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REVIE
Among the observable effects of thyrotrorhin on the thyroid
gland are increased rate of release of thyroid hormones, in-
creased trarping of iodide from the circulation, altered dis-
tribution of iodine, increased glandular weight, and increased
protein synthesis, as well as characteristic changes in the
morrhology of the follicular cells.

Increased release cf thyroid hormones by the thyroid.

Thyrotrophin ravidly effects an increased release of thyroid
hormone from the thyroic gland which persists for several hours.

fis early as 1945, Xeatiny et al. demonstrated this by showing

131

that thyrotrophin raridly released previously accumulated I

131

from the thyroid cland. They injected la I in young chicks

24 hours before beginning large daily subcutaneous doses of
thyrotrorhin. The glénds were removed for determination of

total radioiodine 24, 48 &nd 72 hours &after the first dose of

131

hormone. Three-fourths of the accumulated I was released

from the thyroid in the first 24 hours. it the end of 72 hours

1311 had disappeared from the ex-

96 percent of the thyroid
prerimental chicks &and only half frou the controls.

Brown=Grant and his collaborators utilized in vivo
131

counting over the thyroia glands and blood FB I determinations
in rabbits to study the effect of thyrotrorhin on the rate of
release of thyroid hormone (Zrown-Grant et al.,’54; Trown-Grant,
'60). Beginning 48 hours after injection of large doses of

radioiodine the radioectivity as measured in control animals

by daily neck counts declined exponentielly for up to 22 days.






Thyrotrophin injected subcutaneously during the period of ex-
ponential decline rapidly effected a deviation from this normal

exponential decline., Counts made at one-half to one hour

131

intervals revealed an accelerated decline in thyroidal I

levels as early as one nhour after thyrotrorhin injection. The
increase in thyroid hormone release rate was shown to persist
for ten to 20 hours after small subcutaneous doses (0.24-0.5

mg USP ecuivalent) of thyrotrophin in hygophysectomized animals.
They also showed that the level of circulating thyroid hormone

varied with thyroid hormone release rate. Alicuots of blood

131

were taken at daily intervals for I'B I determination. In

131

intact animals the FB I levels in the blood declined as the

thyroid radioiodine release rate declined. The decline in

131

blood EB I was exyronential end haa a half life identical to

that of the decline of thyroidal radiociodine. Zowever, 24 hours

after thyrotrorhin administration a marked deviation from the

131I

exronential cecline was produced. Ey that time the IB
levels had risen markedly above the predicted control levels.

Rosenberg et al.(’60) confirmed the fact that thyrotrorhin

131 1317 1aveled

131

effected an increase in release of EB I from

thyroid glands. They measured tne difference between EB I

levels in samples of thyroid venous blood and arterial blood

(V-A difference) thet had been serially drawn from dogs.

They compared the V-A differences that were determinecd before
and after intravenous thyrotrorhin injecticn. A relative

131

increase in thyroid venous blood I3 T was detected within
y

18 to 34 minutes following injection cof thyrotrophin. Since






15 minutes or longer was recuired to draw samrles for each
neasurerent, the latency of resconse could have been less.

Their published data indicate that the difference persisted for
at least 60 minutes when the experiment terminated. S8derberg
(’58) used similar methods in rabbits end found that intravenous
thyrotrophin induced a marked V-A cifference. This author
reports that the effect was detected within five to 30 minutes
after injection of thyrotrophin, reaching a peak V-A difference
in 30 to 60 minutes. The duration of the effect was not
reported.

Increased iodide trarping by the thyroid. Thyrotrophin

markedly increases the accumulation or trapring of circulating
iocide by the thyroid gland. This increase takes place late

and persists for a long perioc following thyrotrophin acdminis-
tration. The early work of‘Keating et al. (’45) showed a late

131I by

and persistent increase in accumulation of circulating
the thyroic following thyrotrorhin injections in young chicks.
The glands viere removed for determination of total radioiodine
levels four hours after injection of subcutaneous 131I-iodide.
The effect of single large subcutaneous doses of thyrotrophin
was studied at caily intervals for four cays after injection.
The results showed no significant rise of total radioiodine in
the thyroids over control values until 48 hours. The maximum
increase occurred at four days at which time the expreriment was
terminated. The thyroical radioiodine in such an exveriment

is mostly in the organic form. .~ollman (’60) showed that in-

131

jected I-iodide is raridly bound in organic form in the






unblocked thyroid. Tauroy et &l. (’51) estimated that about
one percent of thyroidal iodine was inorganic. Later, Ialmi
and Fitt-Rivers (’62) showed that only 0.26 percent of the
total iodine was present in the cland in the inorganic form.

Halmi (’64) pointed out that thyrotrophin can alter the
thyroid:serum (T/S)1°11-iodide ratio by raising the organic
binding rate in the gland. Farly changes in iodide transport
are therefore obscured in the unblocked <land. .hen organic
binding of iodine is olocked, however, the T/Z usually reflects
chanyes in ioaicde transrort.

Studies of changes in the T/S ratio confirm that thyro-
trophin administration causes delayed and prolonged increase
in iodide trapginy. In 1950, Vanderlaan and Creer studied the
rise in T/S that occurred in young rats following thyrotrophin
injection. In control anc exrerimental young male rats (50 gm
body weight) FTU was injected subcutaneously to block organic

131

binding énd 30 to 60 minutes later tracer doses of I-iodide

were injected subcutaneously. Cne hour after injection of the

tracer 131

I, alicuots of carciac blood and the thyroids were
taken for T/S determination by raciocactive counting. The ex-
perimental group also received large subcutaneous doses of
thyrotrophin., Cctimulation was not seen in the experimental
animals until more than six hours after thyrotrophin acdminis-
tration. The maximum increase in T/S occurred in 48 hours and
declined to normsl values in 72 hours.

In a similar expreriment Zalmi et al. (’t0) showed that

thyrotrophin produced a biphasic effect on iocice transrort.






fn initial fall followed by a prolonged rise of T/S occurred
after subcutaneous thyrotrorhin injection in hypoprhysectomized
young adult rats. The rats were injected subcutaneously with
wa'3lI 45 minutes after binding was blocked with FTU., The
animéls were killed one to one and one-half hours after acdminis-
tration of the tracer. The T/S was determined at varying time
intervals after injections of 0.9 USF units of thyrotrophin.

In hyporhysectomized animals the T/S fell initially and then
Tose rapidly &bove control values eight to 12 hours after in-
jection of thyrotrophin. The rise persisted for 26 hours, the
end of the experiment, at which time the T/S was ten to 20 times
control value. In another experiment, when intact rats were
used, the initial decline in T/S was prolonged, being most sig-
nificant after 12 hours at a time when a rise was already
arparent in hypophysectomized rats. Cnly a slight rise over
control value for intact animals was seen at the end of 26

hours.

Lltered cistribution of iodine in the thyroid.
131

Thyrotrorhin alters the aistribution of I in the thyroid

gland. Using chromstographic methods Taurog et al. (’58) com-

131

pared bound forms of I in the thyroid of thyrotrophin-

treated hyprophysectomized rats to those in hypoprhysectomized
controls. The experimental animals were injected witn large

subcutaneous doses of thyrotrophin seven hours before sacrifice.

The percentages of total l‘3lI rresent in organic forms were

131I

determined three hours after intraperitoneal injections of
tracer. They found an increased percentage of labeled thyro-

globulin in the stimulated thyroids. There was a significant






131

increase in the percentage of the total I rresent as

131 31

thyroxine. A noticeable increase in the ratio DIT- I/I‘iIT-l I

was also shown,

Thyrotrorhin also causes a redistribution of iodine between
subcellular fractions. Kkecently Fantic and Ekholm (’63)
fractionated cells from thyroids that had been removed from

131

intact guinea prigs one hour after I-iodide injection. The

thyroids were removed at various time periods from one to 72
hours after single intraperitoneal thyrotrorhin injections.

Surernatant, microsomal, mitochondrial and nuclear fractions

121 131

I and kB I of each fraction were

131

were recovered and total

determined. They found that the absolute level of I in all

fractions increased with time after stimulation by thyrotrophin,

131

However, the relative I of the different fractions underwent

marked changes. The most notable change was an increase in the

microsomal/supernatant 131

I ratio. This increase was seen by
six hours after thyrotrophin injection and reached a maximum
by 48 hours. Such a change can be explained by an increase in
cell height and decrease in colloid volume known to occur
following thyrotrophin injection (Gedda,’60). They rerorted

. . . 131 131
no significant changes in the PB " I/total

I ratios of any
fraction.

Increased weicht of the thyroid. Hypertrophy and increase

in weight of the thyroid gland are well known effects of thyro-
trophin. 1In 1945 Keating et a@l. showed that thyroid wet weight
increased raridly following single large thyrotroprhin doses in

chicks. 5edaa (’60) demonstrated a rise in the wet weight of






the thyroid glands in two hours, increasing up to 24 hours,
after subcutaneous thyrotrorhin was injected in guinea rigs.

The increase in ary weight curing the first 24 hours was slower
than that of the wet weicht. The amount of blood, as determined
from total thyroidal iron measurements, increased raridly during
the first two hours and curing this period accounted for about
50 percent of the increase in fluids. Later increases in fluid
could not be accounted for by increased blood. A slight in-
crease in mitosis was seen only after 12 hours.

Increacsed protein synthesis in the thyroid. Few reports

are found in the literature directly pertaining to the effect
of acute administration of thyrotrorhin on protein synthesis
in the thyroid gland. No studies on the intact animal have
been reported. It has been shown by studies in vitro, however,

146 1apeled

that thyrotrophin increases the incorroration of
amino acids into thyroid protein (Raghupathy et al., ’63).
Surviving guinea pig thyroid slices were incubated for two
hours in medium containing 14C labeled amino acids. The in-
corporation of 14C into protein in thyroids that had been
removed from thyrotrophin injected animals was compared to

that from uninjected control animals. In one experiment the
thyroids were removed 20 hours after the.first of three intra-
peritoneal injections of thyrotrophin spaced seven hours apart.
There was an increased incorporation of all seven amino acids
used in the experiment. A 60 to 110 percent increase in

specific activity of thyroid protein over control values was

rerorted. /inother experiment was designed to determine the






effect of duration of action of thyrotrophin. Three ecually
spaced doses of thyrotrophin were injected in each animal.
The animals were killed ten, 15, and 20 hours after the first
injection. The most pronouncea resvonse to thyrotrophin
occurred after 20 hours. The resronse in the ten hour group
was inconsistent. In éanother experiment thyroid slices
removed from hyrophysectomized rats showed a recuced ability
to incorporate 14C labeled amino acid. The slices were
removed one to seven days after hypoprhysectomy. The results
showed that a progressive decline of incorporation of amino
acid occurred for seven days after hyprorhysectomy. No data
were presented in this parer to show the effect of thyrotrophin
on the level of unincorporated amino acid in the glana.

The addition of thyrotrophin in vitro has not been shown
to have an effect on amino acic incorporation (Raghupathy
et al.,’64). CSheep thyroic slices and dispersed cell mono-
layers were incubated for two hours in the presence of different
concentrations of thyrotrophin. Yo increase in incorporation
of leucine-l4C from the incubation medium was found.

Uptake of amino acids by the thyroid. Lo studies in

vivo could be found pertaining to the effect of thyrotrophin

on uprtake of amino acids by the thyroic gland. There is con-
flicting evidence on the effect of thyrotrophin in vitro on
uptake of amino acicd by thyroid gland slices. Raghupathy et
al. ('64) incubated sheep thyroid slices in a medium containing

1

slpha-aminoisobutyric acid-+%C (iIB-1%C). This amino acid is

actively transported into cells, but is not incorporated into
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proteins. No enhancement of urtake of A B-14C occurred when
thyrotrophin was added to the mixture. However, Debons and

Fittman (’62) previously reported that the uptake of AIB-1%

C

was enhanced when bovine and dog thyroid slices were incubated
for one hour in the presence of thyrotrophin.

tration in thyroid follicular cells. This effect may be related
to increased protein synthesis. A sharp increase in total
thyroical TVA levels occurred in hypophysectomized rats that had
received four intramuscular injections of thyrotrorhin in 24
hours (Fiala et al.,’57). Cnly a slight increase in thyroid
weight, number of cells and DVA occurred. These data support
the conclusion that thyrotrophin rapidly increases the amount

of intracellular RNA. inother study showed that chronic
stimulation rroduces a marked rise in RVA and a lesser rise in
DA (i’atovinovic and Vickery,’59). In intact guinea pigs
thyrotrorhin was injected daily for 14 days or FTU was fed for
three months to produce prolonged high levels of circulating
thyrotrophin. The greater rise in RI'A was attributed to a

rise in RA/cell, while the lesser DNA change reflected an
increase in number of cells.

Changes in follicular cell morpholocy. Changes in thyroid

cellular morphology are known to occur rapidly following acute
thyrotrophin administration. These changes include increase in
cellular height, extension of aprical pseudopodia, appearance
of epical colloid cdroplets and an increase in golgi vesicles.

Keating et al. in 1945 described a rapid increase in cell height
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in chicks after a single large subcutaneous injection of
thyrotroghin. The height increased for 48 hours before
beginning to decline. &after S$6 hours the cell height was

still markedly augmented. ''his chance paralleled changes in
wet weight of the gland. !Nacdler et al. (’62), in & more recent
study, showed extension of apical pseudorodia containing
colloid droplets in as little as eight minutes after large
intraperitoneal doses of trorhic hormone in rats. The droplets
were counted at frecuent time intervals up to six hours after
stimulation. The drorlets reached a peak number in the pseudo-
podia in eight to 12 minutes and in the cell itself in two to
four hours. .hen the arex and base cof the cells were compared
they found that the droplets increased faster in the apex in
the first 30 minutes after which there was a faster increase

in the basal droplets. These findings were interpreted as
evidence that the collecid droplets were derived from the
follicular colloid. Wissig (’63) has utilized the electron
microscore to study changes in cell morphology one and two hours
after intraperitoneal thyrotrophin injections in rats. In
these early time periods he has noted extension of pseudopodia
and increased numbers of apical colloid drorplets. He reported
an increase at the same time in number of golgi vesicles and
associated small membrane bound droplets. 3y 12 hours after
thyrotrophin injection the cellular changes had subsided.

Crigin of colloid droplets. The relationship of the cyto-

logical chenges to protein synthesis has not been urecuivocally

defined. The morphologic analogy between the exocrine secretory
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apparatus in the pancreas and the changes seen in the thyroid
following stimulation has surported the hypothesis that
colloid drorlets sre secretory in nature (.issig,’64). The
assertion that colloid is pinched off by the cell (Williams,
’4]1) and that the class of large colloid droplets that arises
in the apices of the follicular cells soon after thyrotrophin
stimulation rerresents absorption frcm the lumen rather than
synthesis of thyroglobulin has received recent experimental
support (Madler et el.,’60; :ollman and Spicer, ’63; ladler et
al.,’64; cheldon et al.,’64; “ollman et al.,’64). Radioauto-
graphic studies showed thet follicular colloid previously

labeled with, for example, 131

125

I (Wiollman and Spicer,’63) or
I (Sheldon et al, ’64) moved from the lumen into large
colloid droplets after thyrotrophin stimulation.

Early morphologic and histochemical changes associated
with thyrotrophin administration in rats were interpreted by
WWollman and Spicer (’63) and “ollman et al. (’64) as evidence
of the resorptive nature of the large droplets. They found
that pseudopodia, which rapidly extended into the luminal
colloid, &rpeared to engulf colloid drorlets. The colloid
droplets came to be closely associated with dense granules
that contained acid prhosphatase. Subsecuently the enzyme
concentration in the droplets increased as the droplets de-
creased in size and moved to the base of the cells. This
sequence suggested that hydrolysis of thyroglobulin and
release of thyroid hormones may occur in the large drorlets.

Nadler et al. (’64) in an electron microscope
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radioautographic study of protein synthesis in the unstimulated
thyroid found thét protein bound radioactive label moved
through the cell and into the follicular lumen in the absence
of large colloia droplets. Leucine-sH was injected intra-
vencusly in young rats and the movement of the label through
the thyroid cells was determined by grain counts at various
time intervals. The label aprpeared in ten minutes over
ribosome-studded membranes of the ergastoplasm., By one hour
grains were found in the cysternae of the ergastorlasm and

over small vesicles in the golgi region. At three and one-half
hours more grains were found over small vesicles in the apical
region and over the colloid. It, therefore, appears that
protein synthesis and secretion into the follicular lumen
occurs in the absence of colloid droplets.

Relation of thyroglobulin synthesis &nd iodination. The

synthesis of thyroglobulin and its iodination are generally
believed to be two independent processes. Current thinking

is that uniodinated thyroglobulin is secreted into the
follicular lumen by the thyroid epithelial cell. After iodide
is transported into the cell iodination of tyrosine to IIT and
DIT occurs by some oxidative rrocess within the thyroclobulin
molecule in the lumen. Ceveral recent studies have corrobo-
rated this conceprt. For example, a material identified as
thyroglobulin by the fluorescent antibody technicue was found
in the fetal rat thyroid cell before iodine concentration
occurred (Feldman et al.,’6l). The different effect of

thyrotrophin in vitro with respect to iodination anc protein
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synthesis further suggests thet the two reactions are indepen-
dent. %hen thyrotrophin was added to cultures of trypsinized

131I into thyroxine and

thyroid cells the incorroration of
iodinated tyrosines was increased (Tong,’64), but no such in
vitro stimulating effect was seen on protein synthesis
(Raghupathy et al.,’64). A clear cut separation between
iodination and protein synthesis was shown in a recent study
(i’aloof et al,’64). Thiourea or puromycin was administered
to rats 30 minutes before labeled iodide or amino acid.
Thiourea completely inhibited the iodination reaction without
affecting the incorporation of the amino acid. OCn the other
hanc, puromycin had no effect on iocdination while inhibiting
amino acid incorporation.

The following stucy was uncertaken to determine the
effect of acute thyrotrorhin administration on amino acid
uptake and amino acid incorroration into protein in the thyroid
gland of the intact mouse. These two parameters were deter-
mined at a series of time intervals after single intravenous
injections of thyrotrorhin, 3H-labeled dl-leucine was in=-
jected 30 minutes before sacrifice to measure amino acid up-
take and incorporetion. The glands were removed and homo=-
genized and the homcgenate was divided into three alicuots.
Cne alicuot was analyzed for protein by the Lowry method.
Another alicuot was dessicated and the radioactivity of the
residue was counted. The protein in the third aliquot was
precipitated with TCA and the radioactivity of the precipitate
was counted. The uptake and the incorroration of amino acid

by the thyroid were computed from these radioactivity
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measurements. The uptake and incorroration of amino acid in
animals that had been injected intravenously with large doses
of thyrotrorhin 30 minutes, four hours and 20 hours before
sacrifice were comrared with saline injected controls. The
latency of effect of the hormone was determinec and compared

with the known latencies of other effects.
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wATERILLS AI'D MNETHCDS
Forty-four male C3H mice,1 nine to 13 weeks of age, were

maintained for at least ten cdays on a low iodine diet.z

The
animals were placed into three groups cesignated as 30-minute,
four-hour, and 20-hour groups. Each group consisted of
control and experimental énimals.

Expreriments were carried out over & perioc cf several
weeks utilizing four to six mice on any one day. It was not
always possible to run an experimental animal and its control
on the same day. Experimental mice were injected with
thyrotrophin3 (1 USE unit) in 0.05 ml of saline. Controls
were injected with an ecual volume of saline. 3Soth control
and experimental animals were injectea with 25, 50, or 100 uc
of carrier free dl-leucine-l,4-3H in 0.05 ml of saline 30
minutes before sacrifice.

Thyrotrorhin &nc saline as well as the labeled amino acid
were given by intravenous injection into the external jugular
vein under anesthesia. The animals were anesthetized by
intraperitoneal pentobarbital (50 mg/cm of body weight)
(Filgrim and DeCme, ’55) about 30 minutes before each injection.
The animals were starved overnight rrior to injection of the
labeled amino acid. Thyroid srecimens viere collected after
the mice were sacrificed by exsancguination. Ctacrifice was

carried out between 11:00 a.m. and 2:00 p.m. to ninimize

1. Cbtained from Simonson Laboratories, Gilroy, Calif.
and from the Cancer Kesearcn and Genetics Laovoratory of the
Department of Zoology, University of California, Berkeley, Calif.

2. 1odified 1.cCollum TCiet I obtained from Simonson
Laboratories, Gilroy, Calif.

3. Thyropar; Armour.
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aiurnal variation. 1. thyroids were cuickly removed after
sacrifice, washed briefly in cold 0.7 percent acueous carrier
leucine solution, &ancd ciscsected free of acherent fat and
connective tissue. The glands from each mouse were homogenized
in 2 ml of colcd carrier leucine solution in a ground glass
tissue grinder.1 The homogenate was transferred to a centri-
fuce tube and storea in crushed ice. The tissue grinder was
rinsea with enother 2 ml of carrier leucine solution and this
solution was added to the stored homogenate.

Tetermination of total protein. 0.2 ml alicuots of

homogenate were transferred to serum tubes. After 0.1 ml of
2 "alH was adcded to eacn alicuot, the serum tubes were
sesled and sgitated for one hour at 37°C. to dissolve the
suspended tissue. The resulting solution was analyzed by the
method of Lowry (’51). The results were read on a Peckman DU
2

spectrophotometer against a bovine albumin stancard.

Determination of radioectivitv. 1.0 ml alicuots of each

homogenate were used for determinetion of total oland racio-
activity. The alicuots were transferred to 15 ml test tubes
and dessicated under vacuum at 60°C. In order to measure the
radicactivity incorrorated into protein an ecual volume of 20
percent TCA was added to the remaining homogenate &and the
mixture was centrifuged for 15 minutes. Then the precipitated

rrotein was successively resuspended by ultrasonic vibration

and washed in five rercent cold TCsA, 95 rercent ethanol, and

ether. The dessicated alicucts of total nhomogenate and the

1. .icrochemical Specialties Co., Zerkeley, Calif.
2. armour,
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samples of washed TCii preciritate were ultrasonically suspended
in 0.5 ml of hyamine1 and dissolved by heatino for 60 minutes
at 60°C. Radicactivity was counted in a Fackard Tri-Carb
licuic scintillation counter. Quenching was determined by
internal standards. In orcer to evaluate the effect of
thyrotrorhin injection on amino acid incorroration in non-
thyroid tissue diaphragm specimens were collected from some
animals in each experimental and control group and processed

L -

in the same manner as the thyroid glands.

Thirty-minute group. After the external jucular veins

were surgically exposed under anesthesia, thyrotrorhin or

3H were injected simultaneously 30

vehicle and dl-leucine-1,4-
minutes before sacrifice.

Four-hour grouv. Thyrotrorhin or vehicle were injected

into the external jugular veins of anesthetized mice four hours
before sacrifice. One hour before sacrifice the animals
remained lightly ancsthetized and were given a reduced dose of
ventobarbital. Thirty minutes before sacrifice the labeled
amino acid was injected intravenously.

Twenty-hour grour. Under anesthesia thyrotrophin or

vehicle was injected 20 hours before sacrifice. Cne hour
before sacrifice the animals were anesthetized for the second
time, Thirty minutes before sacrifice the veins were re-

exposed and the labeled amino acid was injected.

l. Hydroxide of “yamine 10-X, 1 I in methanol; Tackard
Instrument Co., Downers Grove, Ill.
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RESULTS

Total uptake of the label in the thyroid. The specific

activity (dpm/mg of thyroid protein) of the thyroid tissue was
cetermined for each animal. This radioactivity includes both
incorporated and unincorrorated label. The mean value for
each control and exrerimental group is reported in Table 1.
According to these figures there was no consistent difference
between the control and experimental animals. In the 30-
minute group the exrerimental results were lower than the
control results, while this finding was reversed in the 20-
hour group. o difference was seen in the four-hour group.
The data were tested by analysis of the variance to determine
the significance of the small cifferences that were noted.
When analyzed this way there was no significant difference
between control and experimental results within time groups
or between time groups.

‘when the results obtained on one aay were compared with
those obtained on another a daily variation of srecific
activities was noted. This daily variation arpeared to be
independent of the contrclled experimental variables since
both control and exrerimental results showed the same trend
on a given day. TFor example, on some days &ll values were
high while on others they were low. It was thought that the
total amount of radioactive amino acia that was injected on
each aay, thouch obstensibly the same, may have varied, perhaps
as a result of variation in the methods of preraring solutions
for injection.

To minimize the effect of daily variation on the comparison
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of control anc exrerimental ficures for srecific activity in
each time period the data were rearrancged énd rerorted in
Table 2. To optein the figures in the table the mean of
control and exrerimental results for each time grcur obtained
on the same day were calculated and rerorted as single cscores.
This treatment of the data rermits a comparison between
control anc exrerimental results within each time group. A
trend was noted indicating that the urtake of the labkel in the
thyroids was increased after thyrotrophin injection. This
trend is substantiated by the finding that in all three time
reriods the results in the experimental grouprs were higher
than in the comrarable control groups. rnalysis of the
variance showed, however, that the excerimental results were

not significantly different from the control results.

Incorroration of the lahel into protein., The percenteage

of the total raciocactivity of the thyroid olands that was
incorporated into protein was computed for each animal. The
mean score of the results for each experimental and control
group 1is reported in Taole 1. These rercentaye figures are
independent of variation in dosaze of labeled amino acid.
There was & marked increase in incorporation in the thyro-
trorhin injected animels 8s compared to the controls in the
30-minute grour. In the four-hour grour the increase of ex-
perimental over control results is even creater. Roth the
control anc experimental figures, however, are lower than the
conirarable figures in the 30-minute group. There was only a

slight increase in incorporation in the experimental 20-hour

group over control values. The control results for this group
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were slightly higher than the 30-minute control results and
much higher than those for the four-hour group.

The results were tested by analysis of the variance. The
results of this analysis are shown in Table 3. There was a
rrobability at the 99 percent level that the injection of
thyrotrorhin increased the incorporation of amino acid under
the conditions of this experiment. The t test was used to
test the probability that the difference between the experi-
mental and control results within each time group was ceused
by thyrotrorhin administration under the conditions of this
experiment. This test revealed a probability at the 90 percent
level in the 30-minute group thet thyrotroprhin injection in-
creased the incorporation of amino acid. The probability was
95 percent for the four-hour group. However, the difference
between the control and the experimental results in the 20-hour
group was not significant.

The mean increase in incorroration of each time group
brought about by thyrotrorhin, expressed as percentage increase
over control values, is shown in Figure 1. The increase was
35.8 vercent in the 80-minute group, 67.9 percent in the four-
hour group and 14.2 percent in the 20-hour group.

The percent of the total radioactivity that was incor-
porated into TCA-preciritated protein in diasphragm control
tissue was determined in 29 mice (Table 1). There was a much
lower incorporation than that observed in the thyroids. MNo
pattern of change was seen as a result of thyrotrorhin

administration.
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DISCUSSICH

Fate of labeled amino acid. ‘/hen injected intravenously

in mice practically all l-leucine-1-14C was shown to disappear
from the blood in ten minutes (Borsook et &l.,’50). In guinea
rigs, after intravenous injection of dl-leucine-4,5-3H, most
of the label was available in the blood as a short pulse of
three to four minutes duration (Caro and Falade,’64). A
small portion, mostly in the form of d-leucine, was still
present in the blood after 15 minutes. The relative persis-
tence in the circulation of the d-leucine can be explained by
the known slower rate of transport across cell membranes of
d-isomers as compared to l-isomers of amino acids (Cxender,
'64).

After mice were injected intravenously with l-leucine-1l-
120 the fate of the label in the viscera was analyzed and
found to be present mostly as free amino acid or protein
(Borsook et al.,’50). After intravenous injection of
dl-leucine-4,5-3H in guinea pics the label appeared to enter
a TCA-soluble intracellular pocol in the pancreas from which
it was rapidly incorporated into protein (Caro and Falade,
’64). The amount and distribution of radioactivity in the
gland was measured &t short time intervals up to one hour
after the label was injected. Total radioactivity rose very
cuickly in the first four to five minutes and reached 90
rercent of the 60 minute value 20 minutes after the label was
injected. #Acministration of very large chaser doses of cold

leucine three minutes after the injection of the radioactive

material stopped the uptake of additional label by the gland.
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Thereafter the totel racdiocactivity within the gland cid not
decline but the incorporated/unincorporated ratio of label
rose rapidly until at 60 minutes after labeling 73 percent of
the radioectivity was present in protein. It can be concluded
from these results thet the labeled leucine was actively
transported into cells and thet during the period of the
experiment little if any label, either incorporated or unin-
corrorated, was lost from the cells.

Anfter slices of sheep thyroicd were incubated for 2 hours
in a medium containing uniformly labeled l-leucine most of
the label in the tissue was in the form of free amino acid or
protein (Raghupathy et al.,’64). .ilmost 99 percent of the
incorporated label was present in l-leucine. When the newly
labeled slices were incubated for one hour in non-labeled
medium the radicactivity of the protein did not decline. Cn
the basis of the findings in these earlier studies of the
pancreas and thyroid the major portion of the radiocactive
label in the thyroid homogenates examined in the current study
is considered to be present in free amino acids and protein.
Since the earlier studies showed that all label that is taken
up is retained oy the tissues, at least for chort time inter-
vals, it seems justifiable to let the racdicactivity detected
in the homogenates of the thyrocid gland removed a short time
after administration of label serve as a measure of the amount
of labeled amino &cid taken upr by the cells.

Effect of thyrotrorhin on urtake of emino acid by the

thyroid gland. This study revealed no clear effect of

thyrotrophin on the total amount of amino acid taken up by
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the thyroid ¢land. However, when the data were analyzed to
minimize the effect of daily variation on the results, there
was a trend toward an increase in specific activity of the
total homogenate in the mice injected with thyrotrophin above
that of the controls in each time reriod. This trend may
indicate that thyrotrorhin did in fact cause an augmented
uptake of the label.

It should be emphasized that specific activity is based
on oth amount of radiocactive label ana amount of protein in
the gland. Increase in specific activity could result from a
depletion of protein as well as increased uptake of label. It
is conceivable that in this study the trend towards specific
activity increase arose by virtue of loss of thyroglobulin,
esprecially in the early time periods after administration of
thyrotrophin. Tais possibility is hard to evaluate since
there have been no studies specifically designed to show the
early effects of thyrotrophin on total protein levels in the
thyroid gland. |

Effect of thyrotrorhin on vrotein synthesis by the thyroid

gland. The percent incorroration into protein, i.e., the
rroportion of the tctal label in the thyroid that was incor-
porated into protein, is independent éf variation in the total
uptake of dl-leucine-1,4-3H oy the gland theat resulted from
differences in dosage and body weight among the animals. “This
figure can therefore be used as a comrarative measure of rate
of protein synthesis.

rifter administration of thyrotrcphin, incorporaticn of
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label increased about 35 percent in the first 30 minutes.
This result incicates a rapid onset of stimulation and a
pronocunced rise of protein synthesis during this period. The
stimulating effect of thyrotrcorhin was doubled at four hours,
when incorporation increased almost 70 percent. However, at
20 hours after thyrotrorhin injection, little stimulation was
apparent.

Identification of labeled protein. Although the identity

of the labeled proteins was not cetermined in this study, one
may draw some logical inferences as to their identity. ZAmong
the aprarent possibilities are thyroglobulin and thyroglobulin
precursors, as well as structural proteins used for replica-
tion, growth or replacement. After tyrosine-14C was injected
into normal rats, a major portion of the labeled protein in

the thyroid gland was fcunc by electrorhoresis to be identical
to thyroglobulin (Malocof et &l.,’64). In addition, radio-
autograrhic studies utilizing leucine-3H in rats have shown
most of the label to be located in structures that are presumed
to be associated with synthesis and release of thyroglobulin
(Yadler et al.,’64). Similarly, in the exocrine pancreas the
rate of synthesis of exportable protein was higher than that

of other protein (Siekevitz and Palade,’60). The rare labeling
of thyroid DIJA by thymidine-aH (Seed and Golcberg, '63) and the
failure of acute stimulation with thyrotrophin to produce a
significant rise in thyroid DYA (Fiala et al.,’S57) suggest

that structural protein necessary for cell replication is not a

significant part of the labeled protein in this study. Cn the
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basis of these prior findings, it is assumed that a major
portion of the protein synthesis that was measured in this
study is of thyroglobulin or its precursors.

Effect of thyroid hormones. The possicility that the

experimental finaings resulted frcwum increased levels of
circulating thyroid hormones must be considered. The thyroid
gland, as judged by ioaine uptake and release, is not a target
of its own hormones (:almi and Stuelke, ’56) ancd the effect of
thyroid hormones in protein metabolism is generally considered
to be catabolic (Fitt-Rivers and Tata, 'S59). However, thyroxine
has recently keen shown to increase incorporation of amino acid
by the liver, kidney and heart, but not by the spleen, testis
of brain (ilichels et al.,’63). Since in this study incorpora-
tion of amino acid by the diaphragm was not increased after
thyrotrorhin injection, thyroid hormones arpeared to have no
effect on protein synthesis under the conditions of this
experiment.

Control values. It is of interest thet among the experi-

mental animals incorporation of label, as measured in terms

of percent of incorroration, showed no significant variation
at any of the time periods followiny thyrotrophin injection.
The differences are apparent cnly when experimental animals
are compared to control animals in each time group and, there-
fore, appear to reflect cifferences in the latter. The effect
of anesthesia and surgical procedures may explain these
differences. 2arbiturates are known tc directly affect thyrcid

function, as judged by short term response, by inhibiting






organic binding of iodine (iW/ase and Foster,’56). It is con-
ceivable that they have the same inhibiting effect on protein
synthesis. The differences in control values may also have
resulted from the effect of general anesthesia on secretion

of endogenous thyrotrophin. Study of the rate of release of
thyroid hormone in cats and rats showed that general anesthesia
markedly slowed thyrotrorhin secretion after two or three hours
end thereafter completely arrested it (S8derberg, ’58; Furves,
‘64). The arrest was ascribed to reduction of the ’'hypothalamic’
effects which are concerned with control of thyrotrophin syn-
theeis and release, as well as threshold of pituitary response
to blood levels of thyroid hormone. In addition, various
hormonal and neural factors which are known to influence
markedly the sensitivity of the thyroid gland to circulating
thyrotrophin may have effected the response of the gland in
this study. ACTH, catecholamines, acetylcholine and strong
nociceptive stimuli (36derberg,’58) as well as severe surgical
stress (2rown-Grant,’56) have been found to procduce such
effects. Some of these effects are srparently related to
alterations in blood flow through the gland: those factors
which increase vasodilation tend to increase the sensitivity

to thyrotrorhin and vice versa (S€derberg,’58). The low

control values in the four hour group may reflect a combination
of suppression of endogenous secretion of thyrotrorhin
resulting from general anesthesia anc a airect depression of
protein synthesis by pentobarbital. High incorporation values

for the 20 hour controls might be attributed to a rise in
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endogenous secretion of thyrotrorhin resulting from a prolonged
derression of the level of thyrcid hormone in the blood brought
ébout by the initial experimental procecures.

Irechénism of &cticon of thyrotrcrhin. The fundamental

mechénism or mechanisms by which thyrotrorhin acts on the
thyroid follicular cell to procuce its several effects are not
known. Recently some informetion has been obtained ccncerning
the mode of action of other hormcnes on their target tissues.
Come hormones have been shown to incuce synthesis of enzymes
to procuce their physiclogic effect. It is presumed they must
first induce synthesis of messenger K.!A which then serves as

a template for enzyme synthesis. Generally sreaking,
hormones that act in this way proauce their effect only after
lengthy latencies. Cortisone in vivo has been shown to induce
synthesis of hepatic t?rosine-alpha-ketoglutarate transaminase

Creengard et al.,’63) and tryptorhan pyrrolase (Feigelson et
al.,’62). Aldosterone appears to reculete active Na+ transrort
in toad bladcers in vitro by induction of enzymes involved in
oxidation of pyruvate (Zdelman et 3l.,763). Estradiol (Ui and
iueller, ’63; loteboom anc Gorski, '63) and testosterone (Liao
and Williams-sshmen, 62) éppear to stimulete protein synthesis
in target organs by incucing synthiesis of messenger RNA.
Intraperitoneal injection of estradiol increased both RNA
polymerase &and nuclear Ri'A in rat uterus after two hours but
had no effect on amino &scid incorgoration until four hours
(Noteboom and Gorski, ’63).

Cther hormones appear to have mwore rapid enc rresumably

more direct effects on prhysiological processes. Vasopressin
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directly effects the permeebility of certsin epithelial
nerbranes to water, rossibly by & mechanism involving acti-
vation of cyclic &P (Crloff ancd Eancler, ‘61; Erown et el.,
’63). Insulin is known to facilitate the entry of glucose and
other structurélly relstec sugars into cells, rresumably by

an effect on the cell membrane, anc can act directly to stimu-
late the incorporation of emino acids into protein in liver by
a mechenism cdererndent on glucose (Fenhos and Krahl, ’62).

There is &lco evidence that insulin can increase the urtake of
several structurally reléted amino acias by a mechanism in-
derendent of its effect on glucose entry (Wool and xKrahl,’S59;
akedo et al.,’62),

The observable effects of thyrotroprhin on the thyroid
agland exhibit both shtort anc long latencies. fugmented rate
of release of hormone, chénges in cell morphology, increase
in wet weight of the gland, increase of its blood volume, and
depressed icciae uptake take place very early after adminis-
tration of thyrotrophin, while increased iocide uptake is a
much more delayed effect.

It is clear frox the findings in the 80-minute groupr that
there is little latency in the onset of the stimulating effect
of thyrotrorhin on protein synthesis. The two-fold greater
increase over control values seen at the end of four hours as
compared to 50 minutes is consistent with a rapid early rise
of rrotein synthesis to & maximum level following thyrotrorhin
stimulation.

The varied latencies may be related to fundamental
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differences in the mechanism Ly which thyrotrorhic hormone
induces each effect or wuv gimply reflect temprcoral differences
between direct anc incdirect effects. Treinkel (’64) hss ex-
tensively cdiscussed the early changes in thyroidal energy
metabolisia induced oy thyrotroprhin and has pointed out that
such restonses produce an early pattern of change which in-
cludes realignment of cytostructure, &n enhanced flux of
substrate, end elteration in the pathway of substrate cdis-
position. The observaple effects of thyrotrophin reviewed in
this raper may be the incirect results of such metabolic
changes. C£ince stimulation of iodide uptake is the only one
of the effects of thyrotrorhin that exhibits a long latency,
it is conceivable thet stimulation of the iodide "pump”
deprends on a mechanism that cirectly or indirectly requires
increased synthesis of enzymes.

The rarid stimulation of protein synthesis in the thyroid
following thyrotrorhin injection suogests that the hormone
directly sctivated some late stage of the synthetic process
and in this regard reseibles that grour of hormones previously
cited that arrear to act on cell membranes to increase their
rhysiologic activity. It has recently been shown in slices of
lamb thyroid thet synthesis of thyroglcobulin was not sensitive
to the action of actinomycin and therefore is apparently not
derendent on new RiIA synthesis. FHowever synthesis of another
smaller fraction of protein was relatively sensitive to

actinomycin. Actinomycin was added to the medium end incor-

roration of labeled leucine continuec at a normal rate for one
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hour and at a reduced kut fairly level rate for at least an
additional 20 hours. +hen the slices were pre-incubated in
medium containing high levels of actinomycin for 21 hours the
labeling of thyroglonulin auring the subsecuent five hours was
not significantly cifferent from the controls which were pre-
incubated without actinomycin. This study suggests that under
acute concitions the surply of messenger RUVA is not the
limiting factor in the synthesis of thyroglobulin and that
stimulation of thyroglobulin synthesis does not depend upon de
novo synthesis of nucleic acid or enzymes.

Fersistence of resronse to thvrotrorhin. Cn the one hand

some chanages incduced in the thyrcid c¢land by acute adminis-
tration of thyrotrorhin, in particular those concerned with
cellular morrhology, i.e., increased numbers of colloid drop-
lets, small vesicles éancd colgi vesicles, as well as the
arpeararce of arical pseucorodia, are of only a few hours
duration. This is also true cf increased blood flow. ©On the
other hand, increases in hormone release, iodide urtake, wet
anc dry weicht, and cell height may versist for several days.
In this study, the results indicate a persistence of a high
level of rrotein synthesic for at least four hours. This pro-
longed resronse cculd be due to either persistence of the
effect once initiatea or to persistence cof high levels of
circulating thyrotrochin. Very hign thyrotrophin doses were
used in this study anc, based on estimates of physiologic
levels and the half life of exogenous thyrotrophin in the
blood or rats (3akke enc lawrence,’62; Rakke,’63), high cir-

culating levels of thyrotrophin coula persist up to time of
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the injection of raciocactive label in the four-hcur group.

It is - not clear from the results thet the effect of thyro-
troﬁhin injection persisted for 20 hours. {nly a trend toward
increase over control values was seen at the end of that
period. However, it should be noted that the incorgoration
réte in the experimental animals in this group was not statis-
tically cdifferent from that in the 30-minute and four-hour
experimental animals. Furves (’c4) has indicated that high
cdoses of thyrotrorhin give a hormone release resronse in the
thyroid which reaches a limiting plateau. This fact suggests
the rossibility that a maximum stimulation of protein synthesis
occurred very eé&rly énd persistec for at least 20 hours after

thyrotrorhin injection.
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Effect of intravenous TSH on urteke end incorroration
of cl-leucine-1,4-9H by the mouse thyroid zland.

frecific activity

Mumber Number TCA
of of daily Homogenate Frecipitate
Sroup mice means¥* (10=3 dpm/mg protein)**
C 2 ) 30.0% 0.4 5.8%1.8
30-1in. +
TSH 6 2 354.3% 4.5 9.8%0.5
c 5 3 39.4% 7.6 6.2%1.2
4-Hr,
TS 8 3 £2.4% 5.0 9.3%2.3
C 8 4 41.3% 8.9 9.9%2.3
20-Hr.
el 9 4 43.7%12.4 12.2%3.3

* Days when results were obtained on both
exrerimental and control animals in a group.

*%* Group means derived from daily mean figures;
standard deviation indiceted.
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ALVI_E‘ 3

finalysis of variance of percent of incorroration of
dl-leucine-1,4-3H into protein of the mouse thyroid.

Cegrees
Sum of of - ean

Source of variation scuares freedom scuare F ratio
“etween time

group means 246 .54 2 123.27 2.,35%*
Petween controel

and experimental

group means 553.91 1 553.91 10.56*
Interaction 101.064 2 50.82 97 %%
within groups 19982.29 38 52.43
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Increase over controls

FIGURE 1

36.

Increase in incorroration of dl-leucine-1,4-3H
into thyrcid protein of mice following
intravenous injection of T&H (1 USF unit).
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** Fercent increase of exprerimental mean incorroration

over control mean incorroration,
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