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SUMMARY g2 B

Thyroid carcinoma was the first of the radiogenic
solid tumors to be recognized as increased among
the atomic bomb survivors, and is a continuing
cause of concern in accidentally or therapeuti-
cally irradiated subjects, especially children.
Because of its clinical importance and its unique
physiology, the thyroid gland is an attractive
subject for the study of normal cell radiobiology
and radiation carcinogenesis, In this review,
the status of experimental-studies of radiogenic
thyroid cancer is appraised, and some older data
are reinterpreted in the light of more recent
findings. Problems of thyroid dosimetry,
particularly the dosimetry of internal radio-
iodides, are discussed. The steps in radiation
carcinogenesis during the acute phase, the latent
phase, and the phase of tumor growth are
discussed in terms ‘of thyroid epithelial cell
population changes. The roles of three cell
populations (undamaged or completely repaired
epithelial cells, oncogenically initiated cells, and
terminally damaged but functionally competent
cells) in neoplasia are described. Finally, the
implications for man of these experimental
results and conclusions are discussed.

BACKGROUND
Of the malignancies of man, thyroid carcinoma,
a relatively uncommon disease, was the first
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of the solid tumors noted to be increased in the
Japanese atomic bomb survivors.!?  This
discovery followed the observations of Duffy
and Fitzgerald® and Simpson* et at* of an
increase in thyroid cancer risk among those
exposed to therapeutic X rays as infants. To
these groups, the radioactive fallout-exposed
Marshall Islanders were added during the 1960s.°
On the basis of continuing studies of A-bomb
survivors®™® and others,®'%!! it is now clear that:

I. Radiogenic human thyroid cancer latency
is shorter among those exposed before as
compared to after puberty. In those exposed
before puberty, however, the tumors usually
do not become apparent until sexual matu-
ration.

2. Women are more susceptible than men to
both spontaneous and radiogenic thyroid
cancer.

3. Radiogenic thyroid cancer is frequently
preceded or accompanied by benign nodules,
and radiation increases the frequency of
hypothyroidism and simple goiter in those
exposed when young,

4, Radiogenic carcinomas are primarily of
papillary, follicular, or mixed histopathology.

The advent of atomic energy and availability of
radionuclides for medical and experimental
application stimulated interest in experimental
radiation carcinogenesis. The unigue capacity
of the thyroid gland to concentrate iodine, and
the early application of iodine nuclides to
clinical evaluation of thyroid function made the
- thyroid an especially attractive and important
organ for experimental radiation biclogy. Short
and long-term studies invelving both acute and
chronic radiation exposures were initiated in
the first postwar decade. The aim of this report
is to selectively review the status of experimental
studies of radiogenic thyroid cancer as an
example of radiation-endocrine neoplasia, to
reinterpret some older data in the light of recent
findings, and to assess the implications for man.
The discussion deals with the thyroxine-
trilodothyronine-producing follicular cells from
which radiogenic thyroid neoplasms arise; tumors
of the calcitonin-producing parafollicular C cells,
which comprise a small percentage of the total
cell population, have not been shown to increase
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following radiation exposure. Emphasis is placed
on the role of thyroid physiology and cell
population changes during experimental neo-
plasia, and the possible relationship between
acute and late radiation effects. For reviews of
the literature, see Bielschowsky,!> Doniach,
Lindsay and Chaikoff,”* Christov and Raichev,’
Malone,*® and Dumont and Malone.!”?

THYROID PHYSIOLOGY

The advantages of thyroid neoplasia as an experi-
mental model extend beyond its practical
medical importance. Thyroid cell growth,
proliferation, and function can be manipulated
by hormonal, dietary or pharmaceutical means.
The functional products of the gland are easily
quantitated. The gland is accessible for surgical
procedures. Alternatively, complete or subtotal
radiothyroidectomy can be performed with
iodide-131. Given to syngeneic animals, thyroid
pieces or cells are readily transplantable. And
finally, the expression of cellular damage in overt
neoplasia is heavily dependent on the functional
condition of the gland.

The prime functions of the thyroid follicular
cells are the synthesis, storage, and release of
the thyroid hormones thyroxine (T4) and
3-5-3" triiodothyronine (T3). Synthesis occurs
in three phases: the uptake and concentration
of inorganic iodide, the preceding or concurrent
synthesis of thyroglobulin (TG), and iodine
organification and iodothyronine formation in
the TG molecule. The iodinated TG molecule
is then stored in the thyroid follicle as colloid.

The concentration of inorganic icdide across the
basal thyroid epithelial cell membrane is
adenosine triphosphate (ATP) dependent and
occurs against a gradient of 7:1 in euthyroid
animals, and > 100:1 in animals in which iodide
organification is blocked by thiocarbamides such
as propylthiouracil.®®  The iodide passes to
the follicular apex of the epithelial cell where
organification takes place.

The apex of the follicular cell is a complex of
microvilli, endocytotic vacuoles and, in some
species, cilia, forming a gradient from the intra-
cellular cytosol to the extracellular follicular
space. Inorganic iodide oxidation and organifi-
cation, and coupling of iodinated tyrosine
residues to form iodothyronines within TG
molecules occurs in this gradient regic)n.m’19
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TG is a four-chain protein of 650,000 molecular
weight, though it may occur in larger or smaller
polymers, Itcontains about 140 tyrosine residues
per molecule of which 20-25 ate available for
iodination.”® Ilodide oxidation and coupling to
tyrosine residues depends on a hydrogen
peroxide-generating system and a tissue-specific
thyroid peroxidase. The same peroxidase is
responsible for the oxidative coupling of
monoiodotyrosine (MIT) and/or diiodotyrosine
(DIT) residues within TG to form the three
iodothyronine residues, T4, T3, and reverse Tj
(3-3"-5" trilodothyronine, 1T3). Only about &
of the 20-25 MIT and DIT residues per TG
molecule are available for iodothyronine
formation.!®?®  The iodinated TG then mixes
with the colloid of the follicular lumen. Under
euthyroid circumstances, the human thyroid
contains about 600 ug iodine per gram of tissue,
and about 200pg T4 and 15ug T3 per gram,
the preponderance of which is stored as TG in
the colloid. ™

The secretion of T4, and T3 involves endocytosis
of vacuoles or colloid containing TG at the
epithelial cell apexes, the hydrolysis of TG with
release of T4, T3, MIT, DIT, and I by enzymes
of lysosomes which fuse with the TG vacuoles
during their transport through the ceils, and the
release of T3 and T4 at the basal cell surface.
Some MIT, DIT, I, and even TG is also released,
but most is recycled intracellularly. In man, the
daily thyroidal production of T4 is about 80 ug,
of T3 6-7ug, and of 1Ty, perhaps 1-2ug®
However, about 24 ug T3 and about 30ug Ty
are produced daily by peripheral deiodination
of T4 .

Serum concentrations of the three thyronines are
about 500-1,200ng T, per ml, 7-20 ng T3 per
ml, and 1 to 6ng rT3 per ml. T4 has a higher
affinity than T3 for the specific T4-binding
serum alpha globulin (TBG) carrier protein, and
thus a higher serum concentration and a longer
circulating half-life of about one week. 2?2
T;, more readily dissociated from TBG and in
higher free solution in serum, is more readily
available to the end-organ cells. Recent data
indicate an active step in the sequence of T
uptake, passage through the cytosol, and binding
to the nuclear receptors.”> The mitochondria
also contain specific receptor sites. As a result
of the presumed chromatin-receptor-T, or
T, interaction, specific mRNA molecules are
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synthesized, protein synthesis including Na-K-
ATP-ase is increased, and oxygen consumption
is stimulated. ATP-production is stimulated in
the mitochondria.??  No specifi;: function. has
been described for 1Ty which is deiodinated and
catabolized.

The above steps of thyroid function are
subject to feedback regulation through the
hypothalamico-hypophyseal system (Figure 1).
T, and T3 levels are monitored via receptors
in the hypothalamus and perhaps elsewhere
in the ceniral nervous system.m If such levels
drop below optimum, secretion by the hypo-
thalamus of the modified tripeptide, thyrotropin-
releasing hormone (TRH) results, TRH is
synthesized in neurosecretory cells in the
supraoptic nucleus, and passes from the neuron
bodies down modified axones to be released into
the hypothalamico-hypophyseal portal system.
TRH reaches the anterior pituitary thyrotropin
(thyroid-stimulating hormone, TSH) secreting
cells via the portal sinusoids where it stimulates
secretion and synthesis of TSH.

PERIPHERAL
TISSUES

P
T4/T3 INGC
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Figure 1. Single long-loop (LL) and two short-loop (SL) feedback systems in regulation of the
hypothalamico-hypophyseal thyroid system. Ty4: thyroxine; Tg3: trilodothyronine; TRH:
thyrotropin-releasing hormone; TSH: thyroid-stimulating hormone; HHPS: hypothalamico-
hypophyseal portal systemn; GC: general circulation.
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TSH, a glycopeptide hormone, is released into
the general circulation from which it reaches the
thyroid follicular cells to stimulate T, and Ty
release and synthesis. As circulating levels of the
latter increase, TRH and TSH release are
reduced, and the “long-loop feedback’ circuit is
completed.® This longloop feedback is supple-
mented by two short-loop systems {Figure 1).
TSH directly inhibits TRH release, and T3 and
T4 directly suppress TSH production by the
pituitary thyrotropes. Finally, the system may
be further modulated by neural stimulation
reaching the hypothalamus via tracts from other
areas of the brain, and by other hormones which
may affect cellular function in one or more
components of the system.

TSH acts on the various stages of thyroid
hormone synthesis and release in a time-
dependent fashion.'®  As with other peptide
hormones, the initial step is combination of TSH
with specific receptor sites on the thyroid cell
membranes, activation of -adenyl cyclase, and
formation of 3'-5° c¢yclic adenosine mono-
phosphate (cAMP).*"2  Within minutes, colloid
droplets are engulfed at the cell apexes, TG is
hydrolyzed, and T4 and T3 secretion ensues.

An elevation in iodide uptake and organification
occurs a few to several tens of minutes later,
and the evidence suggests that mRNA and
protein synthesis are required. Finally, TSH
stimulates thyroid epithelial cell proliferation
as well as function when present in adequate
levels for sufficient periods of time.!%?%30

Feedback regulation of the thyroid is remarkably
efficient in meeting the animal’s homeostatic
requirements including those imposed by
reproduction and seasonal temperature variation,
The system is, however, also vulnerable to
disruption by natural, therapeutic, or experi-
mental means at virtually every step, often with
profound effects.!>!? The goitrogenic effect of
iodide deficiency has been recognized since
antiquity and experimental hypothyroidism is
readily induced by diets low in iodine. Pharma-
cologic disruption of iodide concentration by
perchlorate, and of iodide oxidation and
iodothyronine synthesis by thiocarbamides and
other goitrogens are common experimental
techniques used to block T, and T3 synthesis.
Partial or total destruction of the thyroid
epithelial cells may be induced by administration
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of radioiodide. A TSH-mimicking molecule,
long acting thyroid-stimulating protein (LATS),
results in hyperthyroidism in some humans.
Many. of these observations have ‘been experi-
mentally exploited in studies of thyroid radio-
biology and carcinogenesis.

DOSIMETRY PROBLEMS

For those studying the effects of external photon
radiations, the dosimetry problem is important
but wsually not difficule.®  The thyroid is
relatively superficial in location and is surrounded
by tissues of similar radiation absorption
characteristics. In rodents, it is of small size so
that the gradient in radiation dose from ventral
to dorsal surface due to self-absorption and to
beam dispersion are insignificant, given photons
in the therapeutic range. The doses can thus be
measured directly by implanted microchambers
or thermoluminescent dosimeters, and it can
usually be assumed that the dose distribution
to the epithelial cells is uniform.

Uniformity of dose distribution can also usually
be assumed for exposure to external sources of
accelerated particulate radiations, though the
physical aspects of dose measurement may be
complex. For example, in the case of fission
radiations, a combination of measurements of
gamma rays by thermoluminescent dosimetry
(TLD) with neutron measurements by sulfur,
gold, aluminum or other elemental activation
and specialized ionization chambers may be
required.”"”’33

In contrast, dosimetry calculations for radiation
from internally administered or accidentally
inhaled or ingested radioiodides or other thyroid-
secking nuclides are complex and subject to
several sources of error.??

Biological variables include: a) the fraction of
the internally deposited nuclide concentrated
in the thyroid; b) the biological residence time
of the nuclide in the gland; c) the uniformity of
distribution of the nuclide throughout the gland;
and d) glandular and cellular dimensions relative
to the mean path length of radiation from the
nuclide.  Uptake, residence time, and intra-
glandular distribution depend in turn on the
physiological state and particularly the dietary
iodide intake of the animal.
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In much of the literature, 1 uptake has been
calculated from one or a few measurements on
small numbers of animals, and the release of
the nuclide from the gland héds been assumed
to be well described by a single exponential
function. %%  Lee et al®* recently measured
the thyroidal uptake and release of 31 at three
dose levels in rats sacrificed at intervals during
two weeks after administration. The rate of
1317 release was found to be more complex than
previously described, and more rapid. As a
consequence, the effective nuclide half-lives in
the glands were found to be 30% to 50% less
than those calculated by conventional methods;
the estimated total doses calculated according
to the refined method recommended by the
Medical Internal Radiation Dose Committee®s
were approximately 60% of the estimates
calculated by the method used in most previous
studies. 3" It is of further importance to note
that the time and percentage of maximum
uptake varies with dose; small doses are more
efficiently incorporated and retained.*® Further-
more, the time of maximum uptake varied from
12 hours for 0.48 uCi per rat to 17 hours for
5.4 uCi per rat.*

As in the above calculations of Lee et al, it is
safe to assume that the dose to small animal
thyroid glands from 1317 and most other thyroid-
seeking nuclides is derived from the accelerated
electrons released by decay;i.e., the gamma rays
are of such energy as to be little absorbed within
the small thyroid glands of rats and mice.
Photons contribute a greater fraction of the
total dose in larger animals, though even in man
f# rays contribute the preponderance of the
thyroid dose from B3

The loss of § ray energy from the surface of the
gland must also be taken into account. This
problem decreases inversely with gland size;
the more the dimensions of gland exceed the
mean f§ ray path length, the smaller the fraction
of f§ rays which escape from the gland surface.
Corrections for this loss can be made 33

A related source of error due to dose inhomo-
geneity is, however, not so readily accounted
for. Cells in the center of the gland will be
irradiated with § rays from all directions; those
near the surface will receive fewer from the
surface side. In a mouse thyroid cells near the
surface may receive as little as 50% of the dose
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to the central cells.®® This error also decreases
as gland size increases and the surface to volume
ratio decreases. These latter two sources of
error decrease with nuchides such as '2°I, the
accelerated electrons of which have such short
path lengths as to be absorbed within one cell
dimension. However, Greig ot al*® have calculated
that because of the very low energy of the
electrons emitted during 2°I decay, the dose to
the basally oriented thyroid epithelial cell
nucleus is about half that of the mean total gland
dose and of the dose to the apical cytoplasm.

And finally, none of the overall dose calculation
procedures take into account inhomogeneities
due to irregular distribution of nuclide within the
gland, or even within follicles.?!

In view of the limitations and disagreements
within and among the various radionuclide dose
estimates, our emphasis in the remainder of this
discussion is placed on the effects of exposure to
external radiation beams.

PHASES OF EXPERIMENTAL THYROID
CARCINOGENESIS

The sequence of events in thyroid carcinogenesis
may be divided for discussion into three phases:
a) an acute phase including radiogenic damage,
intracellular repair, and neoplastic initiation;
b) the latent phase, from the acute phase until
overt tumor formation; and ¢) the phase of
tumor growth., The following discussion will
deal with those experimental results which seem
to the author most relevant to the carcinogenic
process, and with those areas in which interpre-
tations differ and more information is required.

The Acute Phase of Carcinogenesis

The first step in radiogenic thyroid cancer
induction is generally presumed to be formation
of one or more heritable intracellular pre-
cancerous changes in one to many of the thyroid
epithelial cells (i.e., initiation).!” The nature of
initiation is not known; Heidelberger’” notes,
however, that in the widely studied mouse
10 T1/2 cell line, mutagenesis may be essential,
but is not sufficient, for oncogenic trans-
formation in vitro. And in turn, it seems to the
current author that the process of transformation
in vitro is homologous to but a portion of the
oncogenic process in vivo.
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In any event, it is increasingly likely that initiation
involves direct or indirect effects on the genetic
apparatus.’”3®  Specific chromosomal anomalies
have now been associated with a variety of
neoplasms in mice, rats, and man ¥ # Indeed,
Beierwaltes and Al-Saadi*® in an early karyotype
study described a progressive increase in the
proportion of thyroid cells with chromosome
abnormalities or numbers during induction of
thyroid tumors by long-term iodine deprivation
in Fischer rats. In the neoplasms themselves,
the degree of malignancy was directly correlated
with the proportion of cells which lacked one of
the chromosome 15 pairs; the most malignant
class of tumors were also characterized by the
presence of marker chromosomes. These results,
which warrant further experimental confirmation
with modern cytogenetic banding techniques,
might be interpreted to indicate that one form
of initiation is a genetic or epigenetic change
which results in chromosome instability. Pro-
gression might then depend on ¢lonal selection of
more neoplastic gene imbalances which arise by
chance.

Further support for the supposition that injtiation
involves the genetic apparatus stems from the
observation of Christov® that methylthiouracil-
induced thyroid cell proliferation at the time
of radiation exposure increased tumorigenesis.
Rats were exposed to 300rad X rays without
goitrogen treatment, after 1 day of goitrogen
when the tritiated thymidine uptake and labeling
indices were normal, after 8 days when both
indices of cell division were maximal, and after
20 days when cell proliferation indices were
lower than maximal but greater than normal.
In rats that received no further treatment,
tumor incidence 15-18 months after irradiation
was 25% and 30%, respectively, in the two
groups with normal proliferation at the time of
exposure, 75% in the 8-day methylthiouracil
group with high proliferation at exposure, and
62% in the intermediate proliferation group.

Interestingly, though goitrogen-induced prolif-
eration increases ultimate tumorigenicity, the
goitrogens methylthiouracil and aminotriazole
when given in single injections 6 or 24 hours
before irradiation protected against the later
inhibition of goitrogen-induced thyroid hyper-
trophy by 400 or 800 rad X rays. ¥
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A probiem in thyroid neoplasia in common with
all catcinogenesis studies is the relationship of
alterations seen in malignant cells to changes in
the specific progenitor cells from which they
arise, 1.2, there is often difficulty in determining
whether a change is primary to neoplasia, or a
secondary effect of neoplasia. Furthermore,
there is as yet no method for distinguishing
initiated cells from their normal neighbors in the
thyroid in vivo. A recently designed quantitative
thyroid epithelial cell transplantation system
has, however, yielded information on the poten-
tialities of normal and irradiated thyroid
epithelial cell clonogens,***’ and may be
applicable to this problem. This method is based
on the ability of monodispersed rat thyroid cells
to give rise to morphologically and functionally
normal thyroid follicles after inoculation into
the subcutaneous white fat pads of histo-
compatible recipients. The cumulative evidence
indicates that under appropriate hormonal
conditions, i.e., elevated TSH and adequate
iodide, follicle(s} can be derived from a single
thyroid clonogen, And further, that in young
animals, a high proportion of the thyroid
epithelia are clonogenic.‘ﬂ'” The proportion of
grafted clonogens triggered to follicle formation
is dependent on the levels of TSH.*%0 Further-
more, the majority of untriggered clonogens may
survive for at least a month at the site of trans-
plantation in the absence of elevated TSH levels;
when such cells are then subjected to increased
TSH, they give rise to follicles.*® A similar
«capacity of thyroid cells to remain dormant in
the lungs of mice for up to a year after intra-
venous injection of monodispersed thyroid celi
suspensions was reported by Tapti.klis.51 The
clonogenic efficiency of thyroid cells from
year-old rats is less than that of young animals,’®

The capacity of transplanted thyroid cells to
form follicles has been used as the endpoint in
a dilution assay for thyroid clonogenic cell
survival following irradiation with low linear
energy transfer (LET) X rays in vitro or in
vivo.’#%®  The resulting survival data were
analyzed according to the multi-target, single
hit model:

S=1-1[1

where S is the fraction- of cells surviving, D is
the radiation dose, Dy is the reciprocal of the

RERF TR 5-83

BRI W I &1 AR TR, TNTOMBIRLIC
HEBEFALOE LT, BHEAMRIIEShIENE
ZhABE L AR OMBMHEIC IS8k D
BiEsrhs. Tabhb, bELIFIHEMEDLD
SAERETAON, NIEFOTRNBEEIIESZLO
TH50H», LELERELECEEGI 5. B,
Sk FRIRICBWT, BEMARe RO ER#AR
CEEMTAFHEEERA L, LarLads, &
MIxhirgRmkiR ERAMBHS AT 412
ko7, FERUVBH snAFRIRLEMARY O—>~
BRIz oL TR AR EATH Y, oMM
CERETEALELZLONS. ZIOFEL, H—2
Sy bOBEKRAREHEEEEDHETF O
ETHGIEHE IR L 2588, BRENE UHEE
B IE S PRI R T SRS 20D
zelHEsuTwS. BREAARARE T L
Az ki, @ELHNLETYRAET, T4b5 TSHA
minL, IviemArEECsHRE, PRhAdggE—-o
Bpgy u— »Edfar 5B h 5. B, EHE
W TIIERE LEEEO G- Y EET
$ 5.7 Flakle s L HBRENLBHEI TV
EfBRan kL, TSH QI mET 5.5 Eig,
FlarHm vy o— v EEfiao £< 1, TSH
OBEHE L T AE, BB TPELEL 1 HA
MEETS. 20L 4R EEEREO TSHHILZ
BHE, FRAEFsC CheERID, LT
BRI AR BREH =Y AOBORT
RIS 1 EMEWRIEREBO E S EFLEY
Bl 5 IR Taptiklis itk TiFbhi. 1&
OF v bAHSOFKIRMED ¥ o - X REDFL,
BEODOOEFRENEWL.P

BRERBAEOFEREREDL, RBEAXZ
EFEACETIER A —{F5 (ELET)X &
MaBORIFEs o— rEEMREFEOERRE
CHTABESELTHERLASE Z0ERELN
REFEF-IE, SEENOE—vy PETL,

—exp_(D!DO)]n

HEHSWTERLA 22T, SixLFMao 55,
DidHER, D REXEEBOREOERK, ol



RERF TR 5-83

terminal linear slope, and n is the extrapolation
number, ie., the point of intersect with the
ordinate of a line extrapolated from the terminal
slope.® The Dg value, a measure of inherent
radiosensitivity, for thyroid cells exposed to low
LET radiation in vivo or in vitro and assayed by
transplantation immediately thereafter was
195-200rad near the upper, resistant limit
reported for mammalian cells of other types;
the n value, a measure of postirradiation intra-
cellular repair of sublethal damage, was ~4.

10! -L\-\ .

THYROID CLONDGEN SURVIVAL
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Figure 2. Rat thyroid clonogen survival after X-irradiation in vivo followed by in situ repair.
Data points from Mulcahy et al. 3 Arrows indicate survival fractions at 500 rad intervals.
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When left in their normal tissue environs for
24 hours after irradiation before removal for cell
survival assay, thyroid clonogens were found
capable of a high degree of intracellualr repair
of radiation-induced potentially lethal damage.
This type of repair process (in situ repair, ISR)
affects the n value, increasing it to 10-12 in
thyroid celis, but not the Dy, which remained
195-200 rad (Figure 2).* ISR was first described
in mammary cells assayed in a similar manner.%®
In the latter, kinetic studies have since shown
that such repair is complete by four hours after
exposure.®® It is of interest that mammary
epithelial clonogens are significantly more
sensitive to low LET radiation (Dy ~130r1ad)
than thyroid clonogens,® whereas hepatocytes
(Do ~250rad) are more resistant than thyroid
clonogens. 7

On the completion of ISR, the irradiated thyroid
epithelial cell population is comprised of three
classes: a) a normal cell population including
cells which escaped significant radiation injury
and cells in which any such injury has been
completely and correctly repaired; b) “terminally
damaged” cells including those cells which have
lost clonogenic capacity but which may persist
and function for prolonged periods; and
c) reproductively viable but permanently altered
cells including initiated cells,

There is little biochemical evidence of acute
impairment of thyroid gland function soon
after external radiation doses in the range usually
used in carcinogenesis studies, ie., up
to 2,000 rad external gamma or X rays.!” Perhaps
the most sensitive indication of radiogenic
damage thus far described is the release of
iodinated protein within an hour after exposure
to as low as 20rad.® This interesting effect
has been attributed to damage to the apical
cell membrane-associated colloid endocytosis-
hydrolysis system, but its relationship to
subsequent events is unclear. Purine biosynthesis
is inhibited after doses of 3,500rad or more,
but relatively enormous doses, 75,000rad or
more, are required to inhibit protein synthesis,
jodide uptake, and iodide organification.!”
Indeed, Doniach® has stated:

The notion that the thyroid gland is resistant
to radiation is based on the lack of effect on
secretory function, The major damage of
radiation is on cell renewal, Since cell renewal
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is at a very low level in the normal adult
thyroid, radiation damage is not immediately
manifest functionally.

Thus, animals locally irradiated with carcinogenic
doses but otherwise untreated enter the latent
phase in a euthyroid condition.

The Latent Phase

Given the three cell classes in the thyroid at the
end of the acute phase, tumor growth is not an
inevitability to become manifest after a predeter-
mined period. Rather, whether the radiogenic
damage is expressed in frank tumor formation,
and if so, when, depends on the interaction of
internal environmental factors with the cells of
the three classes. The importance of the events
during latency is underscored by the duration of
this phase (10 months to more than two years
in otherwise untreated rats, and proportionately
longer in longer lived species) and the fact that
rarely, if ever, is overt cancer cbserved in 100%
of irradiated, otherwise untreated animals.

Under normal circumstances, the thyroid
epithelial cell division rate is low as Doniach®
noted, but it is not nil. Tritiated thymidine
labeling indices in mature rats have generally
been found to be 1-3/1,000 thyroid ceils.50762
Recent studies with grafted thyroid cells have
demonstrated that in euthyroid rats, TSH in
concert with other factors is adequate at titers
which are by definition within the normal range
to trigger a small portion of the inoculated
clonogens to follicle formation.*® The efficiency
of such thyroid clonogen triggering is host age
and sex dependent, as are mean TSH levels.*
The triggering of follicle formation from grafted

thyroid clonogens in euthyroid animals likely

reflects the homeostatic fluctuations in TSH,
and perhaps other factors, necessary to support
normal gland growth and to bring about prolif-
erative replacement of cells lost through normal
attrition.

In the early latent phase, cells of all three sub-
populations in the irradiated thyroid will thus,
in the course of normal events, be subjected a
few at a time to mitosis triggering stimuli.
Triggered normai cells will respond with normal
mitosis. Triggered altered but reproductively
viable cells, including initiated cells, are, as
noted, currently not distinguishable from
normal; in this discussion, they will be presumed
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to proliferate in response to triggering stimuli.
Triggered terminally damaged cells may pass
successfully through one or two mitoses, or
survive without division but with persistance of
secretory function for several months. Ulti-
mately, however, the proportion of terminally
damaged cells will slowly decrease through cell
death, and triggering stimuli will again increase
to bring about their replacement. Cells of all
three classes will again be triggered. Depending
on radiation dose, and hence the fraction of the
population comprised of terminally damaged
cells, this process of triggering and cell death may
continue very slowly, perhaps undetectably,
over many months in rats. Or it may accelerate
over time from the slow beginning.

Assuming the thyroid clonogen survival param-
eters illustrated in Figure 2, no detectable
change in gland function or morphology would
be expected after 250rad or less; this is consis-
tent with the report by Doniach®® of a threshold
between 250 and 500rad for histologically
detectable radiogenic damage. However, after
1,000 rad when only ~7 % of clonogens would
be expected to retain reproductive capacity
(Figure 2), partial glandular atrophy was found
to occur with time and was coupled with
epithelial cell hypertrophy and interstitial fibro-
sis although the animals remained euthyroid.*
Similar changes were observed after injection of
30uCi 1.5 Higher doses (>1,500-2,000 rad)
result in widespread evidence of epithelial celi
damage typical of radiation exposure including
mitochondrial swelling, disruption of the endo-
plasmic reticulum, formation of cytoplasmic
vesicles, and nuclear fragmentation.5? Epithelial
cell degeneration, follicle disruption, and inter-
stitial and vascular fibrosis develop. These
changes are qualitatively similar following
exposure to external radiations or internal 181y
and have been described in several species
including mice, dogs, sheep, cows, and humans as
well as rats. %5  They occur soon after
exposure to very high single doses, or are delayed
for weeks to months in smaller animals and
years in large species at external doses closer to
2,000rad or until high doses are accumulated
from chronically administered radicisotopes. If
such damage is extensive, hypothyroidism
develops as a result of ultimate total or subtotal
radiothyroidectomy. It is of importance to note,
however, that neoplasia is a less common result
in extensively damaged glands than in glands
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which received radiation doses after which 1% to
50% of the epithelial clonogens would be
expected to survive.

Goitrogenic drugs, such as aminotriazole,
methimazole, and methyl- and propyl-thiouracil,
have been widely used in studies of rat thyroid
radiobiology and carcinogenesis, and much has
been learned.!” The use of these drugs in
estimation of postirradiation thyroid cell survival
is discussed below. An attempt is made to
reconcile aspects of the interpretation of such
data with the recent thyroid clonogen resulis,

Administration of goitrogenic drugs alone or in
combination with an iodine deficient diet leads
to a period of TSH-stimulated rapid thyroid
growth, In unirradiated rats, this hyperplasia
proceeds for 8-12 days after a lag of about
2 days, and is followed by a glandular growth
plateau. If the thyroid has been exposed to
acute irradiation at doses less than 1,200-1,500 rad
before goitrogenic challenge, glandular hyper-
trophy occurs, but the weight plateau reached is
decreased in relation to dose, At higher doses,
no proliferative growth occurs, although there is
some gland enlargement due to nonproliferative
cellular hy]_:xertrophy.l'7

On the one hand, the pattern of growth of the
goitrogen-treated rat thyroid has led several
investigators to conclude that thyroid cells are
inherently limited to a few, perhaps as low as
one to two, serial cell divisions, #8062 The
degree of inhibition of goitrous growth by
radiation has thus been taken as a direct measure
of cell survival, and has led to Dy estimates of
more than 4001ad,'™!" two or more times
those of other mammalian cells.*® On the other
bhand, transplantation results have, as noted,
shown that a high proportion of normal thyroid
epithelial cells are clonogenic, capable of
individually giving rise to multicellular functional
follicles and that this clonogenic cell population
is considerably more radiosensitive than the
estimates from goitrogen-treated animals.”

This apparent contradiction may be attributable
to functional survival of terminally damaged
cells, and to the requirement of thyroid cells for
factors in addition to elevated TSH for sustained
mitotic activity. For example, Sellers and
Schénbaum® found that T4 in small amounts
promotes goitrogenesis in  propylthiouracil-
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treated rats. Furthermore, a small amount of
iodine was found necessary to optimal mitotic
triggering of transplanted clonogens in iodine-
depleted rats.?®” Finally, the time of appearance
of the growth plateau after the initial period of
rapid growth during a goitrogenic regimen
corresponds well with the 2-3 weeks required for
serum T, levels to fall below normal after
initiation of an iodine deficient diet*® The
plateau in unirradiated thyroid gland hyper-
trophy in goitrogen-ireated rats may be precipi-
tated by the development of severe thyroid
hormone deficiency due to depletion of colloidal
hormone stores, though direct data are lacking.

In irradiated glands, the population of terminally
damaged cells have a radiation-induced limit to
their proliferative capacity, however. Despite
this_ limit, terminally damaged cells, which by
clonogen assay comprise the majority of the cell
population in glands irradiated with 600rad or
more (Figure .2), continue to function and
contribute to the . nonproliferative cellular
hyperirophy seen in the response of irradiated
glands to goitrogens,

For the purpose of discussion, four sets of data
on inhibition by low LET radiation of goitrogen-
induced thyroid growth in rats are plotted in
Figure 3. These gave rise to Dy estimates of
450rad,® 4057ad,** and 540rad.'” Doniach®
did not estimate the Dg. A linear plot of the
formula:
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is superimposed. In this simple model G is
goitrogen-induced thyroid growth expressed as
percent of the unirradiated maximum, H is
the fraction of that growth due to nonprolifer-
‘ative cellular hypertrophy,!” here arbitrarily
taken as 0.2, S is the fraction of thyroid
clonogens surviving assuming Dp=197rad and
n=12 (Figure 2), and (I —H) is a constant
reflecting the weight increase due to the same
number of divisions in the surviving cells at each
dose, This model is, of course, a gross simplifi-
cation; it does not take into account cell loss,
edema, or any proliferation on the part of cells
other than surviving ecpithelial clonogens. It
does, however, illusirate that the results of the
clonogen transplantation survival assay are
reasonably consistent with the inhibition of
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Figure 3. Inhibition of goitrogen-induced maximal thyroid growth as a function of radiation
dose. Data points are jrom the literature as indicated. The solid line was calculated from the

clonogen survival curve of Figure 2.
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goitrogen-induced thyroid growth, This result
adds further support to the validity of the
interpretation of the clonogen assay.

From the standpoint of carcinogenesis, the
important process during the latent phase is
amplification of the radiation-altered initiated
cell population under repeated mitosis triggering
stimuli. And during this process, insofar as
repeated rounds of DNA synthesis and mitosis
play a role in progression of initiated cells,
progression as well as amplification may occur.
In endocrineresponsive cell populations, progres-
sion is frequently associated with quantitative or
qualitative changes in hormone responsiveness.”
For example, growth of estrogen-dependent
.mammotropic rat pituitary tumors require
lower and lower estrogen titers with progression
toward autcmomy.‘58 During induction of
thyrotropic pituitary tumors by prolonged severe
hypothyroidism in mice, the requirement for
high levels of hypothalamic TRH is lost, but
susceptibility to inhibition of tumor growth by
thyroid hormone is retained.®’ As noted,
thyroid hormene is necessary for optimal thyroid
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epithelial response to TSH. Thyroid tumors
often arise, however, in severely hypothyroid
animals. Perhaps progression in thyroid neo-
plasia involves changes in thyroid hormone
requirements.

The normal cell population is also amplified
during the latent phase; the terminally damaged
population is diminished and ultimately
completely abolished.

Any condition which serves to increase triggering
stimuli, particularly TSH, will accelerate these
shifts in cell populations, shorten the latent
period, and incfease tumor incidence.'” Such
conditions include iodine deficiency, goitrogenic
drug administration, TSH-secreting pituitary
tumors, and subtotal thyroidectomy. In fact,
chronic iodine deficiency alone was sufficient
to induce adenomas and carcinomas in Fischer
rats,® and chronic exposure of mouse thyroid
tissue to elevated TSH from grafted secretory
thyrotropic pituitary tumors led first to TSH-
dependent thyroid adenomas™ and finally to an
autonomous thyroid carcinoma.”  Goitrogenic
drugs are themselves oncogenic'’; however, it
is not certain whether this effect is mediated
exclusively through elevated TSH titers,

Finally, sex-related normal differences in
circulating TSH titers probably account for the
greater susceptibility of male rats and female
humans to thyroid cancer as compared to their
respective sexual opposites, Conversely, suppres-
sion of TSH levels by thyroid hormone treatment
suppresses oncogenesis.!®®  For example, Al-
Hindawi et al” measured serum T3, T4, and
TSH at 3, 5, 7, and 9 months after injection of
rats with 25 uCi 1311 1 rats given propylthio-
uracil after the radionuclide, as expected, serum
TSH was very high, T4 and T3 levels very low,
and tumors began appearing by five months. In
rats given low doses of T4 as well as propylthio-
uracil after irradiation, tumor appearance was
delayed to seven months or more but not
abolished; TSH values were lower but above
normal and T, and T3 values were within normal
range.

In sum, elevated TSH levels accelerate and
increase the frequency of radiogenic thyroid
tumor; but both adenomas and ¢arcinomas occur
in the absence of experimental manipulation
other than radiation exposure.
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The Phase of Tumor Growth; Aspects of Dose-
Response Relationships

Radiation-induced thyroid tumors first appear as
localized hyperplastic nodules. They are often
multifocal, suggesting origin from randomly
distributed initiated cloncogens. Adenomas are
most common and occur earlier than carcinomas.
. They appear 10-16 months after exposure in rats,
and increase in frequency with time thereafter.!®
Carcinomas occur later, after 18-24 months in
rats, and are frequently found within adenomas;
the latter are therefore considered by many to
be precancerous lesions, Adenomas are predomi-
nantly follicular, although papillary types are
seen. Carcinomas are predominantly follicular,
papillary, or of mixed architecture, but can also
be poorly differentiated or undifferentiated.
They are characterized by anaplasia and
architectural  irregularity, infiltration and
invasion of the capsule, adjacent normal tissue,
and occasionally the vascular system, and
sometimes give rise to metastases to lymph
nodes and lungs.

Beierwaltes and Al-Saadi*® described dependent,
transitional, and autonomous thyroid tumors
induced in rats by prolonged iodine deficiency.
Growth of the dependent and transitional tumors
was stimulated by thyroid hormone deficiency.
Dependent tumors were adeno or follicular
carcinomas; ~4 % of their cells lacked one of the
chromosome 15 pairs and about 2 % bore other
marker chromosomes. Transitional tumors were
follicular or papillary; 39% of their cells lacked
a chromosome 15 and ~5% had markers.
Autonomous tumors were anaplastic carcinomas,
64% of the cells of which lacked one chromo-
some 15 and 70% bore marker chromosomes.
The wellknown induction of chromosomal
abnormalities by radiafcion54 strongly suggests
that studies of chromosomal anomalies in
radiogenic thyroid caicinomas and in the
clonogenic cell population from which they arise
would be fruitful,

Though the X-ray dose-thyroid oncogenesis-
response relationship in rats is beclouded by
small animal numbers, the long latent period,
and the differences among experiments in rat
strain, age, sex, and postexposure treatment, it
is clear that tumor frequency reaches maximum
following doses between 1,000 and 2,000 rad,
perhaps at about 1,100rad.’®'*!”  As thyroid
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clonogen survival is 7X 1072 at 1,000rad and
5% 107 at 2,000rad (Figure 2), it is not
surprising that tumor induction decreases at
higher doses.

The carcinogenic effect of *'I was first reported
in rats by Doniach™ and Goldberg and
Chaikoff.™ Lindsay and Chaikoff** concluded
that doses of 10-40uCi I were comparable
in effect to 500-2,000rad X rays, although a
carcinoma was found in one rat two years after
injection of as little as 1 uCi ' 1. Doses of !1
in excess of 100uCi produce partial or total
thyroidectomy and few or no tumors.

Lee et al™ have recently reported results of a
large-scale study involving a total of 3,000
Long-Evans female rats which were irradiated
and maintained without further treatment for
two years. Acute X-ray doses of 0, 94, 410,
and 1,060rad were delivered locally to the
thyroid. There was no evidence of a threshold
in the resulting carcinoma and total tumor
incidence curves. Local irradiation of the
pituitary gland with 410rad X rays with or
without concurrent exposure of the thyroid had
no significant effect on thyroid tumor incidence.
Malone and Greig’™ had previously shown that
pituitary irradiation did not alter the response to
goitrogens.

An aim of Lee et al’s study was to compare the
neoplastic effect of external X-rradiation with
comparable radiation doses from internally
administered  13!1. As previously noted,
preparatory to the study these investigators
reevaluated "' dosimetry in rats and concluded
that previous conventional dosimetry had
overestimated the thyroid radiation dose per yCi
by 60%-70%.>%" In the current study, they
.administered 0.48, 1.9, and 54uCi ¥ 1o
achieve calculated radiation doses of 80, 330,
and 850rad.™ The long-term carcinoma and
total tumor dose-response curves for the two
radiation types, X rays and 1317 were very similar
within the dose ranges employed. The range of
carcinoma risk per rad was (0.7-2.3) x 107% for
both radiation types, with a somewhat higher
risk at lower radiation doses. These findings call
into question the previous conclusions that acute
external X-radiation exposure is as much as 10
times as effective in tumor induction as radiation
from internally administered 3
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Lee et al”® also concluded that the dose-response
relationship for carcinoma induction differed
from that for adenoma induction, and noted that
they, unlike many other authors, had not
observed evidence of transformation of adenomas
into carcinomas. The confidence limits of their
data points are large, however, and this question
remains open.

A striking aspect of the findings of Lee et al”
is the absence of a dose rate effect between the
high rate of X rays and the low rate from radio-
iodide. In view of the high intracellular repair
capacity of thyroid clonogens, it would seem
likely that the proporiion of terminally damaged
cells in the radionuclide-irradiated thyroids
would be much lower than in the X-irradiated
glands. One might then expect a higher
proportion of initiated cells to survive, unless
the initiating event(s) are also subject to repair.
It would be of considerable interest to estimate
thyroid clonogen survival after comparable dose
rate exposures.

‘The development of the quantitative thyroid cell
transplantation technique has for the first time
permitted studies of carcinogenesis in vivo in
terms of surviving clonogens. The results of the
first such experiment aimed at determining the
relationship between transplanted surviving
thyroid clonogen number and carcinoma and
tumeor incidence after exposure in vitro to 0 or
500 rad X rays are summarized in Figure 4.7 In
this study, the rats were thyroidectomized one
day before and maintained on a low iodine
regimen from the day of transplantation until
death or sacrifice 2.5 years after grafting.
“Morphologically viable” cells per inoculation
site, adjusted for post-irradiation survival, varied
from 3.7 x 10% to 5.9 x 10%.

As expected, carcinomas and adenomas occurred
in graft sites which received unirradiated cells
as well as in those which received irradiated
clonogens. Surprisingly, however, neither
catcinomas mor total tumors increased markedly
with grafted cell number. The overall increase
in risk due to irradiation with 500rad was about
3.5 as compared to unirradiated controls, This
compares reasonably well with risk estimates
calculated from the in situ thyroid carcinogenesis
data of others.” Gould™ has suggested that if
all clonogen inocula contained the same propor-
tion of initiated cells, and if amplification during
latency led to the same approximate total cell
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Figure 4. A: Percentage of thyroid cell transplant sites with tumors {adenomas or carcinomas)..

B: Percentage of thyroid cell transplant sites with carcinomas.

Abscissa: Number of

“morphologically intgct” thyroid cells grafted per site corrected for post-irradiation survival,
Open symbols: Thyroid cells were irradiated in vitro with 500 rad X rays before grafting
{clonogen survival level ~ 30%). Closed symbols: Thyroid cells were unirradiated. All recipient
rats were thyroidectomized one day before transplantation and were maintained thereafter on

an iodine-deficient diet, Data from Mulcahy et al.
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number, the final numbers of initiated cells
would be similar in grafts originating from
inocula of different sizes. In any event, the data
indicate that initiation is a more frequent event
than has generally been considered.”™ They
thus add further emphasis to the importance of
the events that occur during the latent phase
which determine whether the initiated cells
progress to full neoplasia. ‘

PRESENT AND FUTURE IMPLICATIONS
FOR MAN

Analysis of the data from A-bomb survivors,
children who received X-ray therapy for benign
diseases, the Marshallese fallout victims who
ingested radioiodide, and those given radioiodide
for medical reasons yielded an overall thyroid

Mulcahy 67 # 5 O E#
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cancer risk estimate of 4-5 cases per 10% person-
year-rem.”™ As in experimental animals, the risk
of adenomas was greater, about 12-18 per 108
person-year-tem. The cancer risk for women was
about three times that for men.

Again as in experimental animals, there is a
“back-side” to the carcinoma induction dose-
response curve; radiation doses so high as to
cause extensive thyroid damage are less apt to
lead to neoplasia.!” As a consequence, in
radiotherapy the greatest risk is likely in those
sitnations where the thyroid is not in the
radiation field, but adjacent to it; in the case of
individuals who have received *'I, the greatest
risk is in those in whom the dose was half or less
that required for thyroidectomy. Finally, as in
experimental animals, human thyroid carcinoma
latency is long, occupying a significant fraction
of the life span.

The role of radiation as a cause of benign human
thyroid disease, and in turn, the possible role of
benign disease in human thyroid carcinogenesis
deserves further attention. Transient or chronic
elevation of TSH or TSH-mimicking substances
is a common feature of benign thyroid disease
with the exception of that due to hypopituita-
rism. Given that irradiated buman thyroids
contain initiated cells, and that elevated TSH
hastens progression and increases the incidence
of both experimental thyroid adenomas and
carcinomas, one would expect benign human
thyroid disease to increase the thyroid cancer
risk in irradiated populations.

Hypothyroidism as well as cancer has been
reported as a late event in the Marshallese fallout
victims.®  Hyperthyroidism was more frequent
among A-bomb survivors who received the higher
radiation doses, but a causal effect of radiation
exposure was not established.? Simple nontoxic
goiter was the most common thyroid disorder
generally among the Hiroshima and Nagasaki
Japanese, and was markedly more common in
women than in men.®® In a recent study of
58 medically irradiated individuals with nodular
thyroid disease which did not respond to
suppressive therapy, 19% were found to have
carcinomas at surgery, two-thirds of which had
evidence of metastases. In addition, however,
22% had adenomas or colloid nodules, and
45% had thyroiditis.® Thus thyroid diseases
other than neoplasia occur among the A-bomb
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survivors and other irradiated populations. A
thorough medical study of such a population
with modern clinical and laboratory techniques
would yield data of great value on the inter-
relationships among radiation exposure, benign
thyroid disease, and thyroid neoplasia. For
example, elevated TG titers have been found to
be associated with thyroid cancer,®™® subacute
thyroiditis, and Graves’ disease.5® A large
scale study might well validate simple single or
combination assays for serum titers of thyroid-
related compounds which would be of wide
usefulness in early differential diagnoses of the
various thyroid diseases.

As the experimental studies suggest that thyroid
cancer risk increases with the time of exposure
to TSH, TSH suppressive therapy would be
expected to decrease risk. Thyroid hormone
treatment was thus instituted as a prophylactic
measure in the high dose Marshallese fallout
victims in 1965,° and may well have prevented
additional cases of neoplasia. Indeed, in a double
blind study of 396 patients with radiation-
related nodular thyroids, complete regression of
nodules was seen in 29% of those who received
thyroid hormone therapy; an additional 38% had
partial nodule regrezssion.81

At the fundamental level, improvements in
techniques have made it possible to culture
normal and diseased human epithelial ceils. For
example, Cathers and Gould® have examined
the radiation dosecell survival rtesponse of
cultured normal human mammary epithelial
cells from several individuals. It is reassuring
to note that the Dy values of these human cells
were very similar to that of rat mammary
epithelia assayed by clonogen transplantation.
Furthermore, transplantation of normal or
diseased human cells to athymic nu/nu mice
offers the opportunity to study them in an
organized glandular stmucture. Smeds et a]®®
have successfully grafted human toxic thyroid
cells in such animals; normal human thyroid
tissue grew and concentrated radioiodide in a
thyroidectomized nu/nu mouse (T. Hiraoka and
K.H. Clifton, unpublished). Studies such as these
will extend the findings from experimental
animal model systems to human material.
Importantly, they will establish the limits within
which interspecies extrapolations are valid.
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CONCLUDING REMARKS

The role of hormones in the etiology of cancer
has been known and therapeutically exploited
since the recognition by Beatson® in 1896 of
an association between breast carcinoma and the
ovaries. What the ensuing years have well
established is that generally hormones act to
stimulate neoplastic progression in those cell
populations in which they normally play a
mitosis-stimulating function. And this is
clearly the case in radiogenic thyroid ¢arcinoma,
Whether natural hormones can be considered
as initiators in those situations in which tumors
arise as a result of prolonged hormone imbalance,
as for example thyroid carcinomas following
longterm iodine deficiency and consequent
chronic TSH stimulation, is perhaps a semantic
question. If by initiator it is meant that the
agent in question brings about a heritable change
by direct physical or chemical interaction, the
author thinks not. If however the term initiator
is expanded to include agents which increase the
probability of oncogenic error in the genetic
apparatus and, once initiation has occurred, cause
its amplification by stimulating mitosis, then
hormones indeed qualify. In this sense, hormones
might be termed opportunistic initiators.

The recently developed thyroid clonogen irans-
plantation technique in rats and the currently
developing human cell heterograft and culture
systems offer great promise. By their application,
the nature of the primary radiation-induced
initiating event, and of the events which follow
during the long latent period, may be greatly
clarified. The understanding so gained will
contribute to the diagnosis, therapy, and
prevention of thyroid cancer in particular, and
to definition of the process of radiation and
endocrine oncogenesis in general.
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