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Formation in Vitro of Highly Active 
Thyroproteins, Their Biologic 

Assay, and Practical Use 
E. P. REINEKE AND C. W. TURNER 

The importance of iodine as an essential component in the thyroid 
secretion was first indicated by the discovery of Baumann (1895) 
that this element is normally present in the thyroid in firm organic 
combination. It was soon shown by Hutchison (1896, 1898), Oswald 
(1899) , and others that the greater share of the thyroid iodine occurs 
in combination with the thyroglobulin. 

These important discoveries led a number of invest igators to study 
the combination of iodine with various proteins in attempts to 
produce · iodoproteins with properties similar to thyroglobulin. 
Though none of these attempts yielded physiologically active iodo
proteins, the basis was laid for much of our present knowledge of 
the chemistry of the iodination process. 

Intensive investigation of the iodine-containing fractions of hy
drolysates of the thyroid led finally to the isolation of crystalline 
thyroxine by Kendall (1915) and its synthesis by Harington and 
Barger (1926). 

In the meantime, knowledge of the physiology of the thyroid and 
the functions of its secretion has been advanced by the work of 
numerous investigators in both laboratory and clinical research. 
Though many of its functions, and part icularly its interrelationships 
with other endocrine glands yet remain to be fully elucidated, it 
appears to be well established that through its role as the principal 
regulator of metabolism, the thyroid hormone plays a major part in 
the activation and acceleration of many of the productive processes 
of the body. Whether or not the effect of thyroid administration 
will be predominantly anabolic or predominantly catabolic depends 
pr incipally upon the dosage given. 

Removal of the thyroid from immature animals results in growth 
stasis, lowered metabolism, and a general retardation of most of 
the bodily processes and activities. Conversely, the administration 
of thyroid substance or thyroxine causes acceleration of body pro
cesses. This is well demonstrated by the increase in general metab
olism, more rapid circulation of the blood, and the more r apid 
absorption, mobilizat ion, and utilization of food nutrients. 

On the 'basis of these facts, it might be suspected that by the 
administration of thyroidal substances in op.timal doses it should 
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be possible to accelerate such processes as milk production, egg pro
duction, growth, and possibly work capacity, upon which profitable 
animal production depends. 

Graham (1934) first reported that both milk production and the 
percentage of fat in the milk could be increased significantly by the 
administration of desiccated thyroid to lactating dairy cattle. This 
discovery has been fully confirmed by experiments at the Missouri 
Agricultural Experiment Station and elsewhere. From the reports 
of Crew (1925), ZawadowskY et al. (1928), Winchester (1940), and 
Taylor and Burmester (1940), it is apparent that the thyroid is 
essential for maximum egg production. However, too little work 
ha,s been done to establish the effects of thyroid feeding on normal 
laying hens. Schneider (1939) has reviewed the evidence on the 
effect of thyroid feeding on growth. Though it has been demon
strated that thyroid substance, when fed in suitable amounts, is 
capable of accelerating growth in normal as well as in thyroidec
tomized animals, no trials to test this point thus far have been 
reported on the larger domestic animals. The lack of more exten
sive data on the effects of thyroidal materials on these productive 
processes can be attributed in part to the fact that the supply of 
such materials has been strictly limited, and thus any results ob
tained would have small prospect of practical application. 

However, in a series of reports beginning in 1933, Abelin and co
workers presented evidence that by the treatment of iodinated proteins 
in a manner similar to that first used for the recovery of thyroxine 
from thyroid material, it was possible to recover acid insoluble frac
tions that produced all the physiological effects of thyroid substance. 
Ludwig and von Mutzenbecher (1939) finally reported .the isolation 
of crystalline thyroxine from such preparations. 

With. this work as a basis, it appeared desirable to investigate 
further the combination of iodine with proteins, and to develop, if 
possible, processes for the formation of artificial "thyroproteins" 
with sufficient thyroidal activity that they could be used in practical 
animal investigations without hydrolysis and further purification. 

The work done on this problem can be divided into several broad 
classifications as follows: 

1. The adaptation of biological assay methods for testing the 
thyroidal potency of iodinated proteins. 

2. The systematic study of the effect of variations in the iodina
tion process on the physiologic activity of the products formed. 

3. The testing of proteins from various sources as raw materials 
for the formation of artificial thyroproteins. 

4. Testing of the effect of artificial thyroproteins on the milk 
production of cows and goats. 

5. The administration of artificial thyroproteins to thyroidec
tomized. goats in order to test their specific growth effect. 

6. The isolation of thyroxine from artificial thyroproteins. 
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While it has not been possible to investigate fully all the problems 
that have arisen, it is felt that dist inct progress has been made 
toward attainment of the principal goal of this work, the production 
of iodinated proteins with high thyroidal activity. 

BIOLOGICAL ASSAY OF THYROIDAL SUBSTANCES 

Review of Literature 

Metabolic Methods.-Magnus-Levy (1895) first reported the effect 
of thyroid administration on general metabolism. When desiccated 
thyroid was given to an obese person, it was noted that there was 
an increase both in the consumption of oxygen . and the output of 
carbon dioxide. In cases of hyperthyroidism, oxygen consumption 
and carbon dioxide output were greater than in normal individuals. 
This discovery is the basis of all the metabolic methods for the assay 
of thyroidal substances that have been used from that time to the 
present. In most of the early work the test materials were assayed 
directly on human patients. However, in recent years a number of 
metabolic assays for use with laboratory animals have been devised. 
Gaddum (1929) measured the oxygen consumption of rats before and 
after the administration of thyroxine and related compounds in order 
to determine their comparative potency. The rats were trained to 
feed in the afternoon and were fasted nine hours or more overnight, 
and a record of oxygen consumption was taken for three hours every 
morning. No advantage was found in the use of thyroidectomized 
rats for the assay. 

Meyer and Wertz (1939) r eported that thyroidectomized rats are 
25 to 30 times more sensitive to thyroid medication than normal 
rats, and they also give more uniform results. The animals were, 
not used until at least four weeks had elapsed after the operation. 

·These workers attribute Gaddum's failure to.find an increased sensi
tivity of thyroidectomized rats to the fact that his dosages were 
too high, and consequently within the range of lower sensitivity. 

The carbon dioxide output of mice before and after thyroid feed
ing was used by Morch (1929) as an accurate method for the assay 
of thyroid substance. In the proposed method, individual mice were 
placed in an open circuit respiration apparatus together with a 24-
hour supply of feed and water, and the carbon dioxide production 
was- measured for a 24-hour period. Normal values on .each mouse 
were obtained during a 5-day control period. The mice were then 
fed measured amounts of thyroid substance for. two t o three weeks 
and the carbon dioxide output wa s again determined over a period 
of 3 t o 5 days. It wa s shown that on a given daily intake of thyr oid 
the carbon dioxide production is increased only to a certain point 
and thereafter remains at a constant level so long as the thyroid 
administration is continued. For the comparison of results in mice 
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that changed in weight during the experiment it was assumed that 

carbon dioxide output increases as the surface area in mice that 

are gaining weight, and decreases in direct proportion to body weight 

in mice that are losing weight. 
While the experiments reported in the present paper were in 

progress, Dressler and Holling (1940) published a method for the 

assay of thyroid preparations, using normal guinea pigs. To obtain 

normal values, the fasting oxygen consumption of each animal was 

run at intervals of three days, and the average of three such trials 

was used as a base from which to measure the increased metabolism 

after thyroidal stimulation. Thyroid material was then given daily, 

and oxygen consumption was determined again 100 hours after the 

first feeding. The potency of the"test substance was then estimated 

by comparing the increase in oxygen consumption with a reference 

curve based on the response elicited by varying doses of a standard 

thyroid preparation. 
White et al. (1939) used normal guinea pigs to determine the 

relative potency of thyroid preparations. Animals weighing 250 

to 450 grams were maintained at constant weight for six days. 

before metabolism measurements were made. Test preparations were 

then given in capsules l:!y mouth and the oxygen consumption was 

determined on alternate days for seven days. 

Thyroid Assay Based· on Body Weight Loss.-Kreitmair (1928) 

devised an assay based on the well known fact that excessive doses 

of thyroid substances will cause a loss in body weight. Guinea pigs 

weighing 250 to 300 grams were used and given the test material 

by stomach tube daily for six days, the final weight being taken on 

the seventh day. A guinea pig unit was defined as the amount of 

test substance that would cause a weight loss of 10 per cent in at 

least three out of four animals. 
Thyroid Assays Based on Metamorphosis of Amphibia.-Qualita

tive Effects of Thyroid Substance.-The striking effect of thyroid 

material in stimulating the metamorphosis of amphibian larvae, 

first reported by Gudernatsch and confirmed by Romeis and others, 

has been the subject of extensive investigation. In his initial report 

(1913a), Gudernatsch demonstrated that thyroid feeding causes 

precocious differentiation of the body, but suppresses further growth. 

Additj,onal work (Gudernatsch, 1913b) revealed the fact that tad

poles will continue to metamorphose even though exposed to thyroid 

for only 24 hours. The most rapid differentiation was observed 

after three days of thyroid feeding. Animals so treated rapidly 

turn into miniature frogs, but almost inevitably die at this stage. 

Recovery from the thyroid shock was observed in only ten out of 

800 tadpoles. Romeis (1915) concluded that the loss of weight of 

tadpoles after thyroid feeding was due to both water loss and 

increased metabolism. Kahn (1916) reported that tadpoles fed 

horse thyroid metamorphosed much earlier than animals receiving 
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either liver or thymus. The thyroid fed animals had a smaller 
thyroid, larger thymus, and a much larger pituitary gland. 

Allen (1916) showed that the thyroid is normally indispensable 
for the metamorphosis of tadpoles by noting the effects of thyroid 
removal. When the thyroid was removed at the five to six mm. stage, 
the tadpoles failed completely to metamorphose. In further work 
(Allen, 1918) it was shown that thyroidectomized tadpoles grew to 
a large size, but failed to metamorphose unless fed thyroid material. 
Much the same effect following the thyroidectomy of tadpoles wall 
observed by Hoskins and Hoskins (1917, 1919). 

Quantitative Effects of Thyroid Substance.-Lenhart (1915) and 
Rogoff (1917) proposed the use of tadpoles for the standardization 
of thyroid preparations. Romeis (1923) attempted to assay thyroid 
materials quantitatively by determining the smallest dose capable 
of causing metamorphosis of a batch of tadpoles after a singlEI 
feeding. In order to obtain a rough estimate of its relative potency. 
the test preparation was given in the same dosage and at the same 
time as a standard preparation, and the responses were compared. 

Gaddum (1927-28) reported that when tadpoles were exposed to 
thyroidal materials the decrease in body length bore a rough quanti
tative relationship to the amount of active substance employed. In 
this assay, batches of 12 tadpoles were used for each test. After 
being exposed for 24 to 48 hours to the action of the substance to 
be 'tested, the tadpoles were transferred to tap water, and their 
lengths measured at intervals and compared with untreated contra.ls. 

With the many profound changes that can be observed during the 
metamorphosis of tadpoles a great many different criteria could be 
taken as end points for the assay of thyroidal materials. 

Champy and Radu (1931) have reported that when tadpoles 10 
mm. in length are used, thyroxine produces changes in the spiral 
intestine that are proportional to the dosage. This response is 
obtained before any effects are noted on the limb buds. 

More recently, Wokes (1938) has shown that the decrease in body 
length of tadpoles following thyroidal stimulation is like many other 
biological responses in that when the percentage decrease in length 
is . plotted against the logarithm of the dose a straight line results . 
With 'this relation as a basis he has. worked out a detailed method 
of assay for thyroid substance. 

The Breeding and Culture of Frog Tadpoles.-Until recently the 
use of tadpoles for the assay of thyroidal substances has been limited 
to the rel~tively short period in the spring and early summer when 
natural tadpoles are available. Wokes (1938) suggested that the 
use of such tadpoles could be extended by storing them at a low 
temperature until used, thus retarding their rate of development. 

With the discovery or methods for inducing ovulation and fertili
zation in frogs, however, tadpoles for assay purposes can now be 
obtained during the greater part of the year. Well developed ova 



10 MISSOURI AGRICULTURAL EXPERIMENT STATION 

are normally present in the ovaries of female frogs when they begin 
to hibernate in the fall. Rugh (1934) reported that ovulation of 
such frogs could be induced by injecting a suspension of macerated 
frog pituitary glands. Ovulation was observed within three hours 
to four days following the beginning of treatment, and the eggs 
could then be inseminated by stripping them into a sperm sus
pension that had been prepared previously by macerating a pair of 
frog . testes in pond water or a modified frog Ringer's solution. 
Mammalian pituitary preparations were found to be entirely ineffec
tive in inducing ovulation of the frog. Rugh (1937) reported that 
the sensitivity of the frog ovary to induced ovulation increases with 
the progression of the season from September to February. A 
dosage of frog anterior pituitary that would cause only 7.7 per cent 
ovulation in September, induced ovulation responses of 34 per cent 
in November and 100 per cent in February. 

Creaser and Gorbman (193.9) have reviewed the literature with re
gard to species specificity of the gonadotropic factors in vertebrates. 
It was shown that the ovary of Rana pipiens responds to the implanta
tion of pituitaries of other anura, but is unresponsive to prolan or 
pregnant mare serum, or beef, sheep, and fish pituitaries. 

Langan · (1941) reported that Rana pipiens responded to the injec
tion of progesterone by 5 to 50 per cent ovulation. The injection of 
testosterone propionate resulted in 5 to 100 per cent ovulation in eight 
out of ten frogs. Mammalian anterior pituitary, pregnant mare serum, 
and alpha estradiol propionate were completely ineffective. 

Experimental 
Both the degree of stimulation of increased oxygen consumption 

and body weight loss of guinea pigs and acceleration of the meta
morphosis of tadpoles were used for assay of the thyroidal activity 
of the preparations reported in later sections of this paper. The 
metabolic method and the tadpole method both have the advantage 
that they represent a positive and ·relatively specific response to thy
roidal stimulation. Though the body weight loss met hod is open to 
criticism for its lack of specificity, it showed fair agreement with the 
other methods when tested on known substances. 

Assays on Guinea Pigs.-Healthy male guinea pigs obtained from 
a commercial breeding establishment were used for all assays. The 
diet consisted of 80 per cent grain mixture and 20 per cent Cerogras 
(a mixture of dried and finely ground immature cereal grasses) added 
as a vitamin supplement ·Preliminary to their use the animals were 
trained to eat their daily feed allotment during the afternoon, and 
all feed was removed from the cages at about 10 :00 p. m. in order to 
permit daily measurements of oxygen consumption in a partially 
fasted condition. Control animals handled in this manner gained an 
average of 2 per cent per week. The measurements of oxygen con
sumption were made in an eight chamber respiration apparatus of the 
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same construction as that described by Winchester (1940) but de
signed to accommodate animals 150 to 3-00 grams in weight. 

Normal Oxygen Consumption.-In order to compute the increase in 
oxygen consumption due to thyroidal stimulation, it is necessary first 
to establish the normal oxygen consumption. If the normal oxygen 
consumption of all animals is determined preliminary to the test 
period, it then appears to be a simple matter to compute the increase 
in oxygen consumption due to thyroidal stimulation. However, sever
al days must elapse between the beginning of dosage and the meta
bolic responses, thus allowing changes irr normal metabolism to 
occur due to variations in body weight and changes in environmental 
temperature. It appeared, therefore, that by establishing a curve of 
normal oxygen consumption under a given set of conditions, it 
should be possible to predict the normal oxygen consumption of 
animals of a given weight with about as great a degree of accuracy 
as it could be determined experimentally. 
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Guinea 
Pig 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Oct. 

Oct. 

Oct. 

Oct. 

Oct. 

Oct. 

Oct. 

Oct. 

Nov. 

TABLE 1. THE OXYGEN CONSUMPTION OF NORMAL, 
PARTIALLY-FASTED GUINEA PIGS 

Body Liters Guinea Body 
Weight o2 per Pig Weight 

Date Grams Hour Number Date Grams 

14, 1940 1J2 .148 11 Oct. 28, 1940 251 
15 1J4 .170 29 265 
16 1J2 .179 30 255 
17 1J9 .186 Jl 257 
18 141 .170 Nov. 1 270 
14, 1940 1J6 .158 12 Nov. 4, 1940 248 
15 1J8 .167 5 25J 
16 148 .173 6 240 
17 151 .177 8 246 
18 160 .186 lJ Nov. 4, 1940 248 
14, 1940 lJJ .156 5 248 
15 135 .179 6 25J 
16 1J5 .170 7 250 
17 140 .186 14 Nov. 5, 1940 24J 
18 150 .171 15 Nov. 11, 1940 239 
21, 1940 144 .170 12 239 
22 159 .179 16 Nov. 11, 1940 239 
23 156 .167 12 247 
24 160 .186 17 Nov. 11, 1940 267 
25 160 .169 18 Nov. 18, 1940 254 
21, 1940 142 .162 19 257 
22 159 .173 20 257 
23 168 .166 21 275 
24 171 .180 22 276 
25 179 .185 19 Nov. 18, 1940 252 
21 151 .169 21 258 
22 166 .163 20 Nov. 18, 1940 282 
23 167 .166 19 291 
24 168 .162 _, 20 282 
25 155 .182 21 298 
21, 1940 149 • .183 22 297 
22 161 .176 21 Nov. 25, 1940 262 
23 160 .179 26 264 
24 164 .180 22 Nov. 25, 1940 288 
25 162 .17J 26 287 
28, 1940 250 . 253 23 Nov. 25 , 1940 298 
29 259 .272 26 301 
JO 263 .294 24 Nov. 26, 1940 Jl8 
31 267 .27~ 27 315 
1 271 .268 25 Nov. 27, 1940 261 

Oct. 28, 1940 259 .244 28 264 
26 296 29 251 .224 Nov. 27, 1940 

JO 261 .254 28 291 
Jl 270 .255 27 Nov. 27, 1940 299 

Nov. 1, 262 .258 28 299 
Oct. 28, 1940 272 .262 28 Nov. 27, 1940 Jl2 

29 28J .282 28 J07 
JO 279 .289 
Jl 285 .277 

Nov. l 292 .JOO 

Liters 
~ per 

ur 

.2J7 

.261 

.263 

.247 

.258 

.277 

.252 

.250 

.243 

.299 

.284 

. 224 

. 286 

.253 

.261 

.268 

.250 

.272 

.296 

.237 

.227 

.230 

.254 

. 275 

.288 

.282 

.281 

.264 

.282 

.251 
,J02 
.320 
,JJ8 
.319 
.J61 
.302 
.290 
.Jll 
.JJ4 
.254 
.244 
.J02 
.290 
.Jll 
.291 
.J28 
.282 

As a preliminary, 97 determinations of 02 consumption were made on 
28 guinea pigs of varying body weights, as shown · in Table I and Fig. 
1. In guinea pigs maintained under fall and winter conditions (Octo
ber and November) , the relation between normal oxygen consumption 
and the body weight, as determined by the method of least squares, 

, can be expressed by the equation: 
y = 0.0455 + 0.000848x 

where y = oxygen consumption in liters per hour and x = body 
, weight. The standard error (Sy·x) is 0.02068 liters per hour. It is 



Body 
Weight 
Grams 

x 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
14Z 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
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TABLE 2. COMPUTED LITERS o2 CONSUMPTION PER HOUR FOR 
NORMAL GUINEA PIGS, FROM EQUATION Y s .0455 + .000848 X 

Liters Body Liters I Body Liters Body Liters 
Oz per Weight Oz per Weight 06 per Weight Oz per 
Hou.r Grams Hour Grams H ur Grams Hour 

y x y x y x y 

.156 180 .198 

I 
Z30 .z41 Z80 .Z83 

.157 181 .199 231 .241 281 ;284 

.157 18Z .200 Z32 .242 282 .285 

.158 183 .ZOl 

i 
233 .z43 Z83 .Z85 

.159 184 .202 234 .244 284 .286 

.160 185 .Z02 235 .245 285 .287 

.161 186 .203 

I 
236 .246 286 .Z88 

.162 187 .204 237 .246 287 .289 

.163 188 .Z05 Z38 .z47 Z88 .290 

.163 189 .Z06 I 239 .248 Z89 .291 

.164 190 .Z07 

I 
240 .z49 Z90 .291 

.165 191 .Z07 Z41 .z50 Z91 .292 

.166 l9Z .Z08 Z4Z .Z51 292 . 293 

.167 193 .Z09 I Z43 .Z5Z Z93 . .z94 
• 168 

I 

194 .ZlO Z44 .25z 294 .295 
.168 195 .Zll 245 .253 Z95 .Z96 
.169 196 .Zl2 246 .254 296 .Z97 
.170 197 .213 247 .255 297 .z97 
.171 198 .213 248 .256 Z98 .298 
.172 

I 
199 .Zl4 249 .257 Z99 .299 

.173 zoo .215 250 .258 300 .300 

.174 201 . 216 251 .258 301 .301 

.174 202 .217 252 .259 302 .3oz 

.175 203 .218 253 .260 303 .3oz 

.176 204 .218 Z54 .261 304 .303 

.177 Z05 .219 255 .26Z 305 .304 

.178 206 .220 Z56 .263 306 .305 

.179 207 .221 257 .263 307 .306 

.180 208 .22z 258 .264 308 .307 

.180 209 .223 259 .265 309 .308 

.181 210 .224 Z60 .Z66 310 .308 

.182 211 .224 261 .267 311 .309 

.183 21Z .Z25 262 .268 312 .310 

.184 213 .226 263 .269 313 .311 

.185 214 . ZZ7 264 . 269 314 .31z 

.185 215 .228 Z65 .270 315 .313 

.186 216 .Z29 266 .271 316 .313 

.187 217 .Z30 267 .272 317 .314 

.188 218 .z31 268 .273 318 .315 

.189 219 .z31 269 .274 319 .316 

.190 2ZO .232 270 .274 3ZO .317 

.191 221 .233 271 .275 321 .318 

.191 222 .234 272 .276 322 .319 

.192 223 .235 273 .277 323 .319 

.193 224 .236 274 .278 324 .320 

.194 225 .236 275 .279 325 .3z1 

.195 226 .z37 276 .280 326 .322 

.l.96 Z27 .238 277 .280 327 .323 

.196 228 .239 278 .281 328 .3z4 

.197 2Z9 .240 Z79 .Z8Z 3Z9 .324 

appreciated that; from a philosophical standpoint, the oxygen consump
tion should be related to a power of body weight rather than directly 
with bodY weight. However, in the short range of weights covered, no 
appreciable difference would be found between the two methods of 
calculation. For convenience in the calculation of results a prediction 
table (Table 2) was constructed by use of the equation described 
above. By using the computed values as the base line of normal 
metabolism, the metabolic effect of a test substance can then be de-
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termined by measuring the oxygen consumption after the stimulation 
has taken effect, and calculating the percentage deviation from the 
value for animals of the same weight. 

As a check on the reliability of the prediction table, normal values 
were determined occasionally on groups of · guinea pigs while the as
says were in progress. During the winter period of November until 

TABLE 3. THE OXYGEN CONSUMPTION OF NORMAL, 
PARTIALLY-FASTED GUlNEA PIGS 

Val ues for Kav 
Body Weight Liters o2 

Date .. rams Per flour 

llay 7 256 .226 
240 .214 
243 .213 
232 .210 

Kay 8 259 .217 
241 .231 
234 .207 
227 .253 

Kay 12 2.38 .211 
231 .208 
242 .230 
226 .217 

Kay 13 247 .223 
233 .222 
235 .202 
231 .208 

Kay 14 246 .232 
2.33 .219 
243 .219 
224 .201 

)(ay 19 230 .222 
237 . 204 
247 .217 
237 .225 

Kay 20 243 .207 
255 .204 
256 .207 
246 .191 

Kay 21 254 .195 
225 ' .203 
229 .205 
234 • 206 
245 .229 
242 .219 
239 .212 
219 .182 

llay 22 222 .181 
232 .216 
2.37 .215 
243 .231 
225 .198 
227 .209 
225 .199 
246 .193 

llay 15 232 .208 
221 .187 
246 .206 

llean ~ :~M 
From equation, normal 02 consump
tion for 237 gram animal = .246 
liters per hour. Therefore, Kay 
values = :~±g or .858 normal 

Values for June and Jul~ 
Body Weight Liters 

Date 11:rams Per Hour 

June 9 262 .228 
230 .194 
238 .234 
224 .220 

June 10 281 . 224 
230 . 210 
242 .223 
220 .230 

June ll 233 .205 
217 .197 
263 .285 
211 .240 
224 .226 
22.3 .230 
238 .239 
269 .285 

June 12 226 .220 
210 .289 
231 .213 
277 .285 
232 .215 
223 .192 
263 .261 
201 .230 

Kean m .230 

From equation, normal 02 consumpti 
for 237 gram animals = .246 liters 

on 

per hour. Therefore, June values = 
:~lg : .935 normal • 

July 28 231 .182 
216 .206 
255 .258 
226 .206 

July 29 234 .186 
213 .195 
251 .228 
~ :B llean 2J:Z 0 

From equation, normal 02 consumption 
for 232 gram animal = .242 liters 
per hour. Therefore, July values ~ 
.208 - 860 .242 - • 
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the latter part of April, the determined values agreed quite well with 
the computed values. Groups of eight animals usually showed average 
variations from the control line within the range of -2.4 to +4.3 per 
cent. 

However, with the onset of warmer weather and with no means of 
controlling higher temperatures in the animal room, there was a de
cline of about 15 per cent in the normal oxygen consumption values. 
The normal 02 consumption of partially-fasted male guinea pigs during 
May, June, and July is shown in Table 3. The data for May are also 
plotted in Fig. 1, though they were not included in computing the 
equation. The 02 consumption for May, June, and July, respectively, 
was 0.858, 0.935, and 0.860 times the normal winter values for animals 
of the same weight. The base values "for assays made during this 
period were adjusted, therefore, by multiplying the values in the pre
diction table by the appropriate factor. 

Assay Technique.-In preparation for assay, thyroxine was dis
solved in distilled water with the aid of a few drops of lN sodium hy
droxide; and lN hydrochloric acid was then added cautiously to bring 
the pH of the solution slightly above the isoelectric point. Iodinated 
proteins were put in solution in distilled water by the addition of two 
or three drops of saturated sodium carbonate solution and trituration 
with a mortar and pestle. The dissolved material was then made up to 
a given volume, and accurately measured quantities were given by 
stomach tube once daily for six days. Normal male guinea pigs in the 
weight range between 230 and 280 grams were used for the assays. 

On the fourth and fifth days after beginning the dosage, measure
ments of oxygen consumption were made over a period of two to three 
hours for comparison with normal values, as described. Dosage of 
the animals was continued for six days, and the final weights were 
taken on the seventh day after beginning the treatment. Weight de
creases were expressed as the per cent difference between the initial 
weight and the final weight of the animals. 

Thyroxine Reference Curves.-In order to have a basis for compari
son of various experimental preparations, the effect of graded doses of 
synthetic thyroxine on the oxygen consumption of guinea pigs was 
determined, as shown in Table 4. The measurements were made at 
rather widely separated intervals during the winter and spring, and 
the percentage increases above normal were calculated from the ap
propriate base line as described earlier. The average per cent re
sponse obtained on groups of three to four animals is shown in rela
tion to the dose in Fig. 2. When plotted on semi-logarithmic paper, it 
can be seen that the percentage increase in oxygen consumption varies 
as the logarithm of the dosage. As calculated by the method of least 
squares, the relation between the dosage of thyroxine and ,the increase 
in oxygen consumption of guinea pigs during the period of December 
5 to April 24 can be expressed by the equation: 

y = 47.27 log x- 34.75 



16 MISSOURI AGRICULTURAL EXPERIMENT STATION 

where y = percentage increase in oxygen consumption and x = the 
logarithm of the daily thyroxine dose in micrograms per 100 grams 
body weight. 
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Fig. 2.-The relation between thyroxine dosage and the per
centage increase in oxygen consumption of groups of normal, 
purtially-rasted guinea pigs. 

As shown in an earlier section, the normal metabolism of guinea 
pigs declined with the onset of hot weather during spring and early 
summer. At the same time the sensitivity to thyroxine stimulation in-
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creased. The results of thyroxine dosage were obtained on only three 
different levels during May and July. However, the percentage re
sponse is considerably higher on all levels than that shown on the winter 
reference curve, though the slope of the response is similar. These 
data fit the equation: 

y = 48.96 log x - 24.66 
with the terms of the equation as defined above. · 

Having established the relation between the dosage of thyroxine and 
the percentage increase in OxYgen consumption, it is possible to cal
culate roughly the thyroxine equivalent of test preparations assayed 
under the same conditions. By substituting the percentage increase 
in oxygen consumption obtained on a given dosage of test material for 
y in the appropriate equation, and solving for x, one obtains the log
arithm of the thyroxine dosage that must be given orally to produce 
the same response. By looking up the antilogarithm, the actual thy
roxine equivalent is obtained. Then 

thyroxine equivalent (mg.) . 
d f t t b t ( ) x 100 = % thyroxine response osage o es su s ance mg. 
Dosage of all the animals was continued for six days and final body 

weights recorded on the .seventh day of each trial in order to permit 
computation of the percentage loss in body weight, as described by 
Kreitmair (1928). The results are recorded in the last column of 
Table 4. The data for three animals, Nos. 579, 577, and 582, have 
been omitted from the averages because their initial body weights 
were considerably lower than those of the other test animals. Con
sequently they were more resistant to thyroxine and lost less weight 
than larger animals. This result is in agreement with the report of 
Belasco and Murlin (1941) that younger rats are more resistant to 
thyroxine than older animals. 

The average body weight loss data for groups of four animals are 
shown plotted against the thyroxine dosage in Fig. 3. It will be noted 
that the percentage decrease in body weight is roughly proportional 
to the dosage, and can be expressed by the equation: 

y = 0.671 x -1.3 
where y = percentage decrease in body weight and x = the thyroxine 
dosage in micrograms daily per 100 grams body weight. The stand
ard error (Sy·x) for groups of four animals handled as in these experi
ments is 2.992 per cent. In the assay of test preparations, the body 
weight loss equation has been used for calculation of their relative 
potencies. By substituting for y in the equation, the decrease in body 
weight in response to a given amount of test preparation, and solving 
for x, one can determine roughly the amou11t of thyroxine that would 
be required to produce an equal response. 

In contradistinction to the results obtained on oxygen consumption, 
no seasonal differences were noted in the degree of susceptibility of 
guinea pigs to body weight loss under the influence of thyroxine. 
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Date 

Dec. 4, 5 
1940 

Dec.10,12 
1940 

Mar. 31, 
Apr. 1, 
1941 

Mar. 31, 
Apr. l, 
1941 

Apr. 23, 
24, 1941 

Apr. 28, 
29, 1941 

May 7, 8 

MISSOURI AGRICULTURAL EXPERIMENT STATION 

TABLE 4. THE EFFECT OF VARYING ORAL DOSAGES OF THYROXINE 
ON THE OXYGEN CONSUMPTION OF GUINEA PIGS* 

o2 ml./hr. 
uaiJ.y 

Guinea Body Increase Initial Dosage Log Dose 
Pig Wt. Experi- Nor- in 02 Weight Meg. / Daily Per 
No. Gm. mental mal It Gm. 100 Gm. 100 Gm. 

Based on normal winter control curve of 02 consumption 

569 288 366 290 +26.2 315 26.5 l.4232 
529 256 362 263 +37.6 295 28.2 l.4502 
545 236 342 246 +39.0 261 31.9 1.5038 

Average 34.3 28.9 1.4609 

579 194 253 210 +20.5 203 20.5 1.3118 
577 238 298 247 +20.6 227 18.4 1.2648 
582 186 272 203 +34.0 187 22.3 l..3483 
578 274 317 278 +14.0 294 14.2 1.1523 
587 238 3%1 248 +37.5 260 16.0 l.2041 
590 327 3 8 323 +13.9 328 12.7 1.1038 
585 274 334 278 ;.20.l 290 14.4 l.1584 

Average 22.9 16.9 l.2279 

626 228 300 239 +25.5 245 13.6 1.1335 
636 241 302 250 +20.8 237 14.1 l.1492 
612 220 276 232 +19.0 230 14.5 l.1614 
635 218 256 231 +10.8 229 14.6 l.1614 

Average .. 19.0 14.2 l.152.3 

627 222 282 234 t20.; 241 20.7 l..3160 
609 232 332 242 +37.2 240 20.8 l.3181 
666 218 303 231 +31.2 233 21.5 l..3324 
631 212 292 225 +29.8 225 22.2 l..3464 

Average +29.7 21.3 l.3284 

683. 246 312 254 +22.8 263 11.4 l.0569 
692 240 273 249 ... 9.6 237 12.7 l.1038 
663 235 310 245 +26.; ~~r· 12.9 1.1106 
690 241 268 250 + 7.2 13.0 l.1139 

Average +16.1 12.5 

Based on control values for May and July 

674 236 280 211 +32.7 258 19.4 l.2878 
684 234 303 209 +45.0 253 19.8 l.2967 
691 228 276 205 +34.6 241 20.7 l..3160 
626 226 295 203 +45·3 241 20.7 l.3160 

Average .39.4 20.2 l.3054 

678 236 276 211 +30.8 253 11.9 1.0755 
668 240 270 214 +26.2 251 12.0 l.0792 
641 231 270 207 .,.30.4 248 12.l l.0828 
618 219 251 198 +26.8 245 12.2 1.0864 

Average 28.6 12.J l.0899 

.July 21,2. 618 247 316 219 +44.:i 263 22.8 l.3579 
1941 474 239 301 213 +41..3 257 23.3 1.3674 

689 211 282 192 +46.9 2.33 25.8 l.4116 
692 204 270 187 +44.4 225 26.7 l.4265 

.&·rer.1'ge .!;A..2 24.6 l.3909 

Apr. 24, 519 6.12 
1941 556 5.54 

564 5.81 
Average ;.82 

689 19.9 
676 20.4 

1687 20.4 
655 20.8 

Average 20.4 

l"Oay 
Weight 
Loss 

'{{, 

20.62 
18.98 
18.75 
19.63 

7.87 
+l.76 
3.73 

13.60 
12.68 

8.23 
12.40 

8.63 

20.0 
7.6 

14.8 
3.9 

ll.6 

12.4 
10.0 
14.6 
12.0 
12.2 

8.75 
+0.84. 
l.28 

+2.17 
-1.99 

12.4 
24 •. 7 
14.5 
10.0 
15.5 

9.07 
3.8 
8.4 

14.7 
8.93 

6.07 
6.60 

18.90 
12.4 
10.75 

1.1 
J.7 
5.2 
2.99 

10.8 
15.0 
11.4 
17.8 
lJ.75 

*The experimental 02 consumption is the average det.ermined on tbe 4th and ;tb 
days ~fter dosage began. 
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Fig. 3.-The relation between thyroxine dosage and the percentage decrease 
in body weight of 11:roups of normal. partially-fasted guinea pigs. 
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Assays on Tadpoles.-Because of its relative simplicity and the 
possibility of olftaining comparative results on a large number of 
preparations in a single assay, the tadpole metamorphosis test has 
been used more extensively in the present work than the other methods. 

Within a period of four to six days after the administration of 
thyroidal substances to tadpoles, a series of striking changes in body 
conformation occur. One of the first evidences of stimulation to be 
noted is a general thinning from the plump body form of the normal 
tadpole to a more angular appearance. There is rapid growth of the 
rudimentary rear limb buds, and their transformation into legs and 
feet. The left front limb bud emerges in four to six days after the 
stimulation, followed shortly by the appearance of the right front 
limb bud. These changes are accompanied by resorption and shorten
ing of the tail. 

In preliminary work it was found that all of the changes noted 
above are correlated to some extent with the dosage of active substance 
administered. 

If measured with a binocular microscope having . an eyepiece mi
crometer, the increase in length of the rear limbs is roughly propor-
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tional to the dosage, up to a certain dosage level. At higher dosage 
levels, rear limb bud growth is retarded somewhat, and decrease in 
body size predominates. An optimal dosage level also appears to be 
required for emergence of the front limb buds; growth in length of 
these members after their emergence is also correlated to some extent 
with the dosage. 

Of all the endpoints tested, th€ percentage decrease in body length 
gave the best proportionality with the dosage, and, therefore, this 
measure has been used entirely for the quantitative comparisons re~ 
ported later. Gaddum (1927-28) also considered the decrease in body 
length of the tadpole to be the best criterion of metamorphosis stimula
tion. 

Tadpoles of all species of amphibia are apparently susceptible to 
thyroidal stimulation. However, the present work was confined to the 
larvae of Rana p·ipiens, the common leopard frog. 

Technique of Artificial Breeding am.d Culture of Frog Tadpoles.-A 
method for obtaining frog tadpoles during the fall and winter was 
adapted from the reports of Rugh (1934) and Meyer (1940). During 
the period from September to May, frogs for this purpose were ob
tained from a biological supply house. Upon receipt they were placed 
in a refrigerator in covered glass containers with sufficient water to 
cover about half of their bodies. The temperature was maintained at 
about 5 to 10° C. 

To produce ovulation, female frogs are taken into the laboratory 
and injected intraperitoneally with two to four frog pituitaries, macer
ated in distilled water. From September to November two to four 
pituitaries (two female or four male*) are required to produce good 
ovulation. From December t o April, however, ovulation can usually 
be stimulated by the injection of one male and one female pituitary. 
Mammalian preparations, including pregnant mare serum (gonadin) , 
gonadotropin from anterior pituitary, and pregnancy urine were com
pletely ineffective in stimulating ovulation. 

At the same time that the pituitaries are injected, a male frog for 
each female is brought into the laboratory and held at room tempera-

. ture until needed. Injected females usually ovulate from 24 to 72 
hours after the injection. Preliminary to stripping the eggs from 
the female, a male frog is sacrificed, his testes removed, and a sperm 
suspension made by macerating the testes in about 15 ml. of tap water. 
A drop of the suspension is inspected microscopically for sperm num
bers and motility, and if of poor quality a second frog is sacrificed. 
After the sperm suspension has stood at room temperature for about 
20 minutes, the eggs are stripped from the female directly into it. 
Sufficient water is added to barely cover the eggs, and they are allowed 
to stand, with gentle agitation occasionally, for about half an hour. 
E:ggs that become fertilized turn so that their white pole faces down
ward. When . most of the eggs have turned, they are :flooded with 

· *According to Rugh, female frog pituitaries are about twice as effective as those from males 
in stimulating ovulation. 
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. water, divided into clumps of 12 to 25 eggs, and held at 20 to 22° C. 
Water surrounding the eggs is aerated continuously by introducing an 
unglazed porcelain thimble that is attached to a compressed air line 
through a tightly fitting rubber stopper. If held at about 20° C., the 
larvae emerge by the third to fourth day. 

The tadpoles are kept in shallow aquaria containing a good growth 
of water plants, and are fed on a liver diet which is prepared as fol
lows: Fresh liver is cut into approximately % inch cubes and dropped 
into boiling water for one minute. After draining off the water the 
cubed liver is run through a meat chopper, and then mixed with an 
equal part of wheat fl.our to form a paste. This is dried over a radia
tor under a current of air and then ground to a powder, which will 
keep indefinitely without spoilage. A small amount of the powder is 
spr.inkled into the aquaria daily. 

Under good conditions the tadpoles grow to a size suitable for use 
in one to one and a half months. In addition to other factors, the 
temperature of the water has an important effect on the rate of growth 
of t·adpoles. At temperatures of 18° C. or slightly lower the tadpoles 
are very sluggish in their movements, feed poorly, and grow very slow
ly. The best growth appears to be obtained at about 21 to 24° C. The 
temperature of the water also has a pronounced effect on the rate of 
metamorphosis following stimulation with thyroidal materials. At 
high temperatures metamorphosis proceeds more rapidly than at low 
temperatures. In order to maintain uniform conditions during assays, 
the jars containing the test animals were always placed in an incubator 
at 25 to 26° C. 

If too large a number of tadpoles are held in the same aquarium, 
growth is retarded, probably because the oxygen supply of the water 
cannot be replenished rapidly enough to maintain the best conditions 
for growth. 

It has been noted that tadpoles are not susceptible to thyroidal stimu
lation until rudimentary rear limb buds begin to form. Under our 
laboratory conditions this is at the 18 to 20 mm. stage. 

Methods of Administration of Test Ma.teria.ls.-It is known that 
tadpoles will respond to minute amounts of thyroxine or thyroid even 
when placed in a solution of the test material. In preliminary work 
with iodinated casein, it was found that tadpoles will give little or no 
response when placed in a solution or suspension of this material but 
will respond readily when it is given either orally or by intraperitoneal 
injection. 

In the earlier experiments reported in this paper, iodinated casein 
was administered by weighing accurately a small amount of the ma
terial and layering it on the surface of the water in jars containing 
batches of ten or more tadpoles. Inasmuch as the animals then ingest 
the material at random, the dose for each animal varies and the re
sponses in a given batch of tadpoles vary from a minimal to a lethal 
effect. Thus any results obtained are only semi-quantitative at best. 
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In order to overcome this deficiency, the plan was adopted of inject
ing the dissolved material into the abdominal cavity of the tadpoles. In 
large tadpoles obtained during the summer, 0.1 ml. of solution could be 
injected readily from a 1 ml. graduated syringe. In the small labora
tory-reared tadpoles, a precise method of injecting smaller amou~ts of 
solution was needed. The micro-injection apparatus shown in Fig. 4 
was devised for this purpose. 

Fig. 4.-A micro-injection apparatus devised for the precise measurement of. small volumes of solution iniected into tadpoles. 

The mercury reservoir was formed by drawing out a section of a 
soft glass test tube, with lip, and fusing- it to a standard 0.2 ml. sero
logical pipette graduated to 0.001 ml. The tip of the pipette was in
serted into the barrel of a broken 1 ml. syringe in apposition with 
the delivery tip and sealed in place with sealing wax. After filling the 
injector with mercury, a gum rubber diaphragm was stretched over the 
mouth of the mercury reservoir, and held in place by wrapping it with 
a rubber band. ·Details of the screw device for regulating the flow of 
solution may· be noted by referring to the figure. 
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In operation, the mercury column is brought to the tip of the pipette 
and a 27-gauge needle filled with the solution to be injected is placed 
on the tip so as to eliminate all air bubbles. Enough solution to fill the 
pipette is then drawn in through the needle. When changing to a new 
solution the injector is rinsed by filling it with the new solution two 
or three times, discarding it, and refilling with fresh solution. 

For satisfactory operation it is essential that the barrel of the 
pipette be perfectly clean. Cleaning is done easily with dilute nitric 
acid, followed by rinsing with distilled water. 

The injection is accomplished as indicated in Fig. 4. The body of 
the tadpole is folded into a piece of cheese-cloth about three inches 
square and held between the thumb and index finger, the tail being 
supported meanwhile by the second finger. In order to prevent leak
age of solution the needle is first inserted into the central portion of the 
tail and then laterally into the body cavity. From 0.005 to 0.01 ml. is 
injected per tadpole, the amount depending on the size of the animal. 
After injection each tadpole is placed in a numbered bottle of about 
200 ml. capacity, filled with aerated water, and then placed in an in
cubator held at 25 to 26° C. The aerated water is renewed daily. 
When a visible response has taken place, the tadpoles are measured 
and the percentage decrease from the initial length is calculated. This 
usually occurs by the fourth to sixth day after injection. 

Certain tadpoles in an assay will sometimes show either a much 
greater or much less susceptibility to stimulation than the general 
average for the group. In cases of marked deviation, the results on 
such animals have been omitted from the group averages in some in
stances in the work that follows. 

Effect of Iodinated Casein and Thyroxine on Tadpole Metamorphosis. 
-The extent of metamorphosis of tadpoles subsequent to thyroidal 
stimulation depends on the stage of development of the tadpole as 
well as upon the potency of the material administered. 

During the summer, large tadpoles about 60 mm. in length have 
been used. At this stage the rear legs are fully formed, but still non
functional, and the front limb buds have not yet emerged. Such . 
animals are extremely sensitive to stimulation and show a large in
crease in resp.onse for a relatively small increase in dosage. Typical 
results obtained after a single injection of iodinated casein in tadpoles 
at this stage are shown in Fig. 5. Four days after the injection of 
0.1 mg. of an iodinated casein preparation these tadpoles showed al
most complete metamorphosis. 

The effect of graded doses of a standard iodinated casein prepara
tion in stimulating the metamorphosis of laboratory-reared tadpoles is 
shown in Fig. 6. The picture illustrates the changes occurring by the 
sixth day after injection of 5, 10, and 20 micrograms of the stand
ard. It will be observed that on the 5 mcg. dose there is growth and 
development of the rear limb buds, but no emergence of fore-limb buds. 
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Fig. 5.-The response of large frog tadooles (60 mm. size) to the injection of artificial thyroproteins. The t adpoles at the top are normal controls. The two at the bottom illustra te the striking degree of metamorphosis occurring within four days after the injection of 0.1 mg. of iodinated casein. 

The average decrease in body length of ten tadpoles was 0.8 per cent. 
On the 10 and 20 mcg. doses there was growth of the rear legs and 
also emergence of the front limb buds. The average decrease for ten 
tadpoles was 7.7 per cent on 10 mcg. and 15.8 per cent on 20 mcg. 
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Fig. 6.-The r esponse of laboratory-reared tadpoles to t he 
injection of artificial thyroprotein in the followinrc dosaires: 
1. top r ow, normal controls, no treatment. 2. second row, 5 mcg. 
standard iodinated casein. 3. third row, 10 mcg. standard 
iodinated casein. 4. fourth row, 20 mcg. standard iodinated 
casein. 
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Within the range of physiological response, the average percentage 
decrease in body length plotted against the logarithm of the dose re
sults in a straight line. Thus the relation between the dosage and 
response may be expressed by an equation of the form: 
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y =a+ blog x 
The average response to two different iodinated protein prepara

tions given orally at three dosage levels, in comparison with thyroxine, 
placed in solution in the water, is shown in Fig. 7. Fair linearity was 
obtained between the response and dosage in these cases, but it was 
found difficult to duplicate these results in further trials by oral ad
ministration. In this particular assay, a given weight of iodinated 
casein No. 30 produced 2.7 per cent of the response of the same weight 
of synthetic thyroxine. Preparation No. 29 showed roughly 1 per 
cent of the response of thyroxine. These assays were all set up on 
the same day and included ten tadpoles per batch, in 800 ml. of water. 

20 x Pl\EP. NO. 29 
f:. Pl\EP. NO. 30 
o THYl\OXINE 

(DOSAGE X lex>) 

b 151---~~~~+-~~-h.,,C.......+-~-1----1.--i'--l--I-"" 
0 
C!:) 
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J.&J 
V"\ 

< 
~ 10t--7""-'--~~-+-~~~=---+-~-1--l---ll--~-I 
u 
J.&J 
0 

..... z u s~~~~~-+-~~-+-~-+-~-1--+--l1--~-1 
at. .._, 
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o,;--~~~~2~~-±-~~~,1.--!-...1-..!.-LJ 
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DOSE, MILLIGR.AMS101\Al 

Fig. 7.-The relative relation between dosage and percentage decrease 
!n body . len;::th of tadpoles receiving th yroprotein orally and t hyroxine 
m solutrnn m water for a 24-hour period. 

With the adoption of the injection technique, much more uniform 
responses to graded doses of iodinated casein were obtained. The re
sponses to graded doses of a standard preparation of iodinated casein 
and thyroxine, when given by intraperitoneal injection, are shown in 
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Fig. 8. The points on a given curve represent t he average <lf~c rea:>t' 
in body length of seven to ten tadpoles that were all in jected on the 
same day. 

x STANDARD 3-20-42, 6 DA.)I,35-4o MM. 
0 II 3-13-42 II II 30-40 11 

i THYP-.OXINE II II II It II 

18 (DOSE x sol 36 
A STANDAR.D 3-3-42 II II 30·35 I I 

c II 1-16-4'2 II I 25-35 II 

• II 1-26-42 II 1130-40 II 

0------------------_....---------------------~--'o 5 10 20 
DOSE MICROGFl..AMS/TADPOLE 

Fig. 8.-The relation between the dose of thyroiirotcin " r thyroxint! inJ~ctt'd 1111<1 
the percentage decrease in oody J(.n~h o( tadpoleR from dilT,,rent )OIJ! und <>( ' ' llr)•lt11;; 
ages. It is illustrated that under a given •et or condition& the J)<!rcent•ito <l t:~ T•'""" 
in body length varies as the logarithm of the do11ngc. Etl'<·ctll of uther varlablt<! U<' 
explained in the text. 

The reference curves of Fig. 8 illustrate the effect of incrensing age 
of the tadpoles on the slope of the response, and also t he difference in 
response of different hatchings of tadpoles. In the key to the chart 
the Roman numerals indicate the lot number of the tadpoles used. It 
will be noted that the Lot I tadpoles, plotted on the righthand scale, 
show about twice the percentage response obtained with the tadpoles 
of Lot II (lefthand scale). In both lots of tadpoles the slope of the 
response curve increased with increasing age. However, regardless 
of age, the response to varying doses showed good proportionality with 
the logarithm of the dosage. 
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If the assay conditions are properly controlled, it thus becomes pos
sible to make quantitative comparisons of the thyroidal activity of 
different preparations that are assayed at the same time and handled 
in the same way. For example, a reference curve was constructed by 
injecting the standard iodinated casein preparation at three different 
~evels in the assay of 3-13-42 (Fig. 8). In the same assay period, 
thyroxine was injected at the rate of 0.2 and 0.4 mcg. per tadpole, and 
produced average responses of 2.6 and 6.3 per cent, respectively. The 
average response to the standard preparation as fitted by the method 
of least squares, can be expressed by the equation: 

y + 8.1616 = 12.605 log x 
Then, substituting the response to 0.4 mcg. thyroxine (6.3 per cent) 
for y in the equation, and solving for x, it is found that 0.4 mcg. of 
thyroxine produces a response equivalent to 14.04 mcg. of the standard. 
To express the relationship as a percentage: 

0.4 mcg. thyroxine 
1 04 t d d x 100 = 2.8 per cent 4. mcg. s an ar 

Thus, when both materials are injected into tadpoles, the standard 
produces 2.8 per cent of the response of an equivalent weight of thy
roxine. 

Since the response of tadpoles to a given amount of the same pre
paration increases with increasing age of the animals and also varies 
from time to time because of other factors, it is obvious that direct 
comparison between the results of assays run at different times would 
have little meaning from a quantitative standpoint. 

This difficulty can be overcome by either of two methods: (1 ) If 
only comparative results are required, all of the materials to be com
pared may be assayed on tadpoles by injecting exactly the same amount 
of each preparation into groups of ten tadpoles each on the same day. 
The percentage decrease in body length will then provide a rough in
dex of the comparative potencies of the preparations. (2) If quanti
tative comparisons are desired, the same standard preparation can be 
set up on three dosage levels with each assay, and the activity of sub
stances under test can be expressed as a percentage of the standard, 
as indicated in a preceding paragraph. In the present work, both 
methods have been followed. 

Where quantitative comparisons are to be made, the same iodinated 
casein preparation was used as a standard in most cases. However, 
in the more recent experiments the more potent preparations have been 
assayed directly against thyroxine. 

The method as outlined obviously involves fairly large experimental 
errors due to animal variations in the relatively small groups of ten 

. tadpoles each used. However, it will r eadily distinguish the relative
ly large differences in activity which are encountered in studying the 
effect of various iodination procedures on the thyroidal properties of 
iodinated proteins. For more precise work, larger groups of tadpoles 

' are used and each preparation is run at several dosa1<:e levels, instead 
·of at only one level. 
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Although iodine can be introduced readily into many proteins by 
chemical means, only three naturally occurring iodoproteins have been 
described. Thyroglobulin, the iodine-containing protein of the thyroid 
colloid is, of course, the best known of these natural compounds. The 
discovery of iodine in the thyroid by Baumann (1895) stimulated fur
ther investigations on naturally occurring iodoproteins, and also led 
to numerous studies on methods of introducing iodine into the protein 
molecule. As a result of this intensive work the iodoprotein, spongin, 
was discovered by H undeshagen ( 1895) , and' gorgonin, an iodine-con
taining protein found in coral was described by Drechsel ( 1896). 

Chemistry of the Iodination Process.-Proteins may be iodinated 
in basic, acid, or neutral media though the final product will vary 
according to the conditions employed. 

Boehm and Berg (18'76) reported that proteins in aqueous solution 
could be iodinated by the addition of alcoholic tincture of iodine, Lug
ol's solution, or pulverized iodine. However, it was found that_ the 
iodine could be removed by repeated precipitation and washing or dialy
sis and, therefore, it was believed to be present only in loose combina
tion. 

Blum and Vaubel (1898) found that if egg albumin was iodinated in 
aqueous solution the resulting product contained only 4 per cent iodine. 
If the iodoprotein was purified and re-iodinated several times about 
7 per cent of iodine would be taken up in firm combination. The iodi
nation could be made to go to completion in a single step if the medium 
was buffered with sodium bicarbonate. It was shown that in the sub
stitution of iodine on the protein, hydriodic acid was liberated as a 
side product, thus preventing the reaction from going to completion. In 
a solution buffered with sodium bicarbonate, the hydriodic acid is 
neutralized continuously, thus permitting the reaction to proceed. 

Hofmeister (1898) i'odinated egg albumin by the addition of potas
sium iodide and iodate together with sufficient sulfuric acid to liberate 
iodine according to the equation 

5KI +KIO, + 3H2SO, ..... 3I2 + 3K2so. + 3H20. 
When the solutions were warmed, different amounts of iodine were 
combined, depending on the amount of iodine excess and the duration 
of the heating. Materials prepared by Hofmeister contained an aver
age of 7.17 per cent iodine. Kurajeff (1899) studied the iodination 
of crystalline serum albumin and egg albumin. Introduction of iodine 
was accomplished both by the addition of potassium iodide-iodate plus 
sulfuric acid, and also by the use of iodide and iodate, without addition
al acid. The iodine was added in excess and the reaction mixture was 
allowed to stand for three to four days at an elevated temperature in 
order for the reaction to go to completion. The iodoproteins so ob
tained contained approximately 12 per cent of iodine. 
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Liebricht (1897) effected the combination of iodine with casein by 
mixing the two together in the proportion of 80 grams of casein and 
20 grams of iodine, and stirring at 100° C. The brown powder result
ing was extracted with ether until iodine no longer appeared in the 
extract. The "Perjodcasein" so obtained contained 17.8 per cent iodine 
of which a large proportion was in loose combination. This loosely 
combined iodine could be removed by treatment with alkaline bisulfite, 
resulting in a preparation containing 5.7 per cent iodine and desig
nated as "Jodcasein". Upon treating the "Perjodcasein" with 10 per 
cent sulfuric acid for two hours on a water bath, "Casejodin" contain
ing 8.5 to 9.3 per cent iodine was obtained. 

Iodine Binding Groups in the Protein Molecule.-The pioneer in
vestigations, particularly of Hofmeister and Blum and his collabora
tors, paved the way for extensive research into the mode of combination 
of iodine with proteins. 

Hofmeister (1898) and Kurajeff (1899) noted that in iodinated pro
teins both the Millon and Adamkiewicz reactions were negative. Hof
meister also noted that after iodination no test could be obtained for 
unoxidized sulfur. Since an elementary analysis showed no sulfur t o 
be split off, it was concluded that iodination results in oxidation of 
this element. Kurajeff (1901) reported that during the iodination of 
o:xyhemoglobin an albumose-like fraction was split off. The iodohemo
globin showed no measurable spectrum. 

Oswald (1910) furnished conclusive evidence that diiodotyrosine is 
formed by the iodination of proteins when he isolated th is compound 
f:com a hydrolysate of iodinated albumin. In further work he reported 
the recovery of diiodotyrosine from iodogliadin (191la) and iodo
casein (1911 b). 

Further insight into the mechanism of the iodination process was 
provided by Pauly (1910) , who discovered that the imidazole ring- of 
histidine will take up iodine. The following- iodinated compounds of 
imidazole and its derivatives were formed: 

I 
I. I I II. I C--N 

C--N \ 
II )er c.c:rr3 

C--N~ c-r/ 
I I 

H I 
III. I C---N IV. cH3 c--n 
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It was thus demonstrated that imidazole can substitute an atom of 
iodine on the imino group and three atoms on carbon. Since one car
bon position is blocked in histidine by the side chain, two carbons and 
the imino nitrogen would be open for substitution of iodine in histidine. 
However, subsequent work indicates that in proteins, iodine will sub
stitute only on one carbon atom of the histidine and one carbon on the 
immo group. It was found that the imidazol group will substitute 
iodine more readily the more alkaline the solution. Though Pauly was 
not able to iodinate free histidine directly, benzoyl diiodohistidine and 
para nitrobenzoyl diiodohistidine which would serve as structural 
analogues were formed. It was shown, moreover, that the iodine bound 
to the imino group could be removed easily by treatment with bisulfite. 

With this work to form the theoretical background, Blum and Strauss 
(1921) conducted further studies on the form of combination of iodine 
in proteins. They found that various proteins iodinated by the bicar
bonate method would give characteristic iod1ne numbers that varied 
with the protein used, , The proteins were first completely iodinated 
over a period of 24 hours at 40 to 45° C. The washed and purified 
iodoprotein was designated as substance "A". When the A-substance 
was extracted with bisulfite, the iodine bound to nitrogen was removed, 
leaving an iodoprotein with iodine bound only to carbon and desig
nated as substance "B". By carrying out the iodination rapidly for 
a period of only six to nine minutes, a "C" substance was obtained, 
which had essentially the same . iodine content as the B-substance. 
Characteristic iodine values were obtained for various proteins as 
shown in the following table : 

Iodine Content Ratio of 
"A" sub- "B" sub- "C" sub- Nitrogen-I 

Preparation stance stance stance to Carbon-I 

Iodoovalbumin 7.55 5.12 4.91 1 2 
Iodoserumalbumin 8.96 6.73 6.70 1 3 
Iodoserum globulin 8.30 6.64 1 4 
Iodothyroglobulin 6.14 4.88 4.96 1 4 
Iodocasein 7.51 7.51 7.51 0 2 

From: F. Blum and E. Straus. Z. physiol. chem. 112: 164 (1921). 

It was pointed out that in addition to the substitution of iodine on 
tyrosine and histidine, there is oxidation of the alpha CH group of 
tryptophane as indicated by the fact that iodoproteins give a negative 
Adamkiewicz and Ehrlich reaction. Xt was reported that the hydriodic 
acid formed during iodination was 4.3 to 4.4 times the amount that 
would be expected from substitution alone. 

Iodoform was shown to be formed by the action of iodine on cystine. 
Furthermore, the negative test for unoxidized sulfur indicated the 
oxidation of sulfur during iodination. Thus lf the sulfur from one 
atom of cystine were oxidized to SO~H, six molecules of hydriodic 
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acid would be formed. It was believed that the greater part of the 
excess hydriodic acid formation would thus be accounted for by the 
oxidation of cystine. Blum and Strauss picture the iodination of pro
tein a-s follows: 

I. Main reactions II. Side reactions 
a) Full carbon iodination (neg- a) N-iodination 

ative Millon reaction) b) Oxidation of cystine and 
b) Destruction of 1h the tryptophane. Splitting off 

groups giving the biuret of sulfur 
reaction. c) Iodoform formation 

c) HI formation from substi- d) Further HI formation from 
tu ti on oxidation 

In a further communication, Blum and Strauss (1923) reported on 
iodination of proteins in an ammoniacal medium at room temperature. 
It was believed that this procedure resulted in less alteration of the 
protein than did the bicarbonate method. 

The iodination of globin is of particular interest in demonstrating 
the mode of substitution on histidine inasmuch as it contains a high· 
percentage of histidine and a low content of tyrosine. Strauss and 
Grii.tzner (1921) reported that maximally iodinated globin contained 
11.4 per cent iodine. After removing the N-iodine, 7.6 per cent of 
iodine remained bound to carbon. Upon re-iodination of this prepara
tion the iodine content was again increased to 11.4 per cent. Bauer 
and Strauss (1929) reported that whereas ovalbumin, serumalbumin, 
and serumglobulin, when iodinated in bicarbonate, substitute only two 
atoms of iodine per mole of tyrosine in the protein, globin takes up 
twice as much iodine as would be expected from its tyrosine content. 
It is thus assumed that two atoms are substituted on tyrosine and two 
on histidine. When nitroglobin was iodinated only three-fourths of 
the theoretical amount of iodine was taken up because one of the 
positions on tyrosine was already substituted by an NO" group. Iodi
nation of the imino group of histidine protected the globin from di
i;restion by pepsin. Removal of this N-iodine with bisulfite rendered 
the molecule again digestible by pepsin. 

On the basis of the quantitative analysis of globin,, Bauer and Strauss 
0936) calculated the theoretical iodine numbers that should be obtain
able iI the .iodine binding groups of the globin molecule were to .. sub
stitute iodine in stepwise fashion. From the theoretical com!iderations 
it was Ahown that. between 4.17 and 9.56 per cent of iodine. gfobin 
would have six nossible iodine numbers. depending upon the extent of 
iodination of the histidine carbon. Bv variation of the iodination 
method it was shown that all six possible stens can bA bromrht ::i.bout 
in stoichiometricallv exact and reproducible pronortions. 

The iodination of histidine is pictured by Bauer ::i.nd 8tra11ss to 
occur in three phases: 
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1. The iodine enters the free imide group 
2. It wanders to a neighboring CH group of the imidazol ring 
3. A second iodine substitutes on the again free·imide group. (This 

second iodine can be removed by extraction with cold sulfurous 
acid). 

The electrometric titration curves of iodinated proteins are of par
ticular interest in view of the marked alteration in the dissociatiOn 
constant of tyrosine when two atoms of iodine are subst ituted on it. 
Cohn (1931) pointed out that tyrosine has three pK values, of which 
two are due to the dissociating amino and carboxyl gr.cups and the 
third to the phenolic hydroxyl group. Upon introducing two iodine 
atoms into the molecule, the dissociat ion of the phenolic hydroxyl 
group increases about a thousand-fold, and the amino group also dis
sociates at a somewhat more acid reaction. 

Neuberger (1934) iodinated purified zein in a medium of methyl 
alcohol and aqueous ammonia. Five per cent more iodine was added 
than the amount required to completely iodinate the tyrosine present. 
The total acid and base binding of the original zein agreed very well 
with the theoretical amount calculated from the amino acid composi
tion of the protein. The total acid and base binding of iodozein was 
exactly the same as for zein, but the portion of the t itration curve 
corresponding to the titration of the phenolic group of tyrosine was 
shifted to a lower pH range, as expected from the lower pK (OH) 
value of diiodotyrosine. The "tyrosine shift" reported by Neuberger 
for iodozein was not noted by Cohn, Salter, and Ferry (1938) in the 
electrometric titration of iodoglobin. Instead, when molecular iodine 
equivalent to the tyrosine residues · was combined with globin, the 
base combined at pH 12.5 was diminished by an amount approximate
ly equivalent to the number of molecules of iodine combined. The 

I 
acid combining capacity remained unchanged. Larger amounts of 
iodine increased the base and decreased the acid combined, but the 
total dissociation remained unchanged. 

Bowman (1941) reported on factors that influence the rate of re
action of iodine with tyrosine. He found that the reaction rate may 
be increased by the addition of phosphate buffer . Small increases in 
pH of the medium greatly intensified the reaction. In the presence of 
phosphate, further marked acceleration resulted from a moderate in
crease in temperature, until the reaction became instantaneous. 

The Formation of Iodinated Proteins With Thyroidal Activity.
Liebricht (1897) pointed out certain chemical similarities between his 
"Caseojodin" and the iodothyrin of Baumann (1895) . Wormser (1897) 
tested "Caseojodin" on thyroidectomized do!l's, and renorted that it 
was completely ineffective. Since the parathyroid function was un
known at that time. and the criterion of th:vroidal activitv used by 
WormsP.r waR the prevention of tetanv and final death. thAse results 
are not conclusive. It was reported also that when "Caseoiodin" was 
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given to two goiter patients in whom iodothyrin was ineffective there 
was reduction of the goiters and improvement of the patients. 

Morse (1914) appears to have been the first to test the effect of 
iodinated proteins on the metamorphosis of tadpoles. He reported 
that the effects were comparable to those produced by thyroid iodine. 
;Further results with iodoalbumin, a commercial preparation contain
ing 21 per cent iodine, were reported by Lenhart ( 1915) . Even 
though evidence of the stimulation of metamorphosis was observed, it 
was also noted that the tadpoles all developed a disease resembling 
generai body edema. Iodoalbumin contains 21 per cent iodine, so 
loosely bound that the toxic effects from free iodine had to be con
sidered, and hence the results were not accepted as suggesting a thy
roid-like action for iodoalbin. 

;Rogoff and Marine (1916) concluded that iodoalbin has a thyroid
like action on tadpoles, but this action takes place more slowly than 
with thyroid substance. In further work, Rogoff and Marine ( 1917) 

· iodinated ox serum, serum globulin, serum albumin, and egg white. 
They also tested commercial iodoalbin (Merck) and iodocasein <Mul
ford). When administered to tadpoles, some activity was noted in all 
of the products tested. However, alkaline hydrolysis destroyed the 
activity of all the materials. 

Brandt, Mattis, and Nolte (1931) reported that they fed ordinary 
iodoproteins to tadpoles for as long as four weeks with no accelera
tion of their development rate above that of the controls. It was 
noted, however, that the acid insoluble precipitate obtained after 
hydrolysis of iodoproteins with barium hydroxide showed a specific 
metamorphosis stimulating effect . similar to that exerted by thyroid 
substance. · 

Abelin and Florin (1933) recovered an acid insoluble fraction of io
doprotein• after hydrolysis, which they designated as homothyroxine. 
Extensive physiological and chemical tests on this substance showed 
it to have all of the qualitative properties of the thyroid hormone. 
Abelin (1934a) reported that in addition to the effect previously noted, 
homothyroxine in high dosage ·caused moulting and the appearance of 
.white feathers when given to black chickens. Homothyroxine also 
tended to counteract the decrease in body temperature of guinea pigs 
that occurs when novocain is injected. Further attempts to concen
trate the active principle were reported by Abelin (1934b). The acid· 
insoluble precipitate obtained after hydrolysis with barium hydroxide 
was subjected to further hydrolysis with 2N sodium hydroxide, fol
lowed by extraction with butyl alcohol. An active material containing 
26.67 per cent iodine was obtained. It was also renorted that the 
oral administration of 500 mg. daily of iodocasein containing- 5.17 per 
cent iodine had .no effect in stimulating the metabolism of the rat. 
Ten to 15 mg. of homothyroxine daily P."iven orally caused a nronounced 
increase in metabolism. Abelin (] 936) reported that unon furthP.r 

1 purification of the active material about 25 mg-~ of a crvstalline com-
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pound, similar to thyroxine in microscopic appearance was obtained. 
This substance had high physiological activity, but an exact chemical 
characterization was not possible with the amount of pure substance 
remaining. 

Abelin and Neftel (1938) studied the relation of the iodination 
·method and the type of protein used on the activity of the resulting 
products. It was reported that some proteins yield active products 
while others do not. However, the same protein can yield active 
substances by one iodination method and remain complet ely inactive 
by another. If proteins were hydrolyzed preliminary t o iodination, 
no active products were formed. It was also believed that iodination 
in bicarbonate gave better results than in ammonia solution. 

The isolation of crystalline thyroxine from barium hydroxide hy
drolysates of iodoproteins was first announced by Ludwig and von 
Mutzenbecher ( 1939), and confirmed by Harington and Rivers ( 1939). 

Salter and Lerman (1938) reported that when blood serum was iodi
nated in aqueous ammonia solution and subsequently hydrolyzed with 
barium hydroxide, an acid-insoluble precipitate with thyroidal prop
erties could be obtained. This material, containing 24 per cent iodine, 
was shown to be effective in the relief of human myxedema. On the bas
is of its analysis and physiological response, the active principle was 
believed to be diiodothyronine. Of particular interest was the isolation 
of an inert material that with the exception of its low nitrogen con
tent had an elementary composition almost identical with that of thy
roxine. In further work, Lerman and Salter (1939) reported that 
both iodinated serum protei~ and· its acid-insoluble degradation pro
ducts were effective in the correction of myxedema in human patients 
and thyroidectomized rabbits. The iodoprotein used was calculated to 
be about ~ as active as thyroglobulin on a unit weight basis, but _ 
only ?4,00 as active in relation to its iodine content, The acid-insolu
ble peptone was JAi as active as thyroglobulin by weight and JAi00 as 
active on an iodine basis. It was shown that just as in thyroid ma
terial, the iodine of these iodinated proteins could be fractionated 
progressively into thyroxine-like and diiodotyrosine-like fractions, sub
sequent to hydrolysis with alkali or enzymes. 

Muus, Coons, and Salter (1941) reported that when serum albumin 
was iodinated in an aqueous alcohol-ammonia medium, throidal activity 
could first be detected when two atoms of iodine were combined per 
mole of tyrosine in the protein. Maximum activity was obtained when 
9 to 10 per cent of iodine, corresponding to four atoms per molecule of 
tyrosine, had been combined. Further iodination was not believed to 
alter the activity. 

In the experiments reported herein the principal emphasis has been 
placed upon a study of the conditions necessary for the initial forma
tion of iodoproteins with maximal activity. 
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Experimental 
Factors Affecting the Formation of Iodinated Proteins With High 

Thyroidal Activity.-All of the iodinated proteins included in this 
report have been formed by the gradual addition of finely pulverized 
iodine to protein solutions or suspensions buffered with sodium bicar
bonate. A typical example of the procedure follows. 
· Five grams of sodium bicarbonate are dissolved in 700 ml. of water 
in a glass jar of about 1 liter capacity, and the container is placed in a 
constant temperature water bath at 38 to 40° C. Twenty grams of 
casein are added, the mixture meanwhile being agitated continuously 
by means of a glass stirring rod with a triangular foot, attached to a 
motor stirrer. Then 3.7 grams of finely powdered iodine is added at 
intervals, and in small amounts, over a period of three to four hours. 
When the required amount of iodine has been added, the jar is closed 
with a rubber stopper having a glass bearing to accommodate the 
stirrer. The reaction mixture is then incubated, with continuous 

. stirring, for 18 to 20 hours. The pH readings are taken with a glass 
electrode pH meter after the addition of the bicarbonate, after addi
tion of all the iodine, and after the incubation period. The solution is 
then placed in a cellophane sausage casing and dialyzed against flow
ing tap water for 24 hours to remove all the iodides. The iodinated 
protein is recovered by careful addition of dilute HCl to pH 3.8 to 
4.0. ·· After several washings with distilled water, adjusted to pH 4.0, 
the iodinated protein is recovered on a suction filter, dried at room 
temperature under a current of air, ground to a fine powder, and as
sayed without further treatment. Iodine analyses of the final product 
are conveniently made by the method of Kendall, as described by 
Harington (1933). 

In a number of preparations, skim milk has been iodinated directly. 
Five grams of sodium bicarbonate were added to 700 ml. of skim mi1k 
and the iodine was combined as described heretofore. Iodine was added 
at the rate of about 4 grams per 700 ml. of skim milk. 

The results of guinea pig assays on a number of typical samples of 
iodinated 'protein, prepared as described are shown in Table 5. The 
assays were conducted, as described in an earlier section, by measuring 
both the percentage increase in oxygen consumption and the decrease 
in body weight. By use of the appropriate equation (from Figs. 2 and 
3), the actlvity of the preparations has been computed in terms of the 
amount of orally administered thyroxine required to produce an 
equivalent response. As judged by the oxygen consumption data these 
thyroprotein preparations showed activity ranging from 0.53 to 1.32 
per cent of the activity of thyroxine, with an average for all prepara
tions of 1.0 per cent. The results on body weight loss varied somewhat 
more, but the average value of 1.1 per cent of the activitv of thyroxine 
agrees very well with the oxygen consumption method. Two assays on 
commercial USP thyroid powder showed thyroxine values of 0.74 and 
0.81 per cent, respectively, by the oxygen consumption and weight loss 



TABLE 5, THYROIDAL ACTIVITY OF SEVERAL OPTIMALLY IODINATED CASEIN PREPARATIONS 

Data on Oxygen Consumption• (Group Averages> 

Dally 
Prepa- Dose•• Body 

No. of ration mg./100 g. Weight 
n••• &.•mats No. RMvWt Grams 

11- 27-40 4 U.S.P. .853 294 
11-28-40 Thyroid 294 
12-5- 40 4 1.332 300 
12-6-40 300 

2-17 -41 3 No. 29 1.220 231 
2-18-41 1.502 219 
2-19-41 3 192 
2- 20- 41 173 

2-11-41 7 No. 30 1.504 299 
2-12-41 283 
2-17-41 4 1.220 240 
2-18-41 229 
2-19-41 4 1.507 198 
2-20-41 187 
4-14-41 4 1.273 244 
4-15-41 229 

2-24-H 4 No. 37 1.201 244 
2-25-41 239 
5-19-41 4 1.227 223 
5-20-41 218 

2-24-41 4 No. 38 1.202 234 
2- 25-41 224 
4-14-H 4 1.273 239 
4-15-41 229 
4-30-41 4 2.474 226 
5-1-41 230 
5- 14-41 4 1.197 242 
5-15-41 239 

5-5-41 8 81 1.185 243 
5-6-41 • 241 

4-30-41 4 ~ 2.521 224 
5-1-41 228 

*Average of values on the 4th 8.nd 5th days of dosage. 
**Based on initial weight of animals before dosage. 

62 Con-
Normal 1n;:3~· 02 Con-

sumed sumed Consumed 
cc. lhr. cc.lhr. % 

321 295 -Hl.8 
310 295 +5.1 
327 300 +9.0 
318 300 +6.0 

293 241 +21.6 
297 231 +28.6 
245 +17.8 
248 +29.2 

335 299 +1 2.1 
325 285 +14.1 
299 249 +20.1 
283 240 +17.9 
250 213 +17.4 
259 204 +27.0 
307 252 +21.8 
285 240 +18.8 

298 252 +18.3 
306 248 +23.4 
251 202 +24.3 
242 198 +22.2 

317 244 +29.9 
307 236 +30.1 
286 248 +15.3 
285 240 +18.8 
297 203 +46.3 
297 207 +43.5 
271 215 +26.0 
278 213 +30.5 

268 215 +20.6 
275 214 +26.5 

269 202 +33.2 
263 205 +28.3 

overall average 

u+Final weight taken on the 7th day after 6 daily doses of test material. 
Normal oxygen consumption ·based on May control valw!s and May· July thyroxine reference 
curve. 

Mean 
Increase 

In 02 

Consumed 
% 

6.9 

7.5 

+25.1 

+23.5 

+13.1 

+19,0 

+22.2 

+20.4 

+40.8 

+23.2 

+30.0 

+17,1. 

+44.9 

+28.2 

+23.6 

+30.7 

Activity 
ln Terms Initial FinaL+u Gain Ol' Loss 
of Thy- Body Body In 

roxlne Weight Weight Body Weight 
% Grams Grams % 

0.89 293.0 291. 0 -0.92 

Q&Q 313.0 283,0 -9.57 
0.74 

1.51 246.0 224.3 -8.94 

LJj_ 199.7 163.6 -19.32 
1.32 

0.98 284.6 274.0 -3.52 

1.11 246.0 224.3 -8.94 

1.06 199.0 178.5 -10.19 

.Lll. 235. 7 225.7 -4.23 
1.075 

1.25 249.7 229.5 -8.00 

j!.ll_ 244.5 
1.01 

210.0 -13.90 

1.95 249.5 223.5 -10.45 

0.98 235.7 221.5 - 6.05 

1,05 242.5 220.0 -9.10 

!.fil. 250.5 236,5 -5.44 
1,25 

0.82 253.0 231.2 -8.54 

ll.il 238.0 223.0 -6.30 
1.00 

Actlv!ty 
in Terms 

of Thyroxine 
% 

Q.40 

Lll 
0;81 

1.25 

Mt 
1.64 

0.68 

0.84 

1.14 

.!l.il 
0.83 

1.15 

Lli 
1.49 

1.46 

0.58 

0.63 

QM 
0.88 

1.24 

w 
1.10 

I~ne , 

7.03 

5.72 

7.75 

6.82 

~ 
~ 
~ 
~ 
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methods. It thus appears that these artificial thyroproteins are some
what more active, per unit weight, than the sample of thyroid sub
stance tested. 

Preparation No. 38, for which guinea pig assays are shown in Table 
5, has been used extensively as a reference compound in the assays on 
tadpoles of large numbers of preparations to be reported in later sec
tions of this paper. Expressed in terms of thyroxine, this preparation 
showed values in four assays of 1.95, 0.98, 1.05, and 1.01 per cent. Be
cause of the clqse agreement in results of the last three trials, it is 
believed that the average of these three values (1.0 per cent) best 
represents the activity of this sample. 

In a previous assay on tadpoles (Fig. 7), preparation No. 30 showed 
2.7 per cent of the thyroxine response as compared to only 1.07 per cent 
when assayed by the oxygen consumption method. The standard prep
aration (No. 38) showed 2.8 per cent of the activity of thyroxine when 
injected into tadpoles, but only 1.0 per cent in guinea pigs. It appears 
that · both the mode of administration and the type of assay animal 
used have an important bearing on the type of quantitative compari
sons made. Thus it is difficult to measure thyroidal activity in abso
lute terms. However, comparative values are obtained when the 
relative responses are measured by a given mode of administration in 
the same species. 

The preparations analyzed in Table 5 were made up by somewhat 
arbitrary selection of the conditions of iodination to be used. In other 

. iodinated proteins made up with nearly the same iodine content, and 
under somewhat similar conditions of iodination, it was not unusual to 
find a preparation having little or no thyroidal activity. Th,is sug
gested the desirability of conducting a systematic study of the factors 
leading to the production of iodinated proteins with thyroidal activity. 
The results of the experiments conducted in order to throw light 
on this question will be given in the following pages. 

Effect of Bicarbonate Concentration during Iodination on Thyroidal 
Activity.-fu the iodination of casein, the principal reaction is the sub
stitution of iodine on tyrosine according to the equation: 

Tyrosine + 2I2 4 diiodotyrosine + 2HI 
In order for the reaction to proceed to completion, it is necessary to 
neutralize the HI that is formed. In preliminary work, indications 
were obtained that the optimal pH for formation of the active principle 
is in the range of 6.8 to 8.0. Therefore, sodium bicarbonate has been 
used to buffer the solutions approximately in this range. With bicar
bonate present the HI formed as a side product during iodination is 
neutralized, as shown by the equation : 

NaHC08 + HI 4 NaI + H 2C03 

In order to test the effect of increasing bicarbonate concentration on 
thyroidal activity of the final product, a serie~ of preparations were 
made up in V'{hich the iodine added was he1d constant, and the amount 
of bicarbonate was increased progressively from 1 to 8 grams in 700 ml. 
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of skim milk. Other conditions of the process were maintained as 
described in the example in the preceding section. 

The thyroidal activity of all the preparations was tested simultan
eously by feeding exactly the same amount of each preparation to 
different groups of 20 laboratory-reared tadpoles. The average per 
cent decrease in body length thus provides a rough measure of the 
relative potency of the respective preparations. The results are shown 
in Table 6. 

TABLE 6. EFFECT OF PROGRESSIVELY INCREASING BICARBONATE 
ON IODOCASEIN POTENCY 

NaHC03 added 1•0.Les or 
to 700 ml. Atoms Io- NaHC03 R Tad11ole Assaz 
sk1mm1lk - dine Added Iodine JUter IA:fter JUter Decrease in Per Aton: 

Lot 4.2 g. iodine Per Mole 
Iodine 

Combined NaHco3 Iodine In cu- Body Length 
No. Grams Tvrosine %** bation % 

ll1* 1.0 '~·246 0.359 9.70 7.60 6.31 5.42 4.97 . 

R2 1.9 5.246 0.683 7.94 6.91 6.36 6.16 6.09 

ll2 2.0 5.246 0.719 9.33 7.42 6.78 6.31 12.78 

ll3 3.0 5.246 l.'.)79 9.30 7.75 6.94 7.91 18.61 

Pi 4.0 5.246 1.438 9.55 7.40 7.02 6.84 11.17 

P2 4.0 5. 246 1.438 7.J,,.O 7 •. 02 6.84 12.72 

V1 5.0 5.246 1.798 8.10 7.21 6.69 7 • .:JO 11.79 

V2 6.0 5.246 2.158 9.01 7.30 7.17 7.00 12.31 

W1 7.0 5.:246 2.517 6.66 7.50 7,39 6.75 14.67 

W2 8.o 5.246 2.877 7.42 7.61 7.21 7.06 8.79 

Standard - 2 mg, 13.78 

Standard - 4 mg. 16.08 

*Each preparation was tested on a group 0£ 20 tadpoles (18-22 pim.) fed 4 mg. of the material. 
Lot 38 was run simultaneously as a re£erence "'"'T'''~o . 

The protein content 0£ sk1mmilk is assumed to be J.5%, and tyrosine content of the protein, 
4.50% 

**These preparations were not dialyzed; thereforei the analysis includes the iodine in firm 
organic combination plus a small amount of loose y combined iodine. 

No important differences are apparent in the amount of iodine com~ 
bined. Since the samples in this series were not dialyzed, however, a . 
small and probably variable amount of iodine is present in loose com
bination. Thus, the analyses are only a rough indication of the organ
ically combined iodine. 

On the lower levels of bicarbonate concentration there is a marked 
depression of thyroidal activity. As the amount of bicarbonate is in
creased, there is an increase in potency until sufficient has been added 
to hold the pH at 7 or above. After the maximum activity has been 
attained there is no significant increase with added amounts of bicar
bonate, though the assay values fluctuate from one preparation to an
other. The results obtained with oral administration of substances to 
tadpoles are subject to fairly large experimental variations, as ex
plained previously. Thus the high value on preparation M-3 and the 
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low value on W-2 are probably not significant. The standard iodinated 
protein (No. 38) described previously, was tested at two levels on this 
assay as a check on the relative potency of the other preparations. The 
general level of activity in the series is somewhat lower than the sta-nd
ard. In view of additional work to be reported, this is believed to be 
due to the fact that the iodine concentration was not at the optimal 
level. 

Effect of Progressive Iodination on the Thyroidal Activity of Iodi
nated Casei.n.-Two different series of iodinated proteins were pre
pared in order to determine the effect of progressively increasing the 
iodine content on their thyroidal potency. Series I was prepared by the 
direct iodination of 700 ml. portions of skim milk to which 5 ml. of 
sodium bicarbonate had been added. Series II was made up with casein 
that had been prepared in the laboratory from fresh unpasteurized 
skim milk. Twenty-one grams of casein were dissolved in 700 mL of 
distilled water plus 5 grams of sodium bicarbonate. In both series the 
amount of iodine added was increased progressively in succeeding prep
arations, all other condition's being held constant as described in the 
example. pH readings were taken at definite periods, as stated in the 
preceding section. 

The iodinated protein was recovered by careful addition of dilute 
HCl to pH 3.8 to 4.0. After several washings with water adjusted to 
pH 4.0, the greater part of the iodinated protein was removed by filtra
tion, dried at room temperature, ground in a laboratory mill, and as
sayed without further treatment. A small portion from each member 
of the series was resuspended with a minimum amount of NaOH and 
dialyzed across a cellophane casing in order to eliminate losely com
bined iodine. The iodoprotein was then precipitated by the addition of 
HCl, filtered, and dried. Iodine analyses were made on both the 
dialyzed and undialyzed portions. 

Chemical Data on Progressive Iodination.-Chemical data on the 
progressive iodination of skim milk and casein are shown in Table 7. 
In Series I, skim milk was iodinated directly by the addition of iodine 
in concentrations ranging from 3.9 to 31.5 grams per 100 grams of 
protein. For purposes of calculation, the protein content of the milk is 
assumed to be 3.5 per cent. The tyrosine content of the mixed proteins 
of skim milk is assumed to be 4.5 per cent. This value was obtained on 
a tricl:iloroacetic acid precipitate of skim milk proteins when analyzed 
by the method of Lugg (1937). While these assumptions will intro
duce some error, they are believed to approximate closely the actual 
composition of the mixed milk used. Analyses of the iodoproteins be
fore and after dialysis indicate that of the initial iodine percentage 
figure, 1 to 2 per cent of the iodine is in loose combination with the 
protein. This iodine can also be liberated by brief treatment with 
oxidizing agents such as hydrogen peroxide, potassium persulfate, or 
potassium permanganate in acid solution. After dialysis, however, no 
evidence of free iodine could be obtained after oxidation with the above 
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reagents. Thus it is evident that the non-dialyzable iodine is in firm 
combination, presumably with the tyrosine of the protein. Since the 
substitution of iodine on tyrosine proceeds according to the equation: 

tyrosine + 2I2 ~ diiodotyrosine + 2HI 
it would be expected that only one-half of the iodine added would re
main in firm combination. In Series I somewhat less than one-half of 
the iodine appears to. be firmly combined. Inasmuch as some side re
actions undoubtedly take place in the mixed systems used, this is in 
good agreement with the theoretical. 

Iodine 
Added 
Per 

TABLE 7. THE COURSE OF PROGRESSIVE IODINATION 
OF SKIM MILK PROTEINS AND CASEIN 

Todine 
Iodine** Combined 

Iodine* Added Per Cent Per Mole After 
Added Per Iodine Combined Tyr osine Car-

nil'. 

After 
Prep a- Liter Per 100 g. !.lole Before After (after bonate Iodine After 

Dial;rsis d1al;rs1s) ration !(ilk Protein Tyrosine 0:1.al;rsis addi- Addi- Incu-
No. Grams Grams Atoms Atoms ti on ti on bation 

Series I. Direct iodination of skim milk. 

l l.428 .3-9.39 l.24 3.1+7 2.20 0.72 7.20 7.01 7. 62 
2 2.857 7.878 2.1+7 5.34 4.23 l.41 7 . 21 7.2.3 7.2.3 
.3 4 . 285 11. 817 3.71 6.95 5.13 1.7.3 7.45 7.61 7. 60 
4 5.114 15 .756 4.95 8.08 6.21 2.11 1.47 7. 21 1.03 
5 7 . 142 19.695 6.18 8.48 6.97 2.39 7 • .31 7.02 7. 25 
6 8 . 571 2.3 . 634 7 .42 9. 57 7.57 2.62 1.54 6.89 6.81 
7 10. 000 27.57.3 8.66 10.00 7,95 2 . 76 7. 57 6.65 
8 ll.1+28 31,512 9.89 10,/+l 8 • .33 2.90 7.63 6.33 

Series II. Iodination of casein. 

l 7.904 2.00 t.12 3.77 0.99 7.47 7.51 7,41 
2 ll.904 .3.00 .10 5.17 l.38 7 .47 7.09 7. 0'! 
3 13.857 .3.50 7.35 6 . 02 l.62 7 . 61 7.48 7.98 
4 15 . 809 4.00 8.62 6.80 l.84 7.61 7.10 7. 21 
5 17.619 4.45 9.16 7.22 1.97 7. 78 7.28 7.42 
6 20.000 5.05 9.56 7.51 2 . 05 7.78 7.05 7.85 
7 21.904 5.53 10.38 7.50 2.05 7. 20 7.30 7.65 
8 24. 285 6.14 12.25 8.78 2 . 43 7.20 7,13 7.19 

*Skim m:l.lk was assumed to contain 3.5 per cent protein. 
**Calculated on the basis of 4.5 per cent t;rrosine in the mixed proteins of skim m:l.lk and 

5. 65 per cent t;rrosine 1n casein. Tyrosine was determined b;r the method of .Lugg (1937). 

In Series II more accurate computations are possible because a def
inite amount of casein of known tyrosine content was used throughout, 
and the intervals between the amounts of iodine added were spaced 
more closely than in Series I. It is of interest to not e that until four 
atoms of iodine were added or two atoms combined per mole of tyrosine, 
the amount of iodine remaining in combination after dialysis was close 
to the theoretical value. There was then a lag in the combination of 
additional iodin.e (dialyzed values) until excessive amounts were added. 
However, the total amount of iodine combined increased with increas
ing addition of iodine. 

In both series the pH of the reaction mixtures r emained fairly close 
to the physiological range thr oughout. The final low values of 6.3 to 
6.8 in Series I are probably due to depletion of the buffer capMity of 
the solutions during excessive iodination, by the HI formed as a side 
product in the reaction. 
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From the foregoing it appears that the principal reaction under the 
conditions of iodination followed is the substitution of iodine on the 
tyrosine of the casein. Further evidence for this conclusion is obtained 
qualitatively by the Millon reaction, as shown in Table 8. It is estab
lished that in order to obtain a positive Millon reaction with tyrosine, 
the positions ortho to the phenolic hydroxyl group must be free. Thus 
diiodotyrosine will give a negative Millon. test (Lugg, 1938). It will 
be noted by reference to Table 8 that a positive Millon reaction is ob
tained only until sufficient iodine has been combined to substitute two 
atoms per mole of tyrosine; the test then becomes negative. Ap
parently tryptophane does not give the Millon test when combined in a 
protein. A strongly positive Hopkins-Cole test was obtained in all 
preparations, indicating that the iodination had not progressed far 
enough to oxidize the tryptophane. From the fact that the Millon test 
becomes negative in the last members of both series, it appears that the. 
tryptophane will not give a Millon test under these conditions even 
though it is present. 

Even though the biuret reaction is not well understood, it is of con
siderable interest to note the changes in this color reaction with the 
incorporation of increasing amounts of i6dine. It is generally agreed 
that the biuret color is dependent upon formation of a copper complex 
with the peptide linkages of the protein. The shade of color obtained 

TABLE 8. THE EFFECT OF PROGRESSIVE IODINATION 
ON CERTAIN REACTIVE GROUPS IN THE PROTEIN 

Iodine Com-
bined per Million 

Preparation Mole Tyrosine Re-
No. !Atoms) action 

Series I. Iodinated skim milk 

1 0.72 +++ 
2 1.41 +++ 
3 1.73 +++ 
4 2.11 ++ 
5 2.39 
6 2.62 
7 2.76 
8 2.90. 

(3eries II. Iodinated casein 

1 0.99 +++ 
2 1.38 +++ 
3 1.62 +++ 
4 1.84 ++ 
5 1.97 + 
6 2.05 
7 2.05 
8 2.43 

Hopkins-
Cole 
Re-

action 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

Biuret 
Reaction 

Violet 
Violet 
Violet 
Blue violet 
Blue 
Blue 
Blue violet 

Violet 
Violet 
Violet 
Blue 
Violet blue 
Blue 
Blue violet 
Violet blue 
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is related to the size of the protein molecule. It is also aiffected, to some 
extent, by the amount of copper sulfate used. For this reason the 
amount of reagent and volume of solution was kept constant in all 
the biuret tests shown in Table 8. The tests were run on solutions of 
the protein containing exactly 1 mg. per ml. dissolved in 0.1 N NaOH. 
Five ml. of 5 N NaOH were added to 1 ml. of the protein solution. One
half ml. of 0.1 per cent CuS04 solution was added, and the solutions 
were mixed. The colors of the solutions were rated visually by two 
different persons. In both series there was a perceptible change in the 
shade of color as higher levels of iodination were reached, the color 
turning from violet to a blue or blue-violet shade. It seems likely that 
the change in the biuret reaction is related to an alteration in the pro
tein molecule during formation of the physiologically active principle, 
since the first perceptible color change occurs near the point of max
imal thyroidal activity, as will be shown in the riext section. 

Biologic Assa,ys of Thyroidal Activity of Progressive Iodine Series.
Thyroidal activity of the preparations of Series I was determined by 
the three biologic assay methods described previously. Series II was 
assayed only by the tadpole method. The test animals for each assay 
in a given series were dosed with the same amount of material. There
fore, the actual per cent response provides a comparative measure of 
the potency of the respective preparations in a series. A small error 
is introduced by the fact that the guinea pigs used varied somewhat 
in initial body weight. However, the animals were selected within a 
sufficiently narrow weight range so that it is not believed that this 
factor will affect the results to an appreciable extent. 

The average results obtaihed on Series I with four animals per 
assay by the oxygen consumption method are sho"Wn in Table 9. Re
sults by the body weight loss method are shown in Table 10, together 
with the weight loss data obtained in a second assay on groups of 
·four guinea pigs. The average results obtained in two different tad
pole assays on each serfes of the preparations are shown in Table 11. 

In all cases there was an increase in thyroidal activity with in
creasing iodine concentration to the point where sufficient iodine was · 
combined to substitute two atoms per mole of tyrosine. With the 
addition of more iodine there was a decrease in thyroidal activity of 
the resulting preparations. The significance of the differences between 
succeeding preparations was checked by the "t" test as described by 
Snedecor (1937). In the guinea pig weight loss and the tadpole as
says, both the increase up to a maximum of activity, and the decrease 
with excessive iodination appears to be significant. Unfortunately the 
assays on oxygen consumption were run during the period when normal 
metabolism was d€clining from winter to summer conditions. This 
made it difficult to establish a normal base from which to calculate the 
increase in oxygen consumption, and consequently these particular 
results are considered to be less quantitative than the results obtained 
by the two other methods of assay. However, the general trend of 
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the values follows the same course as that shown by the tadpole and 

weight loss methods. 

TABLE 9. THE EFFECT OF IODINATED PROTEINS WITH PROGRESSIVELY INCREASING 
IODINE CONTENT ON THE OXYGEN CONSUMPTION OF GUINEA PIGS 

Average Body Daily Dose 
Weight (~arus) per 

No. of Day of 100 Grams Oxygen Consumed 
Prepara- Date Animals Experi- Body Weight (cc. per hour ) Increase 
Ullo NQ, (19ill in !;lrQl!l! Inltlal m11n1 mg. Averag1 N2rma1• % 

Series I. Iodinated skim milk. 

June 4 4 241 257 2.49 240 226 6,2 
June 5 4 256 225 226 M. 

a 2 9 
2 June 2 4 256 261 2.34 260 229 13.5 
2 Tune 3 4 250 255 221 lM 

an 14 4 
3 May 28 3 236 226 2.54 247 203 21. 7 
3 May 29 4 229 258 206 M..l 

an 23 4 
4 May 26 4 246 235 2.44 261 210 24.3 
4 May 27 4 232 266 208 ru 

a 26 1 
5 May 28 4 237 232 2.53 259 208 24.5 
5 May 29 4 239 266 213 ~ 

an 24 7 
6 June 2 4 258 250 2.33 270 221 22.2 
6 June 3 4 242 272 215 ~ 

a 43 
June 4 4 242 243 2.48 266 216 23.2 
June 5 4 239 264 213 ~ 

2 
8 June 9 4 244 236 2.46 264 211 25.1 
8 June 4 4 23" 255 208 ~ 

Mean 23.8 
*Based on May controls; normal equation value times 0.858. 

TABLE 10. THE EFFECT OF IODINATED PROTEINS WITH PROGRESSIVELY 
INCREASING IODINE CONTENT ON THE BODY WEIGHT OF GUINEA PIGS 

Average Average Daily Gain or Combined Ave. 
Prepa- Date Initial Final Dose Loss in Weight Loss 
ration AH~m No. of Weight Weight Jlg./lOO g. We~ght As sa~s l and 2 
No. Animals Grams Grams Bodv Wt. t* 

.Series I, Assay l, iodinated sk1mm1lk 

J. 5-13 to 6-16 4 240.7 254.2 2. 49 +5.60 
2 5-29 to 6-5 4 256.5 253.0 2.34 - l.J6 
3 5-24 to 5-.31 4 236.2 226.7 2.54 -4.0l 
4 5-22 to 5-29 3. 246.3 22l.O 2.44 -l0.15 
5 6-21 to 6-28 4 242.7 2ll.7 2.53 -12. 75 
6 6-28 to 7-5 3 251.0 229.6 2.33 -8.52 
7 5-31 to 6-6 4 241·5 238.2 2.48 -5.50 
8 6-5 to 6-12 4 243.5 228.5 2.46 -6.20 

Series I, Assay 2, 

l 6-28 to 7-5 3 252.3 257.6 2 • .38 +2.06 +4.l 
2 6-21 to 6-28 4 241.2 233.2 2.49 -.3.3l -2.3 2.326 
3 6-12 to 6-19 4 243.2 215.2 2.47 -ll.50 -7.7 2,611 
4 6-12 to 6-19 3 251.3 203.0 2.39 -19.10 -ll+.6 2.069 
5 5-2~ to 5-31 4 237.2 230.2 2.47 -7~82 -7.8 2.08i 
6 6~2 to 7-5 3 251.0 229.6 2.39 -8.52 -1;0 0.26 
7 7-17-to 7-24 4 2~.5 2.33.5 2.46 -4.50 -5.l 0.782 
8 7-24 to 7-31 4 2 o.o 236.5 2.31 -9.04 -7.8 l.344 

**The t values are based on a comparison of the combined data for the two assays. 
The values for each preparation are compared with those for the preceding preparation. 
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TABLE 11. THYROIDAL ACTIVITY OF PROGRESSIVELY IODINATED 
MILK PROTEINS, AS INDICATED BY THE TADPOLE METHOD 

Assay I Assay II Assay II 
Prepa- No. of 
ration Tadpoles Per Cent No. of Per Cent 
No. Surviy!nfl Response Tadpoles Response t 

Series J. Iodinated skim milk. 

1 17 0,50 5 5.4 
2 20 2.08 5 12.6 1.16 
3 19 14.50 5 18.1 0,86 
4 14 12.20 5 42.5 6.61* 
5 20 6,80 5 39.6 0.75 
6 14 7.5 4 21. 7 2.55* 
7 17 5 23.5 0,20 
8 20 S.7 5 23.5 0.01 

Series II. Iodinated casein. 

1 4 15.1 
2 4 24.2 17 16.3 
3 4 31.5 
4 4 32.2 20 21.1 6.07* 
5 4 44.4 
6 4 38.2 18 24.7 1.64 
7 4 33.4 
8 4 26.7 18 12.2 2.64* 

*Indicates that the difference between this and the preceding response is 
significant. 

Assay I, Series I, was run on groups of laboratory-reared tadpoles, 
20mm. in length, to which were fed 4 mg. of test material in a single 
dose. The remaining assays are on 60 mm. tadpoles injected with 0.1 
mg. of test substance per animal. 

45 

Results of the assays of preparations in Series I by three different 
methods and of Series II by the tadpole method only, are shown graph
icaliy in Fig. 9. Of the tadpole results, only Assay II, Series I, and 
Assay I, Series II are charted because these assays provide the most 
comparable data. 

It is clearly demonstrated that thyroidal activity increases with in
creasing iodine concentration, attaining a maximum when 4.5 to 5.0 
atoms of iodine have been added per mole of tyrosine in the protein. 
This is somewhat in excess of the amount theoretically required for 
the substitution of two atoms of iodine on the tyrosine ring. A strik
ing feature of these results is that further iodination led to a marked 
loss of activity. The parallelism between the results by different 
methods of assay and . the similar trend shown by the tadpoles on two 
entirely different series of preparations, makes this result all the more 
convincing. 
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ATOMS OF ICO!NE ADDED PER MOLE OF TYROSINE 
IN THE PROTEIN 

Fig. 9.-The effect of progressive iodination on the thyroidal activity of. casein and 
skim milk pr oteins. Results are expressed in terms of the amount of iodine added 
to the reaction mixture ; this is somewhat more than twice' the amount actually com
bined. The weight losses f or guinea pigs are based on eight animals and t he metabolic 
results on · four animals per assay. Iodinated protein was administered orally at the 
rate of 6 mg. daily per animal. The tadpole assays include five animals per prepara
tion in Series I, and four per preparation in Series II. Each tadpole was given a 
single iniection of 0.1 mg. of iodinated protein. 

From the results reported thus far it appeared that the formatiop. of 
an artificial thyroprotein is dependent upon the proper combination of 
a number of factors. Under the conditions of iodinat ion employed, it 
is established that the yield of thyroidal activity is increased by : 

1. Presence of sufficient bicarbonate to hold the pH of the solution 
approximately within the range of 6.8 to 8.0; 

2. Iodination only to the point where sufficient iodine is combined to 
substitute two atoms of iodine per mole of tyrosine in the pro
tein. 

With these factors held constant, studies were conducted to determine 
the effect of other variables on the iodination process. 

Effect of Iodination and Incubation Temperature, Length of Incuba
tion Period, and Metallic Elements on the Thyroidal Activity of 
Iodina,ted Proteins.-In all of the preparations reported thus far, an 
arbitrarily selected incubation period of 18 to 24 hours subsequent to 
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the incorporation of the iodine, has been used. The materials were pre
pared exclusively in glass equipment. However, preliminary experi
ments indicated that the potency of the product could be enhanced by 
the use of a brass stirrer, apparently due to catalysis of the reaction 
by some metal or combination of metals in the stirrer. 

Several paired series of preparations were made up in order to test 
the effect of varying lengths of incubation, and also to obtain a com
parison of the potencies at varying incubation periods of products 
made up in glass equipment as compared to those prepared in contact 
with brass. In each pair of comparisons, two separate lots of casein 
were iodinated side by side in the same water bath, iodine being added 
to both at the rate of 18 grams per 100 grams of protein. A brass 
stirrer was placed in one container and a glass stirrer in the other. 
A sample of the iodinated casein was removed immediately after 
combinati<in of all the iodine .and at varying intervals thereafter. 
After dialysis for 24 hours against flowing tap water, the iodinated 
protein was recovered by the usual procedure and assayed by injec
tion into tadpoles. 

TABLE 12. THE EFFECT OF LENGTH OF 
INCUBATION PERIOD AND BRASS METAL 

ON THYROIDAL POTENCY OF 
I OD INA TED CASEIN 

No. of Per Cent Hours 
Preparation No. Tadpoles Response Incubated 

AB26-l (in glass) 9 12.6 None 
2 4 12.5 5.0 
3 9 12.1 16.0 
4 7 13.8 21.0 
5 7 9.7 39.0 

AB27-1 <brass stirrer ) 6 13.6 None 
2 6 16.6 5.0 
3 7 17.3 16.0 
4 8 17.1 21.0 
5 7 14.0 39.0 

Dosage 0.025 mcg. per tadpole 
t, AB26 vs. AB27 = 2.30 

The results obtained with a paired series as made up by this proce
dure are shown in Table 12. The preparations numbered AB26 were 
prepared in glass equipment, and AB27 in contact with the brass stir
rer, with the temperature maintained at 37 to 38° C. throughout. 
Though there appears to be a trend toward higher potency with in
creasing length of incubation period up to 21 hours, this effect is ap
parently quite small. Computation of the statistical t values of the 
differences between succeeding members of each series failed to in-
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dicate any significant differences. When the potencies of all the mem
bers of both series are compared. however, the preparations of Series 
AB27 are distinctly more active than those of AB26. This compari
son yielded a t value of 2.30; thus there is somewhat less than a 5 per 
cent chance that the difference could be due to chance variation. 

TABLE 13. THE EFFECT OF INCUBATION TIME, INCREASED 
TEMPERATURE, AND BRASS CATALYST ON THYROIDAL 

POTENCY OF IODINATED CASEIN 

No. of 
Ere11ar~tiQn lfQ, Iad11Ql!ls 

AB33-1 (in glass) 
2 
3 
4 
5 

AB34-1 (brass stirrer) 
2 
3 
4 
5 

Dosage 20 mcg. per tadpole 
t, AB33-5 vs. AB34-5 = 2.16 

8 
9 
9 
9 
9 

9 
8 

10 
7 
9 

Per Cent Hours Tempera-
R~S!lQilS~ Im;ubat~d tur!l < O!;, > 

10.1 None 37 
6.8 15 37 
4.8 24 37 
6.9 42 37 

16.9 62 39 

5.9 None 37 
4.9 15 37 
5.7 24 37 
7.5 42 37 

21.4 62 39 

The results of a second. pair of series of iodinated casein are shown 
in Table 13. These preparations were made up exactly like those in the 
preceding trial except that the temperature was held at 37° C. during 
the first 42 hours of incubation, and then increased to 39° C. during the 
last 20 hours. Though there were minor fluctuations in the apparent 
potency of the preparations during the first 42 hours of incubation, no 
definite trend that can be correlated with the duration of the incuba
tion period is ·apparent in either of the series. Concurrently with the 
increase in temperature to 39° during the final period, however, there 
was a pronounced rise in the activity of both preparations. Here again 
the reaction appeared to be catalyzed by the brass stirrer, since prep
aration AB34-5 (in contact with brass) is considerably more potent 
than AB33-5. From the results of the final preparations of these 
series, it appeared that formation of the active principle is increased 
when the incubation temperature is held at 39° C. as compared to 37° 
C., and further that at this slightly increased temperature the catalytic 
effect of brass is· more evident than at lower temperatures. 

In order to test these points further, Series AB49 and AB50, shown 
in Table 14, were prepared. The same procedure was followed as in 
the previous work except that the temperature was adjusted to 39° C. 
throughout the incubation period. The potency of all preparations was 
tested by injection of 20 mcg. per tadpole. It will be noted that the 
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TABLE 14. THE CATALYTIC EFFECT OF BRASS ON THE 
THYROIDAL ACTIVITY OF IODINATED CASEIN 
INCUBATED FOR VARIOUS PERIODS AT 39° C. 

No. of Per Cent Hours 
Preparation No. Tadpoles Response Incubated 

AB49-l (in glass) 
2 
3 
4 
5 

AB50-1 (brass stirrer> 
2 
3 
4 
5 

Dosage, 20 mcg. per tadpole 
t, AB49-5 vs. AB50-5 = 4.3 

9 
5 
9 
9 
8 

8 
9 
8 
7 

10 

8.03 
6.20 
7.00 
8.70 
4.90 

10.30 
11.90 
12.90 
14.90 
15.60 

8 
20 
31 
49 
68 

8 
20 
31 
49 
68 

49 

preparations in Series AB50, made up in contact with brass, were 
again more active than those of Series AB49 prepared in glass equip
ment. Though the differences in activity of successive preparations 
are not great, there appears to be a progressive increase in potency of 
Series AB50 with increasing length of the incubation period. Series 
AB49, on the other hand, showed no appreciable increase in activity 
during the entire period of 68 hours' incubation. As a result, the 
spread be.tween the activity of the respective members of the two series ., 
becomes greater with increasing length of the incubation period. As 
indicated by the t value, there is less than a 1 per cent chance that the 
difference in activity between preparations AB49-5 and AB50-5 could 
be due to chance variations. 

Further confirmation of the results described in Table 14 is provided 
by a fourth series of paired preparations that were made up exactly 
like the preceding series except that the temperature was held at 39° 
C. during the first 28 hours of incubation, and then increased to 65° 
C. during the last portion of the incubation period (Table 15). After 
4, 16, and 28 hours' incubation at 39° C., the products made up in 
the presence of the brass metal again exhibited a greater thyroidal 
effect on tadpoles than was shown by the other series of the pair. When 
the temperature was increased to 65° C., there was a sharp increase in 
potency of the preparations of both series. Even at this elevated tem
perature the catalytic effect of the metal can be observed since the 
activity of preparation AB48-4, in contact with brass, is distinctly 
higher than that of AB47-4, made up in glass. 

From the results obtained up to this point it appeared that if pro
teins are iodinated at the optimal level established earlier, and incu
bated at 37 to 39° C., in glass equipment exclusively, they soon reach 
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TABLE 15. THE EFFECT ON THYROIDAL ACTIVITY OF ELEVATING 
THE INCUBATION TEMPERATURE SUBSEQUENT TO IODINATION 

Temper-
No. of Per Cent Hours ature 

Preparation No. Tadpoles Response Incubated oc. 

AB47-1 Un glass l 10 1.20 4 39 
2 10 4.37 16 39 
3 8 5.56 28 39 
4 6 12.10 46 65 

AB48-1 (brass stirrer ) 9 12.40 4 39 
2 7 10.80 16 39 
3 a 6.20 28 39 
4 10 19.20 46 65 

Dosage 20 mcg. per tadpole 

an equilibrium P,Oint at which no further formation of thyroidal sub
stance occurs, no matter how long the incubation period is extended. 
In the presence of a metal or combination of metals found in brass, 
the equilibrium point is shifted so as to allow a greater formation of 
the active principle. From the greatly increased activity obtained 
both in the presence and absence of the catalyst, when the temperature 
was elevated to 65° C. subsequent to iodination, it is clear that eleva
tion of the temperature during the incubation period alone will in
crease the formation of the thyroidal substance. This being the case, 
it was of great interest to determine the effect of conducting both the 
iodination and incubation process at 60° C. as compared to iodination 
at 38 to 40° C. followed by in~ubation only at 60° C. 

The two preparations listed in Table 16 were first iodinated at the 
temperatures indicated, and then were placed side by side in the same 
water bath for incubation at 60° C. The procedures were conducted 
entirely in glass equipment. When the two preparations were in
jected into tadpoles at the rate of 20 mcg. per animal, the preparation 
iodinated at 40° C. and incubated at 60° C. produced a response of 32.9 
per cent, as compared to 25.9 per cent for the product held at 60° C. 
throughout. However, as indicated by the t value, the significance of 
the difference between the two preparations is not fully established. 
The standard iodinated casein preparation was tested at three dosage 
levels in the same assay, giving a relation between response (y) and 
dosage (x) that can be expressed by the equation: 

y = 25.28 log x - 17.18 
. By substitution of the percentage response for preparations AB61 and 
AB62, respectively, for y in the equation, it was calculated that 20 
mcg. of AB61 are equivalent in activity to 96.0 mcg. of the standard. 
Twenty mcg. of AB62 produced a response equivalent to 50.6 mcg. of 
the standard. Thus AB61 and AB62, respectively, showed 4.8 and 2.5 
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times the activity of the standard preparation. Both of the procedures 
described above. result in products with higher thyroidal activity than 
the usual procedure of iodination and incubation at 38° C. 

TABLE 16. THYROIDAL ACTIVITY OF CASEIN IODINATED AT 40° C. 
AND INCUBATED AT 60° C., AS COMPARED TO BOTH IODINATION 

AND INCUBATION AT 60° C. 

Pre pa- Dos- No. of 
ration age Tad- Per Cent 
No. Meg. poles Response Value Remarks 

AB61 20 8 32.9 Iod. 38-400, inc. 60° c. 
1. 79 

AB62 20 9 25.9 Iod. 600, inc. 60° c. 

The Effect of Progressively Increasing Temperature on the Thyroidal 
Activity of Iodinated Casein.-The experiments of the preceding sec
tions established the fact that when casein is iodinated to an extent 
just sufficient to subsfitute two atoms of iodine per mole of tyrosine, 
the thyroidal activity of the final product can be increased markedly 
by elevation of the temperature to 60 to 65° C., either during or sub
sequent to the iodination, followed by incubation at the elevated tem
perature." In order to gain additional information on the effects of 
temperature on the process, a series of preparations was made up in 
glass by the usual procedure except that the temperature was increased 
by definite intervals irt successive members of the series. The samples 
were incubated for 18 to 20 hours in all cases. The preparations were 
all assayed simultaneously by injection into tadpoles at the rate of 
25 mcg. per animal. Results of the tadpole assay together with the 
iodine analyses of the preparations are shown in Table 17. The amount 

TABLE 17. THE EFFECT OF PROGRESSIVELY INCREASING 
TEMPERATURE ON THE TFYROIDAL ACTMTY 

OF IODINATED CASEIN 

Iodine Iodination and 
Pre pa- Com- Incubation 
ration Dosage No. of bined Per Cent Temperature 

NQ, Mi:ar.:. IadI!Ql~s % R~§I!Qn§~ O(' 

AB20 25 7 7.43 20.4 30 
AB21 25 6 7.05 23.5 34-35 
AB22 25 7 7.61 25.0 37-38 
AB23 25 4 8.59 24.3 40-41 
AB24 25 8 7.52 20.9 45-46 
AB25 25 7 8.03 31.9 58-60 

t, AB24 vs. AB25 ~ 3.7, highly significant; other differences are not 
significant. 
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of iodine combined varied somewhat, but there is no definite trend in 
· the values that can be correlated with either the temperature or thy

roidal 'activity. Thyroidal activity of the preparations in the tempera
ture range of 30 to 45° C. appeared to reach a maximum at 37 to 38° 
C., followed by a decrease. However, the differences between prep
arations are relatively small, and the significance of the differences 
could not be established statistically. When the iodination and in
cubation temperature was increased to approximately 60° C., however, 
there was a highly significant increase in thyroidal activity. 

TABLE 18, THE EFFECT OF PROGRESSIVELY INCREASING 
TEMPERATURE ON THE THYROIDAL ACTIVITY 

OF IODINATED CASEIN 

Iodination and 
Prepa- Incubation Tem-
ration Dosage No. of Per Cent perature 

No. Mei. Tadpoles Response oc. Remarks 

AB22 9 10 0.26 37-38 
AB24 9 9 3.40 45-46 
AB25 9 9 2.30 58-60 
AB62 9 10 2.60 58-60 
AB67 9 10 18.40 70 
AB68 9 10 23.20 70 Brass 

stirrer 
AB78 9 8 13.5 97 

t,AB67 vs. AB78 "' 2.020 

With the object of establishing the upper limits of temperature that 
are compatible with thyroprotein formation, additional preparations 
were made up in order to extend the temperature range to approxi
mately 100° C. The new preparations were assayed together with 
representative samples from the lower temperature range, as shown in 
Table 18. Only 9 mcg. of material were injected per tadpole in order 
that the physiologic capacity to respond would not be exceeded in 
animals receiving the more potent preparations. This resulted in re
sponses of such a low order on the less active preparations that differ
ences in their activity cannot be distinguished. Therefore, the results 
in Table 17 must be compared with those in Table 16 if one is to gain 
an estimate of the relative potencies throughout the temperature range. 
Both preparation AB25 and AB62, prepared at 60° C. showed higher 
activity in previous assays than products made up at lower tempera
tures of 45° C. or less. In the present series it is shown clearly that a 
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further increase in temperature to 70° C. results in a marked increase 
in potency. At 97° C. there was some decline in thyroidal activity in 
comparison with the product prepared at 70° C. However, the activity 
was significantly higher than that of preparations made up in the lower 
temperature range. 
· Thus it appears warranted to conclude that when casein is iodinated 

at the optimal level, the extent to which the thyroidal substance is 
formed can be governed in a large degree by control of the incubation 
temperature. Upon consideration of all the facts at hand, it appears 
that the formation of an artificial thyroprotein is dependent upon a 
two stage reaction. The first stage occurs during the iodination of the 
protein, with the formation of an intermediate compound that can be 
converted subsequently into the active principle. The maximum forma
tion of the intermediate compound takes place when the iodine concen
tration is held approximately to the amount required to substitute two 
atoms of iodine per molecule of tyrosine in the protein. The extent of 
conversion of the intermediate compound into the active form depends 
largely upon the incubation temperature, though it is also catalyzed by 
a metal or combination of metals present in brass. 

If the iodination mixture is incubated at a temperature of 45 ° C. 
or less, the system soon comes to equilibrium, and no further conver
sion takes place. Incubation at 60° C. results in significantly greater 
formation of the active substance than does incubation at 30 to 45° 
C. The maximum activity is obtained at approximately 70° C .. The 
results in Table 18 indicate that there is some decrease in the thyroidal 
activity of products incubated at 97 to 100° C., but further work 
should be done before this point can be established conclusively. 

Relative Resp<mse of Tadpoles to Thyroproteins, Thyroxine, Diiodo
tyrosine, and Potassium lodide.-The tadpole assay has been criti
cized as a method of thyroidal assay in certain instances for a lack of 
specificity. Swingle (1919) regarded the response as an iodine reaction 
rather than as a specific thyroid reaction. However, in this work the 
tadpoles were exposed continuously to the test substance. Gaddum 
(1927-28) found that when tadpoles were exposed briefly to the sub
stance under test, the reaction was quite specific since no response of 
the kind was given by diiodotyrosine or potassium iodide. 

In order to test the comparative effects of iodine in various forms 
when given by the injection technique, thyroxine, diiodotyrosine, po
tassium, iodide, and three different thyroprotein preparations were 
tested at various dosage levels as shown graphically in Fig. 10. When 
diiodotyrosine was given at 100 times the thyroxine dose there was no 
perceptible effect on the growth rate, as compared to normal controls. 
Even at 1000 times the thyroxine dosage there was onl:v a slight re
tardation of growth. Potassium iodide when injected in lar.Q."e doses 
caused a decrease in body length, but the tadpoles S!'ivi>n thiR sub;;tan~e 
showed no limb bud growth or other evidences of metainoruhos.is. As 
the iodides are dialyzed from thyronroteins, preliminary to their aRsa:v. 
thiR effect nePd not be conRidered in the results of thP pre,::ent work 
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Fig. 10.-The effect on growth of tadpoles of diiodotyrosine, potassium iodide, and 
thyroxine as compared to the standard iodinated casein and two other highly active 
artificial thyroprotein preparations. 

In contrast to the effect of diiodotyrosine, the thyroproteins given at 
the 20 mcg. dosage level caused pronounced decreases in body length, 
together with the usual signs of metamorphosis. Since the thyropro
teins contain only about 7 per cent iodine as compared to more than 58 
per cent in diiodotyrosine, the actual amount of iodine injected was 
1.4 mcg. as thyroprotein and 11.7 mcg. as diiodotyrosine. It appears 
safe to assume, therefore, that under the conditions used, the tadpole 
assay is highly specific for thyroidal activity. 

In evaluating the comparative percentage decreases in body length 
in response to a given dosage of thyroxine or thyroprotein, it must be 
kept in mind that the response increases in proportion to the logarithm 
of the dose. This is illustrated by the relative responses produced by 
the standard on three dosage levels. Preparations AB47-4 and AB48-4, 
respectively, illustrate the increased levels of potency obtained by 
iodination at 38° C. followed by incubation at 65° C. and iodination at 
38° C. in the presence of brass, followed by incubation at 65° C. A 
more exact estimate of the actual potency of these preparations in re
lation to thyroxine will be given in the section that follows. 

Quantita~ive Assays of Highly Active Thyroproteins.-The data 
presented thus far havei shown only the relative thyroidal potency of 
preparations of .iodinated casein as influenced by variation in the con- · 
ditions of iodination, and incubation. In order to obtain an estimate 
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of the absolute thyroidal activity of a number of the more active prep
arations, several assays were conducted in which either a standard 
iodinated casein of known potency, or thyroxine were tested at three 
different dosage levels. The activity of the test preparation could 
then be expressed as a percentage of the response elicited by an equal 
weight of thyroxine, as described in an earlier section. It has been 
shown that the standard produces 2.7 times the response of thyroxine 
when injected into tadpoles. Therefore, in assays where this standard 
was used as a reference base the. results were converted to the thy
roxine basis by use of this factor. A summary of the results is given 
in Table 19. Because of the biological variations encountered in assays 
of this type there are quite large variations in the values obtained, ev~n 
in repeated assays on the same preparations. However, it is believed 
that the data as a whole. represent fairly the relationships between the 
results obtained by the various procedures indicated. 

TABLE 19. RELATIVE PO~ENCY OF HIGHLY ACTIVE IODINATED CASEIN AND THYROXINE AS 
DETERMINED ON INJECTED TADPOLES 

Apparent 
Iodina- Incu- Theoretic- Thyroxine 
ti on bation al Maximum Iodine as 

Prepa- Temper Temper- Apparent Thyroxine Per Cent 
ration Date Iodine ature ature Thyroxine Total Io-

No Assaved % oc. oc. % % ~·-- n----•--

~tandard 3-20-42 6.80 38 38 2. 70 10.46 25 7 
AB62 3-20-42 60 60 7.08 

4-6-42 7.60 
MPan 7.00* 7.30 10.77 67 8 

AB61 3-20-42 38 60 13.40 
3-28-42 38 60 10.80 
4-6-42 38 60 5.10 

AB47-4 3-13-42 38 65 5.40 
AB63 3-28-42 38 60 8.30 

4-6-42 38 60 5.80 
AB65 4-6-42 38 60 7.20 
MPan 7.00 8.01) "77 74 n 

AB48-4 3-13-42 38 65 11.9 Prepared in 
3- 28-42 38 10.6 presence of 
4.5;42 7 .5 brass stir-

AB64 3-28-42 11.7 rer 
•<>66 4-6-42 9.7 
Mean 7.00 10.3 10.77 96.0 

*Since iodine determinations are not available on all the samples, the estimated value of 7 
per cent has been used for the calculation. As the same amount of iodine was used in making 
all the preparations, this will closely approximate the true value. 

It was surprising to find that when the potency of the more active 
preparations is considered in relation to their iodine content, their 
potency approximates that of synthetic thyroxine. In an iodinated 
protein containing 7 per cent iodine, the theoretical maximum yield of 
thyroxine is %5 x 100, or 10.77 per cent. The apparent thyroxine con
tent of the thyroproteins, as indicated by the assays on tadpoles, ranged 
from 2.7 per cent in the standard, iodinated and incubated at 38° C., 
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to an average of 10.3 per cent for preparations iodinated at 38° C. and 
incubated at 60° C. in the presence of brass. Thus there was approxi
mately a four-fold increase in activity due to the improvement of the 
procedure. A product prepared by conducting both the iodination and 
incubation procedure at 60° C. showed an apparent thyroxine content 
of 7.3 per cent as compared to 8.0 per cent for preparations iodinated 
at 38° C. and incubated subsequently at 60° C. In view of the varia
tions in assays, the actual difference in activity between these two types 
of preparations is of doubtful significance. However, the preparations 
iodinated at 60° C. in the presence of the brass stirrer are clearly more 
active than the other types of products. From the results of the tem
perature series in Table 18, it is believed that even greater activity 
would be obtained with incubation at 70° C. However, a quantitative 
assay on preparations made at this temperature is not available as yet. 

For convenience in making comparisons, the thyroidal activity of 
the iodinated proteins has been expressed as a percentage of the ·re
sponse given by thyroxine when injected into tadpoles in an identical 
manner. However, we have no basis for determining to just what 
extent the response elicited by iodinated proteins actually represents 
thyroxine, inasmuch as the state of combination of the active principle 
within the protein molecule may contribute to its thyroidal activity. 
Differences in the rate of absorption of thyroxine and thyroproteins 
from the site of injection may also have some effect on the results. 

The more active thyroproteins give a response on tadpoles that is 
approximately equal to that of synthetic thyroxine, when compared on 
the basis of their iodine content. Even though this response were con
sidered to represent true thyroxine, however, it would not indicate the 
ultimate theoretical yield as calculated from the initial tyrosine con
tent and the iodine content of the protein. Tyrosine occurs naturally 
in proteins in the levo form. The synthesis of thyroxine subsequent 
to iodination would presumably take place within the protein molecule, 
with the amino acid radical being held in firm combination in a peptide 
linkage. Thus, thyroxine produced in this manner should be all in the 
levo or natural form. Gaddum reported that in stimulating tadpole 
metamorphosis (1927-28) and in rat metabolism (1929-30) the levo 
form of thyroxine is three times as active as the dextro form. Foster, 
Palmer, a:hd Leland (1936) found that when tested on normal guinea 
pigs, I-thyroxine is twice as active as the racemic form; therefore, they 
infer that the dextro form is inactive. Thus, it would appear possible, 
theoretically, for iodinated proteins to show greater thyroidal activity, 
on an iodine basis, than that of racemic thyroxine. 

In earlier sections of this paper it was shown that comparable re
sults are obtained in the assay of artificial thyroproteins when assayed 
by both the tadpole method and on guinea pigs by the metabolic method. 
A preparation that showed 1 per cent of the response of thyl'oxine in 
guinea pigs, however, exerted 2.7 to 2.8 per cent of the thyroxine 
response in tadpoles. In view of the changes in the procedure of prep-
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aration of the more recent products, the possibility arises that the pro
nounced effects on tadpoles may not be a true thyroidal substance, but 
instead might be some hitherto unrecognized compound. It seemed 
of great importance, therefore, to check the results by an assay on 
guinea pigs. 

Guinea 
Pig. 
No· 

413 
418 
419 
424 

417 
421 
422 
423 

TABLE 20. COMPARATIVE EFFECT OF THYROXINE AND HIGHLY 
HIGHLY ACTIVE THYROPROTEIN ON THE OXYGEN CONSUMPTION 

OF GUINEA PIGS 

OXygen Consumption Pata 
Control Period After 4 davs ' dosage 

Hourly per 100 
Body Weight Hourly per animal Average perGrams Body Wt. 

Grams ml. 100 grams ml. 
DitJ:. llm body weight I2m. Increase Increase 

4-12 4-13 Average 4-12 4-13 Average ml. 4-17 ml. % 

Group I (75 mcg,• thyroxine daily per animal> 
257 262 260 197 211 207 79.6 118.7 39.l 49.1 
245 245 245 205 209 207 84.5 129.5 45.0 53.3 
221 234 228 222 217 220 96.5 128.4 31.9 33.l 
243 247 245 183 212 212 86.5 136.7 50.2 58.0 

Mean 244 48.4 

Group I I (548.6 mcg. iodinated casein AB48-4 daily per animal) 
255 257 256 248 241 245 95.7 108.6 12. 9 13.5 
245 256 248 214 203 209 811.3 84.3 32.3 38.3 
251 257 254 214 211 213 83.9 100.8 15.9 20.0 
212 212 212 207 202 205 96.7 114.9 18.2 18.8 

Mean 242 22.4 

*Based on the average initial weights the average thyroxine dosage is 30. 7 mcg. per 
100 grams. The thyroprotein dosage is 226.2 mcg. per 100 grams. 

Two groups of four guinea pigs each were selected for this purpose, 
and their normal fasting oxygen consumption was determined on two 
consecutive days. Four animals were then given thyroxine orally at 
the rate of 75 mcg. daily per animal or 30.7 mcg. per 100 grams body 
weight. The remaining four received 548.6 mcg. of preparation 
AB48-4 daily per animal, or the equivalent of 226.2 mcg. per 100 grams 
body weight. The fasting oxygen consumption was determined again 
on the fourth day of dosage, and the values were calculated as percen
tage increases above the control values. A summary of the results is 
given in Table 20. The thyroxine-dosed animals showed an average 
increase of 48.4 per cent as compared to a rise of 22.4 per cent for the 
animals dosed with preparation AB48~A. By reference to Fig. 2, it 
will be noted that the response to thyroxine coincides with the pre
dicted value on the May reference curve. Therefore, the relation be
tween dosage and response can be computed by the equation: 

y = 48.964 log x - 24;-662 
Substituting the response to the thyroprotein preparation (22.4) for 
y in the equation, and solving for x, it is found that 226.6 mcg. of 
AB48-4 produced a response equivalent to 9.144 mcg. of thyroxine. To 
express the relation as a percentage: 9.144/ 226.6 x 100 = 4.04 per cent 
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of the thyroxine response. As established previously, an artificial 
thyroprotein exerts 2.7 times as much response injected into tadpoles 
as when given orally . to guinea pigs if both results are computed in 
terms of thyroxine. Therefore, the predicted tadpole response would 

be: 2.7 x 4.04 = 10.9 per cent of the thyroxine response. 

The average value found on tadpoles for preparations such as the one 
assayed above is 10.3 per cent (Table 19). Therefore, it is apparent 
that the same relationship applies to assays of the more potent prod
ucts as was found with earlier preparations. This strongly suggests 
that the active principle is the same compound in both types of product 
and the differences in activity are due merely to increased formation 
of the active substance. 

Either casein or the mixed proteins of skim milk have been used in 
the experiments reported thus far, as a substrate for formation of the 
active thyroproteins. However, it is of considerable interest to learn 
whether the procedure worked out for casein will apply also to other 
proteins. Experjments designed to test this point will be presented 
in the next section. 

The Comparative Thyroidal Activity of Iodinated Casein, Soybean 
Protein, and Egg Albumin.-Csonka and Jones (1933) state that soy
bean meal contains 16.6 per cent glycinin, plus a more soluble globulin 
in small amount, 1.5 per cent legumelin, and a proteose. The tyrosine 
content of partially purified glycinin from ten different varieties of 
soybeans, as determined by the Folin and Ciocalteu method was re
ported by Csonka and Jones. to range from 3.94 to 4.55 per cent. 

For the present investigation, a sample of soybean protein kindly 
supplied by the Regional Soybean Industrial Products Laboratory, 
Urbana, Illinois, and three commercial soybean protein preparations 
were used. As a preliminary, the tyrosine content of the proteins was 
determined by the Millon reaction, as modified by Lugg (1937). 

The results of the analyses are given in Table 21, together with data 
on the iodination and thyroidal assay of the various proteins. The 
tyrosine content of three of the proteins ranged from 3.38 to 4.46 per 
cent, as compared to the value of 5.65 per cent obtained on casein by 
the same method. Protein No. 21, however, showed a tyrosine con
tent of only 2.57 per cent. This protein also dissolved poorly in the 
sodium bicarbonate solution preliminary to iodination. 

The preparations in Table 21 are classed in two groups, according to 
the incubation procedure followed. Soybean protein No. 1, Group I, 
was iodinated at three different levels as indicated in the table. In 
making the other preparations, iodine was added at the rate of 4.5 
ato:ins per molecule of tyrosine in the protein. The preparations in 
Group I were iodinated at 38° C. and incubated at the same tempera
ture for 18 to 20 hours. Other details of the procedure were carried 
out as described previously. As a check on the amount of iodine added, 
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TABLE 21. THYROIDAL ACTIVITY OF IODINATED SOYBEAN PROTEINS AND EGG ALBUMIN 
AS COMPARED TO IODINATED CASEIN 

Iodine Tad- Thy-
Initial Added pole Per Cent roxine 

Prepara- Tyrosine to 20 g. Iodine Re- of Stand- Equiv-
ti on Content Protein Content Dosage · ard Re- alent 

r. Preparations iodinated and incubated at 38 to 400 C. Assayed 3-20-42. 

Standard 6.80 5.0 10 0.8 I 
(iodinated 10.0 6 7.7 y • 25.28 logx-17.18 
casein No. 38 > 20.0 7 15.8 

AB51 5.65 3.7 20.0 10 20.9 160 4.30 
AB52 5.65 3.7 20.0 9 20.3 154 4.20 
AB40 5.35 2.2 20.0 9 12.4 75* 2.00 

AB41 5.35 2.9 20.0 10 12.3 74 2.00 
AB57 5.35 3.4 6.53 20.0 10 25.9 203 5.48 
AB55 3.31 2.1 4.35 20.0 10 4.6 36 0.90 

AB53 5.69 3.,7 7.10 20.0 9 12.0 75 2.00 

AB54 5.53 3.6 6.20 20.0 10 15.7 100 2.70 

II. Preparations iodinated at 40° C. and inc;ibated at 60° C. Assayed 4-6-42 

Thyroxine 0.5 7 7.1 I 
1.0 7 11.4 l1 - 15 ~'.l~ lQl[ll-4 042 
2.0 9 16.4 10 

AB70 5.65 3.8 9.0 10 13.2 13.30 
AB71 5.35 3.8 9.0 10 14.4 16.10 

AB72 3.8 9.0 8 16.1 17.00 

•A second assay on AB40 and 41 yielded values of 75 and 90 per cent, respectively, of the 
standard. 

Type of 

Protein 

Casein 
casein 
Soybean Pro-
tein No. 1 

Soybean Pro-
teln No. 2 
Soybean No. 
3 
Soybean No. 
4 

Casein 
Soybean No. 
1 
Egg Albumin 

the qualitative Millon test was. run occasionally on preparations No. 
AB51 to AB57 as the iodination progressed. In every case the test 
became negative shortly before the calculated amount of iodine had 
been added. Thus it was assured that sufficient iodine had been in
corporated for complete substitution on the tyrosine. After iodination 
the proteins were dialyzed, precipitated with dilute HCl, filtered, and 
assayed by the usual procedure. 

As shown by the assays in Table 21, the thyroidal activity of the 
soybean proteins of Group I compared favorably with that of iodinated 
casein prepared· by the same procedure. Proteins l, 3, and 4 yielded. 
products that showed from 75 to 200 per cent the activity of the stand
ard. As would be expected from its lower tyrosine content, protein 
No. 2 (Prep. AB55) yielded a preparation upon iodination that was 
only 36 per cent as potent as the standard. 

The preparations of Group II, including casein, soybean protein No. 
1, and egg albumin (Merck) were all prepared at the same time, under 
identical conditions. The proteins were iodinated at 40° C., and then 
incubafed at 60° C. for 18 hours. In the assay, thyroxine was injected 
at three different levels as a standard of reference, and the iodoproteins 
were all injected at the rate of 9 mcg. per tadpole. The preparations all 
showed potencies between 13 and 17 per cent of an equal dosage of 
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thyroxine. The activity of these products appears to be at least equal 
to and probably somewhat higher than that of iodinated casein prepared 
in an identical manner and assayed previously by the same method. 
From the results as a whole, it is apparent that both the soybean 
proteins and egg albumin respond to conditions of iodination and 
incubation temperature in a manner similar to that of casein insofar 
as formation of the thyroidal substance is concerned. 

The Isolation and Identification of Crystalline Thyroxine from a 
Hydrolysate of Iodinated Casefo.-In all of the experiments de
scribed in this paper the principal emphasis has been placed upon so 
controlling the conditions of iodination and incubation of proteins as 
to result in maximal thyroidal activity of the iodinated protein itself. 
It is of great interest to ascertain however, whether such preparations 
will actually yield thyroxine after suitable chemical treatment. The 
recovery of thyro:k.ine from iodinated casein was first reported by 
Ludwig and von Mutzenbecher (1939) and confirmed by Harington and 
Rivers (1939). Lerman and Salter (1939) reported that they were 
unable to recover thyroxine from serum albumin that had been iodi
nated in an ammonical medium. Following hydrolysis of such prepara
tions, a. material containing 24 per cent iodine was recovered. On the 
basis of its analysis and thyroidal activity the active principle was be
lieved to be diiodothyronine. It is of interest that the recovery of an 
inert material having almost the identical composition of thyroxine, 
with the exception of its low nitrogen content, was also reported by 
these authors. · 

In further confirmation of the first two reports, we have succeeded 
in recovering crystalline thyroxine from iodinated milk protein pre
pared by the direct iodination of skim milk as described in an earlier 
section of this paper. The iodinated casein used was taken from a 
large batch of the product that was made up primarily for feeding 
trials on larger animals. In the preparation of this material, 340 
pounds of pasteurized skim milk were warmed to 37° C., and 1350 
grams of sodium bicarbonate were added with constant stirring. A 
total of 1006 grams of pulverized iodine were added slowly and in 
small portions over a period of three hours. The mixture was then 
incubated overnight at a constant temperature of 37° C., and precipi
tated by the addition of dilute HCl to pH 3.84. After draining off the 
supernatant Ilquid, the product was purified further by resuspending 
the precipitate with the aid of NaOH, precipitating with dilute HCl, 
and draining off the supernatant liquid. This procedure was repeated 
three times. A portion of the iodinated casein was resuspended with 
alkali and dialyzed against :flowing tap water for 24 hour_s to remove 
the last traces of iodide. 

Two hundred grams of the purified product were hydrolyzed for 18 
hours in 40 per cent barium hydroxide solution. The recovery of thy
roxine from the hydrolysate was accomplished by following the pro
cedure of Ludwig and von Mutzenbecher (1939) in close detail. When 
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the acid-insoluble portion obtained in the final steps was dissolved in 
alkaline alcohol, brought to boiling and cautiously acidified with acetic 
acid, a crystalline material settled out. 
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Fig. 11.-Spectrographic absorption curve of thyroxine isolat.ed from a hydrolysate 
of iodinated casein in comparison with that of synthetic thyroxine. 

Examination under the microscope showed the crystals to be present 
in the form of bundles and rosettes of exactly the same form and ap
pearance as synthetic thyroxine. The spectrographic absorption curve 
of the crystalline compound obtained from iodinated casein in com
parison with that of synthetic thyroxine obtained from the British 
Drug House is shown in Fig. 11. Both of the substances were dis
solved in 0.1 N NaOH solution in concentration of 0.2 mg. per ml. 
The extinction (Logio /r) is plotted directly against wave length in 
Angstrom units. There is a small difference in density due to a slight 
difference in concentration of the solutions. It will be noted, however, 
that the shape of the curves is nearly identical. A farther compari
son of the properties of the crystalline compound with those of syn
thetic thyroxine is given in Table 22. · The melting points of the two 
substances are practically the same. The slightly lower iodine content 
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of the crystalline substance of 64.95 per cent as compared to the 
absolute value of 65.4 per cent for pure thyroxine could be due either 
to a small amount of impurity or to a slight loss of iodine in the chem
ical determination. The comparative effects of the substances on tad- . 
poles were tested on individual animals by a 24-hour exposure to 5 
mcg. of the compound under test, dissolved in 200 ml. of water. Final 
measurements of the tadpoles were made on the tenth day after ex
posure. The dosage in both cases was too low to give a pronounced 
response. However, the response obtained indicated that the activity 
of the compounds is fdentical. Since the isolated compound showed 
properties identical with synthetic thyroxine in all respects, there can 
be no doubt that it is actually thyroxine. 

TABLE 22. PROPERTIES OF THYROXINE OBTAINED 
FROM IODINATED CASEIN HYDROLYSATE AS 

COMPARED TO SYNTHETIC THYROXINE 

Concentration <mg. per ml. l 

Spectrographic Absorption 
Minimum - Wave length 

Density 
Maximum - Wave length 

Density 

Melting Point (OC. > 

Iodine Content. <per cent> 

Tadpole Assay 
Number of tadpoles 
Dosage <mcg. in 200 ml. water> 
Average response <per cent> 

*From Harington <1933, p. 107 > 

Synthetic 
Thyroxine 

0.2 

2923 
0.63 
3250 
1.45 

231- 232* 

65.14 

9 
5.0 
5.2 

Thyroxine from 
Iodinated 

Casein 

0.2 

2920 
0.52 
3256 
1.34 

230.5-233.5 

64.95 

9 
5.0 
5.5 

The thyroidal potency of the iodinated casein used for this experi
ment was about 60 per cent that of the standard or only about % that 
of the more active preparations included in Table 19. In view of the 
increased potenGY of the latter preparations they could be expected to 
produce greater yields of thyroxine. Actual trials to verify this point 
have not yet been made, however. 
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SPECTROGRAPHIC ABSORPTION OF THYROXINE AND IODI
NATED PROTEINS 

Review of Literature 
Though proteins and amino acids do not show light absorption in the 

visible spectrum, most of these substances show strong specific ab
sorption in the ultra-violet region between 2500 and 3000 Angstrom 
units. This absorption has been shown to be due to the presence of 
t]:J.e aromatic amino acids. Feraud, Kaplan, and Dunn (1935) reported 
that phenylalanine, tyrosine, tryptophane and indole absorb light in the 
range from about 2600 to 2900 Angstroms. 

Because of its cyclic structure, thyroxine also absorbs light in the 
ultra-violet, and by reference to the absorption minimum and maximum 
as well as the shape of the curve, this property can be used for the 
identification and quantitative determination of the pure substance. 

Marenzi and Villalonga (1941a) measured the absorption spectra of 
thyroxine and a number of related compounds. It was shown that 
iodination of the phenolic nucleus ortho to the hydroxyl group increases 
the difference of molecular extinction between the maximum and min
imum of the curve. It also increases the difference in wave length be
tween the maximum an'd minimum. That a similar change occurs upon 
the iodination of casein is indicated by the report of Marenzi and 
Villalonga (1941b) that iodinated casein has its absorption maximum 
displaced toward the region of the visible spectrum with respect to 
normal casein. There is also a greater difference between the maxi
mum and minimum extinction in iodinated than in normal casein. 

Spectrographic Absorption in the Ultraviolet Region of Iodinated 
Casein with Progressively Increasing Iodine Content.-Data on the 
thyroidal activity of iodinated casein containing progressively increas
ing amounts of iodine were given in Table 7 and Fig. 9.. It was shown 
that under the conditions given, the thyroidal activity increases until 
sufficient iodine has been combined to substitute two atoms per mole
cule of tyrosine in the protein. With further iodination there is a de
cline in the thyroidal potency. Inasmuch as thyroxine and related 
compounds show specific light absorption in the ultraviolet region, it 
appeared possible that a spectrographic study of the iodinated casein 
preparations in Series II might contribute to our understanding of the 
iodination process. The samples for analysis were prepared so as to 
contain exactly 1.0 mg. per ml. of solution, and were dissolved in 0.1 
N sodium hydroxide. The light absorption in the range of 2500 to 
4000 A was determined on each preparation of the series, using a Hilger 
medium quartz spectrograph, together with a Hilger-Spekker spectro
photometer, and a 1 cm. absorption cell. An iron-tungsten spark was 
used as light source. 

The absorption curves of the respective preparations of the series 
are shown in Fig. 12. As the concentration is the same for all prep
arations (1.0 :fug. per ml.), the extinction has been plotted directly 
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Fig. 12.-The effect of progressive iodination on the spe·ctrographic absorption of 
iodinated casein. The amount of iodine combined increases in progressive order f r om 
preparation No. l to preparation No. 8. 

against the wave length. A summary of the results, including the 
absorption minima and maxima, the densities, iodine content, and 
thyroidal assay are given in Table 23. 

The maxima and minima of the absorption curves of iodinated case
in fall at shorter wave lengths than those of thyroxine, but the general 
shapes of the curves are similar. As indicated by the density and 
concentration values, the intensity of the absorption is about 7f; to 
¥s that of thyroxine. Inasmuch as other cyclic groups in proteins 
show absorption in this general region, it is probable that the total 
absorption is the sum of the intensities of all of these groups. There
fore, the absorption is due only partially to thyroxine formed in the 
iodination process. With increasing iodine concentration in the prep
arations, there is a change in position of the maxima and minima to
ward longer wave lengths. The position of the curves approaches but 
does not reach that of thyroxine. There is a gradual rise in intensity 
of absorption in the first four samples that perhaps can be correlated 
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TABLE 23. SUMMARY OF SPECTROGRAPHIC ABSORPTION. DATA 
OBTAINED ON PROGRESSIVELY IODINATED CASEIN SERIES 

Spectrographic Absorption 
Minimum Maximum Iodine Tadpole 

Wave Wave Con- Re-
Lefh Le~ tent sponse** 

_preparation* Densitv & Density % %. 

Thyroxine 2923 9.63 3250 1.45 

Iodinated 
Casein 
Series II, 1 2760 0.62 3020 0.98 4.12 15.1 

2 2780 0.68 3097 1.30 6.10 24.2 
3 2780 0.69 3095 1.33 7.35 31.5 
4 2780 0.78 3097 1.44 8.62 32.2 
5 2790 0.58 3125 1.32 9.16 44.4 
6 2790 0.62 3125 1.30 9.56 38.2 
7 2790 0.58 3110 1.40 10.38 33.4 
8 2835 0.83 3150 1.66 12.25 26.7 

*Thyroxine concentration was 0.2 mg. per ml. ; iodinated cas.:tin solu
tions contained 1.0 mg. per ml. 

**Large tadpoles of approximately 60 mm. length were injected with 
0.1 mg. of the test substance. Final measurements were made on 
the fourth day after the injection. 
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with the increasing thyroidal activity of the preparat ion. This is fol
lowed by a drop in intensity in preparations No. 5 and No. 6, a small 
rise in No. 7, and a pronounced increase in No. 8. As shown by biolog
ic assay, there is a marked decline in thyroidal activity with excessive 
iodination. Thus the increased intensity of absorption in preparations 
No. 7 and No. 8 is believed to indicate the formation of a compound 
that is .inert physiologically, but that is similar to thyroxine in chemical 
structure and absorptive properties. Bovarnick, Bloch, and Foster 
(1939) reported the synthesis of a thyroxine analog having the follow
ing structure: 

HO 

This compound failed to show any thyroidal activity when tested on 
guinea pigs. The formation of thyroxine in iodinated proteins is 
believed to be due to the oxidative coupling of two molecules of diiodoty
rosine with the elimination of one side chain. Thus, it is not incon-
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ceivable that, with excessive iodination, the thyroxine formed in the 
initial stages could undergo coupling with an additional molecule of 
diiodotyrosine, resulting in the inert compound shown above. This 
compound would be expected to shift the light absorption to a longer 
wave length in agreement with the data actually obtained on prepara
tions No. 7 and No. 8. 

The shift in absorption toward the region of the visible spectrum 
with increasing iodination agrees with the values of iodinated casein 
as compared to normal· casein as reported by Marenzi and Villalonga 
(1941b). 

PHYSIOLOGIC EFFECTS OF THYROID SUBSTANCE AND ARTI
FICIAL THYROPROTEINS 

Review of Literature 

The Effects of Thyroidectomy and Replacement Therapy With 
Thyroidal Materials.-In the period that has elapsed since the con
sequences of thyroid extirpation in the human were first described 
by Reverdin (1882) and Kocher (1883), extensive investigations have 
been carried out on the effects of thyroidectomy and replacement 
therapy in different species. 

Simpson (1913, 1924) reported that removal of the thyroids with 
contained internal parathyroids had little effect in adult sheep and in 
lambs 7 to 8 months old. However, when the operation was performed 
three weeks to two months after birth, typical cretinism and marked 
stunting of growth occurred. Similar results were obtained with two 
female goats thyroidectomized at 20 days of age. Todd, Wharton, and 
Todd (1938) reported that thyroidectomy in sheep resulted in extensive 
deficiencies in the growth and modelling of the bones of the skull and 
skeleton. . 

Binswanger (1936) observed that the removal of the thyroid from 
adult dogs resulted in hardly any manifestations of thyroid deficiency, 
but when the operation is performed on young animals, disturbances 
in growth and ossification appear. Andrews and Bullard (1940) re- · 
ported that partial thyroidectomy of rapidly growing steers that failed 
to deposit body fat was followed by increased fat deposition and greater 
gains in body weight. 

It is well established that the deficiencies created by the removal of 
the thyroid can be repaired by the administration of thyroid or thy
roxine. Pick and Pineles (1909) used thyroidectomized goats to test 
the activity of various thyroid preparations. The goats were allowed 
to become completely hypothyroid and then were given the test material 
in order to determine its effect in correcting the deficiency. Basinger 
(1916) alleviated the symptoms of cretinism in rabbits by the use of 
thyroid and thyroid hydrolysates. He also obtained some effect upon 
the administr?-tion of blood plasma from hyperthyroid subjects, but 
noted no effect with normal plasma. 
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Correction of the deficiency symptoms of thyroparathyroidectomized 
rats by the administration of thyroid substances and thyroxine is 
demonstrated by the work of Smith, Greenwood, and Foster (1927), 
Salmon (1938), and Evans, Simpson, and Pencharz (1939). 

Lerman and Salter (1939) reported the correction of myxedema in 
human patients and also in thyroidectomized rabbits following the ad
ministration of iodinated serum proteins or products of their hydroly-
sis. 

Experimental 
Effects on Young Thyroidectomized Goats.-The fact that young 

animals fail to grow when thyroidectomized, but resume growth when 
supplied with thyroid or thyroxine suggests the use of such animals 
as a specific test for substances with thyroidal activity. 

The results of early experiments on the effects of artificial thyropro
teins in alleviating the symptoms of thyroidectomy in young goats have 
been reriorted by 'Reineke and Turner ( 1941) . For convenience in ref
erence, the term "thyrolactin" was coined to designate the optimally 
iodinated casein preparations used. In order to determine the effect 
of thyroidectomy alone, growth data were collected on eight young 
male goats that were thyroidectomized between the ages of five and 24 
days. Four additional males and two females were thyroidectomized 
and given no further treatment until visible symptoms of thyroid de
ficiency developed. At the end of the fourth post-operative week the 
feeding of thyrolactin in graded amounts was begun. All animals were 
weighed at weekly intervals. 

A summary of the results obtained on growth is given in Fig. 13. 
As shown by the average growth curve of eight thyroidectomized males 
in Chart 4, Fig. 13, total thyroidectomy of young goats produces com
plete growth stasis by the first to second month following the opera
tion. 

In contrast to these results, the six animals receiving thyrolactin 
showed a growth response that was roughly proportional to the dosage 
given. The two thyroidectomized females, kid No. 97 and 100, received 
only 0.3 grams of thyrolactin daily. This dosage was sufficient to pre
vent the development of marked cretinism, but stimulated very little. 
growth, both curves running parallel until the age of 16 weeks. The 
rapid spurt in growth of kid No. 97 at this. point can be attributed to 
the fact that she >was bred and became pregnant. The pregnancy ap
parently contributed a factor or combination of factors that compen
sated for the relative thyroid deficiency. Kid No. 100 remained normal 
in conformation, though undersized, at the age of eight months. This 
animal was retained and the thyrolactin dosage increased progre11sivelv 
up to a maximum of two grams daily during the year following the 
period shown in the chart. By the end of this time she had reachf>d a 
wehrht of 65 pounds. 

The two male kids, No. 95 and 96, receiving 0.5 ,i;rram of thyrolactin 
daily, showed an accelerated growth rate as compared to the animals 
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on the lower dosage but somewhat less than the remaining two that 
received 1 gram daily. 

The results as a whole demonstrate that the crude iodinated proteins 
used exert a specific thyroidal effect when given orally, without further 
chemical treatment. In their effect on growth these preparations show 
all of the qualitative effects of thyroxine or thyroid i;;ubstance. 

In a continuation of these studies, a second group of five young 
female goats were thyroidectomized within three weeks after birth in 
the spring of 1941. Within a week after thyroidectomy, three of the 
animals, No. 19, 40, and 57, were started on treatment with thyrolactin 
at the rate of 0.5 gram daily. The dosage was increased whenever it 
was judged by the appearance of the animals that more was required. 
The other two, No. 26 and 59, were given no treatment until pronounced 
symptoms of cretinism developed. The appearance of the animals on 
June 18, 1941, two to three months after thyroidectomy, is shown in 
the upper photograph of Fig. 14. Because of her extremely weak con
dition, kid No. 26 was started on thyrolactin a week before this 
picture was taken. Kid No. 59 was a twin sister of No. 57. The cretin
ous appearance of No. 59 is in marked contrast to the twin that re
ceived thyrolactin. The other two animals receiving thyrolactin, No. 
40 and 19, appear normal in every respect. The thyroidectomized kid 
No. 59 died shortly after the first picture was taken. The other four 
animals are shown in the lower photograph of Fig. 14 as they appeared 
five months later. It will be noted that kid No. 26 .made a striking 

Fig 14 -The effect of thyrolactin 0n the growth and well being of thyroidectomized goats. 
Unne~-Goats No. 26 and 59 showed the advanced symptoms of cretinism when no treatment 
was given. Goats No. 57, 40, and l!f weN! given thyrolactin daily within a week after 

thr;;'~~~~Ftu'r of the same goatS five months later. Note' particularly the improvement 
of No. 26 due to the thyrolactin feeding. 
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recovery from the effects of thyroidectomy, as a result of the thyrolac
tin treatment. The remaining animals still appeared normal in every 
respect. 

Growth curves of the four animals receiving thyrolactin orally are 
shown in Fig. 15. The points at which thyrolactin feeding was started 
and dosages were increased are shown by the numerals on the curves, 
as indicated in the legend. It will be noted that whenever growth had 
begun to level off, there was usually an increase in growth subsequent 
to increasing the dosage. However, kid No. 57 showed some loss in 
weight at the highest dosage levels, probably because the dose of two 
grams daily was excessive for this particular animal. The resumption 
of growth by kid No. 26 when thyrolactin feeding was begun during 
advanced stages of cretinism is particularly striking. This animal 
responded rapidly, and soon reached a weight approaching that of the 
larger animals that had received thyrolactin continuously. 

It is of particular interest that during the period of nearly a year of 
continuous thyrolactin feeding to these goats, no toxic effects or unde
sirable symptoms that could be attributed to the treatment have been 
noted. 

EFFECTS ON MILK SECRETION 
Review of Literature 

The first evidence that the thyroid is concerned in the lactation proc
ess was the observation of Grimmer (1918), confirmed by Grimmer and 
Paul (1930), that following thyroidectomy of lactating goats there 
was a decrease in the amount of milk produced. Grueter (1931) re
ported that after complete bilateral thyroidectomy of two lactating 
goats immediately after pa,rturition, the milk yield dropped to one-half 
the pre-operative level. Both the fat content and the non-fatty solids 
of the milk were decreased after thyroidectomy. Dragstedt, Sudan, 
and Phillips (1924) reported that thyroparathyroidectomized bitches 
were capable of becoming pregnant and lactating when tetany was con
trolled. Houssay (1935) reported that thyroidectomized bitches could 
be induced to lactate when given lactogenic hormone. 

Nelson and Tobin (1937) found no effect of thyroidectomy on lacta
ting rats since it was reported that rats operated upon on the 13th to 
15th days of gestation bore litters and raised young comparable with 
normal rats. Nelson (1939) confirmed the report of Nelson and Tobin 
that thyroidectomized rats underwent parturition and lactated nor
mally. However, it was stated that rats operated upon during lacta
tion showed a slight retardation of milk production. On the other 
hand, Folley (1938) reported that when rats were thyroidectomized on 
the sixth day of lactation, the young grew at a subnormal rate in both 
this and the :following lactation. 

Graham (1934a) reported that thyroidectomy reduced the milk yield 
and milk fat production of lactating cows, but the effect was difficult 
to distinguish from that of a control operation. The administration of 



72 MISSOURI AGRICULTURAL EXPERIMENT STATION 

thyroid substance to normal cows caused a marked rise in the produc
tion of both milk and milk fat, especially during declining lactation. 
The same effect was obtained following the injection of synthetic thy
roxine (Graham, 1934b). These results have been confirmed and . 
extended by Jack and Bechdel ( 1935), Folley and White ( 1936), Her
man, Graham, and Turner (1938), Ralston et al. (1940) , Smith and 
Dastur (1940), and Hurst (1940). For a review of the physiologic 
basis and the theories that have been advanced concerning the me
chanism of thyroxine action in the stimulation of milk secretion, the 
reader is referred to the report of Ralston et al. ( 1940) . 

Reineke and Turner (1942) reported that artificial thyroprotein, 
when fed to cows and goats in declining lactation, has an effect sim
ilar to that of thyroid material or thyroxine in stimulating increased 
yields of milk and butterfat. 

Experimental . 
The Stimulation of Increased Lactation in Cows and Goats.-One 

of the principal objectives in the development of a process for the pro
duction of highly active artificial thyroproteins has been that of pro
viding a reliable source of material for the stimulation of increased 
milk and milk fat production in dairy cattle. Preliminary investiga
tions on cows and goats indicate that thyrolactin prepared as described 
herein will increase milk and milk fat production in a manner similar to 
that of thyroid and thyroxine, as first reported by Graham (1934a, 
1934b). 

Inasmuch as these results have been reported elsewhere only a brief 
summary will be-included here. Five trials were conducted in which 5 
to ten grams of thyrolactin were fed to lactating goats daily for a 
period of five days. Comparisons of the milk yield for the five days 
preceding the thyrolactin feeding with the five days subsequent to the 
feeding period showed increases ranging up to 40 per cent, with an 
average increase of 10.5 per cent. The heart rate increased an average 
of 8.2 beats per minute. 

A total of 14 individual feeding trials in which thyrolactin was fed 
at the rate of 50 to 100 grams daily for a period of three days was con
ducted on cows in the declining stages of lactation. Comparison of the 
three-day milk yield subsequent to the feeding of thyrolactin with the 
three~day production before the treatment showed a significant rise in 
production in all except two cases, ranging from 6.0 to 22.6 per cent 
and averaging 8.59 per cent. Out of six trials in which milk samples 
were obtained for analysis, there were pronounced rises in the fat test 
in two cases and no appreciable change in the other four. One cow 
showed an increase of 7.9 per cent in milk yield and 16.5 per cent in 
fat test, resulting in an increase in the total yield of butt erfat of 26.8 
per cent. The milk yield was increased 1.6 per cent and milk fat per
centage rose 26. 7 per cent in another cow, resulting in an increase of 
28.5 per cent in the yield of butterfat. Data as to effects of thyrolactin 
on the heart rate were obtained in only four experiments. The average 
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of these values showed a uniform trend, however, rising parallel with 
the milk yield, but remaining at an elevated level for a longer period. 

The effect of thyrolactin feeding on the average milk production of 
the cows in the 14 individual trials is shown graphically in Fig. 16. 
Milk production began to rise on the third day of thyrolactin feeding, 
and then, even though no more thyrolactin was given, continued to rise 
for three more days. This was followed by a gradual decline in produc
tion to somewhat below the initial level as the effects of the stimulation 
wore off. 
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Fig. 16.-The effect of. feeding thyrolactin for a 3-day period on the milk production 
and heart rate of lactating cows. Thyrolactin was fed at the rate· of 50 to 100 grams 
daily per cow. 

The thyrolactin used in these experiments had only about 50 to 60 
per cent of the thyroidal activity of the standard iodinated casein pre
paration used as a reference base in the assays reported in earlier sec
tions. In view of the greatly enhanced potency obtained in more recent 
preparations through improvement in the iodination process, it is 
believed that the same effects on lactation could be obtained by using 
only Ys to ¥, of the dosages employed in the work cited. 
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DISCUSSION 
From the results obtained, ·it is established that the extent of forma

tion of thyroidal substance during and subsequent to the iodination of 
proteins depends in a large degree upon the conditions of the reaction. 

All of the preparations reported in the present work were made up 
in a medium that was buffered with sodium bicarbonate. As shown by 
the data in Table 6, the amount of bicarbonate used can become a limit
ing factor in the formation of the thyroidal material. The activity of 
the resulting preparations remained low until sufficient bicarbonate 
was supplied to maintain the pH of the medium within the range of 
approximately 6.8 to 8.0, even though there was no apparent effect on 
the amount of iodine actually combined. 

With the concentration of bicarbonate held within the optimal range, 
the extent of iodination of the protein becomes a controlling factor in 
the amount of thyroidal activity attained. As shown by the results re
ported in Table 7 and Fig. 9, thyroidal activity of the resulting product 
reaches a maximum when sufficient iodine has been added to substitute 
two atoms per atom of tyrosine in the protein. Further iodination 
leads to significant losses in activity. This agrees with the report of 
Ludwig and von Mutzenbecher (1939) that excessively iodinated pro
teins fail to yield thyroxine after hydrolysis. 

The progressive iodination of serum albumin in a water-alcohol
ammonia medium has been reported by Muus, Coons, and Salter (1941). 
Under the conditions of iodination used, thyroidal activity did not be
gin until two to three atoms of iodine were combined per molecule of 
tyrosine, and full activity was obtained only when nine to ten per cent 
of iodine or the equivalent of four atoms per molecule of tyrosine had 
been incorporated. No decrease in activity was noted with excessive 
iodination. The optimally iodinated preparations reported by these 
workers contained more iodine than could be accounted for by sub
stitution on both the tyrosine and histidine of the protein. 

As shown by the data in Table 7, the iodination method used in the 
preserit work favors the substitution of iodine on the tyrosine ring, 
with little or no substitution in other parts of the protein molecule. 
Further support for this concept is found in the fact that the Millon 
reaction becomes negative at the point where sufficient iodine has been 
added to complete the substitution on tyrosine (Table 8). 

When both the concentration of bicarbonate and iodine are held con
stant at the optimal levels established, ft becomes possible to study the 
eff~ct of other factors on the formation of the active principle. 

From the data reported in Tables No. 12 to 14, inclusive, it is evi
dent that when the iodination and incubation process are conducted in 
glass equipment, at a temperature of 37 to 40° C., the reaction involved 
in the formation of the thyroidal substance soon comes to equilibrium, 
and no further increase in activity occurs no matter how long the 
incubation period is extended. In the presence of a metal or combina
tion of metals contained. in brass, however, the equilibrium is shifted 
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somewhat, permitting the formation of significantly greater amounts of 
the active substance. 

In recent studies on the formation of iodinated proteins with thy
roidal activity, the reaction temperature hai; been held at approximate
ly 38° C. by Abelin (1936), Abelin and Neftel· (1939) , Harington and 
Rivers (1939), and at room temperature by Lerman and Salter (1939), 
and Muus, Coons, and Salter (1941). 

It is shown in the present report that a pronounced increase in the 
·activity of the resulting product can be obtained if sufficient iodine is 
combined to substitute two atoms per molecule of tyrosine in the pro
tein, and the temperature is increased to 60 C. or above, either during 
or subsequent to iodination. It is shown clearly by the data in Table 
15 that when the temperature is elevated to 65° C. for some hours, even 
after prolonged incubation at 39° C., the potency is increased marked
ly. The catalytic effect of the brass metal is clearly in evidence even at 
this elevated temperature. 

When the temperature of iodination and incubation is increased 
progressively on successive preparations (Tables 17 and 18) there is 
little change in thyroidal activity of the resulting product within the 
range of 30 to 45° C. At 60° C., however, there is a pronounced rise in 
activity above that obtained at lower temperatures. Maximum activity 
appears to be obtained at approximately 70° C. With elevation of the 
temperature to 97° C. throughout the process, there appears to be 
some decline in thyroidal activity. 

As shown by the data in Table 21, both egg albumin and soybean pro
teins respond to the conditions of the reaction in a manner similar to 
that of casein insofar as formation of the active principle is concerned. 

In view of the fact that thyroxine can actually be isolated from these 
preparations (Fig. 11 and Table 22), there can be no doubt that the 
thyroidal activity as measured by biologic assays is due, at least in 
part, to the presence of thyroxine as a constituent of the iodinated pro
tein molecule. It is of great interest to learn how such a drastic al
teration could take plac~ under the relatively mild conditions used. 

The results of the present work could be accounted for if it is 
postulated that the formation of thyroxine actually occurs in a number. 

·of steps. The first stage, taking place during the iodination at 38° C. 
or less, results principally in iodination of the tyrosine of the protein 
and the formation of an intermediate compound that is capable, under 
the proper conditions, of being transformed into thyroxine. At 38 to 
40° C. only a small proportion of the intermediate is converted to the 
active principle. With elevation of the temperature to 60° C. or above, 
subsequent to iodination, a greatly increased proportion of the inter
mediate compound is-convert ed to thyroxine. In the presence of metals 
contained in brass, an even greater amount of conversion takes place. 

Two possible mechanisms have been suggested by Ludwig and von 
Mutzenbecher (1939) and Harington and Rivers (1939) to account 
for the fol'mation of thyroxine by the iodination of proteins. They 
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are (a) the oxidative coupling of two molecules of diiodotyrosine with 

the elimination of one side chain, and (b) the iodination of preformed 

thyronine which may exist as a part of the protein molecule. The latter 

appears unlikely, since thyronine will substitute only two atoms of 
iodine per molecule (Harington, 1933). In favor of the :first mechan

ism is the fact that thyroxine has been formed directly from diiodoty

rosine by prolonged incubation in alkaline medium by von Mutzenbecher 

(1939) and confirmed by Block (1940). Johnson and Tewkesbury 

(1942) conducted further studies on the synthesis of thyroxine from 

diiodotyrosine and presented the reaction mechanism reproduced in 

Fig. 17 to account for the conversion. According to this scheme, the 

first steps in the reaction . would result in the oxidative coupling of 

two molecules of diiodotyrosine to form the intermediate compound III. 

It was pointed out that stabilization of compound III must follow one 
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Fig. 17.-A mechanism for the conversion of diiodotyrosinP to thyroxine. (After 

Johnson, T. B., and Tewkesbury, L .. B., Proc. l'olat. Acad. Sci. 28 :73, 1942). 
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of two courses, namely, (1) molecular dissociation with loss of one 
alanine side chain and formation of thyroxine and imino-pyruvic acid, 
or (2) hydrolysis, with .production of serine. Both pyruvic acid and 
ammonia were found as secondary products, but no serine was detected. 
These results would support the view that the formation of thyroxine 
from diiodotyrosine is an oxidative process. In further confirmation 
of this view, the yield of thyroxine was increased slightly by adding 
hypoiodous acid to the reaction mixture in theoretical amounts. 

The results obtained in the iodination of proteins can best be 
explained by analogy to the reaction mechanism proposed for diiodoty
rosine. It appears likely that subsequent to iodination, adjacent mole
cules of tyrosine could undergo coupling, with formation of an 
intermediate similar to compound III. If this is the case, it would ex
plain the apparent disappearance of the phenolic hydroxyl groups dur
ing the iodination of globin, as reported by Cohn, Salter, and Ferry 
(1938). From the results of the present work it is apparent that the 
final stablization of the intermediate compound to form thyroxine can 
best be accomplished at an elevated temperature of 60 to 70° C. 

Considerable evidence is now available to show that the thyroidal 
potency of iodinated proteins is enhanced if the process is carried out 
in the presence of metals contained in brass. Additional work is 
needed to establish the factor that is actually responsible. In view of 
the well known role of copper in catalyzing oxidative reactions, it ap
pears probable that this metal is the effective agent. 

It is now well established that thyroxine can be obtained from pro
teins iodinated under the proper conditions, if subjected to prolonged 
hydrolysis with barium hydroxide. It has not been fully determined, 
however, whether the active principle is present as such in the iodi
nated protein or whether it is actually formed during the hydrolysis. 
Brandt, Mattis, and Nolte (1931) reported that iodinated proteins 
given orally to tadpoles were entirely ineffective in stimulating meta
morphosis. The acid-insoluble portion of hydrolysates of the same pro
teins were reported to be highly effective. Similarly, Abelin (1934b) 
reported that an oral dose of 500 mg. daily of iodinated casein was 
.ineffective in stimulating the metabolism of the rat, whereas a small 
dose of an acid-insoluble hydrolysate was highly effective. Harington 
and Rivers (1939) reported that their iodinated casein preparations 
were. about Ysoo as active as thyroxine in stimulating rat metabolism. 
Lerman and Salter (1939) reported that both iodinated serum protein 
and its acid-insoluble degradation products were effective in the cor
rection of myxedema in human patients and in thyroidectomized rab
bits. However, the activity of the iodoprotein was only ¥,; that of 
thyroglobulin in terms of mass, and about V4oo that of thyroglobulin, 
in relation to its iodine content. 

In the biologic assay of thyroidal substances the results can be in
fluenced markedly by the mode of administration of the material under 
test and the type of assay animal used. The experiments included in the 
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present report have shown that a preparation which elicits 1 per cent 
of the response to thyroxine when assayed by oral administration to 
guinea pigs will produce 2.7 to 2.8 per cent of the response to thyroxine 
when injected in tadpoles. The most potent preparations of iodinated 
protein produced thus far showed approximately 10 per cent of the 
activity of thyroxine by the tadpole assay, but only 4 per cent of the 
activity of thyroxine when tested by oral administration to guinea pigs. 
However, the usual iodinated protein preparation contains about 7 
per cent iodine, as compared to 65 per cent iodine in thyroxine. There
fore, when compared on an equal iodine basis, these preparations show 
a potency nearly equal to that of thyroxine when assayed on tadpoles, 
but only about 40 per cent of the thyroxine response when assayed on 
guinea pigs. 

It is noteworthy that the artificial thyroproteins prepared in this 
work show a pronounced thyroidal effect when given parenterally as 
well as by oral administration. The experiments reported herein have 
shown that these preparations are highly effective in stimulating the 
metamorphosis of tadpoles when injected into the body cavity. Though 
insufficient data are at hand to evaluate the results quantitatively, 
Koger (1942) has observed thyroidal responses following the subcu
taneous injection of one of these products into mice. These observa
tions support the concept that in proteins iodinated and treated under 
the given conditions, the thyroidal principle is already formed within 
the protein molecule. The products are highly effective by direct in
jection without a preliminary hydrolysis either in vitro or in the ali
mentary tract of the animal. This raises the interesting question 
whether such artificial thyroproteins exert their effect as such, or 
whether they are first broken down within the organism and recon-
stituted into an active molecule. · 

The data showing the effect of artificial thyroproteins in supporting 
growth of thyroidectomized goats, and the stimulation of milk produc
tion in lactating animals, provide further evidence that such prepara
tions, when given orally, will exert all the effects of thyroxine or 
thyroid substance. From a practical standpoint, such products would 
appear to show considerable promise for use in animal production. 

It is well recognized that in the production of meat animals the 
most profitable animal would be one that would grow at a rapid rate 
until the desired size is attained, and then fatten rapidly in order to 
obtain a finished carcass. It has been reported by Elijah and Turner 
(1942) that rapidly growing strains of hogs have a higher pituitary 
thyrotropic hormone content than animals of a slow growing strain. 
It thus appears that the need for anjmals that will fatten readily at a 
desirable market weight has resulted ih the development of animals 
with a relatively inactive thyroid, this resulting in turn in a slower 
rate of growth during early life. 



RESEARCH BULLETIN 355 79 

Koger, Hurst, and Turner (1942) have reported that the adminis
tration of properly controlled dosages of thyroxine will accelerate the 
growth of immature mice. Unpublished results obtained by Koger 
(1942) indicate that similar results can be obtained by feeding con
trolled amounts of artificial thyroproteins. Though earlier reports as 
to the effects of thyroid feeding on growth are controversial, it appears 
that significant acceleration of the growth rate can be obtained by the 
administration of thyroidal substances at the proper level. It appears 
likely that the feeding of thyroprotein at the proper level to slow-grow
ing meat animals would result in a more rapid rate of growth. When 
the desired skeletal size is attained such animals should fatten readily 
upon ·withdrawing the thyroprotein from the ration. In fact, it has 
been shown by Andrews and Bl'.llard (1940) that partial thyroidectomy 
of steers that failed to fatten was followed by increased fat deposition 
and greater gains in body weight. 

The results obtained following the feeding of artificial thyropro
teins to lactating goats and cows for a short period clearly demon
strates that these products will stimulate increased yields of both milk 
and butterfat. Before these experiments can be evaluated from a prac
tical standpoint, however, long-time experiments should be ,-·conducted 
on a large number of animals in order to determine both the long-time 
effect on milk yield, and the tolerance of the cows to such treatment. 
As a step in this direction, preliminary trials (unpublished) have been 
conducted with four lactating cows that were fed thyrolactin at the rate 
of 60 to 100 grams daily for a period of five months. Four cows at 
a similar stage of lactation were selected as controls. During the first 
month the milk yield of all of the treated cows remained at the pre
experimental level or above, and there was an increase in the milk 
fat test of three of the four cows, ranging from 25 to 46 per cent. As 
a result the yield of butter fat increased 25 to 47 per cent above the 
initial level. After 12 weeks on experiment two cows still produced 9 
per cent and 23 per cent, respectively, above the initial but terfat yield, 
and the other two had declined to somewhat below their beginning 
production level. The four control cows had declined to 75 to 90 per 
cent of their initial production at the conclusion of the first 12 weeks 
on experiment. After five months of thyrolactin feeding, one cow was 
still at the pre-experimental level in both milk and butterfat produc
tion, and the three remaining animals had dropped approximately to 
the level of the controls. Thus far no deleterious effects due to thy
rolactin feeding have been observed. The material fed in this work 
was only about 60 per cent as active as the standard iodinated casein 
preparation. Recent preparations show about four times the activity 
of the standard. Therefore, it is believed that by use of the more ac
tive products that can now be prepared the same effects could be ob
tained on about 7~ of the daily dosage cited above. 
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SUMMARY 
1. The thyroidal potency of iodinated proteins was tested by their 

effect in stimulating increased oxygen consumption and body 
weight loss of guinea pigs, and decrease in body length of frog 
tadpoles. 

2. The normal winter oxygen consumption of partially fasted guinea 
pigs in the weight range of 230 to 280 grams was found to vary 
according to the equation: 

y = 0.0455 + 0.000848x 
where y = oxygen consumption in liters. per hour, and x = body 
weight. The standard error (Sy·x) was 0.02068 liters of oxygen 
per hour. 

3. During May, June, and July, respectively, the normal oxygen con
sumption declined to 0.858, 0.935, and 0.860 times the normal 
winter level for animals of the same weight. 

4. Thyroidal responses were measured by the percentage increases in 
oxygen consumption on the fourth and fifth day of oral adminis
tration of the test substances. 

5. It was found that the percentage increase in oxygen consumption, 
in response to graded doses of thyroxine, varies as the logarithm 
of the dosage. During the winter season the relation between. the 
-percentage increase in oxygen consumption (y) and logarithm of 
the thyroxine dosage (x) in mcg. per 100 grams body weight, 
could be expressed by the equation, 

y = 47.27 log x - 34.75 
During the early summer the sensitivity to thyroxine stimulation 
increased, resulting in a relation between dosage and response that 
is expressed by the equation, 

y = 48.96 log x - 24.66 
6. It was found that the percentage decrease in body weight after 

six daily doses of thyroxine is roughly proportional to the dosage, 
and it can be expressed by the equation, 

y = 0.671 x - 1.3 
where y = percentage decrease in body weight and x = the daily 
thyroxine dosage in mcg. per 100 grams body weight. 

7. Tadpoles fail to metamorphose when placed in a solqtion of arti
ficial thyroprotein. They respond readily to o.ral administration 
or intraperitoneal injection of thyroproteins. 

8. The percentage decrease in body length of tadpoles following thy
roidal stimulation varies as the logarithm of the dosage. No re
sponse of the kind is elicited by either diiodotyrosine or potassium 
iodide under the conditions of assay used. The sensitivity of 
tadpoles to thyroidal stimulation increases with increasing age 
and increasing environmental temperature. 
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9. Preparations of artificial thyroprotein that produce 1 per cent 
of the response of thyroxine when tested orally on guinea pigs 
elicit 2.7 to 2.8 per cent of the thyroxine response when tested 
by injection into tadpoles. 

10. Details of a new micro~injection apparatus for use with tadpoles 
have been described. 

11. A procedure is given for the artificial breeding and culture of 
frog tadpoles. 

12. The standard procedure used for the formation of iodinated pro
teins with thyroidal activity has been described. 

13. With all other conditions being held constant, the thyroidal activi
ty of iodinated casein does not reach a maximum until sufficient 
sodium bicarbonate has been added to maintain the pH of the 
reaction mixture within the range of 6.8 to 8.0. 

14. When all other conditions are held constant, there is a progressive 
increase in thyroidal activity of the resulting products until suffi
cient iodine has been added to combine two atoms per molecule of 
tyrosine in the protein. Further iodination results in significant 
losses of activity. 

15. By consideration of the original tyrosine content of the protein, 
and the per cent of iodine combined, it has been shown that, under 
the conditions of iodination used, substitution occurs principally 
on tyrosine. 

16. At the point of optimal iodination the Millon reaction becomes 
hegative, and the biuret reaction changes from violet to a blue or 
blue-violet color. The Hopkins-Cole test for tryptophane remains 
positive. 

17. With both the amount of bicarbonate and the amount of iodine 
added to the reaction mixture being held at the optimal concentra
tions, and the iodination and incubation temperature at 38° C., 
an equilibrium point is soon reached at which no further forma
tion of thyroidal substance occurs, no matter how long the incuba
tion period is extended. 

18. With all other factors being held constant, the thyroidal activity 
of iodinated casein can be increased markedly by elevation of the 
temperature to 60 to 70° C., either during iodination, or during 
the subsequent incubation period. 

19. The thyroidal activity is increased further if the reaction takes 
pface in the presence of a metal or combination of metals con
tained in brass. 

20. With all factors held at the optimal levels indicated, the thyroidal 
potency of iodinated casein is approximately 10 per cent that 
of thyroxine when assayed by injection into tadpoles. When 
tested orally on guinea pigs, the thyroidal potency is about four 
per cent of the potency of thyroxine. When compared on an 
equal iodine basis; the thyroidal potency of such preparations is 
approximately equal to that of synthetic thyroxine, as judged by 
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the tadpole assay, and 40 per cent of the thyroxine potency when 
tested by oral administration to guinea pigs. 

21. Both soybean proteins and egg albumin yield products upon iodina
tion that show thyroidal potency equal to that of iodinated casein 
prepared under the same conditions. 

22. Crystalline thyroxine has been recovered from a barium hydroxide 
hydrolysate, and its identity has been established by its micro
scopic structure, iodine content, melting point, spectrographic ab
sorption, and tadpole assay. 

23. With progressively increasing iodination of casein, the spectro
graphic absorption in the ultraviolet region is shifted to longer 
wave lengths. There is also an increase in density of the solutions. 
The increase in density with excessive iodination is not correlated 
with thyroidal activity, however. 

24. Artificial thyroproteins have been shown to alleviate the symptoms 
of cretinism in thyroidectomized goats, and to stimulate growth 
in proportion to the dosage given. 

25. It was demonstrated that artificial thyroproteins will stimulate 
increased milk production when fed, for short periods, to goats in 
declining lactation. Increases were noted in the milk yield, milk 
fat percentage, and yield of butterfat of lactating cows, after 
feeding artificial thyroproteins for a three-day period. 
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