine and redioiodine incorporstion into
wltracentrifugation fractions of thyroid proteins together uith
radinchronatosraphic analyses and wessurement of rat blood hormone
concentrationse The studies show ‘that wost aspects of thyroid
hormonogenesis ere relatively radio-resistant end this ineludes
radiowresistonce o iodine~125 irradizbions.

Ta both Scctions D end B the effecls of I-irrediation,
iodine~131 op iodine~125 irradistions on folliculaw (and stromal)
eell proliferetion are described. The methods used included the

promotion of cell proliferation in the radb thyroid by golirogenic
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stimulation ftogether with weasurements of the propovtion of cells
in Owphase and of the D.N.A. synthetic process itgelf using
tritioted thymidine. The work, ineluding speecial emphasis on
iodine-125 effects, shows that interruption of cell proliferabion,
or impeirment of cell survivel, arisee through damage to the cell
puoleus irrerpective of damage to other parts of the eell.

In Bection F, »ll the studies and conclusions made in
regpect of the rat thyreid vadiobiology end contained in Secobtions
A o ¥ respectively are brovghi bto bear on the problems of
treating thyrotoxicosis with ionising ivredistions, In Section P

the gliructuraly hormonogenetic and sell proliferative changes in

anbicipated effects of Xeirvadiation, iocdine~131l and icdine~125
irvadivtions on thyrotoxic cell bormonogenesis and survival are
digoussod.

A detailed description ia given of the microdosimetry of
iodine-125 in the thyrotomic thyreid and it is coneluded that this
isobope is move likely bo impair ezeessive hormonogenesis, without
killing cells, than is iodine~13l. On thiw bosis, iodinewl2s
therapy was weed in two pilot sbudies. The vesulis of broatment
in 62 patients prove that iodinewl2% therapy is effective and
farther trials are in progress.

Selected aspects of the work desoribed in this thesis heve
been (or are to be) published as ordiginal papers in the Lancet
(1969, 1, 755), in the Intewvnational Journal of Radiotion Biology

(1969, 16, 2i1) end in ¥wo papers in the British Journal of



Radiology (1970, 43, 40 and 1970 in press). Papers, hased on
the work have been {or are due %o be) read by myself to the
Following learned groups:
Yedical Research Society (1968 - Leeds)
Beottish Society for Experimental Medicine (1969 = Glasgow)
Second Annual Meeting of Burepean Thyroid Association (1968 =
Marseille)
Third Ammual Meeting of Turopeen Thyroid Association (1969 ~ Athens)
* Faculty of Rediotherapists Meeting (1970 - London)
* fmmuel Congress of Radiology (1970 - London)

* Rediobiology firoup Medical Research Cowneil (1970 = London)

* By Invitation.
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SECTION A
INTRODUCTION 5

STRUCTURE AND FUNCTION OF RAT THYROID

IN RELATION TO CURRENT RADIATTION STUDILES




FIG. A-l Normal rat thyroid (x400).



1.

Knowledge of the microscopic and ultramicroscopic
topography of the structures and the mechmuisms controlling
thyroid cell hormonogenetic functions and cell proliferation is
relevant to defining the radiation dose of radiocactive iodines
and to understending the nature of radiation effectes, and how
these are measured. In this thesis the effects of external
Z=irradiation, iodine~l31l irradiations and iodine-12% irradiations
on rat thyroid cell hormonogenesis and proliferation in vivo are
compared,

STRUCTURE - GENERAL

Details of the structure of the yat thyroid have been
studied and reviewed by Gross (1957), Wissig (1964), BEkholm (1964),
Heimann (1966), Klinck (1964) and by Doniach (1967).

The thyroid glend of the normal adult rat hag two 1obes;
tapering ellipsoids, joined by a slender isthmus, and the whole
gland in vivo weighs about 15 = 25 mg. The parenchymal unit is
the follicle, which is a spherical shell of follicular cells
surrounding a lumen. The whole lumen is filled with colloid.
(FigeA=l). Groups of follicles form & lobule and groups of lobules
form a lobe. The interfollicular and interlobular tissue is
capillary arterioles and venules, lymphatics and a supporting stroma
of collagen, elastic tissue and stromal cells. There are small
groupse of cells in the interfollicular volume. These highly

specialised cells which secrete calcitonin are called parafollicular
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cells or "(¢" cells. The whole organ is suvrrounded by & loosge
capsule.  Arterial blood flows inwards and through the interfollicular
gpaces, venoue return being along o similar path.

Individual follicles range in diameter from 15 - 150 um but
mogt have diameters in the range 20 -~ 60 um, the smaller being in
the central parts of each lobe (Wollman 1965). The follicular
cells are cuboidal cells, the average cell in the normal gland being
a cube 5 um3. The mean height of the follioular cells is inversely
proportional to the diameter of the colloid lumen so that the smaller
the follicle the greater the ratio of inner epithelial area to
colloid volume. The basis of this topographical distribution of
folliole eizem im not known, but the smallest follicles are in the
central parts of the glands The follicle population is nob,
however, arranged in a strioctly definable geometric pattern. The
model built by Isler, Sarkar, Thomson and Tomkin (1968) shows this.
(Figsa=2)

In the average normel adult rat gland colloid occupies about
50 per cent of the gland volume. Colloid i & thyroglobulin #
homogeneous flunid which is contiguous with the inner walls (apices)
of the folliculer cells and has a molecular weight of 660,000 -~
690,000  (Bloth and Berquist 1968). The apical membrane is about
200 A° thick and has a series of very short (0.5 um) microvillous
extengions. The nucleus of the normal follicular cell is spherical
or .slightly ovoid, it measures about 3 um3 and is situated towards

the outer end (basal) of the cell. The basal membrenc is about
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150 A° thick and it is fenestrated by projections from the closely
adherent capillaries. The folliculer cells are arranged in a
pallisade with filamentous connections between cells at the apical
and basal ends. The continuous basal membrane is the perifollicular
membrane. There do not appear to be other intereellular
connexions, Minute egpillaxy shoots lie between the waists of +the
cells, but these do not reach the colloid cell interface. The
follicular cells occupy about 40 per cent of the normal gland
volume and since about 50 per cent of the volume is occupied by
colloid the remaining 10 per cent is occupied by the interfollicular
connective tiseue, stromal cells and parafollicular cells (Santler
1957, Hirsch and Munson 1969). In the normal gland follicular
cells are about TO per cent of all celle; of the remainder about

29 per cent are stromal cells and about 1 per cent are
parafollicular cells. Stromal cells are epindle shaped and of
smaller volume than follicular cells,

The ultramicroscopic character and topography of follicular
cell cytoplasm is not different from that of other protein
synthepising mammalian cells and all follicular cells have pimilar
Features. They have well developed endoplasmic reticula within
which are numerous ribosomes. They have Golgi bodies, mitochondria
and lysozome bodies., These gtructures are chiefly, but not
exclusively, situated towards the apical end (colloid) of the

cell the nucleus lying towards the baegal end, Colloid droplets
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of various sizes and definobility are also seen within folliocular
cells. The largest and most readily definable colloid droplets
are seen at the apical end of the cell near the microvilli,.
Colloid droplets are colloid thyroglobulin engulfed by the
microvillous projections of the apical membrane but some may be
new thyroglobulin about to be transferred into the follicular
lumen. These aspects are vastly more prominent in active thyroid

such as in humen thyrotoxicosis. (Fig.A-3)

The fine structural detail of the follicles and follicular
celle can, to a large extent, be correlated with what is lmown of
the processes of thyroid hormonogenesise The folliculer cells
make, store and secrete, tetra~iodo~thyronine (74) and tri--iodo=
thyronine (03), The pathweys and topography of the cell structures
snvolved in hormone formation, storage, resorption and release in
rat and other thyroid have been studied and reviewed by De Groot
(1965), Deiss sud Peake (1968), Nadler, Young, Leblond end Mitmaker
(1964), Seed and Goldberg (1965), Pitt-Rivers emnd Cavalieri (1964),
Tdelhoch and Rall (1964}, Thomson and Goldberg (1968), Thomson and
Bissett (1969), Stein and Gross (1964), Williems and Vickery (1965),
Nadler, Leblond and Bogoroch (1964), Nunez, Money and Decker (1966),
Wollman (1965), Ekholm and Strandbersg (1967) and Seljelid and Nakken
(1968)., ‘The diagrem shown in Fig.A-4 was constructed by myself

but ig based on a review of the literature cited above.



sstogfs 3O uOTJEweTdxs J0F 3XO% 998  MATASI aaniBIelll WO paiciotcia

PUE 1100 JRINOTITOJ SISUTS @ W STSPUSSOUORIOY JO fgdeaBodos Jo mWRISRLE ~y *oTd

{
4 NOIL3493S ¢ - — 4

NOI1VYINHOS
€2 T aio110d

[oneweibeig]  uoljonpoad suowioy jo Aybeibodoj



Se

Hormeone Tormation and Storage.

The spheres of folliculer cells, and all follicular cells
appear te function similarly and simulteneously, remove amino
acids (AA) from the arterial capillery amd synthesise polypeptide
units (P) whose sedimentation coefficient determined by sucrose
density ultracentrifugation is 6 Svedberg units (68 proteins).
The 63 units sppesr to link through disulphide bonds (=~ 8 = 8 =)
to produce larger polypeptide uvnits (125 proteins). Two 128
units then aggregate through predominantly co-valent linkages 1o
form a dimer, and a carbohydrate component is ad@ed. The resulting
glycoprotein is new, but immature, thyroglobmlin (Tg) which has a
sedimentation coeffioient of 178 (179 protein). 178 protein is
non~iodinated thyroglobuline. The synthetic seguence, amino acid
w 63 =~ 128 - 178 proteins appears to take place in the endoplasmic
reticulum proceeding in the genmeral direction cell base acrossg to
cell apiocal margin and awsy from the nucleus (D.N.A.). Certainly
178 thyroglobulin (Tg) is predominantly located near the apical
mewbrane across which it is transferred into the lumen colloid at
ite circumferences The latier is contizvous with the apical margin
and its microvillous extensions. It is in this position that
jodination (I), spparently a special function of apical membrane,
tekes place but actual hcrmone(T4 end T3) formation probably occurs
throughout the colleid volume, Thus final and definitive

hormonogenesis is a function not of the body of the ocell, but of the
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apical ond of the cell and of colloid thyroglebuline Furthermore
iodine sccumnulation takes place in the colloid and mature colloid
thyroglobulin (7€) is o 195 protein.
Toding Metabolisu.

Todide (I} is vewoved from the bagal capillary and passes
immediately through the folliocular cell up to and acroms the
aploal membranec. The lodide atome are there oxidised o iodine
atoms. Only iodine atoms iodinate thyroglobulin, and it is only
tyrosgives in the 175 proiein which are iodinated. Monolodotyrosines
(MeTo7.) and diicdotyrosines (D.I.T) are formed simultanecusly and
not in seguence., At the colloid cell margin, and throughout the
colloid, M.I.T. combines with Del.T. to form trim-iodo-thyronine (T3)
and DeLsTe conbines with DeI.Ts to form tetra-iodo~thyronine (T4).
The mechonism of these coupling reactiong isnot fully kuown but
iodination and horﬁone formation OOnfe??fincreased stability on ths
colloidsl thyroglobulin,  This mature thyroglobulin (Tg) thus
conbains the'thyroid hormones bhound in storage; meture colloid
thyroglohulin hes a sedimendation coefficient of 195 (198 iodo~
projein). Definitive hormonogenesis is thue located in the colloid
and about 90 pey cent of the gland iocdine is in colloid only about
10 per cent being within the follicular cells under physiclogical
olrcumstances.

Hormone Resovpition mad Secretion.

Colloid thyroglobulin (7¢) is taken into the follicular
cell and after proteolysiﬂ%&free T4 and free T3 are released and
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secreted across the cell and imto the besal oazpillary.  The
sequence, btopoegraphical and bicchemical, of colloid resorption,
thyroglobulin proteolysis end hormone release appears to be es
followss The zpical microvilli sweround a droplet of peripheral
colloid and, by microphagucytosis (pinecytoris) take it into the
body of the cell. Near the gplesl end of the cell the thyroglobulin
droplets fume with lysosome wnits and the thyroglobulin drop is
Fragmented inte progressively smaller droplefs. These fragments
then mderge proteolysis and free T4 snd fwee T3 are releaseds

e freed hormones are then secreted across the basel mewbrans (BM)
and inbe the bepal venous capillory. Proteolyszis also releasss
free M.T.Te omd DoLoTey but Fhemse are not normelly secreted into
the begal capillary; +the free M.I.T. and DyI.T. have their iodine
removed by dehnlogenose Snzyme. ) Tuis free iodine is then
ra-ubilised for thyroglobulin iodination et the oell apex and free
tyrosine (1) for polypeptide (P) synthesis.

Thyroid Structure snd Hormonogenesis in Relation to Current Studies,

The structurel asrchitecture of the rat thyrold, the kinetics
and locations of protein synthesis, thyroglobulin fermation,
iodination, hormone storage, resorpbion and secretion are relevant
4o the microscopic radiabion desmimetry arising from radicactive
iodine~13l and iodine-125 and 4o the location, definition, and
meaguremont of radiation effects on hormonogenesis and on cell
proliferation.

Although hormonogenesis is a complex, continuous kinetic

procesg, one of the important facte from the dosimeiric point of
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view if that 90 per cent of the iodine in the adult rat thyroid
is in the colloid thyroglobulin, and only 10 per cent is within
the follicular cells. This meane that most of the irradiation
emigsions arising from the decay of radioactive iodine-l3l or
iodine-12% in the thyroid emerge from the colloid spheres. If
these irradistions have ranges which are much greater than the
linear dimensions of the follicular cells, or of whole follicles,
colloid location ip not oritical since all parts of the follicular
cells, apex, cell body, nucleus and interfollicular stroma are
uniformly irradiated and this is true for iodine~l3l irradiations.
When, however, the irradiations from radioactive iodine in the
colloid have ramges less than the length of the follicular cells
colleoid locstion is critical because the apioal ends of the cells
will veceive greater doses than their nuclei or basal ends and
mutual irradietion of follicles will be less and as will be shown
this i9 true for jodine-125 irradiations. (Section B)

These comments explain why in this thesis a detailed study
wae made of iodine~131l and iodine-125 dosimetry (Section B) and the
effeots of their irradiations on hormonogenesis (Section C). The
parameters of.harmonageneais ptudied were follicular cell
thyroglobulin synthesis, thyroglobulin iodination, thyroglobulin
resorption, thyroglobulin proteclysis and net hormone secretion.

Normal adult rat thyroids were firet irradiated in vivo and
fogether with nop-irradiated rate (controls) the animals were later

given en iodine-deficient diet to increase thyroid protein and new
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thyroglobulin synthesis. Thyroglobulin synthesis was studied
uging pulse labels of tritisted leucine (H3~L)s The incorporation
of the H3~L into new thyroglobulin was eveluated using total gland
incorporation of H3-L end incorporation of Hi~L into 198
thyroglobulin, isolated by linear sucrose density gradient
ultracentrifugation of the thyroid proteins, The emounts of the
different proteins in the gradient fractions was measured speciro-
photometrically using sheep thyroglobulin as standard 195
thyroglobulin (Thomson and Goldberg 1968, Thomson snd Bissett 1962).
Tn similar studies, thyroglobulin iodination was studied using an
iodine~deficient diet end equilibrium lebelling of intra-~thyroidel
jodine with tracer amounts of iodine-125 in drinking weter.

These measurements of thyroglobulin synthesis and thyroglobulin
iodination represent measurement of hormone formefion and storage
(Figed~4). Complementary studies demigned to measure thyroglobulin
composition, resorption, proteolysis and hormone release were also
conducted after irradistion and described in Section C,»  After
irrediation rats were given a low iodine diet and equilibrium
labelling with iodine-125 was established. At the end of this
phase the glands were prepared for measurement of free jodide, free
MeIoTa gnd DeI.Te and free T4 and T3 using radiochromatographic
techniques; beoaussequilibrium labelling wae nearly complete the
digtribution of radiocactivities represented the distribution of the
non-radioactive iodide end jodifiatad compesitien?reaorption and.
proteolytic release of iodinated amino ecids and hormones within

+he follicular cells. Lastly, to obtain an overall index of net
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thyroid hormonogenesis, defined as the amownts of T4 and T3 reaching
the ciroulation from the thyroid, the rat blocd concenfrations of
thyroid hormone wasg measured chemically at the end of esach
eoxperiments Thie was the serum P.B.1.127 concentration.

Structure in Relation to Cell Proliferstion.

Vory litile im kmown about the structures which are
eritical to thyroid cell proliferation but the nucleus is thought
to be the most important (Moore eand Colvin 1968, Speight, Baba
and Wilson 1968},  In Sectione D aand B the comparative effects of
x-rays and iodine~131 and iodine~125 ivradiations on follicular
and stromal cell proliferation are deseribed, In Section D the
offects of X-irvradiation alone on oell proliferation are described
in deteil. TFollicular and stromal cell proliferation was measured
after external X-irradiaticn over a wide range of domes (from O to
1800 rads) had been given to normal adult vat thyroid. Cell
proliferation was meagured seguentially without and with a
goitrogenic oell proliferstion stimulus (Doniach 1953, 1963, Al-
Hindewi and Wilson 1965), the goitrogenic growth stimulue being
agueouns methyl thiou?aeil sg Arinking fluid for 20 days. This
drug etops thyroglobulin Iodination and thus slso hormone formation
storage and secretion. During its continuous adminietretion the
rat blood hormone levels fall and the thyroid comes under
inoreasing thyrotrophic hormone stimulatbion (TeS.H, stimulation).

Ast & consequence, the follicular cells increase in length and



Fig. A-5  Rat thyroid (x400) 14 days after
goitrogenic stimulation.

Compare with Fig. A-l,
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volume (hyperirophy) and simulitaneously multiply (hyperplaaia)
as confirmed by Philp, Crooks, MacGregor and McIntosh (1969).
These changes in follioular cells are accompsnied by inocreased
gtromel cell proliferation and vasoularity, and the luminal colloid
volume shrinks (Fig.A-5)s  The rat cell populations were studied
in detail and sequentially after X~irradiation and during the 28
doy goitrogenic stimulus and the studies are described in Seciion D.
Moasurements inoluded organ weight, tobal cell density, follicular
and stromal cell proportions, chemical D.N.A. and R.¥.4. contents
of glend and uptake of pulpe labels of the D.N.A. preocursor
tritiated thymidine (H3~T). The latter was studied using nucleic
acid extraction and liquid seintillation counting for cell total
DN, A ~H3-T content together with autoradiography for cell labelling
indices. This gpecial siudy using X~irradiation alone and non-
jrradisted combrols provided basic information on the growth
characteristics and cell kinetics of the non~irradiated and the
vniformly irradiated rat thyroid. Some ingight into the pomsible
mechenisms of irradiation interruption of thyroid cell proliferation
wae also obbvained.  The studies, however, were most ugeful in
deciding how to use the ratb thyroid as a model with which to
(gpecifioallyjstudy radiation effects on thyroid cell survival and
what data to use to construct radiation-cell survival graphs.

Tn Seotion E the model, based on the studies in Section D,

was used to measure the relative biological effects (ReB.E.) of
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x-rays, iodine-~l3l and iodine-l12% irrsdiatiomns on rat thyroid

cell proliferation and the dose~cell-survival data was

interpreted after careful adjustment for factors such as total
dose, dose~rate, and quality as calculated in Section B. It

was found that the lethality of iodine~l25 irradiations on thyroid
cells was lese than that of X-irradiations off iodine-131
irradiation taking mean thyroid dose as the radiation reference.
The difference was explicable on the basis of ultramicroscopic

dose distributions in relation to the topography of the cell,

and especially the position of the nuclel. The study showed for
example that the iodine-l25 doses to the follicular cell nuclei
were mach less than the mean to the gland.  The important
conclusion stemming from this study is that thyreoid follicular

cell viability is more dependent on nuclear dose than on mean

cell dose eoven when the inner part of the cell recelves the
greatest dose and the gland as a whole receives a large dose. The
general imporitasnce of these studies to our understanding of
jrradiation effeets on normal humen thyroid is discussed when
appropriate but the dosimetric aspects in relation to cell
gtructure ond funcbion of thyrotoxic human thyroid are given special
consideration in Section F in relation to the radiation treatment
of thyrotoxicosis. gection I' therefore includes a review of the
problems of iodine-l3l therapy for thyrotoxicosis and the rationale
design and regulte of two pilot mtudies of iodine~125 therapy Tor

thyrotoxicosis are described. In the light of these results the
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plan for long verm triale of iodine~l25 therapy is given.



SECTION B

RADIATION DOSIMETIRINS IN RAT THYROID

PRINCIPLES, VIETHODS AND CALCULATIONS
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INTRODUCTION.

In Section A the minute structure of the normal rat thyroid
way deporibed. The typical adult whole gland, is two tapering
ellipsoide (5mmn x 2 nm x 2 mm) and weighs about 20 mg. The
parvenchymal wnlts are follioles which are spheres of cuboidal
cells surrownding cores of thyroglobulin (ecolloid). The total
diameter of follicles (cells plus colloid) varies, the largest
follicles being in the periphery of the gland but most have
diameters of 20 = 60 um. | Avout 90 per cent of the gland iodine
i8 in the colloid thyroglobulin because iodide trapped by the
follicular cells is immediately transferred across the cell up to
the apical membrane and incorporated into new thyroglobulin.
Although the colloidal thyroglobulin lodine does eventually pass
back into the cell during thyroglobulin resorpiion and proteplysis,
the iniracellular location of iodine is no more than 10 per cent

(willieme end Vickery 1965, Stein and Gross 1964, Nadler, Sarker
and Leblond 1962, Wetzel, Spicer and Wollman 1965, Wollmap, Spicer
and Burstone 1964). A normal rat thyroid medel will be used for
dipenssing dogimetry. . In this model melected by myself on the
basig of a litersture review (Section A) the colloid ocoupies 530
per cent of the total volume of the gland, the interfollicular
gpace 25 per cent, and only 25 per cent of the volume is occupied
by the follicular cells. The latter, however, are TO per cent of
ail cells, 30 per cent being iﬁ%erfollicular connective tissue,

vagsoular space and endothelial cells., In the model each folliculax
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with a nucleus (3 um”)e

cell is considered to be a cube, (5 um3)

In this Seotion {B) details are given of the irradiation
techniques used in all the studies, and of the physical and
biological measurements made to determine domimetry. Special
consideration is given %o the caloulation of the microscopic and
ultramicroso?ggc topographical distribubion of absorbed doses
uging the model and placing emphasis on the differences between
sxternal X-irradiation, iodine-~l3l and iodine-l125 irradiations
with reference 4o apicsl end of follioular cell (hormonogenesis),
%o cell nucleus (the prosumed site of reproductive integrity) and
4o interfollicular stroms and stromel cells (the nutritional
Frameworl).

The techniéuﬁa used to deliver the irvadiations and the
method usged to caloulate mesn thyroid doses (rads) will be
deseribhed first, The caloulation of homogensity and inhomogeneity

of dose at the ulbtramicroscopic level will be described separately.

hxtornal Kmirrag;amion.

The rabte were onaesthetised with s single indraperitoneal

injection of 2 ~ 3 ml of freshly prepared werm pterile 2.5 per cent
agueovs tribromethylalcohol (Avertin - Winthrop) Crooks, Oreig,
MacGregor and MeIntosh 1964)s  Anaesthesia was induced within e
fow minubes, was not associabed with respiratory depression and

lasted up to 15 minutes; the morbality was less than 5 per cent.
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The ansegthetised rats were placed supine into a deep sguare
perspex jig filled with cotton wool o minimised X-irradiation
baock soatter. Phe top was a sliding 1id, which could he slotted
at different leovels above the rat to ensure that the rat neck

was slightly compressed. This arrangement ensured that all the
rat thyroids were eguidistant (Og5 cm) Ffrom the Xeirrvadiation
collimator whose end was brought down f£lush on to the transparent
1id and into a 2 om owt out in a sheet of lead. E~irvadiation
was delivered with a Maxitron Therapy Unit fitted with a special
pergpex collimator (diameter = 2 emjs The physical factors were:
300 KoV, 20 mA, 23 cme PeBeDey HeVele = 0.6 mmscu, The delivered
dose (r) was checked periodically using o Victoreen ionigation
ratemetor placed ig the perspec jig in the geometric position
occupied by the rat thyroids.

As far as could be determined only the thyroid and parathyroid
tigsues were irradiated and the dose to the pituitary was negligible
gince the ret!s head was slightly flexed to keep the pituitary out
of the vadiation field. Conversion of delivered dose (r) to
ebsorbed dose (rads) wes mede using the factor 0.9. Thie is the
factor approﬁriamg:tn the quality spectrum of the irradiation
denveﬁfedmand given o soft tissue (density = 1G/ml) with minimal
back scatter (Meredith and Messey 1968). The x~rey dose rate

within the rat thyroid was 190 rads per minute.
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Iodine~131 Irradiztiond.

It is appropriate to first briefly outline the nuclear
processes used in the production of commercial iodine~131 (Radio~
chemical Centre — Amersham, Ingland) end to describe the physical

and decay characteristics of the isotope.

Production of ITodine=131.

Todine-131 is prepared by the thermal newbron irradiation of
noturel tellurium at a flux of 1014 n/cmz/aec for two weeks. The
tellurium used is in the form of the high purity tellurium dioxide
and. this is sintered at 750m800° before irradistion to remove any
volatile impurities (Chariton and Lohmen 1969).

The nuclear pProcesues aroliw

3Ogq () 13l0e EA ;1311 6 = 0e2b

e (n;Y) 13y, BT 131 6 = 0,03b

However, at the same ‘time, long~lived iodine isotopes are also

produced by the reactionsi-

2ps (ny) *¥Tre __B7 (1271 (stamle) 6 = 0.9b
Pre (7)) e _ﬁ_.;1291 (4} = 1.6 x 107 y»)
6 = 0.14b
Becsuge of these, the Mcarrier~free" concemtration of l.24 X 10°
Ci/g iodine ocsmnmot be reached bub specific activities obtained
asuslly lie within the vange 0.5 = 2 X 10% ci/e.
The irradiated target is heated to 750~800°G to distil

jodine from telluriuwn dioxide and the iodine is dissolved in godium
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bydroxide solution, The solution of sodium iodide-l13l so

produced is, after appropriate treatment, used for the preparation
of iodine~labelled compounds, for protein iodination and for the
treatment of thyroid disorders (IBSLP, IBS2P - Radiochemical Manual).
This latter material is +treated with excess sodium thiosulphate to
prevent oxidation of the iodide to iodate or periodate and was

the preparation uped in the current erperiments.

Physical and Decay Charscterisbios of Todine-13l.

The physical and decay characteristics of iodine-13] (Iégl)

have been studied in detail (Graeffe and Walters 1967). Seven
diffevent modes of beta decay have been confirmed, each leading to
the formation of xencon=-131 Xe%il. However, 90 per cent of the
beta transitions of iodine~l131l involve the fransfer of 606 KeV
energy to an electron neutrino pair aund leave the daughter xenon
nucleus in the 365 KeV excited state, In an 806 KeV transition
0e8 pur cent of the iodine~l3l decays to a metastable state of 131 Xe
that hag a half=life of 12 days, The latter has a high probability
of electron conversion decay to the ground state. Tach atom of
iodine-131 ocan decay only once, by one of the seven processes.

The percentages stated in Table B~l are the “branching ratios" and
give the odds in which route is likely to be followed.  However,
the predominant particle spectrum must have Egax = 608 KeV end the
greatest number of gamma ray protons will havé EMax = 365 KeVe Im

the calculations of mean absorbed doses within rat thyroid from

jodine-131l more than 90 per cent of which is B-irradiation en E P



Table B-1

Emigsions Arisinge From Deeay of Todine~131
(Physionl HalfwLife = 8,03 days)

Phqton Bmipaione.

Iner Abundence Order of
(Kevﬁl (Per{G® 1~131 Deocays) Range in Tigsue
80 2,20 > 200 unm

163 0470 7150 um
284 5430 & 500 um
364 80.60 "
637 9,00 "
722 3,00 "

Tlectron Emissions.

565 0.02 Cin
606 90.00 "
619 0404 "

806 0.80 "
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valus of 187 KeV was used. As is shown in Table Bl the ranges
in tissue of Qll'thﬁ P redietions are in excess of 100 um and
the ranges of all theéfxradiatinns gre of the order of cme.
These comments are relevant to the discussion on homogeneity
and. inhomogeneity of dose distribuiion within this tissue (sece

h&lﬁ‘ﬁ*)’) ¥

n

To

ne-131 Adminigtrotion end Caloulation of Noan Abgorbed Dose

Tadioachive iodine~13) (IBS2P Radiochemical Cenbre, Amersham)
was made up in sterile seline and administered intraperitoneally to
pabs in volumes of 0.5 = 2 pl and in uci meoasures., The mean }3
pediation absorbed doses (vads) within the whole ret thyroid were
caloulated uning a hasioc P doge Fformula with adjustments for
biologia&l factors much as lodsg of irradiation from the periphery
of the gland and shortening of ‘the effeétive halfwlives following
very large doses of irradiation. The mean p iodine-131 dose
throughout the vat thyroid was calculated from the stendard formula
for infinite F dosimetry?

D, = T38E, ¢

GII
B P o eff
where T (MeV) is the looal P energy deposited per disintegration,

(rads)

¢, (u0i/g) is the isotope concentration at time of meximum uptake
and. T o (days) is the effective halfwlife, (Loevinger, Holt end
Hine 1958). For iodine-13l E P is 0,187 NeV.

The factor 00, and. the factor Te were meagured directly.

At each sacrifice mean thyrcid weight and mean thyroid content of
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jo0ine~131 wag wade, When thyroid content of radioamctive
j08ine=131 wes to be measured the thyroids were disintegrated in
3 ml of 2N NeOBH and the radiocsctivity deternined by well counting;
comparison with standards gave the wel content and mean thyroid
weight was used %o caloulate Go (u¢i/g)e In the experiments to
he described it wes found that the maxwimum uptake oceourrved within
24 hours of the injection of the rodicactive iodine and the sveragse
Tg wae not lesa then 4 days; because the wpbeke phase was rapid
oompared to the loss phase, dose ozloulations were haged on the
lakter only as discussed by Loevinger Holt and Hine (1958).
Tn the case of normal »eb thyroid and iodine-131 p ivradiation
there im o supface loms of onergy because tho gpize of the lobe
(5 mm w2 mmox 2 mm) is not very large compered to the mean and
meximum renges of the P rays (500 and. 2000 wum regpoctively)s  The
mean absorbed jodine~l3l P dope calculated by the formule was
therefore reduced by 20 per cent to allow for surfaoce loss of/B
energy (Loevinger, Holt and Hine 1958).

The mean absorbed doses o raib thyroid from iodine~131
gamma. radiations are lese than 5 per cent of the sokal. I,
therefore, chose to neglect this irradiation from iodine-13ls

Tor the lergest administered amounts of iodine-l3l an
ellowence was made for a reduction in thyroid biological half-life
(B.H_L.) of up to 15 per cent for the most highly irradiated glaads

as recommended by Maloof, Dobyns and Vickeny (1953)n The mean
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absorbed dosesm in the glande were finally caloulated on the basis
of all these considerations,

Todine-125 Irradiations.

It is appropriate to briefly describe the nuclear processes
involved in the commercial production of iodine-125 (Radiochemical
Centre, Amersham) and it is essential to give a full description
of the physical and decay cheracteristics of this relatively new
and complex isotope, whose potential uses in medicine were first
desoribed by Myers and Vanderleeden (1960) and by Harper,

Siemens, Lathrop and Fndlich (1963) and further examined in tracer
studies by Ben-Porath, Hochmen and Gross (1966) and by Myers (1965).

Production of Todine-~12%.

Jodine~125 is produced by the thermal neutron irradiation of
natural xenon gas at a pressure of 5000 psi, according to the

neutron reaction:

124, (n'\/) 125, e C )1251

Further irradiation of the iodine 1251 leads to ‘the

production of iodine-126 (Y491 (n:() 1261). The iodine-126 may
be limited by a loop process, whereby the iodine is removed
continuously preventing further neutron interaction. By the
batoh process, the iodine-126 is usually lees than 1 per cent of
the iodine-l25 and this percentage decoreases still further with
time. Jodine is separated from xenon by successive oxidation

yedvuction processes and finally made up as a neutral solution of
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godium iodide-l125, 'The solutions which were used in the ourrent
studies were made up in N/SO sodium thiopulphate, which serves as
8 reducing agent. The specific activity of the iodide-125, so
produced, was between 4 and 17 mCi/mg compared with the maximum
theoretical specific activity of 17.4 mﬂi/hg (Charlton and Lobhman
1969),

Phygical end Decoy Characterigtics of Todine-125

The physical and decay characteristice of iodine-125 have
been subject to muoh sorutiny and experiment. The author himself
hag apeisted in a detailed examination of theemissions arising
from iodine-125 and their relevance 4o the dogimetry of iodine~125
in the rat and human thyroid (Gillespie, Orr, Greig 1970).  The
account given by the latter authors is summarised here.

Todine-125 decays to an excited state of 125T@’ 355 KeV
ahove the ground state solely by electron capture; 82.2% of the
- and 3% from the M-

K~y 14445% from the Ly=y 0.47% from the L,

1 1
shells (Wapstra, Nijgh and Van Lieshout, 1959). TheC/L/radiation
(mainly megnetic dipole) emitted in the transition to the ground

state of **)Te is highly converted; T78% in the K-, 11% in the Ly~

1% in the L,,~ and 3% in the M- shells; these abundances being

1
interpolated from theoretioal conversion coefficients caloulated
by Sliv and Bland (1961) and tabulated by Lederer, Hollander and
Perlmaen (1.967).

Vacancies created in the orbital electron structure of

tellurium, following electron capture and internal conversion, are
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£illed in tremsitione involving the omission either of x-rays

or of electrons arising from Auger and Coster-Kronig tremsitions.,
The Xeshell fluorsescent yield of 125@& (wk = 0.86) is well
subablished but yields for Lesubshells and higher order shells are
not. Data of Wink, Jopson, Home Mark and Swift (1966) suggests
that the Ll”’ Lll“ and, Llil" fluorescent yields ére 0.03, 0,06 and
0.04 respectively. Mwshell Fluorescent yields have been neagured
only for elements of high 7% (atomic number); the values for
tellurium will be small, certainly less than 3%. Relative
intenaities of the components of the XKLL Auger complex, and ratios
of KLY to KLL and XYY to XKLL (where ¥ and Y are higher order
gholle), tronsition probabilities can be obtained by interpolation
of dmta presented by Wepstra et al. (1959).

Probebilities of Iesubshell Coster-Kronig trangitions for
1251 are givenby Fink et al. (1966). Table B-2 liste the
principal X= and gomma~rey and electron emissions, their relative
abuﬁﬁanoaa and mean total energies per disintegration, caloulated
using the above data.

Toch Auger or Coster~Kronig transition incresses the nel ion
chorge by one, alters the binding energies of ocuter electrons by
amounts which have not yet been reported and therelby introduces
mcertaintics in the energies of radiated electroms. TFor this
reggon and also because Auger and Cosier-Kronig transition
probabilities for outer shells are not known, the energies of very

low energy (0.5 KeV) electron emismions are uncertain.  X~roy
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yields from very low energy transitions ere so low that they ean‘
be neglecteds The range of 0.5 KeV olectrons in water is 0,015
um, and at this level {he important higstological end biochemical
details of the thyroid that affect the microdose distribution are
the parts of follicular celle synthesieing hormone next to the
colloid (see FigeA»4)s It is thus important to know the total
mean energy/disintegration due to the very low energy electrons,
This velue can be caloulsted by subtracting the pum of the
energies due %o known electron and electromagnetic radiations from
the %otal averoge energy emitted in the decey of '-°I, The latter
15 62.43 ReV; 26,93 KeV due 4o ¥he treneition to '2-Te¥ and 34.5
KeV due to the decay of 125*1‘@* to the grownd states In Table Be2
the total energy of the emissions is 62,7 Xe¥ so that even if the
energies and abundsnces of some of the very low energy radiatiaxia

prove to be in errory their iotal energy is accurate.

Iodine~1259 nistration aud Caloulation of Mesn Absorbed Dose

Redionctive iodinew125 (I.M.S.4 =.Radiochemical Centre
_ Amersham) wes made up in sterils saline and administered
intraperitoneally in volumem of 0¢5 < 2 ml and in wol measures,
fhe mesn electronic absorbed dose throughout and within the rat
thyroid was determined as desoribed under iodine~13l irradiastion
end using the pwray dose formula given, with adjustments when
appropriate.

In oaloulating the mean absorbed radigtion doses from
iodine~125 pocent physioal dete on this isotope were used (Smith
1966, Feige snd Gross 1968 and Gillespie, Orr and CGreig 1970).
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i P per disintegration was 0.0205 MeV but no eleotron esurfece loss
wee sllowed for because the ranges of nearly all the iodine-125
aleohrons are very moh shorter thon the divensions of one thyroid
lohe (see below)s A contribution of 0.0034 MsV per disintegration
was, however, added for the X~ray emissione from iodine~125 in a
$igsne with the dimensions of one thyroid lohe. Thus, in contrast
46 iodinewl3l irvediation, iodine~125 ireadiation in normel rat
thyroid dees not require adjwetment for surface loas of elecironic
doge but & contribution of about 15 per cent of the iodine-125 dose
is due A«drvadistion,

However, as for the largest dopes of iodine-131 (fo be
specified when experiments ara desoribed) an allowance was mede for
ghorteming of thyroid B.H.L. after the largest domes of iodine~123
(to be specified when experiments sve desoribed). For the mmounts
cited tho B.H.L. was reduced by 15 pexr cent in the final celoulation
of mesn thyroid abeorbed domes. Idkewise the iodine~125 domes
arising from the thyroid uptake phase (18 to 24 hours) were nezlected
since the T .. for iodine~125 wam always in excoss of 7 days o
that the duvation of the uptake phase was much shorber then the
duration of ‘the lops phasa,

T4 iB now appropriste to turn to s desoripbion of homogeneity
ond inhomogeneidy of miorescopic and uliramicroscepic dosage
disbribution arising from external xairradiaﬁian)iadinamIBI snd

i0dine~125 irradiation respectively.



The KEwirvepdietion characberistics ueed, =pd the swellness
of the ret thyroid as a whole (depth below skin is leus than
0s5 om) ensured thot the absorbed sofiation doses wers given nr /4
high snd steady voto and homsgoneously distribubed throughout {he
whole orgen, This ppplios whebhor distrdbutior is defined /as) i
macrancopic, microssepio or ultremiorcscopie dimensions. The
ionisation “fielde", which uliinmately determine types and degrocs
of radivbiclogival effects, arise at random snd homogensously
through the gland during externnl F~irradiation. This msons that,
ptatistically, oll moleculer wnite were egually likely 4o gut the
same dode at equal dvee rateds, I oan, therefore, he stated that
in the externally Xsirradieted val thyroide, the interfoliiculap
stroma, the stromal cells, the parafolliculsr cells, the
follicular cells and the colluid absorbed squal doses (rade).
Furthermore, because the secondary ionisation Fields have dimensions
in Angetons (A?)f the various wltrapicroscopic structures inside
each cell alwo receive the some dowe whioch ie equal do the average
to the gland, For exomple, within one follioular cell +he doses
to the nucleus are the same as -the doses to the basement menbrone,
to the bosal eapillary, o the endoplasmio retioulum, to the Gelgi
body, to the apical membrane snd to the lysosomes in the cell,
In structural or biochemical terms this means that the doses to the
part(a) of tho cells presumpively controliing cell repliostion

were equal Yo the doges $o the parts of the cells involved in




Autoradiographs (x75 and x 200) of rat
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thyroid 6 hours after I-13l.
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hormonggenesis, Furthermore, each structure in all of the cells
irvespective of location in the gland received the seme domas,

These sre the veasons why external X~irradistion was used as the

radiation control.

Ag desoribed above, 90 per cent of iodine in the average
model rat thyroid is in the colloid and 10 per cent is in the
follicular vells (Figs.B-1 spd B~2). In the model rat thyroid
(see V'Iwbrad.uatmn) colloid ovcupiss 50 per cent vf the gland volume
and 25 per oent is ooccupied by the interfollioular space and only
the remaining 25 per cent of the volume im folliowlar cells.

In summary of tﬁe decay of iodine~131l and the frequencies of
the energies an index of their range in tissue (density 1 G/ml) is
shoim in Table B-l, In 'thé rat thyrold the J/ wilrradiation, a
negligible proportion of the total radistion (lees then 5 per cent)
41l hee renges far greater than the largest axis of one thyroid lobe.
The va_lar‘ga majority of the P reye (95 per aeigb of irradia*hian)f"“
have raﬁg@aywell in excens of 100 umj the a.#amge. renge is 500 um
with a maximum of 2000 wms It can, therefore, be assumed that th§
rad doses deposited by iodine~131 gamme reys are homogeneous
throughout the thyroid at macro, micro and ultramicroscopic dimensions.

The F rays from ipdine~l3l, however, with an average range of
500 um travel within the minimam dimensions of one thyroid lobe
(2000 wm)j it follows that the P—daam to @& narrow outer rim of
vat thyroid are about half the average to the whole gland. The
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valﬁme of this rim is, however, a smell porvion of the total mosse

of the gland (abous 10 per cent of volume), Nevertheless, &%
repregents a degree of inhomogeneity of dose distribubion at the
macroscopic levels A% the wmicromcopic or ultreanicroscopic level,
h@wavar, and irrespective of the folliewlar position in the gland
the ranges of p voys from iodine-131 are such that the yadiations
ariging fmﬁm‘thm colloid within even the largest follicle will always
be deposited well outside that follicle aaraés interfolliculay
tisgue and inmb peveral somtiguous follicles.  Although the
dismetors of follicles do vary most are between 20 and 60 um and

it hes been shown that the smaller follicles compensate for low
colloid volume by greater iodine accumulation per unit time (Wollman
1965). As o consequence, the totel radiations emitted from iodine-
131 in smeller follicles tends te eguel that from larger follicles.
Thus, irrespective of follicle size mutual ivradiation is homogeneous
threughouf the Follioular population amd at all microscopic dimensions.
As o vesult the likeliehood doses to all parts, folliocular cells,
atbam&l'aalls, copillavies and the doses to all peris of cach cell
ara those of the average to the aland.

These comtents .apply whether or not account is teken of linecer
energy transfor (L.E;T.). The ionisation pathe from iodine-l3l
Fmirra&iation are not as homogeneous oe those ariping from external
y~rays. As a generalisation the ionisstion is welatively sparse
along the Firet part of the F ray tracks, even olong the second part
end highest as the P particles terminate. Since, however, average

trock lengths are mich longer than the diameters of the lergest
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fellicles (200 um), tho rendom dimtribution of ionisation fields will
be homegeneous and wrelated o any mieroscopic or biochemical
structure in the thyroid.

It may, therefore, be concluded that the
irradiation dopes deposited within the normal vat thyroid from
iodine-131 are homogeneously dimtributed apart from a small
peripheral rim of tigeue of abowt 10 per cent gland volume.
Whatever the loeation of a follicle in the thyroid, the wicroscopic
and ultramieroscopic domes to groups of contiguous follicles
oguals thet o interfollionler stroma and to the mean dose 4o
the gland. In addition the domes to follicular cell nucledi
(presunably controlling cell division) are the same ap those to
the body of the cell ond to the epical margin (involved in
normonegenesis, )

Unlike the irradistions from external z-raye and
from iodine-l3l, those from iodine~1i25 in the rat thyroid are not
deposited homogenconsly either microscopically or ulitramioroscopicelly:
The physical and desay charvacteristics of iodine-125 (Teble B-2),
the colloid location of 90 per cemt of the rediocactive iodine
(Figs Bl~2), the arrongement and dimensions of the epheres of
follicnlar cells (fig. A-l) and the biochemicel topography of the
follicular cell itmelf (Fig A~4) all combine to asoume critical
importance in detormining o characteripticelly inhomogeneous

dome din the thyroid and across each follicular ecell.
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Phypical end Decoy Chavacterishios of Iodine-125 Relovent to
Inhomogened by of Wicroscopic Dose.

The basie iodine-125 decoy dats in given in Table B2 but
a large number of tedicus calouletions were necessary to obtain
the predicted photon (% and Yroys) and electren dose distributions
within the rat thyroid, Photon irrsdietion is discussed firat
thon oleoctron ivradistion. Finelly caleulwkion of total (photon
ond electronic) dope distribution within the model ret thyreid
deseribed above is possible.

Tt is best to eonsider the distribution of photon doses
first end then to consider the diptribution of electronic doses
and finally to add the two hogether when the totel dose distribubtion
in the model red thyroid is given. It is also helpful to the
vepder to summarise the relative shundences and ranges in tissue of
olectrons and photons arising from iodine~125.  This is given in
Table Be3 whicﬁxéarived from Teble D2 and the calculations now to
e deoseribed end aleo eonsidered by Feige and Gross (1968) and
Groes, Den-Porath, Romin snd Bloch (1968).

b large proportion (68 pew cent) of the total energy
released in the disintegration of iodine~12% is, on average, in
the form of low energy photons, However, as discussed above,
owing meinly to the emall size of the rat thyroid only a snall
fraction of this photon energy is actually sbsorbed in the rab

glond although almost =ll of the 3.1 KeV/disintegration



TABLE Bed

Principal Fnisgions from Todinew125 ond Appromimete

Renpes in Tissue
" ' o Approx
No. per 100 Nean KeV per tisne
disintegs. KeV digintege. vange
e,
23 3.8 042 100
112 27.4 30,6 30210°
24 31,1 T4 5051.0°
Te3 35,5 2.5 70x10°
gleaﬁsqna
76 0.65 2ed Q.02
78 3eT0 28 0,30
156 4400 G2 0440
1544 23,00 3.5 12,00
8.8 26450 1.8 15,00
12.0 31,00 3¢T 22,00
3e7 35.00 1e3 26,00
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atbbributable to 3.7 KoV T I Xerays (Table B~2) will be absorbed
ginve the helf-value thickness in tissue of 3,7 KeV photons is
?gllﬂ um ond the shortest axis of one yat thyroid lobe is 2000 1w,
M the range 24.5 KoV to 35.5 KeV, however, whieh ineluden the
major phobon emissions the energy deposited loocally im very low
(lees than 3 KeV), the remsinder being deposited diffusely.

Thus, as discussed previously the proportion of the mean absorbed
dose from iodine-125 in the rat thyroid due to X~irradiation is
only of the opder of 15 per vent. The X-ivradiation dose whioh
in sbeorbed snd not lost is low energy but it's distriluition is
homogeneous throughout the gland, because the ranges in soft
tigsue are of the order of ecms end this is vest compared to the
dimensions of the rat thyroid, (This is why only sbout 15 per
sent of total enevgy deposited im the thyroid is photon, most
photon radiation being deposited outsifle the small tissue)s, The
remeining 85 per cent of the absorbed dose is electronic
irradiation.

gleotrogip .I&rg.diat'igga

A number of tedious celoulstions were reguired before
the dope distribution in the thyroid could be determined.

ectrons from o Point Saurce.

Tor cach of the principal electron emimsions of iodine-
125 1isted in TableSB2 and B3, energy loss as a function of
distance from o point source was calculated from data presented by
Bacq end Alewapder (1955)s The latter give energy loss per

distance ae o funotion of electron energy. This date is shown
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in Fige B-3 which demensfretes thet much of the energy is
deposited within 15 um of the source and all of it within 25 um
of the source, This basic information was oxpanded to
calonlete the distribution of oleotronic vadiabion doses (rads)
ariging from iodine~l25 in verdious goometrical sources.,

Absovhod Fleotronic Doses from Iodine-125 in Plene Sources.

The eleotronic absorbed dose-rate in rads per day
arising ab different distences from plones containing 1 med
iofline=125 per gram ere shown in Fige Bede This date wes
obbtained by First ocaloulebing the reletive dope-rate distributions
due to exbtonded wmiforn plane sources of iodine-l25 and ariping
from each of the principal electronic emismions. Thercafter
uging simple mathematics the corresponding doge-rate distributions
inside end outmide semi-infinite sources, and plane sources of
variouws finite thicknesses (1 p to 8 u) were detormined for each
of the principal components. Finally, by welghting each of the
verious dimbtributions by the abundence of the component (Table
B2 - BI) the true eleectron doseerate distributions from the
gources wore determined., The dets shown in Figs B-4 demonstrates
that with cach plane the dope~rate falle rapidly within the first
few un from the surfaee and in each instonce has resched zero ot
digtences greater than 16 um from the supface. The fall in dose-
rate fyom the surfece is, an oxpscted, mort remarkable when the

iodine~-125 is in the form of a 1 [ thick plane.
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Absorbed Tleptronic Nopes fr

It was next poseible o caloulate using simple
mathematics the electronie obsorbed rediation dose-rates (rads
poY day) arising from iodine-l25 in spheves. This was done for
a sphere of diameber 35 um and for a sphere of dimmeter 70 um
pach conbaining iodine~12% in o concentration of 1 mCi per gram.
The electronic dope-vate digtribution from an infinite plane
pource wos also caloulated. This informotion im showm in Fig.
Be5,  The main point is the sieep fall in dose~pretbe soross the
houndary (0)e The fall is such thot within 4 um of the surface
of the infinite plane source or the gpheores the dope~rate i
gevernl fold less them it is on tho surfece (0 wm). It is also
importent to note that the charaoter of the doge-rate graph is
very similer for each ¢f the three geomotries. The dimensions
of the two spheres, 35 um and 70 um respectively were chosen
beconse these ere the dimenciouns of avermge eolloid spheres in
normal rat thyroid. TFurthermore, all the date showm in Figs.
B3 - 5 were caeloulated on the basim of a source material of
density of 1 grem per oml. Thim in the density of soft tissue.
I+ is now pomeible to provide an index of the dese distribuiion
from Lodine~l2%5 in the rat thyroid and with respect to photon and
electron irradiation and in relation bto the micro anatony.

fyom Yodine-125 in Rat Thyroid.

The average nodel rat thyroid has colloid sphercs of mean
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diameter (about 40 um) and the colloid ccoupiss 50 per cenl of
the gland volume and combeins 90 per cent of the iodine-125;

25 per cent of the remaining volume is follicular cells (surrounding
the colloid) and 25 per cemt ip interfollicular tissmc. The
remaining 10 psr cent of gland iodine-125 is in the folliocular
cells (Section A)e  Thus, if the physical dats shown in Figs.

B 3~ 5 and in particular that in Fig. B-5 are extrapolated to

the swerege reot follicle an index oan be obtained of the dose
distributions arising from iodine=-125 in the ecolloid and absorbed
by the surrowding follieculor cells and tissue constituents. A
typical segment of a vat thyroid follicle is shouwn in Figs B-6
and the relative microscopic dose distributions arising from
iodine-125 have been caleulated. The data for an eguivalent
coneentration of iodine-131 (uwei per gram) is included for
somparison. Fige De6 shows that the mean dose rates from iodinew
131 are nearly 8 times those from iodine-125 in the same
coneentration in a follicle whose ecolloid radius is 20 um and

3 cubess The Tig. E—é also

whose feollicular cells are 5 um
shows +thet wheress all the dose from iodine~131 is homogencously
distribuied across, through and beyond the folliocular cell end
into interfollicuiar stroma enly the x-ray compenent of iodine~ 125
(about 15 per cent of the "mean" dose) is homogeneously
distributed. The electronic dose {about 85 per cent of the "mean®

dose) is very inhomogencously distributed. The ranges of most of

the iodine-125 electrons are shorter than the length of the
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adjacent follicular ooll (5 wn), ag a consegquence the olectronic
doge (Zf) in highest at the follieular cell apex and lowest in
the interfolliocular stromas The fall off in eleotronic dose
acrous the cell is substantisl end the Yotal dose to the basal
end of the cell and interfellioular tissve ie low compered with
that at the eell apexs The doses o the follieuwlar cell nuclei
are about 50 per cent of those to the oell apices and 50 per cent
of the "mean" glend dose,

The pattern of inhomogeneity of dose digtribution from
iodine=~12% shown in Fig., B-6 is potentially of considerable
radiobiological importance, since the parts of the folliocular cell
complex presumed te oontrol replication (nueleus) receives about
half the dose to the parts responsible for the final stages of
hovimonogenesis (cell apex snd microvillous mergin). In eddition,
because about 85 por cent of the radiation dosage from eny given
colloid core is elsotronic and is confined to the parent follicle,
mutwal irradiation between follicles ariges only from X-irrvadiation.
It follows that if there is irvreguler iodine~123 accumuletion which
could arise beceuse of ineguality of fellicular function, this will
result in uwnequal rad doses to the complementery follicular cell
spherés a sitnation which is not a feature of iodine~131 irredistion.

Thus in biochemical [replicetive terms it would appear that
external X and iodine~131l irradistions are egual to parts of the

cell meking storing end resorbing hormone and pesponsible for
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reproductive integrity) lodine-l25, in acntraat; appears o
irradiate the cell perites involved in some aspecis of hormonoe
genesis more than the presumptive site of cell reproductive
integrity (nucleus).

Those conclusions led me to investigate and compare
the effeebts of the three irradiations first on hormonogenesis
on the thyroid in vive then on cell proliferation. In Section €
the effects of Aeirradiambions, iedine-13l and icdine~125
irrediations on hormone formation, storage and resorption (mainly
spical cell funcbion) ave deseribed. In Section D situdies ave
deseribed the objectives of which were o look atb several indices
of eell proliferation before and after irradiation in normal ret
thyroid and in that growing under the influence of a goitrogenic
challenge so as bto select indices which were appropriate to
measurement of the specific effects of irrvadiation on oell
proliferation or survival., Only external X~irradiation wag used
in the studies of Section D because of the precise control of
dosage rate, toial dose, homogeneity of dose and quality (R.B.E. = 1)
In Section B the effects of external Xeivradietion on thyreid cell
proliferabion were re-measured and compared with the effects of
iodine~131 and iodine~l25 irradiations. The data are examined in
+he light of the dosimetries described above.

In these siudies (Sections ¢ and ) smphasis was placed

on evaluating whether the inhomogeneous radiation from iodine-l25
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across the follioular cells produced any greater effects on
hormonogenesis roelative to thome on cell proliferation.

Dope-Nate aadvaualitgp,

A% this peint in the thewsig the importont radiow
biological factors of dome-vate, and quality (predicted R.B.E.)
of iwpradiation from iodinew-l3l and iodine-125 irrsdiotions will
not be dipousped since this ip best done with the expeorimental
deto to hend. However whereas bthe dese~ralte of X~irradiation
is vapid and steady ot all doses, that from iodine-l3l and ioding-
125 i velatively slow it falle exponentially during deliverys
the rate of fall being dependont on thyroid B.H.L. With the
radicactive iodine, however, mean dope rates must be proportvional
to total dopes and the dopewrotes from iodine-13l (H.L. = 8.0 days)

apre higher than thome from iodine~125 (Hel. = 60 days).



SECTION ¢

COMPARATIVE EFFECTS OF EXTERNAL X-IRRADIATION,
TODINE-131 AND IODINE-125 IRRADIATIONS
QIf RAT THYROTD HORNONOGENGSIS TN VIVO,
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INTRODUCTION.

In Section A the structure and hormonogenetic funetione
of rat thyroid were described (Fig. A-4). Thyroglobulin is
synthesised within the follicular cells and a series of polypeptides
are formed in this process. Non=iodinated thyroglobulin ie
trangferred across the apical end of the cell anésgha colloidw-
apical membrane interface iodination of tyrosyls in the thyro-
globulin molecule takes place and in the colloid thyroglobulin
MaXeToy DeIlaTe, T3 and T4 are formed.

Normal rat eolloid thyroglobulin is s 19S5 protein when
measured by sucrose density ultracentrifugation; colloid 198
thyroglobulin is eventually taken back into the apical end of the
cell by the pinooytotic activity of the apiocal membrane miorovilli.
Within the cell resorbed 195 thyroglobulin undergoes lyzosome
fragmentation and proteclysis with the release of free M.I.T.,
DeleTe, T3 and T4; M.I.Te and DI.T. are deiodinated by
dehalogenase engyme end most of the iodine is re-used for the
iodination of new thyroglobulinm but the free T3 and T4 cross the
follicular cell basal membrane into the circulation. It appears
that all follicles, irrespective of dimensions, and all follicular
cells are active in hormone formation, storage and resorption.

Ag far as ecan be dgterminea there do not appear to be populations
of synthesieing cells and resorbing cells.

In Section B it was shown that external X-irradiation and
jodine~131 irradiations were homogeneously distributed throughout

the rat thyroid, miecroscopically and ultramicroscopically, such
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that both irradiations result in equal doses to the bodies of

the follicular cells (Hormonogenesis) and te their nuolei (cell
proliferation); in contrast iodine-l25 irradiations deliver more
radiation to the apicel ends of the follicular cells than to their
nuclei (Fig. B-6). Theme considerations (Figs. A~4 and B-6) led
logically to & comparison of the effects of each types of
irradiation on different aspects of hormonogenesis in rat thyroid
in vivo and the appropriate studies are now described.

The studies 40 be desoribed repeat, complement or add to
previous investigations of the effects of X~irradiation and of
iodine-131 irradiation on rat thyroid hormonogenesis in vivo
(Doniach and Logothetopoulos 1955, Abkatt, Doniach, Howard-
Flanders and Logothetopoulos 1957, Al~Hindawi and Wilson 1965,
Crooke, Greig, Macgregor and McIntosh 1964, Maloof, Dobynse and
Vickery 1952, Taurog, Evans, Potter and Chaikoff 1960, Vittorio
and Allen 1960, Anbar and Inbar 1963, Jovanovic, Djurdjevic and
Sinadinovie 1965) and in vitro (Barzelatto, Murray and Stanbury
1962, Hall and Grand 1962).

Most of the studies of the effects of iodine-l25 on rat
thyroid hormonogenesie are, however, original. Up till the end of
1969 only one preliminary veport of the effects of iodine~-125 on
thyroid hormonogenesin was. found; Gross, Ben-Porath, Rosin and
Bloch (1968) suggested that iodine~125 had preferential effects on
rat thyroid hormone secretion as judged by poor body growth and
increaged size of pituitary but without loss of thyreid follicular

coll DoNe.A. The results of the currvent investigation will be
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disousped with reference o the studios of Gross et al. (1968).
Principles, Objectives =nd Difficulties.

Prineiples ond Objoctives.

Two definitive experiments (1 and 2) were carried out.
In cach oxperiment groups of normal adult rats had their thyroids
irradiated in vive with graded doses of externsl x-rays or
jodine~13l or i0dine~125 irvpadistions. Within cach experiment
there was a non-irradisted control group, ond o dosimetric
subezperiment to obtain dete for cploulation of jodine~13l and
iodine-~125 absorbed doses np deseribed in Section B. This
included ealoulation of mean thyroid dose and microscopie
diptribution of dose by essuming that the structure of the thyroid
could be represenied by the model depicted in TFigs B-6,  After
the three irvrediotions had been deliversd (4 weoks after delivery
of +the extemal w-raye and 6 weeke after administration of the
isobtopen of iodine), all ratps in definitive ezperiments 1 and 2
vere startod on an iodine~deficient diet ond distilled water.
Thig regime was continned for a total of 3 weeks so that at the
end of thig interval Yold" colloidal thyroglomlin present before
and during ivradiation would be veplaced by Ynew" colloidal
thyroglobulin formed after the irrvadiation (Bohneider 1964). The
jodine deficiency regime also ensured thet a2ll aspects of
hormonogenasis, thyroglohulin synthesis, thyroglobulin iodination
and. thyroglolin resorpiion proteclyeis and hormene release and

peoretion were accelevated in ratc and more emenable to meapurement.
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A phase of iodine defieiency lesting 3 weeks is a compromisge;
this duration was chosen to facilitate the meagurement of frosh
hormonogenesis but to minimise possible qualitative changes in
hormonogenesis not due to the preceding irradiation but due to

excessive follicular cell stimulationby T.S.H. and to minimise

new cell production.

At the end of the phase of iodine deficiency, rats in
definitive experiment No.l were used to measure relative rates of
new thyroglobulin synthesis and to measure the amounts of
thyroglobulin present in the glands. The relative rates of new
thyroglobulin synthesis were measured using an in vive pulse label
of the radioactive protein amino-acid precurser tritiated-~leucine
(H3~L) with sempling of thyroid after 4 hours, an interval which
allows incorporation of H3~L into 195 thyroglobulin. The glands
were excised and examined for total H3=L incorporation (teotal gland
E3-L) and for relative H3-L incorporation into 198 thyroglobulin
by the profile H3-L counts in 30 - 40 sucrose density
ultracentrifugation (u.c.) protein fractions of rat homogenate
(Thomeen and Goldberg 1968, Thomson snd Bissett 1969). The amounts
of chemieal 198 thyroglobulin in the fractions were determined using
optical dennity spectrephotometry, running sheep thyroglobulin as
the stendard for meture 198 thyroglobulin. The H3~L content of
homogenate and each n.¢. fraction was determined by liguid
sointillation spectrometry. The profiles of sbsorbance and of

H3~L rodiocactivity of each u.c. sample were graphed sinmlitaneously
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for comparison. The absorbence af 195 (sheep thyroglobulin) gave
an index of the actunl chemical amount of 195 thyroglobulin in the
gland at the time of sacrifice and the total H3-I: radiocactivity
uptake and pattern into 193.$hyreglobulin gave sn index of the
degree and normality of thehgggg of 198 thyragibbﬁlin sgnthesiSwagﬁ
the time of H3~L administration.

Exporiment 2 ~ Post-Radiation roglobulin Synthesie, Todination,

Compogition end Resorption.
In definitive experiment No.2 and at the end of the 3 week

phose of iodine deficiency all the rats were ocontinued on the
iodine~deficient diet and distilled water but fracer amounts of
iodiﬁe¢a25 and stable potassiunm iodide were added to the distilled
wator. This regime was continued for 5 weeks ‘to produce
squilibrium labelling of more than 90 per cent of the intrathyroidal
jodine whether it was free iodide, bound in colloidal thyroglobulin
a8 MaIeTey DeI.Bw, T3 or T.4 or whether the latter were free
(Rmodes and Buddemeyer 1966, Loewsnstein and Wollman 1967).

In definitive experiment No.2 thyroglobulin synthesis was
measured as 195 thyroglobulin in u.c. fractions as described in
experiment No.l. In addition, however, indices of thyroglobulin
iodination, thyroglobulin composition and thyroglobulin resorption
and proteolysis were nlso obtained. This was done, in principle,
as Follows. At the end of the phase of equilibrium labelling the
rats wero sacrificed and the relative 195 thyroglobulin in the
thyroids determined by absorbance meagurements on u.c. protein

fractions using 198 sheep thyroglobulin as the standard.
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To obtain an index of jodination, the iodine-125% content, of
cach u.c. fraction was also determined; +the absorbance
neasuvrements gave indices of 198 thyroglobulin synthesis and the
apposite iodine~l25 comnts goave indices of iodination A7
equilibyiwn labelling. The profiles of the absorbence pattern
ond the iodine-125 tracer counts were therefore graphed
simultengously for comparison.

To apsess thyroglobulin composition, resorption and
proteolysis additional samples were taken from the pooled glond
homogenaten and the following indices were obteined. Toirl
iodine-125 radioactivity of the gland was caleulated from a
sample of the homogenate).  Radiochromatogvaphic (iodine-125)
proportions of iodide, W.I.T. plus D.I.P. (iodobyrosines), T3 and
™ (iodothyronines). The total iodine~125 padioactivity of the
glands gove indices of thyroid iodine aceumuletion and reteantion
after ivradiabtion. Rediochromatographic analysis, by providing
somi-guentitetive data on the relative amounts of free iodide,
iodotyropines (MeI.Te and D.I.T.) and iodethyronines (T3 and T4)
in ‘bthe thyroid gave combined indices of the iodine compesition
of thyroglobulin, thyroglobulin resorption and proteclysis.

Additional Veasurements in Jxperiments 1 snd 2.

At each sserifice and in both experiments No.l and No.2 total
thyroid weightn and total thyroid proteins (chemical) were
measured. These dete gove erude indices of gross structural
changes brought ebout by the preceding irradiation.

Algo =t each sacrifice snd in both experiments No.l aad
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No. 2 heart blood was taken from each rat and pooled (each
radiation treatment group) for chemioal entimation of serum
protein bound iodine-l27 concentration (PaB.I.)e« The serum P.BeI.
was teken am an index of average thyroid hormene (T4 and 73)
secretion after irradiation.

Diffioulties Tncountered in Preliminary Experiments.

The only difficulty, which remained ungolved, was the assay
of H3-L following iodine-125 irradiations as planned for experiment
No.l. It was found even in rats given the smallest therapeutioc
doge of iodine-l125 end after an iodine deficienoy regime for 3 weeks
that traces of iodine-125 persisted in the gland, appearing in the
gland homogenates and in the w.o. fractious. This persistent'
contamination with iodine~125 made it impomsible to distinguish
and to simultansously essay the small amounts of H3 from the pulse
label of H3~L in the same samples.

Failure to distinguish H3 from iadinewl25 arises because H3
and iodine-125 have electronic emissions within the same energy
~gpectrum (Parmentier and ‘fen Haaf 1969). In addition for one
digintegration iodine-~125 emiégzanm many more low energy elecirons than
H3. Thue differential counting using conventional multiple
channel simultaneous counting (ligquid scintillation spectrometry) was
not feasible and this waé'provén by several subsidiary eoxperiments
in vitro. Differential counting using the differential decay rates
of iodine-l25 and H3 wa#g also tried but could not be adopted in

practice, because after the samples containing the iocdine-125 and the
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H3 were prepaved and cownted for Count No.l the sanples
deteriovated in respect of clouding, mixiﬁg end guenching, by the
timo Count Wos2 could be meaningfully vervied out. The halfwlife
of jodine-125 im 60 days so that at least & 20 - 30 day interval
hed to be allowed bebtween Counts 1 and 2 respeotively. The
poseibility of assaying the iodine~l25 content of the somples
separately uweing gemma counting wee oonsidered since H3 is not a
gomme, emitters It was, however, not porsible to predict whet the
electronic count vate from iodine-125 should be in the liguid
geintillation system knowing the gamma count.

Thus, several approaches were made to assay H3-L in gland
samples afber iodine-12% irradiation tut each were unsuocesoful
because of the persistonce of trace amounie of iodine~l25, Ag o
consequonce meaningful dete using H3-L pulee lebelling for
measuring thyroglobulin synthesis rate could not be obiained afier
iodine~129 irradiotion in experiment No,l. Data on H3~L
inoorporation afber no irradistion, ¥wirrediation and iodinewl3l
irradiation wore, however, obtained and all the obher date soushi
in experiments No.l and No.2 wers alse obbteined without procedursl

or teohnical diffioulty.

Detedls of Fxperimente.
E}:agx*; mw’t 1.
Radiabion Bffeats ou ggyrQﬂlgbylin gxntheals Using Tritiated

Leuoine (H3wDL).

Haboriale and Nethods.

4 total of 30 young adult mele Spraguc-~Dawley rats (imitial
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body weight 150 - 200 @.) were used; they were supplied by

Aeds Tuck and Son Litds., Englend. TFive groups of 4 rate each
were uged to caloulate the radiation dosimetry of iodine-131 and
iodine-125 respectively and the remainder, 15 pairs of iwo rats
each, were used for the definitive experiment.

The 5 sub groups of rats used to caloulate dosimetry were
each given 5 wuci of iodine~131 intraperitoneally and one group
wes killed ab each of the following time intervals -~ 24 hours,

2 daysy 4 deys end T deys. At each sacrifice thyroid weights

and their iodine~13l oontents were determined. In the definitive
experiment, pairs of rate were given, no irradiation, 100, 500 and
1,000 rads of extermel x~rays, 5, 10, 20, 40 and 80 uci of iodine~
131 by injection and 10, 40, 80, 160, 320 and 640 uei of iodine-
125 by injection respectively., On the bagis of the messured data
from the sub groups given 5 uci iodine~13] and the amounte of
iodine~13l and iodine~125 administered rad dose calculations as
desgoribed in Section B were madej <+thus the mean abmorbed radiation
dompes in the gland and the relative rad doses to different parts
of the tissue ahd cells were caleulated,

Four weocks after X-irrvadiation or six weeks sfter injeotion
of iodine-l3l or iodine~12Y each pair of rats, including the non~
irradisted pair, hed stoniderd diet (diet 41 pellets, Rowetd
Tawbitute, Aberdeen) end bap water veplaced by low iodine diet
(Nutzritional Biochemicals Corporation, U.S.A.) and distilled water

respootivelys This was continued for 3 weeks, At the end of

this interval each rat (except those given iedine~125) was given
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100 woi of H3w=L (I~leucine 4+5T, Rediochemioal Centre, Amershem
TRALTO) by single intraperitoneal injeotion. Thoe specific
aotivity wes 1 Ci/mM  A11 rats wers killed by inhalation
ether 4 hourp after the administration of the H3i-L but befere
degth, 3 ml of heart blood was taken from each papir of rats and
pooled for ohemion) measurement of merum P.B.I. uging the method
of Farrell and Richmond (1961), Immediately mfier death the
thyroid was removed, weighed to the nearvest 0.1 mg. (Torsion
Precigion Balance) and prepaved for chemical protein measurement
(Lowry, Rosebrugh, Farr and Randall 1951) for total H3-L assay
and for gucrose density u.c. aualysis, each u.o. fraction being
pimultancously agsayed for selective absorbonce at 280 u (using 198
sheep thyroglotulin standerd) and H3wL incorporetion. The methods
were ap described by Thomson and Goldberg (1968) and as modified by
Thomson and Bissett (1969) in this leboratory.

The methodology wag as follows: <the thyroid glands from each
pair of radistion and no-radiation treated rats were carefully
cleared by hand of extraneous fibro-fatty tissue and finely minced
on frozen clean glass plate. The minced thyroid was then homogenised
(iR Instruments model 863) in 1 wl of phosphate buffered saline
(PaBeSs = 0.15 M podium chloride in 0.0l potassium phosphate pH = 6.8).
0.2 ml of the homogenate was taken for chemivcal protein assay (Lowry
ots ale 1951) and O.1 ml won token for total H3-L radioactive assay.
Por the latter 1 ml of 1 molar solution of hyamine hydroxide in methanol
(Nuoclear Enterprises Lbd.) wes added to the homogenate and the digestant

was asseyed in a B.DeH. Toluene =~ 2,%=Diphenyloxazole (FPO)wl,j=Bigw
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Dl Fhenyloxozolyl Benzene (POPOP) (Packmrd Inetrumont Co.).
As described by White (1968) the HI counts were made on o Packard
TeiwCarh Liguid Scintilletion Spectrometer (model 3375) with
sutomatic corvection For backsround and print owt (IBY Slectric).
The final radicactive assay resulls were oxpressed in D.P.M. asing
the channels ratio method for correciing for inefficlent countlog.
The rvemainder of the homogenate (0.7 wl) was prepared for
susrope densily u.c. analysis as depcribed by Thomaon and (oldberg
(1968) and by Thomson and Bissedt (1969), The homogenate was
cepbrifuged at 15,000 rep.ms for 10 mivutes o remove cell debris.
(Refrigerated Centrifuge Mistral 2L M.8.E.)s  The mupernatent was
noty however, mede 50 per cent with respeet to awmmonium sulphote as
deseribed by Thomson and Biseett (1969) becanse ottontion was given
oply to 198 protoins. 0.2 ml of the homogenats and 2 sample of
sheep 198 thyroglobulin was then applied to a linear H5-20 per cent
sucroge in P.B,S. gradient. Each preparation was then ultra-
contrituged (Beckmen Model Ultva~centrifuge L2-G5B Class @) using
an 8W 39 Rotor, at 24,000 w.p.m, for 16 hours, The relative
absorbance of sach v.c. fraction was then meamuved at 280 u Ly
passage through s Gilford 2000 Awtometic Abzsorbence Recorder end
30 -~ 40 fractions (l_og deepr oach) collected, The MA3-L content
of each Ffraotion was measured iu Broays Liguid Seintillent (Bray
1960) weing the Tricarb. Liguid Sointillation Spectrometer with,

corpection for background and efficiency as desoribed above. The
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aomple of sheep 198 thyroglobulin spun in each rotor always

gave disorete pesk abs ~hance st 280 v,  The point of highest
disorete abgorbance by the sheep thyroglobulin stendard was
therefore token as the 1938 thyroglobulin reference. The profiles
of absorbance at 280 u and H3-L assoys were grophed simultaneously

for comparison. H3-L assays were not conducted on the u.c. fractions

from iodine«l25 ipradicted rats for the reasons given above.

In this experiment & total of 62 young male adult Spraguee
Dawley rets were used (initial body weight 130-230 G). Five sub
groups of 4 rats each were all given 5 uci iodine-~13l
introperitoneally and a group killed at 24 hours, 2 doys, 4 days,
G dayp and 8 deys respevtivelys, At each sacrifioce gland weight
and vadioiodine content (percentage dose given) wag meesured, The
remedining rebe were divided into 14 groups of 3 rats eaoh for the
definitive experiments Two groups were nol irrediated and four
groups were given 185, 250y 500 and 1000 rade of sziernal wwrays
venpectively; another 4 groups were given 5, 10, 20 and 40 uci
iodine-l 3l introperitoneally and respectively and the remaining 4
proups were given 40, 80, 160 and 320 uci iodine~125 intraperitoneally
and rempechivelys The data from the dosimetric sub groups and the
adminigtered doses nllowed radiation dosimetries to be caloulated.

AlL 14 groups wers maintained under shtanderd labovatory conditions
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ond diet for 6 weoks amd then given the iodine~feficient diet and
distilled water for a further 3 weeks.

Horud1ibrium Labell@ngﬂwiih.lodinef125.

Afiser iodine defieiency for 3 weeks the rais were commennoed
on the rogime for eguilibrium labelling of inbrathyroidel iodide
and iodine, This consisted of continuing the iodine-free diel butb
giving in addition, as drinking flmid, distilled water contpining
jodine-125 and potassium iodide (BDH-Anlar Grade). 25 litres were
prepared containing 500 uei jodine~125 and 3750 ug potessium iodide
ond o fregh 25 litre tonk was made up after 3 weeks. The eqguilibriun
labelling procedure was conbtinued for a twotal of 5 weeks as recommended
by Bhodes end Buddemeyer (1966), This rogime is estimated bo
produce &b least 90 pew cent oguilibrium labelling in normal ratb
shyroid,

At the end of the phase of equilibrium labelling all animels
were killed with onaesthetic ether mt just hefore death 3 wl of
heeet blood wes taken and the samples firom oach irrvadiotion treatment
group were pooled for measurement of serum F.B.I. (Perrrell and
Richmond 1961).  Immediately after death the thyroid glends were
repected, weighed to the nearest 0s1 mge and pooled according to
the preceding rediation treatment regimo.

The pooled thyroid was preparéd and homogenised in Xk ml of
phosphate bufferred paline (P.B.8,) ag demcribed for expoviment No.l.
The iodine-125 content of O.1 ml of thie homogenate was determined o

caloulatc the jodine-125 content of the thyroid pool, and then it wes
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used to measure the chemical protein content and so that of the
thyroid pool (Lowry ebe al. 1951). The vemainder of the homogenate
wag used for n.c. Lractionation, absorbance of each fraction at 280 w
and. its lodine~125 content being determined. The homogenate wae
prepered for w.o. fraction shtudies as deseribed for experiment Noll,
02 mls of pupernatant being used and iodine-l125 counts on the
fractions being determined by well gawma counting. The profiles
of’ absorbence at 280 u and iodine~125 counte on the u.c. fractions
were graphed together for comparisen. In the experiment sheep
thyroglobulin wag included as the mtandard for 199 thyroglobulin,
The remeindor of the homogenate wap used Ffor radiom
chromatographic analyeis. After preliminary centrifugation the
homogenate was prepared for iodine-l25 padicchromztograms, Tho
samples were concentrated (%o 0.2 ml) by Carbe Wax (Polyethyleno
Glyeol Mol. weight = 6000 « Koch Light)e To this 0.2 mls
concentrate wae added 0.2 ml. of 0,04 molor Tris/HCL buffer (pi =
840) whome composition wap 0,30 molar Na€l, 0,08 Tris, 0.0004 molar
M So4g 0,004 molar Taposole and 0,5 per cent pronase (Koch Light).
The resulting adlﬁiien was incubated at 37Q6~ for 6 hourss 100 ul
paplen of the digests were then analysed uaing descending paper
ahromatogwams'Suspmﬁ&ed‘iu‘Bumanml Acetic Agi&vgoluﬁion (Butanols
Aeetic Acid: Water ratios = 7§¢ 58 17) for 16’£aur$ ot Doom
temperature, With esch thyroid radicchromatogrom, known
redioiodide, radio~iodotyrosine (M.I.T. and D.I.T.) and radiow

jodothyronines (13 and T4) were run from mavkers. When the
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paper radiochromztograms were obtained (Packard Radiochronatograns
Soanner Model 7200 with vecording wmatemetor Model 385) the moctions
containing the origin, the iodide, the M.IJ P + D.I.7. aud the T3 +
T4 were cut out and their respective iodine-125 contents were
determined, By addition, the total radiochromstogram radioe -
eotiviticn wore determined and by calonlation the proportions (per
cent) of each of the discrete componsnts vere obbained. The
results were exprossed, uweing the pevcentags of total radiochromato—
grem rodioactivity for definitive dabtaj since cach thyroid
raﬁimehrmmatagrmm-wma;stanémvdimad to 100 per cent comparisons
botween the different vediation treatment groups could bhe nade.: The
bagis of these methods are given by Stembury, Kassenoar, Meiter, and
Torpstre (1953} Me@irr ond Hwbchison (1953, 1955), MoGirw,

Hutohison ond Clement (1956, 1959) sad by Pitt-Rivers end Cavelieri
(1964), and more vesently they have besn weviewed by Rhodes (1968)
and Pitt-Rivers (1967)¢

Txporiment 1. .

Dms»mgtria.

The precise X-irradiation doses sud the caloulated iodinew-131
and iodine-12% doses throughout and within the rat thyreid ave shown
in Tebleo C«ls In 4he sub group uped to got dota for radioivdine
dosimetric onleulationt the moan thyroid weight wes 19.2 mg., the
mean thyroid upteke of radiciodine was 1641 per cent (of the

MEy

sdministered dose) and the Abialogmal halfwlife (B.H.L.) of thyroid
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Absorbed Radiabion Doses in Rat Thyroid

- Dxperiment 1.,

Readiotion Amount Rad  Dosen
Krays Mean Colloid Gell
inner - céll Wucleus
0 0 0 0
100 100 100 100
500 500 500 500
1000 1000 1000 1000
Lodine—l. 31
0 uoi 0 0 0
5 " 1,490 14490 %4490
10 v 2,980 2,980 2,986
20 " 5,010 5,010 5,010
40 * 10,020 10,020 10,020
8 20,040 20,040 20,040
Todine-125
0 uei 0 Approx 0 Approx, 0
10 730 1] 730 " 365
40 2,910 w 24910 " 1,455
o ¢ 5,060 v 5,060 v 2,530
60 v 10,120 " 10,120 " 54060
320 20,240 v 20,240 " 10,120
640 40,480 " 4.0,4.80 " 20,240
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iodine was 5 days., Ag desoribed in Section B the calculations

of mean abmorbed doses (rads) to the rat thyroid teke accownt of a
purface loss of 20 pew cont of the ia@inew131.Fhradiation but ne
corraection for surface logg of lodine=125 eleotronic radiatien is
necesgary; more thay 95 per cent of the mesn lodine~l3l irvadiation
and about 8% per cent of the iodine-125 irrcediation depesited in the
rat thyroid is P or elecironic irradiabionj a 15 per cent shoriening
of thyroid BeH.L. was allowed for in the final caloulation of
dosimetries arising from the administration of the highest amounts
of jodine-131 (20, 40 and 60 uei) and of iodine-125 (90, 160, 320
and 640 vl ).

The mean rad doses given,iﬂ'Tabla C-l refer to the average
energy deposited within the xel thyroid and for exbernal Twirradiation
snd iodine-131 ivradiation these are alae the domer %o all paris of
the gland and to every parh of the follioular collss For iodinew
125 irradistion the moan domes in Table G-l ave sleso equivalent %o
the doser given to the vegion of the celloid follicular cell
interface (meo Fige B-G, Seotion B)s The doses from iedine-125
ahsorhed by the middle and ouber thiwd of the follicular calls,
where the nuclei are gituabod, awe however aboul 50 per cent of the
mean doses and of thome to the inner part of the cell,  Likewise
the doses o the inberfolliculey glvama and vascular network are
lower bhan the mean doses bo the gland from lodine-125.

Whovons the dose rotes from exfernal X~irpadiation are high

and steady and the same for all total doses, these from icdine~131



SERUM P.B.1.127(ug %)

Irradiation :  Nil X-Rays, Rads 131, pc
3.0 100 500 1000 "5 10 20 40 80
2.0.
L
: I
; I—125 HC
o 3.0, 10 40 80 160 320 640
2:0
I
| Hillan

Tigy Ol Chemical Semmim P,BsT.127 per 100 ml.

after ircadiation of rat thyroid,



GLAND WEIGHTS (2)

lrradiation :

70,
60
50
401
301
20;
10

0

70,
60

50.
40-
30
20/
104

Gland Weight - mg

OJ

ki iﬁ . G*:g

Nil X-Rays,Rads I-131, pc
100 500 1000 5 10 20 40 80

I-125 pc
10 40 80 160 320 640

Rat thyroid weight (2 thyroids)

after irradiation.



GLAND PROTEIN

Irradiation : Nil  X-Rays, Rads 131, He
10- 100 500 1000 "5 10 20 40 80
. N

I-125, pc
10, 10 40 80 160 320 640

d |
Isn

Floe (w3 Rat thyroid protein (mg per 100 mg)

Gland Protein (mg/ 100mg)

<

after irradiation,.
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ond iodinewl25 fall exponentially bub the Taverage" dose rates are
proportional to tobtal dosages.

Post-Badiation Measurements.

The dete in given in Migs. 0«1 o Cw/Adincluoive. In each
Fig. the informetion is segregeted according to the preceding
irradietion regime; +these were no jrradiation, different doses
of embernpl X-irradiation mnd different amounts of edministered
ioding-131 or iodine-125, The absorbed wadiwtion doses (rads)
arising £rom the latter are of course given in Teble (-1, In
opch Fig. the date refers o the mean of the two rat thyroids or the
value obtained from poeled moterial.
gorum PeBels

Tig, (wl shows the perum P.B.I. (ug per 100 ml) of sera
povled sccording to previoun irradiation. None of the Xwirradistion
doges affeoted perum PuB.T. but both iodine-13l and iodine~l25
irradietions lowered the serum P.B.X. the effect being grester as
the domes of eithor isotope incieaned.

Thewe date phow, that X-irradiobion in doses up to 1000 rads
do not diminish net hormone seoretion by rat thyreid, but ioding~
131 and iodine~12% frrediations do and the effect ig dose
dependents There is suggestive evidence that the highest doses
of iodine-125 have & relatively greater effect on serum P.D.X.

than doges of iodine-13l in the mamie rouge.

Tige -2 phowe totel gland weights (2 thyroide) eud Fig.



GLAND LEUCINE —H3
kradiation : Nil  X-Rays,Rads

150, 100 500 1000
T 100
£
o 50
E
(=]
S
o 0
-
?
% _ Ewmpe I-125, pc
< 200, 5 % 20 4 80 10 40 80 160 320 640
a
0
< 150
o~
T
g 100 Not Possible
5
@
) ) IIIII

01

Fig, O-i  Incorporation of pulse label of
leucine-H3 into rat thyroid

aftor irradiction.
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¢~3 gland protein (mg per 100 mg thyreid). In both figures
the dots it segregated according to previous irradiation
Prosedurs .

Glond weight (Pige. C-2) wag not affected by any of the
irradiations and ot oll domes. Gland protein (Fig. C-3) was
deoraased only by the two highest doses of jodine~13l (40 and 80
uei respeotively) and by the three highest doses of iodine-125 (160,
320 and 640 uei vespectively.) The velovance of this will be

digoussed belows

Pig. O~4 shows the leucine-H} ooncentrations (D.P.M. per
100 mg of thyroid) and segregeted aceording te the irrvadiations
given, A indicated and disoussed sbove, it was wnfortunately nob
posgible o measure leucine-H} incorporation after iodine-l25
ivradiation.

As TMig. C-4 demonmtrates the incorporntion of lewcine~-H3
was Giminished after 1000 rade of external X-irradisiion and after
40 and 80 wei of iodine~131 but none of thess dopes abolished
loucine-H3 incorporation. The effect, after the highest doses of

iodine~131 wag, however, dese related.

Profiles of Ultracentrifuge Probvein Fractions « Absorbance at 200 u

and Leuoine-f3 Inoorporation.

The profiles of sbeorbance at 280 u and Leucine-H3
incorpovation were each measuved on the same 30 ~ 40 u.o. fractions

obtained from prepavations of thyreid pooled according to preceding
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irrvadiation. The sbsorbance profiles and the lencine~H3

profiles are therefore shown together in Figs. O=5 to0 Cwl2
respectively.  Absorbance profiles are shown as continvous lines
ond the peake obiained with the standard sheep 195 thyroglobmlin,
run at the same time, are shown as the 198 thyroglobulin references
in each profile. The leucine-H3 content (D.P.U.) of the u.c.
frections are shown as interrupted lines. Frofiles from rat
thyroid not given irradiation (no irradiotion) and from that given
100, 500 and 1000 rads of external X~irrediation and 10, 20, 40
and 80 uel of iodine~l3) are shown in Figss C=5 to =12,

The data shown for u.c. protein Traction absorbance and
lencine~H3 incorporagtion wae oblained from pooled maoterial and the
methods used did not include salting out of blood proteins. Thus
only semi-guentitative information is shown but special attention
con be given to the 198 thyroglobuling. Thue unless gross changes
are congisbently demonstrated it is not poessible to draw
gquantitative conclusions; nevertheless the date cau be examined
in a way meaningful %0 the guestion - does irradistion grossly
alter the synthesis of 198 thyroglobulin (absorbance) or the rate
of gynthesis of thyroglobulin (leucine-H3 D,P.M,)?

There arve Aiflerences in the heighis and areas of the 195
peeks of abporbance, and leucine~H3 D.P.l. when the irradiated
thyroid is compared to nonwirradisted thyroid. In none of the
irredisted thyroid, however, is there abolition of the discrete
198 nbsorbance at 280 u nor is there lack of a cowincident disorete

content of leoucine~H3. The main effects arve after 1000 rads of
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xwroys ond 40 and 80 ue of iodine~1l3l (Figs C=8, Cell, C-12),
Following those irradiations both 198 sbsorbance peske and 1eueine~:
H3 DePuMa pecks ave low indiocating thot 1985 thyrozlobulin synthesis
hag been impaired,

Ap stated, although abmorbance studies for 198 thyroglobulin
were conducted after the iodine-123 irradiations, it was not
possible to obtain the lencinewi3 oontent of the u.c. fractions
because of insoluble counting difficultijes, Since absorbance
studies for 198 thyroglobulin after iodine-l25 irradiations were
repeated in experiment No.2 end the repults were the same ds those
obtained in this experiment (No.1) the posieiodine~125 deta is notb
ghoun here. The effect of iodine~l2% irradiations on 199
thyvoglobulin synthesis will, however, he shown and discussed in
oxperdiment No.2.

Preliminary Interpretation of Resulis of Ixperiment 1.

Experiment No.l was designed firet to measure the effects of
external X-irradistion, iodine«~l3l and iodine~l25 jirradiations on
net hormonogenesis (i.e. formation - storage -~ resorption and
release of thyroid hormone) using serum P.B,I. as the index of net
hormone georetion. The serum P.BeI, data in Mg, C~1 shows that in
general X-irradiation up to 1000 reds do not depress hormone
pacretion bui iodine~l3l irrvadistion and iodine-l25 irradistion can,
the offects of the latter irradiations being seen after high doses,
the depression in serum P.B.I. being dose related,

The welght and protein content data in Figs. (-2 and C=3
chow that the gross structure (weight) of the thyroids was nob
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aliered by esny of the irradiations, and X-irradiation produced no
alteration in protein content. The iodine~l3l and iodinew-l25
irradiations, however, decreased the thyroid protein content, the
effocts inoreasing with dose., This crude measurement iteelf
suggents shat part of the explanation for the effects of the
larger dopes of iodinew~l3l and iodine-125 irradiations arise
through deoressed pogi-rediebion synthesis of thyroglobulin., The
date on wate of thyvoglobulin synthesis measured by total uptéke
of H3~L into the thyroid shown in Pig. C-4 support this
interpretations Fige Ow-4 shows a decreame in $otal leucine-~H3
uptake only after the highest dome of extepnal X-irradiation
(1000 rads) but a progressively decreased uptake of leucine-H3

is observed after all doses of iodine~l13l between 10 and 80 uai
respectivelys

Further ovidence that thyroid irrsdistion decreases
subseguent thyroglotulin formation and thyrogloimlin formation
rate is ghown by the reduced 193 abmorbance peaks and their
leucine-~H3 contents after 1000 rads xw-rays and 40 and 80 ueci of
iodine-131.

It may be concluded, therefore, that whereas external
I=-irradiations in single doses wp to 1000 rads do not impair
normal ret thyroidal hormonogenesis as measured by serum PuBels,
they impair hormoncgenceis as measured by thyroglobulin synthesis.

In comparison the highest doses of iodine~131 irradiations reduce



PABLE _Cer?

ABSORDED RADIATION, DOSES TV RAT THYROLD

«» VXPERTNENT 2,
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serum P.BoI. and thyroglobulin synthesis. The highest dogmes

of lodine-125 irradiations had ps great an offect on serum PeBel.
as the highest doses of jedine~13l irvadistions but since loucinee
H3 miudien were not poseible after iodine~-125 irradiations no
conclusions sen be drawm as to whothor iodine~125 irradiations
affected pate of thyroglobulin synthesise The 198 thyroglotulin
formatiion studien after indine~l25 irradiation not shown here buh
repeated and showm under experiment Vo.2, however, show that
iodine~125 did not impair thyveglobulin formation (see below).
The common and dissociated effects of jodinewl3l end iodine~125
will be reconsidered in experimsnt Wo.2 in which serum P.B.I.

198 thyroglobulin synthesin were veshudied afbor external xevays,
iodine-~131 and iodine~l25 irrvadiotions. In addition daia was
obtained as to whether iodination of thyroglobulin was affected,
and on thyroglobulin composition, resorption, proteolysis and
release, This was obtained by radiochrometogrephic snalymis for
MeIaTey Dula®s T3 and T4.

Experiment 2,

Dopimetric,

The precige Xwirradiation doses snd the ealculated mesa
iodine~13l end iodine-~125 domes throughout and within rat thyroid
are shown in Table C=2. In the pub group used for date for these
dogimetric ealoulations the mean thyroid weight wap 21.2 mg., the
mean thyroid upteke of radioiodine wes 18,5 per cenmt and the mean
BaHeln of thyroid iodine wan 5.2 days. The caleoulations take

account of 8 surfoce lose of 20 per cend of iodine-l3l irradistion




SERUM PB.I1; (pg %)

irradiation: __Nil X~ Rays Rads

P.BI.

(2- G) ™125 ' 250 500 1000

30, (2-5)
2.5/
20
15,
1-04
05

a4 ﬁ:‘»l_m PC a0 I;st 160" 320
2:5+ (1-9) (1-6)

2-01

151

| - |l

05

Tigs 013  Chomical serum PeBsX.127 per 100 ml

after irradiation of wat thyroid.
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bus no corveeotion for surface loss of iodinewl25 slectrons was
necessarys The dose caloulations were, howsver, adjusted for a
15 per oent shortening of BuHels after the higher amounts of
iodine~131 (20 and 40 uei) ond iodine~125 (B0, 160 and 320 uei).

As discuesed in Soction B the rad doren shoun in Table O-2
end arising from Xeirradintion and iodine~131 are tho doses to all
ports of the gland and to all parts of the follionlar cells. The
mean doses arising from jodine-l25 also approximate those o the
innernost perts of the Tollicular cells but the doses 4o the outer
third of the follionlar cells inoluding the nuclei are sbout 50 per

cent lose (oee Fige Bw6 » Seotion B).

Fige 0~13 shows the PuB.I. of the sers pooled from three
rats per radiation trestment group. Thoe number in parenthesis
is ‘the mean of the PyBel. for all radiation doses within ¢ach
radiation category. The offects of the individual doses of
irradiations on servn PsBel. 1% variable and less definitive thon
wen found in experiment Nosd (Fige O-1); this verintion wos
congidered to be linked chiefly to the deliborate but artificial
administration of potagoiun iodide 4o the drinking fluid for
egquilibrium lebelling so that interpretation should not be based
on individual velues but on the meon P.B.Is for each radistion
categorys In thie context Fig. C-13 shows that the mean P.B.I.
of the two non-irradizted pooled sera wos 2.0 ug per 100 ml. and
the conplementary values afber E-irradiation, jodine-131 and

iodine-125 irvadiations were 2.5, 1,9 and 1,6 ug per 100 ml,
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These date show thaty in general X-irradiation did not
affect hormone secréetion while in general iodine-131l end iodine~
125 jreradiations resulied in a decresse in hormone secretion.

roid Heipht ond Total Protein Content.

Fig. C-14fchows the aggregute thyroid weights (of 3 glands)
per radiation treatment group. Although the aggregate weighte
have independent vaeriastion, the date does indicate that X~irradiastion
did not alder thyroid weight whereas iodine~l3l and iodine-l125
ivradiatione deoreased it, the effect being greatest after the
bighest dose of iodine~125 (320 uci).

Fig. cwlﬁ%%hmws the protein content (mg per 100 mg thyroid)
of the pooled 3 thyroids. Like the data on thyroid weight there
is independent varviation, but it may be concluded that
X-irradiction did not affect total thyroid protein content whereos
jodine~131 and iodine~l2% irradiotions caused a decrease, the
effect increasing with dose.

Thyroid Todine-125 Content.

Tig. C~15 shows the content of all iodine-125 (GFH per 100 mg
thyroid) in the pooled thyroids (3) token ot the time of srarifice.
The radiocactivity varied from &4x1@6 GPM to 40x106 CFM pex 100 mga,
the lowest activity being Ffound in the thyroid irrsdiated with the
highest dose of iodine-l3l (40 uei) and the highent activity being
found in the thyroid irvadiated with the highest dose of iodine~
125 (320 uci)e In genewal, however, Xwirradiation end iedine-13l
irradiation did not alter the rat thyroids' subseguent

concentration of tracer but after therapeutic iodine~125




GLAND J-125CONTENT (3)
Irradiation : Nil X~ Rays Rads

7125 250 500 1000

20
" B lll
1

T=131, p I-125, p
45 "5 710 20 40 40 ~ 80 160 320

40
354
30
25

- IIII
10‘

Vige Ow15 Iodine-125 content of pooled thyroid (3 thyroids)

Gland l125 C.P.M. x1075

affer a sequence of irradiation, icdine deficiency

and equilibrivm labelling.
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irradiation, the amount of tracer jodine-125 found was high.
Thig latter finding chould be examined here,

It is posmible, but walikely, that part of the higher
iodine-12% in the glends, previously irradiated with this same
isotope, was wresidunl., This stotement is based as follows.

The contribwtion from the therapeuwtic iodine-l25 must, however,
have been small becavse of the long interval hetween ite
atminigtration snd the seorifice. Thie interval consisted of a

6 weok lag between the injection and the start of iodine
deficiency, & 3 weel period of iodine deficiency and a 5 week phase
of equilibrium labelling (total = 14 wosks).

After squilibrivm labelling radioactive iodine = nonw
rodioactive iodine., It is thus, provisionally, concluded that in
general X-irvadistion up to 1000 rads and in geners) iodine~l13l
irrediation did not deorease jodine content of the ret thyroid
{except after 40 nei). In combrast after iodine-l25 irradiation,
the iodide content of the rat thyroid is increased the effect being
dose relobed at high dosmes (160 and 320 uci).

Thyroglobulin Synthosis and Todination ~ w.c. Studies,.
The optical absorbances at 280mu (continuous lines) and

the iodine~125 padioactivities (broken lines) of the same u.c.
fractions are shown in Figs, (=16, ﬂw1€2;gd.0w&9. Bince the
naterial was taken from thyroids whose iodine was in at least

90 per cent eguilibriuwm labelling with iodine~125 it con be
appuned thot the lodinew~l2% agtivities represent the actual non-

rodioaotive iodine contentss The position of the 199 peaks
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obtained from the sheep 198 fhyroglobulin are shown for refarence,
The 198 abmorbances are rat thyroid 199 thyroglobuling snd iodine-
125 peaks co~incides The profiles from the 2 non-irrvadinted
groups (Figs C-16) from the groups given 250 and 1000 rods of Xerays
(Frige 0-17) from the groups given 20 uci and 40 uei iodine-131 (Fig.
C~18) and from the groups given 160 and 320 uci iodine-125 (Fig. C=-19)
were chosen ag represontaiives, In each nou--irradisted and
irvadiated group the predominant petbtern of absorbsnce and its
lodine-l25 radiocactivity was 198 thyrogleobuline.  These ave the
measurements to be conmidered since they represent the amounts of
mature thyroglobulin synthesisad and its ivdination.

Comparison of the Z~irradiated (250 and 1000 rads) data
(Fig. C-17) with the non-irradiated data shows (Fig. C-16), bearing
in mind that the patterns are semi~guentitative, that 1000 rads
raduced the amount of 198 thyroglobulin formed sand ite iodinabion.
fhe patterns following 5 and 10 vei iodine-13l aro not shown but
were not different From non-ivradisted thyroid (normel). The
patterns following 20 and 40 noi iodine~13l are shown in Fig. 18
and demonstrate that 20 vei iodine~131 had no effect but 40 wusi did
reduce the amount of 198 thyroglotulin formed and its iodinationy
even after 40 wel of iodine-l3l, however, the amewnt of iodinated
195 thyroglobulin detected was significant.

The patterns after iodine-125 irvadiation (Fig. €~19) were,
in contrast to those after 1000 rods x-rays and 40 uwel iodine~131,

anormal at all irvadiation doge levelp. The patterns after 40 and
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80 uci iodine~l25 are not shown but those after 160 and 320 ueci are
in Fig. C-19. Comparison with the non-irvadiated data (Fig. G—/@)_
shows that after the highewst doses of iodine-125, 198 thyroglobulin
synthesis and iodination appear 4o be normal.

It may, therefore, be concluded that 193 thyroglobulin
continued to be mormally Fformed and iodinated alfter all dosaes of
iodine~-125, and even after the highent doses of x-rays and ioding—

131 ireadiation it wss not abolished.

Thyrmgleglig_Cqmpositiom Resoxpt@on and Proteolysisg — Radiochromato~ _

One paper radioshromatbogram ves run from the preparation of
pooled glemds (3) from each nonwirradiated and irvadiated breatment
geoups The radicactive counts for the whole chromatogram and for
each separate ssction, origin, iedide, MeTeTs, Dul.Tw, T3 and T4
was determined. The date was standardised by expresging the
radioaotivity in each chromatogram ssction as a perceontage of the
total chrowstogram radicectivity. Thus origin ackivity, iodide
petivity, iodotyrosine sctivity (M.I.T. 4 DeI.Te) and iodothyronine
activity (T3 + T4) ave exprossed as percentages of total
radiochromatogrem activity per radiation treatment group. Since
the deta are from thyroids after at least 5 weeks equilibrium
labelling the artefact of differential rates of labelling which
might have arvisen from a pulese label of radiocactive iodine have

been largely avoided. The data from the radiochrvomatograms (¥ig.

C-20 and C~21) are thus meaningful in terme of the proporbion of

gtable iodide, stable lodobyrosines and stable lodothyronines in



RADIOCHROMATOGRAMS

Irradiation: Nil X- Rays . Rads
30, ™25 © 250 500 1000
20+
10-
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30, "5 10 20 40 40 80 160 320
20
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e i Radiochromatogramy ©
Tige C=20 Pex'A:.odide in
thyroid end after egquilibrinm lakellings




the thyroids and meapuved ofber ivvadiabion

RBogiochromatoayrams - Lodide Phame,

Froe iodide, as o peroeptage of bobal chromebtogram
pctivity for epoh iveadiation dome ig¢ mhowm in Fig. C-~20, The
iodide phese varied from 6 to 17 per cent but there was no
difference between ‘the non~irvradiated snd the irrediated groups.
The date confiym that about 10 per cent of the total ret thyroid
jodine im jodide (mee Seotion B and Halmi and Pitt-Rivers 1962)
and irevediabions from x-rays, iodine-l3l and iodine-l25 do not
appear bo modify this proportiom.

Rediochromatboorans - Todotyrosines and Yodothyroninos.

The porcentages of the radieochromabtogrem activities dve %o
iodotyromines (MvI.®s + DeI4Ts) and o iodothyronines (T3 + T4)
ave ghown in Fige 0«21, The total height of the himtogrems ave
per cent iodobyrosines and the height of the lhatched secbions are
per cent iodothyronines in the same chromatograms. The numbers
below the hismbogreme are the mean walion of iodotyromines to
todothyronines seking each radiation vatvegowy bogebther,

Todotyropines.

The label in the Lodotyrosine phase (MaleTs + DoI.Te) vanled
from 38 o T3 per cent. An Fig. =21 ghows the data from non=
irradiated, X~irradiated and iodine~13l irradiated thyroid were
similar. The iodotyrosine percentage after the highest dose of
iodine-125 ivradiation (320 uei) wes, however, sigmificantly lower

than after all other irradiations and dones.




RADIOCHROMATOGRAMS

Irradiation: Nil X-Rays, Rads
75 - 125" 250 500 1000"
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301
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d
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Fige C=21 Por cent MeIoTe + DI.Tw and T3 + T4 in Radio-
chromatograms of irradiated rat thyroid and after

equilibrium labelling.
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Todothyronines,

The label in the iodethyronine phase (T3 + T4) varied
from 14 to 27 per cont., The datn from non-irrvediated and
Iwirredioted thyrold was similar, JTodine~13l irrvedistions, in
general, decreanped the peorcentage label in ldodothyronines the
effeot being arestost at highest dome (40 wei).,  Todine-125
irradiationsy iu general, however, did not deorease the
percentage label in iodothyronines.

Batio of Todobyrosine to Todothyronine.

The ratios givon are means obteined from the discrete date

from the two non-ivradiated groups, from the four X-irradisted
groups, from the four iodine~l13l irradiated proups and from the
four iodine~l25 irrvadiated groups. The‘ratios pdven are
average of the ratios within each vadiation ocategory, Only the
iodine~131 irradistion group ratio (3.6) waes different from that of
the non~izradiated group ratio (2.7); the higher ratio after
iodine~131 indiceting o relative excess of iodotyrosines over
todothyronines., The group ratio after iodine~125 irradietions
(2e4) wam not different from the nonw-irradisted group ratio (2.7).
The biolegical significance of these differences is uncertain
however, and their detail will not be discussed except to state
that the most striking feature of the date ie the relative lack of
srosH offects of any of ‘the irradiations or doses,

The ilodotyrosine and iodothyronine labelling proportions
in the rat thyroid afteyr eguilibrium labelling are eguivalent to the

actual proportions of iodine in these forms in the ocolloid thyro-
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globulin and withia the follicular cells. Thyroglobulin is

aither sbored in the seolloid or teken into the cell by the
microphagooytic activity of the apiecal membrene where it undergoes
lyzosome fragmentation and proteolysis with the release of its
MeIsTs and DeleTe ond T3 and T4  The MelsTy and D.I.T. ave
deiodinated by dehalogenase enmyme, the T3 and T4 are secreted into
the blood stream at the basal end of the cell. The relative
amounts of iodotyrosines and iodothyronines in the gland et a
moment in bime {sacrifice) are thup seen om an oxpression of the
amovnt of MeI.Te and D.I.T. and 3 and T4 in colloid %ke
thyroglobulin and the nel balance between cell intake of colloidel
thyroglobulin (opical membrane phagouytosis) the imtracellular
releaso of MuleTe, DuI.Te, T3 and T4 {lyzosome fragmentabion end
proteolysis) and of deiodination of MuI.Te and DeI.T. and seorebion
of T3 and T4 respectively. The radiochromatographic dete would
appear therefore to indicate that the quality and quantity of
these complex kinetic processes are not seversly disrupbed by
F-irradiation, iodine~l3l or iodine-125 irradiations Xw~irradiation
certainly hes no effect bub iodine-l3l lrredisztion appears to
reduce the amounts of T3 and T4 and iodine~l25 irradiation reduces
the amount of MeI.Te and DWIsTe It is not possible to take the
interpretation of the data further sxcept to state that the
peseible effeots of iodine-l3l and iodine-l25 irradiations uay be
to either alier the lodotyrosine and iodothyrenine compogition

of oolloidsl thyroglobulin itself or the phagooytic-proteclytic
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action of the cell apex.

Whether irradiations have some specific or subtle effect
on these procesmes discupsed abovecannot, therefores be resolwved
fyrom radiochromatographic data. It appesars, however,; that in
general the late mtages of hormonogenesis namely storage
proteolysis and hormone relesse within ecelle ave not affected by
X-irvradiations up to 1000 rads and only partially impaired by
iodine~131 irradiations (up to 40 uei) and by iodine-125
irradiations {up to 320 uel).

Genexal Discussion on Effects of Irradistions on Hormonogenesin.

In Sceotion A evidense was presented for the tepographical
location of structures rvesponzible for mature thyroglobulin
gynthesis being at the imner third of the follicular cells and
those for iodination at the innermost apicalwcolloid margin.

In addition, in Section B, evidence was presented that X-irradigtion
and iodine~13) irradiation deliver homogencous radiation doses to
the hormonogenstic parts of the follicular cells and to the

avoled, o basal mewbranwe and to interfollicular siroma; in
contrest iodine-125 irrediations give the highest doses to the
apices of the follicular cells, lower doses (about 50 per cent of
mean) 4o the cell puclei end lowest doses to basal membrane and
interfollicular tissuce.

These considerations, taken together with the masnitude of
the absorbed rad doses shown in Tables ClL and {~2 euggest that the

jodine~125 irvediations used might have selectively impaired mature

thyroglobulin synthesis and/or its iedination, No such effecis
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were, however, found since in faet iodine-125 irradiation had

lease effect on thyroglobulin synthesis and iodination than
X-irradiation or iodine«l3l irradietion (Figs C-16 to C«19)e Thie
sugests that the ourrent concepts of the location of these asmpects
of hormonogenesis might need to be revised, Perhaps the outer
third of the follicular cells (containing the nucleus) and the
bhasement membrane do play & significent role in dieotating
thyroglobulin synthesis and iodinadicn and these strusturés, of
conrse, ore relatively spared after iodine~l25 irradiation,
Alternatively, the combination of a high rediation dose to the imner
parte of the follicular cells and an egually high dose to the outer
third (inclnding the cell mmoleus) and to the interfolliocular stroma
ariging from X-irradiation and iodine-l3l irradiation but not from
iodine~12% irradiation might explain the relatively greatar

effeots of x-rays and iodine~l3ls Nevertheless, irrespective of
the differentisl effects of these irradiations on thyroglobulin
synthespis and icdination it is a fact thet iodine~125 irradiation
did. significantly impair hormone secretion ss shown by the low

rat serum PeB.Xs (Figs. (-1 and C-13). A similar effect on serum
PeBeX, followed fodine-~l3l irradiation in the higher dose ranges
but external X-drradiations had relatively little effect. Thus
whoreas external x-rays and iodine~13l may impair 198 thyraglobulin
gynthesis and jcdination and iodine-125 has little effect the
differoncesn are not necegsarily reflected in hormone secretion.
This tentatively suggemte that iodine-l125 moy exert its chief

influence not on hormone formation but on remorpition of thyroglobulin
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from colleoid or thyroglobulin proteolysis and T3 and T4 relcase
in and secrotion from the cells., lack of groes effects on
MaXaTey DalaTe and T3 and T4 proportions after iodine-~125
irvadiations does not exclude these possibilitiesa

The mode of action of iodine-125 irrediations in impairing
rat thyroid hormone mecreiion may, therefore, lic outside on effect
on mecheniems measured by the technicology used in the current
study. It is guite Teasible that the high ond relatively
selective irvadistions given to tho inmermost perts of the
Follicular cells and particulayly to their apical margin are
oriticnls The loecalised electronic irradiations of iodinew125
may, for example, alter the biochemicel and pinocytic funotions
of the apieal membrane in o way which is not domonetreble in
tergmsSofl the grose production of 193 thyroglobulin end ite
iodination ox in termm of the crude proportions of iodotyrosines
and iodothyronines Tbut might be if more yefined studies of
thyroglobulin synthesis were conducted (Thomwon and Bissedt 1969)
or additional selective measurement of, for example, apical

membrane pinocytosis were included.

Gomporigon of Cuvvent Studies with Publiched Roporis.

Moany of the studies conducited in experiments Nosl and No.2
have not been reported previously end this applies especially 4o
the effectn of iodine-125. Some aspoots of the studies have,
howeveyr; heen reported; Lor example, it has been vecognised for
many yeors that hormonogenesis in vivo iun the rat thyroid is

relatively redio-resictent (Abbatt ot. al. 1957, Maloof et. al.
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1952, Tourog ots ale 1960, Deniach and Logobhetopoulos 1955)
and more resently theose conclusions have been confirmed
(Jovenovieo eb. al. 1965, Crooks et. al. 1964, Al-Hindawi et. ol.
1965),  Studies jp viiro also show thet functions, related to
general thyroid ocll metabolism as well as Ho hormonogenesis are
radiowresintant. Tor exomple, Barsellato obe. al. (1962) found
that external f ray doseg up to 500,000 rade failed to affect
oxygen intake inbo thyroid slioces; ‘+the some invemhtigotors
showed that after 200,000 rads ot leasbt 50 per cept of iodine
incorpoyatiion inbto proteins persisted and after 50,000 rads atb
least 50 por cent of leucine~H3 iucorporation into proteins
peyaisgteds They alwo found thet the ratio of NX.T. to D.I.Ts
increapsed afbter irvradiation of the thyreid slicer. Hall and
Geend (1962) uming externala/;aﬁﬁiamion and ‘thyroid slices found
that after 50,000 rads 50 per cent of Fformate incorporation into
protein wam reteined. The same authors alwo showed, however,
thet incorporation of formebe into purines was much move
raaiosanmiﬁive, 8 50 per coub reduction being produced by 3500
reds X:‘.?&;YS. These studien eclearly show dhat different aspecto
of eell funetion and hormonogevnesis demonstrate different radio-
songitivitien.

The reported studies which most clesely vesemble the
current studies are, however, the fovr papevs by Jovanovie et. al.
(1965) and by Djurdjevie, Jovenovio, Kraincanic and Sinedinovic
(1969), They studied the effects of very large doses of iodine-

131 (300 uei or more) on normel vab thyroid. Thoy found that




T2

iodido tropping and the conversion of iodide Ho iodine was
very radio-resistant; +they also found that after very loree
doses of iodine~13l irradiation, MeI.T./Del.Te and T3/14
formation continued bub the proportion of the lattor was
decreamed. Loborde, Commeney, Meyniel and Blanguet (1966) also
found this effecth afﬁerck/;adiation. The current siudies confirm
this (Fige C=20 ond G-21)s  Djurdjevic et al. (1969) studied the
iodoproteins of the rat thyroid afber very lavge dopes of jiodinew
131 irradiations only. They found that the fovmetion of 198
thyroglobulin was deoreased but not abolished. Thoy aleo situdied
the iodoproteins in the blood of ruts afher larpge doses of
iodine=133 irradiation (300 uei) and Ffound normal thyroglobulin
end abnormal iodoproteing were released from the thyroid. These
studies compliment those of Anber and Inbar (1963) and Triente
phyllidis, Thomson, Barnaby and Jaseni (1969) who Found thet
i@raéia&ed‘raﬁ thyroid appeered to produce a bubanol insoluble
iodoprotein or to iodinate (with resctive iodine) serum albumin
ap it pasmed through the gland, a'phenﬂmenmn also noted by
Stanbury and Janogsen (196é) in the sera of thyroboxic patients
troated with irredistion. While the relemse of thyrcglop&lin
éfter irrediation may be an accentuation of a normal loak
(Torrigiani, Doniach; and Roitt 1969) the iodination of albumin
appears to be alnermal.

The only report aboub the radiobiological effects of

iodine-12% on rvat thyroid, hovever, ir a preliminery study by
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Grosm, BenwPovath, Rosin snd Bloch (1968).  In general using
agimple paremebteors such as radiciodine upteke, pitwitary weight
and rat body growih they c¢oneluded that iodine-125 has a greater
effect on hormomogencsis than on thyroid cell hyperplasia hecause
the dose to the inner cell ie greater then that to ite nucleusz.
They pogtulated that lodine-l25 probably exerts ite effects
chiefly on T3/T4 formation in the thyroglobulin. The ocurrent
studier do not entirely disprove thim bul, as discussed above,
malse it wnlikely to be the chief effects My belief im that
iodine~125 exeprts its greatost effect on hormonegencsin by
impairing thyroglobulin resorption. Thyroglobulin resopption
requiren rogulated pinocytosis by the apiecal membrane and the
lottes in the point vreceiving the highest dosen from icdine~125.
TMurther divect studien nrve nocespery, however, bo prove this
hypothosis.

Tn the next Seotion (D), rat thyroid eell proliferation and
desoxyribonuoleic acid (D.N.A.) synthesis are studied in normal
vah thyroid and rat thyroid irredisted with external x-rays.

The sbudy wepn desigmed to obbtain two groupe of data; a group
which might allow some insight into the cell moohonisms and
ghructures invelved when irradiation impairs eell proliferation

(? nuclous) and a group which might allow selection of a simple
pavemotor of radimbion effects on thyroid cell suwrvival (longevity
and reproductive integrity)s Dxiernal X-icradistion wos used

ginee it is precisely controlled iu rospeect of dose,
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dope~rate and homogeneity of dose. In Hection I, the effecis
of external x~rays on oell survivel were remeasured and compared,
in the same cireumstances, with the effects of iodine-131 and
iodine-125,

Afger the studien in Sectiong D and B it was then poasible
to evaluate the radiokiologienl findinge in respect of hormono-
gonesis end cell proliferation in tho rat thyroid ap thoy might
apply to radistion effects on normel bhumen thyroid and on
thyrotoxic humon thyroids The latter aspect is included as o
gpecial section (P) which combains a desoription of e $rial of

iodine~12% therapy Ffor thyrotozicosis.
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Jntroduction.

The rat thyroid is o suitoble model with which to study
redintion effects on thyreid eell proliferation in vivo. The
model hes the adventege of o relatively simple cell population;
aboui 70 poer cent of the cells ave Follicular and about 30 per
ceul are s%ramal'(Sauﬁley, 1957)s There is no nigretion of cellp
o or from the glend either nowmally or when growth is aptifiecially
promoted by a goitrogenic challenge. Tho tissus i thus novmally
closed and nensdividing, or when geitrogen shimlated which induces
cell hypertrophy end hyperplasia it is olozed and dividing (Gilbert
and Lajtha, 1965)s Tn Figs Dl the goitrogenic growth in the
thyroid ic Type G.

Ioniging irrediations impeir the capecity of the rat
Thyroid to wndergo ite normal 2 - 3 fold inerease in weight in
TREpRONEe O & goltrogenie growth stimulus in wivo., The degres of
impaivtent of weight response hos heen employed ag an approzimabe
index of irrediation effects on the reprodusctive poteniial of
thyroid cells (Bcﬁiach 1958, Gibgon and Domiech 1967, Philp et. al.
1969, Fhilp, Orooks, NMacgregor and MeIntosh 1969). Tﬁ +hesn létter

iudies, on asgossment was made of changes duving srowth with and

without irvediation due %o vell pize and number using histological

mopsurements.  In the current investigetion these studies ave
conplemented by biochemical messurements of nucleic acid synbhesis.
In addition, irredistion off the follicular end mtromal cells have
boen studied in bhe prosent study,

A detediled estudy of the effects of differeut domes of
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Fwirpodiation on the thyroid cell population of the normal rat
and on the cell population during goitrogenie growth was corried
outs The techniques employed included sequential measurement of
total thyroid weight, cell demsity, cell composition, R.N.A, and
DsNale synthesie using chemical and coll labelling methods. The
dota are eritically discussed with emphasis on how to wse the rot
thyroid as a radichiological model with which to study radiation
effeots on proliferation of differentiotien thyroid cells in vivo.

Xwirrodiotion wes used ae o precisely desed and homogeneous radiation.

Eizradistion.

411 the methods are standard; Xe-irradiation of the vat
thyreid was through the ventral neck surface of animels os
deseribed in Seotion B. The conditions were 300 KeV, 20 ma, 23 cms
78.Dsy 2nd the dosewvate wos 190 rads/min.  Control onimals weve
anaerthetisod but were not irradiated. A1) rats were adult male
ﬁgragna*ﬁawl&y GOMEOY: sﬁadk (Tuck and Sons, Dagland).

The rats were sacrificed using voal gas or ether and
eagh frephly dissected thyroid lobe woe weighed %o 0.1 mge  Thyroid
weights wore expresced as the mean weight of the two thyroid lobes

for the groups specified below.

Hoowatoxylin and eomin secbions (5 u) of thyroid wero
prepared (in n research pathology laboratory) from one lobe and
viewsd through o sguared eye=~picoe graticule using conventional

light microscopy (Watson Wicromystom 70)e  The megnification and
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viewing chacacterigbios were kept constont =nd the total number
of cells, follicular ond stromel, in Pifty Pields wers counted.
Relative coll density wes expressed as the average numbor of
thyroid cells of all types per field, Ta the same fields the
follioular cells ware digtinguished from the gtromal cells and

the percentage vatio of each wes obbained.

The other thyroid lobe was stored at «20°C and the total
DyNode ond RoNeds embimated exactly as publiched by Begy, MeGirr

o

These wethods are bhesed on
perohloric acid extraction and alkeli digestions D.N.Ae was
measured by the Ceriotii colowr resotion avd R.N.A. by optical
density at 260 w. Mean tobel DuN.A. poer thyvoid and mean tobal
Relleds por thyroid for the rats in eoch group woere axpréssed in vz
The DeNede control was calf thymus DWuA, (Bigma type 1) and R.N.A.

control was purified yeast (migma type X1).

When D.N.A. synthesio was 4o be studied o pulse label of
tritiated thymidine (thymidine-6Th, Padiochemical Centre, Amershawm)
was given intraperitoneally in a single dome of 0.5 uli per gram
body weight. 'The mpecific activity varied from 17.0 to 28,0 Ci/ml,
The animals were killed 4 hours after injeetion and thyroids from
ecach trestument group weve pooleds Preliminary nucleic aeid
extroction wos made as described by Begg, VelGire and Munro (1965).
The precipitate containing the DJN.As was digested using 0.6 §

Nuolear Chioago Bolubiliser Intoluene (Moorhead and MsoFarland,




Fige D-2 Nuclear FEmulsion Autoradiographs of Rat Thyroid
Cell D.N.A. labelled with Tritiated Thymidine,




Fig, D=3 Nuclear emulsion autoradiographs of
rat thyroid cell D.N.,A, labelled

with Fritiated fhymidine.




T8

1966, Haunsen and Bush 1967)« Counting wap corried out in the
ToluenewPeFeOewePe 0o Po 04 Py Liquid sointillation system (White,
1968) and expresmed ms disinbegrations per minute (D.Pule ) as
demoribed in Beetion C.  Tritisted thymidine incorpovation into
the nuclei of thyroid cecll populations was the mean D.P.Il. per
vhole thyroid for rats in each treatment group as specified
below, ﬁhemi&al DJNeAs wam not measured simultancously with
tritiated thymidine studies since it was found in preliminary
expeéimen%a th@t the complete chemical procedure resulted in loss

of label ocouring ot stage of elkeli digestion.

Nuclear emulsion antoradiographs were also prepared
usin, Kodak NeTeB. 2 muclear omulsion exactly as desoribed by
Koprive and Leblond (1962)e They were expoped at 4°€ for threc
o fourlwaeka, stained with neuxmal‘rad, mounted and viewed using
‘the miarésampic characterisiiocs deseribed above for the determination
of cell donsity. Pifty fields were purveyed from eéah troatment
group and tha-nuhber of cells labelled were counted. Iahelled
celles were those with a minimum of 20 grains. Wirror sections noi
uged for auboradicgraphy were stained with haematéxylin and eopin
and the totél number of cellp in the 50 fields were determined.

The labelling index was expressed as the number of labelled cellps
per 5,000 eslls. In all casen %he labelled colls were randomly
disbributed throughout the discue sectionss Examples of D.N.A.

labelled cells, follicular end stromal are shwon in Figs.D-2¢ p-2
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Fige Db

180 ; (MT only - normal growth

parameters)
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Bequentiol measurements on rat thyroid before (0 days) and

at intervels during continuous promotion of thyroid growth
uaing 0.1 per cent methylthiouwrzeil and low iodine diet for
28 daye (poitvogenic challenge). Volues ave means from

5 enimale per sacrifice. To be compared with Fige. Devd.
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Thyroid weight, cell density, chemionl DeN.A. and Rl
tritiated thymidine incorporation amd labelling index were
deterimined of rogular intervels vefore and after o pingle dose of
500 rads, & lorge doss in xéﬁiabialagiual tevms.  Groups of
6 rabs were saopificed ot each of the 9 times indicotod.

The dota (FPig. De-4) demenstvate that in norwal adult
rats there is virtually no oell proliferatie# and thet a einglo
weroy dose of 500 rads induces no changes; ‘the pobentially most
seneitive indices of normal cell proliferation, trifisted thymidine
incorporation and labelling index, both remained very low throughout
the peried of oheervetion.

It oan be concluded that the adult ral thyroid cell
population is stationawy in phase @, or 6, (Cilvert mmd Lojtha 1965)
aund thet Xeirrodiation ab o dose of 500 rade does not produce
obgervable change« The nexd experiments desoribe the detailed
changes in cell proliferation and D8, synthesic brought about by
o goitrogenic chellonge without ireodiations these provide control
date for reforence when the thyroids were Xeivradioted end then

cell proliferation was premoted by the goitrogenic chiallenge.

2 Efﬁﬂ@ﬁ&sﬁf a qQ§§rbgmaie Qhallque on ﬁh@rra&&atg&

Thyreid growth was artificially stimulated by providing
0.1 per vont agueous wethylthiowracil (4 methyl - 2 thiouracil

BeDaHe Labas) as deinking wober and diet of low iecdine content.
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Groups of 5 rais xifers saorificed at 'aach of the T times
indicnted. During this interval the drug interrupts
hormonegenesie and is a’ﬁimulwbéd by ToS.H. (Brodish 1968).

The data (Figs D=5) show that before the goitrogenic
chollenge the labelling index and tritisted thymidine incorporation
ware very low, veconfiyming that under normal conditions very fow
of the cells were in generative cycle. Within 2 days of
administration of the geitrogen, however, both the labelling index
end the tritieted thymidine incorporation inoreased markedly,
then rose %0 high levels correaponding with the rapid growth of
the thyroid till the &th day, end finally Pell as growth clowed.
Coll domeity dropped toward a emell dip abowl day 6 Followed by
& slow foll, bubt the total decline wem not rubsbtaniinl.

3¢

In this oxperiment thyroid weight and chemical DeNeb.
and Rell,A. weve measured before endduring a goitrogenic challenge.
Boven groups of 5 rats were used. It should be noted thet the
ordinate soale in Fig. De6 ip logarfx't?,hmw. The graphs showed
that DJN.A. ond HoN.A. both rose in parellel with thyreid weight,
but not quiie %0 the some exmtent, Iige w7 shows a rat thyroid
hefore geitrogen end a rat thyroid alter a 28 day gnitwvogenic growth

shimlug,

Gronps of 3 rats were sacrificed ab times shown bafore
end during goitrogon stimulation. Thyroid weight and siromal

eells (including labelled) ng o percentage of all cells were
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Fig, D=0 labelled rat thyroid giromal cells (top) and a
labelled rat pituitary cell (bottom) during
goitrogenic challenge.
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measureds The Fig. D=8 shows that the proporiion of stromal
cells incveasod from 30 por cent to 42 per comt. (Figs DO
shows labelled stromal cells and a labelled pituvitary cell,
Goitrogenesis brings about eell division in pitultary too).

In this experiment groups of 5 ratc were commenoed ot
day O on the goitrogen which was conbinued for & dayss From the
5th to the 12th dey, however, the goitrogen wes removed and the
rain took water and standard dist only. At the 12th dey the
same goitrogen was vecommencod and conbtinued up to the 28th day,
The points shown aye the mean of thyroid total weight and the
means of the weighte of the left and right lobes respectively
(1= left lobe and R = vight lobe)s

This expeviment (Fig. D«l0) showed that o tempovary
ceppation of the goitrogenic stimulus resulits in an immediate
stop to the thyroid mass inorease, buwb reswmpltion of the stimalus
after an interval of T deys produces a continuation of the mess
inoreane, without en additional lag phase, proceeding as befors.
In this conbext, it has been said that i€ one thyroid lobe is
removed at the time when weight has reached o maximum platean
{28 duye) the remeining lobe does not double ite weight tub remains
wnchanged. (Doniach 1968).
6o

In conmidering the nctual sequence of evente during the

weight incroase due to goitrogenic stimulation in the absence of
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irpadintion a nuwber of points of ovidenoce must be linked. The
initial low labelling index and low tritiated thymidine
incorporation showed that cell turnover was wery low before tho
goitrogon (Fige De4)s  The high peaka in bodh of these indicon
during goitrogonic stimistion corresponded o the meximum rate
of incroase of hoth weight and chemical DeNobde (Figs. De5 ond Dw6).
The low 1&b@11§ng index found ayg the growbth curve flatbtons off
showed that the numbey of cells synthesinsing DJN.A. simulteneously
wes meh reduced as the geowth sloweds The neesr parallel inercames
in chemical Duele and Ralebe ond mase (Fige De6) show thet on
average the meon number of eellp inoreases concomitantly with
tobal cell mase and thyroid weight. Folliculer cells do inorease
in size before division dwring goitrogenio hyperplesia but this
change oppeors 40 be offeet by lose of colloid. The net vesult
ig thal cell density remeing velatively uwneliored during goitro~
genic growih ap choun in Figs D=5, These conelugions wove also
proached pecently by Philp ob. ol. 1969 snd in general by Doniach
(1960).

Goitropon induced rab thyroid growth agpears therofore
o b a woll regmlated but special type of growth. The picture
which can bhe drawn is of the majority of the thyroid ecells
wesponting, ofier a short leg phase during which hormone storves
(colloid) eve depleted, bo the goitrogen by mowing into active
genevative oyeling. Synthosis of D.JV.A. aud eell division sppeesr

%o proceed in bholonco snd madinboin the normelity of the cells and

most of the orgen growth (weight) im dus o the increase in cell
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numborss  The number of celin synthesising DeN.4, and dividing
soon Falls mteeply, however, and the rabte of growbh slows o
approach an apparent marimum asymnptotiocnlly.

It wight be postulnted that this limitation of growth
arigen from exbrathyroidel conbrel, matritionel deficiences in
the goitwous stato, or to fovdors intrineic 40 the thyroid celly
themsolvess  Th ie unlikely thut extrathyroidal Fachtors ewist
which ave mpecific o only one thyroid lobe (Doniach 1968)e The
evidence of Bxperiment 4 showing a gveaber proporticnal rise in
gtronal colls (Fig., Dw8) is egpinst the postulate of nutritiounl
deficiencies. It wonld appear, therefore, thet iﬁ in the thyroid
0ells which have sn inherent liwmited divisional capacity seen ap a
ceiling or platesn linkt to organ growth despite continued
shimlation snd edequate nutrition.

Although most of the weight inovease is due o on
increase in cell nuwbers, o significant part must arive from an
increase iy the avaragﬂQaize of the cells. The aversge
eontribution made by cell hypertrophy would appesr to be the 20
por sent by which the total D.Ned., an index of eell number,
failed to rise proporiionately to the total weicht (Pige De6)e
The proportional contribution to thyroid mase nmade by nons
peliuvlar sbructure other than colloid during goitrogenic growth
ic small (Bantler 1957, Chow and Woodbury 1965).

In the light of the comments made above stncerning the

cellulpy evenlts occurring during the 28 doy goitrogenic stimulation




s

An diwe ehionoe of fewediotion B oxpsedocaio widg dewoladdon
vady pate be provanbeds  Bn thooo, Jodond dnuose wanr Sirst
meduadd By minghe doms oF Renye 9o aoseol puh thypreid then
A on dndieval of § wouls o alfoutn of he o g S0 the

v v

sobl pomladion sos pooonveds X2 Bao rentiousdy besn ohown dhok

tovond epddotios faimy 0 Wywetd podl vesradunlive Intopelty 48

premeed (Droiey Doydo, Puchounn snd Peldm pLecs ) R

Hoglo sevop depor of 30 pule, 00 pady mad 1y vode
HOR GAVGR O gpeups of matoe AR} fedonde wero comoncsd on tho
ailropends sopkan 4 wonke oftoy frrodiotion. Bribmprenupy of
o ondueke Yieow ooth seeny dono geawy wors stowiPicnd ot the tiges

baGdenind Bu Flge Dedly thot do fusk belove aat up to 98 Cupe

LEReR e whevt of sollvogenis shinadian.

Ty elfoets of thows merbons nesny Joten oo Sho LOOPITVRHS
G b geddeegen o woeiadod by dhyrodd wokede, eell denodly GVo Ty AL
Robul dedtiated thynidine Ranovporaiing ehelddng dndex AT

Mok Blaane bo diooucgsed moeentely ont dnoludes fov et i

s ehois A Fhzos B3l G0 DelD zoosectivelys

o, e A g s W o (T T - Pana e e N L D r
vetoranes The dobo from Bagovdoont 1 20 & (Phooe Ded y B8, D ogpd

T} shkoly 40 Tron now thpeedds aubiooted to the o

gobtoagabe seoudtusn (eonlad Ve :

B

wand wos soo aiftep 1,000 pode. itk

e gronksnd

v dopo fhe Weadd wolabh dnoestied b posownl ko for eowly




sgopr € moIy SyGSTon proxfg; uwow Sdv SoNiEA - Siehyenighaed

i5 oTusBoxiTcS Suranp GINOAS proafy) We WOTIRIPEALI-Y JO VOIS

sRep = sninuwils Yimodg
8¢ te 0¢ al ¢l 8 13 0

— -o
-0
02
F0g
spun
spey e Ot
0001~~~
0§
spey
005
09
S
m_um%.\-\\ 0L
N B =" UL 08




*sptoxis §
sloZg SPIOTS 06 U LITSUOD TEO0 GRON 9% SOUTEA - SUITNILS UYRROLS

oTusBorytod Sutsnp £3ISWSD (700 DPIoxfy; TRI0F UO UOTHRIPBIIT~Y JO S400I3E

sAep -snjnwiys Yimo.o

8¢ ve 0¢ 9l ¢l 8 14 0
a L z X L ' i a ﬁo
r0¢
000[ x-==x
006G x—x ]
001 o---» oy
spey 0 o=
(PId1} 19d ueaw) Kyisusp (192 BAlje|ay 09 spun
08
e - 00}
shed-X Loz



65

6 days but then growbh ghopped. With 500 rads weight increased
pormally for 6 days ond after 6 days growth was slow bub not
halted. 100 rads did not preduce an effect significantly
different from the unirradiabed response, although a slight
impairment of gyowth was discerned. Thus, for all three
radiation doses the thyroid weight increased normrlly during early
growth promption tuf at about the 6th day of growth the weight
curves in rate given 500 rads and 1,000 rads xw-reys platesued and
grouth wap thereaftor moh deercased, the degree of final
impadroent (woisht ot 28 deys) being xeray dose determined., It
would appear, therefore, that the mode of aciion of A-irra