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elements resulted i n  1940 in the positive identification of element 85, 
among others, the heavlest of the halogens. The ins tab i l i ty  of its 
isotopes, a l l  radioactive, with half l ives  of from a feu seconds t o  
8.3 hours, earned it the name "astatine" (.from the Greek astatos, unstable). 
For t h e  past e ight  years par t  of the program of the Crocker Laboratory 
60-inch Cyclotron has been the production of A t 2 n ,  the alpha-particle- 
emitting 7.3-hour isotope,I) in quantities sufficien 

position of as ta t ine  and iodine in t h e  periodic table, and because of the 
relationship of iodine t o  thyroid physiology, the investigations in  t h i s  
laboratory have been focused upon the selective accumulation of astatine by 
the thyroid gland. 

The  discovery of At211 by Corson, HBcKenzie, and Segre4) was close 

to support a sustained 
inquiry into i t s  chemical and biological properties. !i) Because of the juxta- 

followed by studies of its thyroidal accumulation by Hamilton 
The chemistry o 
Garrison -- e t  a,f;, A t 2 1 1  i s  selectively accumulated by the thyroid glands 
of rats 
I ~ l . ~ , ~ , ~ , l o ~  The metaboli and acute toxicity of At211 were initially 

characterist ics of At~l-(rlO-micron t issue range and 7.3-hour half l i f e )  in 
some respects gave it advantages Over I1jl (2000-micron t i s sue  range and 

c i t y  t o  deliver an intensive irradiation in a 
83l:p?, !8y 5 8.l-day half l i f e )  

restricted region. 

accumulation of both may be increased by pi tui tary throtrophin (TSH)?Y and by 
a low-iodine d i  t ,8)  o r  may be decreas d by exogenous thyroxine,15) by high 

similarities is  the enhancement of astatine retention rather than the lowering 
of the iodine retention) following the administration of goitrogens of 
thiouracil type.l0,16) 

as ta t ine  has been discussed by Johnson e t  al., 

uin a pigs, monkeys, and man, but t o  a lesser degree than 

reported by Hamilton e t  al. w It was demonstrated t h a t  certain of the nuclear 
n m  
P g  
0 

k I& 
Further comparative studies of A t 2 1 1  and Iul have shown tha t  t thyroidal 

f iodine intake, 87 and by thiocyanate. 157 An interestin exception to  these 

It i s  t h e  purpose of t h i s  paper to  indicate some of t h e  potent ia l i t ies  of 
AtZ11  as a tool  in biological research by the presentation of two specific 
experiments'\(a) the chemical state of A t 2 1 1  i n  the thyroid gland; and 
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(b) radiodestruction of the thyroid gland by At211 as a function of dose and time. 

General Procedures 

The At2u used i n  these experiments was separa ed from the  bismuth ta rge t  
by a modification of the method of Garrison e t  al. 7! It was injected intra- 

wed were standard and are described by Hamilton et. g.8 f Histological 

venously as A t -  in physiologically normal s a n x  
stabil ized by the addition of sodium sulfite. 
the Sprague-Dawley strain, injected when 55 days of age (160 to-180 grams bods 
weight). 
tap water and e i ther  Purina Lab Chow or " D i e t  
California Ins t i t u t e  of Experimental Bi01ogy.l~ All rad'oassay procedures 

specimens were prepared by Bouin or neutral  10% formalin fixation, dioxane 
dehydration and clearing, paraffin embedding, and hematoxylin and eosin staining. 

The valence state was 
The rats used were females of 

All a n M s  were maintained f o r  at  l ea s t  two weeks pr ior  t o  use on 
" of the University of 

I, THE CHEMICAL STATE OF A S T A T I N E ~ ~ ~  w THE THYROID GLAND 
A Preliminary Report 

h e s t i g a t i o n  of the possible organic binding of At211 by the thyroid 
gland was stimulated by three observations: (a) the concentration of A t 2 1 1  
in the thyroid gland of the rat 18 to Zh hours after i ts  intravenous adminis- 
tration is several hundred times t h a t  i n  t h e  plasma;8,10) (b) the thyroidal 
accumulation of At211 as function of time closely resembles t h a t  of Iul 
under 

described are studies of the thyroidal accumulation of At211 i n  the presence 
of the antithyroid compoun 
(KSCN), the  par t i t ion of A$L1 between the p r o 3 B  and nonprotein fractions of 
thyroid homogenates, and tb  extent t o  which A t  
histological fixatives. 

ilar conditions;8) and (c) some preliminary exper ts suggested that 
the At" was closely associated with the thyroid protein, a? The experiments 

the propyl thiouracil  (PTU) and thiocyanate ion 

is leached by various 

Procedures 

Groups of 10 t o  20 rats were prepared as follows: (A) controls: no pre- 
treatment; (B) KSCN: all animals received a s i n g l e  subcutaneous injection of 
0.2 m l  of a 10% solution of KSCN 1.5 hours before sacrifice; (C) PTU: tap 

ed by a 0.u solution of PTU fo r  11 days prior t o  the injection 
~ t ~ 2 r ~ p ~ 3 1 ;  and (D) PTU and KSCN: animdls on the PTU water were'given a 
single subcutaneous injection of KSCN as i n  Group (B). All the animals received 
1 c of At211, and the control and PTU-treated groups also received 2 pc of 

cellular debris was discarded, For A t  
aliquot was taken from each thyroid homogenate. 
genate was treated wi th  an equal volume of e i ther  20% trichloro-acetic acid 
(TCA) or a saturated solution of ammonium sulfate, Protein precipitate 
obtained were washed once with t h e i r  precipitating reagent and assayed. 

I P y .  3 , After 18 hours, thyroids were rypjved and homo enized i n  no& saline; 
and (or) 1151 determinations, an 

The remainder of each homo- 

8) thus 

For histological preparations, thyroids were removed from two r a t s  of each 
ed i n  the f ixat ives  l is ted group seven hours after At211 administration and p 

in Table I. After eight hours of fixation, the At"' ac t iv i ty  of the thyroid 
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glands of their fixing and dehydrating agents was determined by x-ray counting. 

Results 

Table I1 again demonstrates that PTU increased the thyroidal accumulation 
l@mn KSCN was given 1.5 hours before sacrifice, about and retention of A t 2 u .  

30% of the 
from the PTU-treated gland. 

both norm&and PTU-treated rats is Shawn in Table 111. 
f o r  the I 
tested agreed wi th  the findings of Chaikoff and Taurog,l9) so t h a t  despite the  
small number of samples, the  data presented appear t o  be reliable. The amount 
of I1jl associated w i t h  the protein depended upon the extent of the organic 
b ding of Iu1, and not on the protein recipitant employed. The behavior of 

although the percent of A t 5 1 1  associated w i t h  the thyro lobulin (ammonium 
sulfate precipitable) was lower than he percent of 1uf. In the PTU-treated 
glands, however, the behavior of At21f from that of Iul was u i t e  different. 

2% from m- Trichloro-acetic acid precipitated the same proportion 
treated glands as from the controls. The amount of A t  
glands by amnonium sulfate was about 60% of the control value. 
1131 precipitated by both the TCA and armnonium sulfate was about 25% of the 
control value. 

was d i s c w e d  from the normal thyroid gland and nearly 70% 

The  percent of soluble radiohalogen associated with thyroia proteln of 
The results obtained 

in both n o m 1  and PTU-treated thyroids with the two reagents 

A t  9 l1 was generally simila t o  that of Ib1 in the n o m 1  thyFoid gland (cantrols), 

2pf precipitated from these 
In contrast, the 

The leaching of At211 from normal and PTU-treated thyroid glands by f ive  
histological f ixat ives  is shown i n  Table I. 
leached from PTU-treated than f r o m  normal thyroid glands. 
to  be more firmly *fixed" by solutions of pH less than 2. 
fixatives apparently increased the leaching of At2n It was shown previously 
tha t  following Bouin fixation, up to 20% of the At21' but none of the Iul was 
removed when alcohol was used as a dehydrating agent.8*20) Leaching of either 
astatine o r  iodine was negligible during dioxane dehydration, irrespective of the 
fixative employed. 

The astat ine was mre readily 
This  halogen appeared 
Alcohol-based 

Discus s ion 

It has been c l y  established that the same factors i n f l  ence the 
accumulation of A t  'rand 1131, and t o  a similar degree.8,10,15r In the c u e  
of 1131 iodide is presumably oxidized t o  iodine, which is then organically 
bound.19)It is more difficult to understand w h a t  happens t o  astatide after it 
is collected by the thyroid gland. 
8 t o  48 hours after administratian8YTt~~dicate t h a t  the A t 2 u  in the normal 
thyroid gland is t o  a great  extent combined in some manner with the thyroid 
pro te  in. 

large thyroid-to-plasma ra t ios  for A t 2 u  

The data presented show that in the  normal thyroid gland about two-thirds 
of the A t z u  is rather firmly bound o r  "stable," and about one-thi d is quite 
labile except i n  the presence of an organic acid, i n  which case Atz1' is 
apparently "fixed" firmly t o  the denatured protein.  The position o 

seem l ike ly  tha t  t he  oxidation potential of the reaction 

astatine 
in the  periodic table, and the present knowledge of i t s  chemistry, 6 make it 

At '  0 A t 0  + e- (1) 
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is l ess  negative than f o r  the reaction 

2 1 ' = 1 2 +  

Therefore, it is i r l y  certain 

certain metallic propertres 9 

the protoplasm of the thyroidal 
is capable of further oxidizing 
valence s ta te ,  

A t o  = At* 4 

oxidizing the A t  2fa Weyh$ &s 

2e-. (2) 

that the normal thyroid gland is capable of 
At' to AtO. 
and, as a metal, could chemically adsorb onto 
ep i the l ia l  cells. 
as ta t ine f r o m  the elemental t o  a positive 

Elemental as ta t ine possesses 

If the normal thyroid gland 

then there is the additional possibi l i ty  of t he  formation of f a i r l y  stable 
complexes of At* with the intra-cel lular  pro 

t im of ItrGth the thyroglobulin f z c z o n  suggest that the nstablet' At211 
i n  the normal thyroid gland is bound i n  some manner t o  t h i s  protein. 
l ab i le  fraction may be A t o  chemically adsorbed onto the cel lular  protein, or 
may even be astat ide 
gland to some extent. 

in o r  w i t h  the colloid. 
Autoradiog presented by Hamilton e t  al. 6 and the extent of the assoclia- 

The 

iodide ion has been shown t o  exist in the tmoid $8; 
Hamilton -- e t  alO8) and Shellabarger and oaduin,lo) have shown that the 

te periods enhances the 

111 has further shown that th 
administration of PTU or  th iou rac i l  f o r  s 
thyroidal uptake of astatine. Shellabarge 
thyroid glands of rats given thiouracil  fo r  18 hours accumulated less A t  
than did control rats. 
on the accumulation of as ta t ine by the 
prevents synthesis of thyroid homne, 2j? but d 8 g  not  in te r fe re  w i t h  the 
a b i l i t y  of the thyroid gland to col lec t  iodine. 
condition results in hypersecretion of TSH. 

gland and activation of the thyroid Bcsi? Potentiation by PTU of t h  
trophy and hyperplasia of the t 
iodide-cancentrating mechanism. 
on the iodine-trapping aaechanisnz, as postulated by H a h i  
for  the enhanced astat ine uptake observed in subacute thiouracil  treatment. 

This would rule out di rec t  action of the thiouracils 
yroid gland. The goitrogen, mu, 

The ensuing hypothyroid 
This, in turn, results in  hyper- 

f f ec t  of TSH 
could mcount 

The Vanderlaam h % f h o u n  that the administration of ocyanate after 

aent, KSCN discharged a p p r d t e l y  70% of the astat ine from the PTU-trea$ed 
thyroid glands, indicating that most of the astat ine i n i t i a l l y  present was in 
a lab i le  form. 
of astat ine from the PTU-treated thyroid glands by certain histological 
fixatives. 
the forms previously suggested f o r  the "labile" fraction of astat ine in the 

Ez2fEr as a chemically adsorbed 4tr The prevention of thyroid hormone 
production by the thiouracils appears t o  be due t inhibition of oxidative 
enzymes involved i n  the iodination of tyrosine. 23'3 The oxidation of 88 t ide  t o  
astatine, however, may still proceed t o  the point where some of the A t  is 
formed, provided that the energy necessary to drive Reaction (1) ier suf ' fkient ly  
small. 
KSCN C O ~  K r s e  Reaction (l), releasing dt3B'from the t yroid land as 
astatide. The energy necessary for  further oxidation of A t  t o  A t  makes it 

the organic binding of I discharges l i t t l e  or  no iodin& 2H In  this expert- 

This l a b i l i t y  was further emphasized by the increased leaching 

The major portion of the astatine i n  these glands m y  be in one of 

to  the above mentioned findings f o r  oid, as astatide ion by anal0 

8 
In v i t ro  experiments support the poss i t y  that the administration of 

8 8 
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unlikely that  astatine exists in these glands as a true metal-protein complex. 

The s tabi l i ty  of the At-protein combinations a t  l a w  pH's is very likely 
the result of the exposure of new and perhaps more stable astatine-binding 
sites in the denaturation of the protein. 

11. RADIODESTRUCTION OF THE THYROID GLAND BY A S T A T I N E ~ ~ ~  
AS A FUNCTION OF DOSE AND TIME 

The objective of t h i s  study was t o  es tabl ish the acute andehronic 
manifestations of the varying degrees of d 
would be produced by increasing dosages 0 f 3 " ~  Most experimental groups 
consisted of f i ve  t o  ten rats. The degree of damage w a s  estimated i n  each 
case (a) functionally, by meas ing the a b i l i t y  of the remaining thyroid t issue 
to  take up a t racer  dose of and (b) structurally,  by weight and histo- 
logical study of the tissue. 

t o  the  thyroid gland that 

Results 

Table IV shows the percent of the administered 113' found 24 hours after 
intramuscular injection of 5-to-10 p.c tracer dose. 
iodine uptake diminished as t h e  dosage of At211 increased, reflecting the 
functional damage t a  the gland. 
al damage developed within six da 
This level  is  close t o  the MLDgo: 
lower doses were effective in  
as shown by the low iodine levels of the 0.8%~ At'$? groups after LO da 
1 year. 
irradiation of the thyroid are related t o  impaired cellular physiology, while 
the subsequent processes re f lec t  c e l l  death and glandular atrophy. 
th i s  concept, analysis of the degree of s t ruc tura l  damage a t  the different 
doses and time intervals w a s  necessary. 

It w i l l  be seen tha t  the 

The maximal e f fec t  on iodine uptake of fu@ion- 
was reached a t  the 1 . 2 - p ~  dose level. 
Over a longer period of t he ,  however, 

rmging about equiv 

This suggests that t h e  earliest phenomena of damage following A t  

n t  impairment of function, 

9lYd 
To explore 

The weights of the glands removed six dam after astatine administration 
underwent only s l i gh t  reduction from controlvalues,  even a t  the highest dose 
level. 
and extravasation of blood were common and resulted in a misleadingly high 
weight. The weights a year after astatine administration are more representa- 
t i ve  of the actual tissue; a marked reduction below control value was achieved 
even a t  the lowest dosage group (0.4 vc). 

These weights do not fully represent the gland, however, since edema 

Histologically, the thyroids taken six days after administration of the 
lower dose levels showed particularly interesting structure (Fig. 2, t o  be 
compared w i t h  a normal thyroid, Fig. 1). The epithelium of the follicles was 
unusually high. 
(especially i n  the larger peripheral fo l l i c l e s )  suggested very active resorp- 
tion. The abundant capillary vasculature was  dilated. Evidences of c e l l  
destruction were quite scanty. This structure characterized not only the 
glands from the 0.8-p~ dose leve l  
lated) i n  which only 0.5 pc of 
The impression was  t h a t  of a very active gland. It is conceivable tha t  
functionally these glands w e r e  not secreting adequate amounts of normal 
thyroid hormone, and that  the pi tui tary was, in consequence, putting out 
excessive TSH, t o  which the cells could s t i l l  respond structurally. 

The abundant vacuolation of the margins of the colloid 

but a l s o  some from an experiment (not tabu- 
per gram of body weight was administered. 
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A t  the 1.2- dose leve l  (six day interval)  the thyroid t issue YBS 
divided between fo l l i c l e s  l i ke  those above, and other f o l l i c l e s  i n  which the 
cells were arranged as dense sheets or cords. 
on the other hand, areas of cel l  death were also found, 

Some proliferation was evident; 

A t  the l.S+c dose level, unqualified evidence of t issue destruction was 
found (Fig. 3). 
in patches only amorphous substance appeared a t  t!!e former site of foll icles.  
There could still  be found a variable but small number of s t ructural ly  normal 
foll icles.  Some even showed heightened or prol i ferat .hg epithelium The 
stroma was markedly altered, showing edema, f ibr i ious  exudation, extravasation 
of blood, and an abundance of macrophages. 

The greater par t  of the epithelium was disintegrating, and 

A t  the l08+c dose level, some specimens showed structure like tha t  of the 1,s-p~ group, 
truction, and the stroma was more profoundly affected, 

Other specinens, however, showed more extensive ep i the l ia l  des- 

In the chronic studies (one year a f t e r  At211) appreciable glandular damage 
was evident even a t  the lowest dose level. Substantial areas of f ibrosis  were 
seen in  which macrophages containing golden-brown pigment were often found. 
Many well-vasculariaed f o l l i c l e s  could also be found, however, containing in- 
tact  epithelium (medium t o  high cuboidal ce l l s )  and colloid, nese fo l l i c l e s  
were U S d l Y  small, whereas in the c o n t r d s  they were mostly medium to large. 
The impression was that of a gland i n  which much of the thyroid t issue had 
disappeared; t he  residual tissue was possibly under increased stimulation by TSH, 

The next two levels (0.6 pc and 0.8 pc) showed greater damage. There was 
a progressive increase in the proportion of f ib ro t i c  tissue, and the ep i the l ia l  
elements tended more to be dense c e l l  c lusters  than fo l l i c l e so  

Histologic studies were also m& from 11 "thyroids" obtained from r a t s  
one year after administration of A t  a t  dosages of from 1.1 t o  1.6 cl.c per gram 
of body weight. (Only one of these levels, 1.2 pc, is represented in Table IV). 
In onlytwo sections did the sparse epi thel ia l  re,mants bear any resemblance t o  
thyroid fo l l ic les ;  in the  remainder they consisted of dense small cl-asters or 
isolated cells in f ibro t ic  t issue (Fig. 4). These ce l l s  were sometimes vacuo- 
lated; some contained intracel lular  colloid droplets, suggesting t h a t  they were 
viable and might be under TSH stimulation. Occasionally evidence of ep i the l ia l  
proliferation was found. 
fibrous, Often an abundance of pigment-containing macrophages gave evidence of 
the extravasation of blood t h a t  had occurred earlier (see previous descriptions) . 
Developing fa t  tissue was often seen i n  these sections. 
s i s ten t ly  showed s t ructural  normality. 

Vascularity was poor. The remainder of t h e  t issue was 

The parathyroids con- 

Discuss ion 

and s t ructural  
tests (weight and histolo i c  change) of thyroid damage a f t e ~ p ~ f '  administration 
are complementary, The If31 test  seems 
could be demonstrated after moderate At2'* dosages in glands tha t  appeared normal 
or  even hyperactive structurally. 
epithelialprfmnants in the paratracheal region long a f t e r  a thyroidectomizing 
dose.of A t  
thyroid function. It appears tha t  a t  the lower levels of At211 dosage, ce l l s  

This experiment indicates that  functional tests (I 131 

re  sensitive; reduction of uptake 

Furthermore, the finding of even considerable 

is not necessarily associated with any substantial  evidence of 
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retain t h e i r  capacity t o  respond t o  TSH stww by hmrtraphy and hsperplas~. 
Obviously, the first consequences of the A t  
paired biochemical processes within the cells. 
t ion f o r  the need of further biochemical studies such a3 are described in the  
f irst  section of this report. 

radiation must be sought in &a- 
This reinforces the demnstra- 

SUMMARY 

Astatine2l1 i s  an alpha-particle-emitting halogen which 3.s select ively 
accumulated by the thyroid gland. It has been possible, by employing standard 
protein chemistry procedures (trichloro-acetic acid o r  ammonium sulphate pre- 
cipi ta t ion) ,  t o  draw some conclusions as t o  its chemical sta te  in the thyroid. 
Such biochemical studies have been combined w i t h  experimental regimens using 
antithyroid drugs (propyl thiouracil, potassium thiocyanate) , and deductions 
have been =de as t o  some of the physiological mchanisas which affect the 
transformations of as ta t ine within the thyroid. 

Advantage has been taken of some of the  special nuclear properties of 
At211 (short  half l i fe ,  rapid energy release, res t r ic ted  tissue range) t o  
achieve graded damage t o  the thyroid gland. 
uptake) and structural tests (weight and histology) for thyroid damage has 
made it possible t o  assess the effective thyroid=destroyhg dose Over v m m g  
time periods. Altered glandular physiology following lower doses has also 
been demonstrated. 

Combining functional test~(I’~~ 

The authors wish t o  acknowledge the stimulating ideas contributed by Dr. 
Claire J. Shellabarger of Brookhaven National Laboratory and Dr. Richard 
W. E. Watts, Travelling Fellow of the  Br i t i sh  Postgraduate Medical Federation, 
on leave of absence from St. Bartholomew’s Hospital, London, England; the  
invaluable assistance of M r .  G. Bo Rossi and t h e  staff of the &-inch Cyclotron; 
Mr. Marshall P a r r o t t ,  Mrs. Marilyn W i l l i a m s ,  Mrs. Ruth Newman, Miss Nylan 
Jeung and Miss Margaret Gee for  technical assistance, and Mrs. Grace Walpole, 
Miss Catherine Sjoblom and Charlotte Mauk fo r  the preparation of the manu- 
script. 
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le t o  check the comple ss of thyroid 
dose $B days qjjfr: 9' administration. 

YW Over I thyroidec tomiz 
When thyroid destruction is achieved by I1 ', 

g t o  t h e  residual radioactivity in . m 
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Table I 

THE LEACHING OF ASTATINE-2l.J. FROM TiL3 TiIPROID GLANDS OF NOMU AND PTU- 
TREATED RATS I N  HISTOLOGICM, FIX;ITIK!S. VALUES AXE Ex, RESSiI) AS PERCENT 
OF TOTAL THYKOID ASTATINE-211. 

Fixative 
n 

80% Ethanol, ,pH 6-7 

1% Neutral formalin, pH 5 

1% Formalin i n  95% ethanol, pH 6-7 

Tellyeniczky's f l u id  (5% foriaa,lin 
and 5% glac ia l  acet ic  acid in 7% 
etlianol), pH 5-6 

Qouin's f lu id  (25% formal in  and 
5% glacial  acetic acid in sat- 
urated picr ic  acid), pH 2 

I f 7 4 4 4 5  
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Table I11 

3+TU (7) 

4-FTU + KSCN ( 4 )  z.4 i 3.4. 

1 1  7 4 4 9 7  
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Fig. 1 

The thyroid of a normal sf;-day old rat i l lustrates  the 
condition in the controls at the t h e  of At211 injection. 

(All photographs are magnified 267 times). 
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I 

Fig. 2 

S i x  days after administration of 0.8 pc At211/gm bc 
the thyroid shows heightened epithelium, co l lo id  rf 
and an abundant supply of capillaries. (x 267) 



i 
I 

Pig. 3 

Six days after administration of 1.5 pc At2''/- body might, 
the thyroid shows masses of epithelial  c e l l s ,  many of  then 
degenerating. 
edeasetous and hemorrhagic. (x 267) 

The stroma between these cell masses is 

1 1 1 5 5 0 1  
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Fig. 4 

One year after administration of 1.1 pc At211/gm body weight, 
no recognizable thyroid tissue is found, although some 
epithelial remnants are seen. 
right) appears intact. (x 267) 

The parathyroid gland (lower 

- - - - -  

I 1 1 4 5 0 2  
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