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Thyroid hormone has long been thought to ex-
ert its primary effect in the peripheral tissues.
Recent studies have indicated, however, that thy-
roxine may be converted to other products in these
tissues before becoming metabolically active (1-4).
Whether or not a subsequent alteration is neces-
sary, it seems probable that the thyroxine must
first be fixed in some form of physicochemical
union, either on the surface of, or inside the cell,
before it can exert its characteristic effect on the
metabolism of the tissue.

Probably the most complete study of this sort
has been carried out by Stadie on the binding in
vitro of insulin to various rat tissues, particularly
diaphragm (5, 6). With respect to thyroxine and
triiodothyronine, Hamolsky and Crispell and co-
workers have studied the effect of plasma on the
binding of these hormones to red blood cells in
vitro (7-9) and Gross has reported similar studies
relative to liver slices (10).

Since one significant site of thyroid hormone
localization seems to be the muscle mass of the
body (11), it should be of interest to study the
binding in vitro of thyroxine to a specific tissue
such as rat diaphragm. In fact, one such study
has been reported by Hamolsky and Freedberg
(12) who investigated differences in the rate of
uptake by rat diaphragm of thyroid hormone from
the plasma of normals and thyrotoxic patients.
The purpose of this report is to present information
on the nature of the binding phenomenon exhibited
by rat diaphrgam in vitro, relative to thyroxine
and triiodothyronine labeled with I"'.

MATERIALS AND METHODS

Hemidiaphragms from 200-Gm. male Sprague-Dawley
rats were used throughout the experiment. All rats were

1 Supported in part by grants from the U. S. Atomic
Energy Commission and the U. S. Public Health Service.

bred in our labortory and maintained at a constant room
temperature on Purina laboratory chow.
Diaphragms were removed from the rats after ether

anesthesia, bisected, weighed and immediately immersed
in 5 ml. of phosphate buffer (5) containing varying
amounts of I'1-labeled l-thyrQxine or l-triiodothyronine2
and incubated at 37°C. in a Dubnoff shaker for varying
periods of time according to the conditions of the ex-
periments. After removal from the incubating beakers
the hemidiaphragms were rinsed three times in 25 ml. of
ice cold phosphate buffer. The first two rinses were
always of 30 seconds' duration and the time of the third
rinse varied as indicated in each experiment. After the
third rinse, the tissue was dissolved in a constant vol-
ume of 30 per cent KOH and the radioactivity in the
solution determined with a well-type gamma counter.
Results are expressed in terms of micromoles bound per
100 mg. of diaphragm as determined by calculation from
the specific activity of the labeled compounds used.
Comparison studies, using NaI', were carried out under
similar conditions.
All points in all experiments reported represent the

average values for 12 hemidiaphragms. The range of
values was wide in some instances (see Figure 1) and it
was found necessary to use this number of hemidiaphragms
to obtain statistically significant results. Both hemi-
diaphragms from the same animal were never used in
the determination of a single point.

EXPERIMENTAL CONDITIONS AND RESULTS

Incubation time

In order to determine the effect of increasing
time of incubation on the binding of thyroxine by
rat muscle, hemidiaphragms were incubated with
concentrations of I'51-labeled thyroxine ranging
from 1.3 x 10-4 through 26.0 x 10-4 uM per ml.
for intervals of 1, 5, 15, 30, 60, 120, or 240 min-
utes. The third rinse was of 30 minutes' dura-
tion in all cases.

Figure 1 shows the results of this study when

2Obtained from Abbott Laboratories, Oak Ridge, Ten-
nessee. Both hormones were labeled in the position
ortho to the hydroxyl group.
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FIG. 1. BINDING OF THYROXINE-IF TO RAT DIAPHRAGM
WITH INCREASING INCUBATION TIME

Concentration of thyroxine (T4) in incubation medium
is shown at the right. In this and all subsequent figures,
concentrations along ordinates or when listed in a column
are multiplied by 10' to give unit values, i.e., 26 X 10' X
10' = 26. Hence ordinates are labeled ,uM X 10' indicating
multiplication by this factor. Ranges of values are indi-
cated by the thin vertical line at each point and are pre-
sented as an illustrative example in Figure 1 only.

the amount of thyroxine-Il3s fixed to tissue is
plotted against time. The figures at the end of
each curve indicate the hormone concentration in
the incubation medium. It can be seen that at
each concentration the amount of thyroxine bound
was linearly related to time for approximately 120
minutes: there appeared to be some decrease in
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FIG. 2. BINDING OF THYROXINE-I1" I

PHRAGM AS A FUNCTION OF THYROXINE
TION IN INCUBATING MEDIUM

Incubation time is shown at right.

the rate of uptake by 240 minutes. Recalculation
of these figures in relative terms (Table I) shows
that the per cent of available thyroxine-Il31 bound
at any given time was independent of its concen-
tration in the medium over the 240-minute period
studied.

It is of some significance to point out that, re-
gardless of the initial concentration of the hor-
mone and despite rinsing for over 30 minutes, the
concentration of thyroxine bound to diaphragm
very closely approximated that in the medium
within 15 minutes and clearly exceeded this
amount by 30 minutes.

The role of thyroxine concentration

The above experiments were repeated and the
results are presented in Figure 2, wherein the con-

TABLE I

Per cent of available thyroxine bound to rat diaphragm
with increasing incubation time *

Incubation Per cent available
time thyroxine bound per

Minutes 100 mg. diaphragm

15 0.7 (0.6-0.8)
30 2.7 (2.2-3.5)
60 6.0 (5.7-6.3)
120 10.5 (8.0-12.9)
240 14.6 (13.5-15.4)

* Thyroxine concentration ranged from 1.3 X 10-4'JM
per ml. through 26.0 X 10-4 iAM per ml.

centration of thyroxine-I'l" initially present in
the incubation medium is plotted against the
amount of hormone bound per 100 mg. of rat

IMSTION TIOE hemidiaphragm after incubation for 5, 15 and 120
,*20,, minutes. It should be noted that these intervals

represent times prior to, and subsequent to, the
achievement of tissue concentrations of the hor-
mone greater than those initially present in the
medium (Figure 1). It may be seen that, regard-
less of these intervals, there was a direct linear
relationship between the amount of thyroxine

b 5 m available for binding and amount that was bound
6D by the hemidiaphragms. Consequently, these
ml.

experiments show that for concentrations up to
ro RATODNA 26 x 1J4 FM per ml. and for incubation periods
ECONCENTRA-

up to 120 minutes, no limit of the concentrating
and binding ability of the tissue had been reached.
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The relationship between rinsing time and thyrox-
ine-Il8l binding
To determine the rate at which radioactivity can

be removed from diaphragm after incubation with
thyroxine-I'81, and hence to determine the degree
of binding to the tissue, the following experi-
ment was designed. Hemidiaphragms were in-
cubated in buffer containing 1.3 x 10-4, 6.5 x 10-4
or 13.0 x 40Q4 ,pM of thyroxine-I'8l per ml. for 1,
15 or 120 minutes. They were then rinsed as de-
scribed previously except the third rinse lasted 1,
5, 15, 30 or 45 minutes. Results of studies, where
incubation was carried out for 1 minute and 120
minutes are shown in Figures 3 and 4. These
curves are strikingly similar to those obtained by
Stadie, Haugaard, and Vaughen (6) for insulin-
I1'1 under similar conditions and indicate that little
thyroxine-Ils' is removed from muscle after rins-
ing for approximately 15 minutes. Furthermore,
these results support the view that, of the total
thyroxine associated with the tissue, the amount
firmly bound is proportional to the concentration
in the medium.

Equilibrium studies
In a further attempt to elucidate the nature of

the binding of thyroxine to muscle tissue, equilib-
rium studies were carried out using non-labeled
thyroxine. Hemidiaphragms were incubated in
buffer containing 1.3 x 10-4, 6.5 x 10-4 or 13.0 x
10-4 pM of thyroxine-Il3' per ml. for up to 120
minutes. The length of the third rinse was 30
minutes in all instances.
For each concentration, 12 hemidiaphragms

were removed at the 15-minute point and assayed
for radioactivity. At 60 minutes a second set of
12 hemidiaphragms was removed and assayed
while a third set was rinsed twice for 30 seconds
and transferred to an identical solution containing
non-radioactive thyroxine. After an additional
60 minutes' incubation in this solution, the hemi-
diaphragms were rinsed for 30 minutes in buffer
and the radioactivity determined as before. A
fourth set was incubated in the radioactive thy-
roxine solution for the full 120 minutes. The re-
sults are presented in Figure 5.
The results of this equilibrium study show that

little or none of the thyroxine-Il3' bound to muscle
during the first 60 minutes of incubation was lost

-a
T4.sMxlo4/ol.
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TIME OF THIRD RINSE. MINUTES

FIG. 3. AMOUNT OF THYROXINE-I' BOUND TO RAT
DIAPHRAGM AFTER INCUBATION FOR ONE MINUTE AND
RINSING FOR INCREASING PERIODS OF TIME

Concentration of thyroxine (T4) in incubating medium
is shown at right.

by incubation with unlabeled thyroxine for another
equal period of time at any of the concentrations
used. This study confirms the view that the con-
centration of thyroxine by muscle involves a firm
binding rather than the gradual approximation of
an equilibrium state. It would appear probable
that once a molecule of thyroxine is fixed to tis-
sue it is not released as such but rather as some
conversion product.

It
Q, 6-

4-

3-

2-

Iw1

O"Z

91
8] _

7] a-

r4, *xa04/mi.

13.0

6.5

i.3

15 3b0 45
TIME OF THIRD RINSE, MINUTES

FIG. 4. AMOUNT OF THYROXINE-I' BOUND TO RAT
DIAPHRAGM AFTER INCUBATION FOR 120 MINUTES AND
RINSING FOR INCREASING PERIODS OF TIME

Concentration of thyroxine (T4) in incubating medium
is shown at right.
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FIG. 5. EQUILIBRIUM STUDY-THYROXINE-I" BOUND
TO RAT DIAPHRAGM WITH INCREASING INCUBATION
TIME
At the 60-minute point diaphragms were removed and

incubated in non-labeled thyroxine for an additional 60
minutes. Solid line indicates thyroxine-I' in incubation
medium; broken line indicates transfer to unlabeled
thyroxine.

Binding and washout of triiodothyronine
Since triiodothyronine has been shown to act

much more rapidly than thyroxine in raising the
oxygen consumption of both animals and man
(13-16) it seemed of interest to determine whether
the binding of this compound by rat muscle dif-
fered from that of thyroxine.
Hemidiaphragms were incubated as described

previously in buffer containing 1.3 x 10-4 ,M of

TRIIKOOTNYRONINI

1.5

. /THYROXINE

0.5.

30 60 120 180 240
INCUBATION TIME, MINUTES

FIG. 6. COMPARISON OF RATE OF BINDING OF THY-
ROXINEI-I' AND TRIIODOTHYRONINE-It TO RAT DIA-
PHRAGM
Hormone concentration in the incubation medium was

1.3 X 10' uM per ml.

triiodothyronine-Il31 per ml. for periods of 1, 5,
15, 30, 60, 120 or 240 minutes and were rinsed
3 times, the third rinse lasting 30 minutes. The
values obtained are presented in Figure 6 along
with those from an identical experiment using thy-
roxine-I'31.

It is evident that triiodothyronine-IlJ3 is much
more rapidly bound to rat diaphragm than is thy-
roxine-I131. Furthermore, with one exception
and regardless of the incubation interval, the ra-
tio (triiodothyronine bound/ thyroxine bound) is
quite constant, varying from 2.4 to 2.7; the excep-
tion occurs at 240 minutes, the ratio dropping to
slightly less than 2. Various explanations for
this drop may be offered; it is significant, how-
ever, that by 240 minutes almost 30 per cent of
the available hormone had been firmly bound and,
reasoning from the data in Figure 3, probably an-
other 30 per cent was loosely entrapped in the
tissue.
Washout studies similar to those carried out

with thyroxine-I'3' were performed with triiodo-
thyronine-I'31. Hemidiaphragms were incubated
for 1, 5 and 15 minutes in buffer containing 1.3 x
10-4 uM per ml. of triiodothyronine-I'31. The
third rinse was carried out for 15, 30 and 45 min-
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TIME

15 MINUTES

5 MINUTES

IS 30 45
TIME OF THIRD RINSE, MINUTES

FIG. 7. AMOUNT OF TRIIODOTHYRONINE BOUND TO RAT
DIAPHRAGM AFTER INCUBATION FOR 1, 5 AND 15 MINUTES
AND RINSING FOR INCREASING PERIODS OF TIME

Concentration of triiodothyronine was 1.3 x 10' FM
per ml.
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utes. The results are presented in Figure 7.
Comparison with Figures 3 and 4 shows the wash-
out curves for triiodothyronine-Il3' to be almost
exactly parallel to those for thyroxine-I'31. The
concentration of triiodothyronine-Il31 in the tis-
sue was consistently higher than that shown in
the thyroxine-Il3' concentration studies.

NaI'31 studies
It is important to establish, in relative terms, to

what extent iodide-Il31 ion might influence the
results presented in previous sections. Conse-
quently, a study was conducted in which hemidia-
phragms were incubated for various periods of
time up to 240 minutes in buffer containing 6.5 x
10-4 ,uM per ml. of sodium iodide-I'l3. The third
rinse was for 30 minutes. Figure 8 presents the
results for this experiment; the curve for a similar
experiment involving an equimolar concentration
of thyroxine-I"3' is presented for comparison. The
amount of NaI'3' bound to muscle was clearly dif-
ferent from the amount of thyroxine-Il'3 bound
and was, in quantitative terms, insignificant.
Washout studies similar to the experiment rep-

resented by Figures 3 and 4 produced the results
shown in Figure 9. In the instance shown, the
diaphragms were incubated for 120 minutes in
medium containing 6.5 x 10-4 pzM NaI'3' per ml.
and the third wash was of 15, 30 and 45 minutes'
duration. This study indicated a rapid and con-

02-
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15 30 45
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FIG. 9. AMOUNT OF NAI' REMAINING IN RAT DIA-
PHRAGM WITH RINSING FOR INCREASING PMIODS OF
TIME
Diaphragms were first incubated for 120 minutes in

medium containing 6.5 x 10^ ,uM NaI`t per ml.

tinued loss of NaI'31 from tissue as the rinsing
period was prolonged; furthermore, the slope of
this curve differed from those for thyroxine-I3'
and triiodothyronine-Ils'.

DISCUSSION

As pointed out by Stadie it would seem reason-
able that the Michaelis-Menten concept of enzyme-
substrate interaction must also hold for enzvme-

INCUBATION TIME, MINUTES

FIG. 8. COMPARISON OF RATE AND AMOUNT
OF THYROXINE-I' AND NAI" TO RAT D

Concentration of both compounds was 1
per ml.

hormone relationship within tissues. In other
words "the hormone must approach within molecu-
lar distance of the enzyme, otherwise it would be
difficult to conceive how the hormone could affect
enzymatic action" (17). Thyroxine (and triiodo-

THROXIME-Ie31 thyronine) must, therefore, first be bound in some

fashion to, or within, the cell. The studies re-
ported in this paper indicate that in the case of
muscle, in vitro, binding does indeed occur. The
observations presented here could not be explained
on the basis of passive diffusion alone for the fol-
lowing reasons: 1) In the incubation time studies,
it can be noted that the concentration of thyroxine-

N@113l I's' in the diaphragm exceeded that of the incu-
bating medium after an incubation period of about

OF BINDING 15 to 20 minutes. Since no corrections for tissue
IAPHRAGM water are taken into account here, the true con-
.3 x 10- FM centrations in the tissue must have been even

higher. 2) The washout studies showed that,
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although the initial loss of activity from the tissues
was high, the curves level off after about 15 min-
utes of washing, indicating fixation of the remain-
ing thyroxine-Il31 to the tissue. 3) Perhaps the
most convincing evidence for true chemical bind-
ing is the equilibrium studies. It was demon-
strated that little or no thyroxine-I13' was re-
moved from the diaphragm by continued incuba-
tion in solutions containing equal concentrations
of nonradioactive thyroxine. 4) The studies with
triiodothyronine-Il3' and the marked difference
between the uptake of this substance and thyrox-
ine-Il3' by rat diaphragm indicate again that a
specific binding occurred and that this was differ-
ent in degree depending, perhaps, upon the physio-
logical activity of the compound studied. Cer-
tainly, if only passive diffusion into the tissue
was involved, one might expect little difference
between these chemically similar compounds.
The uptake and washout studies with NaI'3l,
where binding by the tissue was far different in
degree from that observed with thyroid hormone,
lend further support to the concept of specific
binding of thyroxine and triiodothyronine.

It is of some interest to note that binding of
these hormones to tissue is probably not the sole
mechanism for their removal from the incubation
medium. The two preliminary rinses for 30 sec-
onds each removed the major portion of the la-
beled hormone that was held in the surface film of
fluid on the diaphragm, yet it took more than 15
minutes to remove what appeared to be unbound
thyroxine (Figures 3 and 4) from the tissue. In
view of the fact that the initial values in these
figures were also proportional to both the incuba-
tion time and concentration of hormone in the
medium, it seems only reasonable to suggest that
both thyroxine and triiodothyronine were actively
transported from the medium into the cell where
binding to cellular loci took place resulting in the
firm fixation reported in these experiments. The
remaining unbound hormone within the cell was
available for diffusion back into the medium.
Compartmentalization of this type within the cell
has previously been reported in rat liver (18).
The observation that triiodothyronine is much

more rapidly bound to muscle tissue than is thy-
roxine corresponds well with observations in man
that this substance acts four to five times as rap-

idly as thyroxine in raising the oxygen consump-
tion of intact animals. After 120 minutes, for ex-
ample, almost three times as much triiodothyro-
nine-Il3' was incorporated as was thyroxine-I'31.
However, since both substances are bound to the
tissue this experiment neither supports nor con-
tradicts the hypothesis that thyroxine must be con-
verted to triiodothyronine before becoming physi-
ologically active.

Finally, it would seem that since thyroxine and
triiodothyronine are specifically bound to rat dia-
phragm, this observation may offer a convenient
means of studying the effects of varying in vivo
and in vitro conditions on the peripheral action of
these compounds. Furthermore, the rate of active
transport and binding of these hormones may be
a factor of paramount significance in understand-
ing the mechanism of their action. In this re-
gard, it has been observed that an increased rate
of peripheral degradation of thyroxine-Il3' was
coincident with increased thyroidal activity in
clinically euthyroid relatives of patients with
Graves' disease (19). The role of active trans-
port and binding of thyroid hormone may well be
one of the regulatory factors in maintaining the
euthyroid state.

SUMMARY

Studies of the uptake of I'31-labeled thyroxine
by rat diaphragm as a function of incubation time,
hormone concentration in the medium and duration
of rinsing, as well as equilibrium studies, are pre-
sented. When rat diaphragm was incubated in
medium containing varying concentrations of thy-
roxine for increasing periods of time, the amount
of the hormone bound was shown to be linearly
related to the time of incubation at all concentra-
tions. Similarly, a direct linear relationship be-
tween the amount of thyroxine available and the
amount bound to tissue was demonstrated. Wash-
out studies showed that, with prolonged rinsing,
little thyroxine was removed from rat muscle. after
the first 15 minutes of rinsing. Equilibrium stud-
ies, wherein hemidiaphragms were incubated first
with labeled thyroxine and then transferred to
solutions containing unlabeled material, showed no
significant loss of initial radioactivity during in-
cubation with the non-radioactive thyroxine. All
of these observations indicate that thyroxine is
indeed specifically bound to rat muscle tissue in
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concentrations far exceeding those in the incu-
bating medium.

Similar incubation and washout studies were
carried out with triiodothyronine. These studies
showed not only that triiodothyronine was also
specifically bound to rat muscle tissue but that this
binding took place much more rapidly than in the
case of thyroxine. When the hormone concentra-
tion was 1.3 x 10-4 FM per ml. triiodothyronine-
Il31 was bound to rat diaphragm 2.5 times as
rapidly as was thyroxine-I'8l. This finding is in
accord with previous observations regarding the
relative rates of action of these two compounds
in vsivo.

Comparison studies carried out with NaIT31
showed that, in equimolar concentrations, rela-
tively insignificant amounts of this compound
were taken up by rat diaphragm and that which
was absorbed was readily removed by washing.

These investigations are discussed in relation
to the mechanism of action of thyroxine and
triiodothyronine.
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