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Numerous clinical investigations have demon-
strated that the concentration of plasma protein-
bound iodine or serum precipitable iodine is a re-
liable index of thyroid gland activity, the values
correlating well with the basal heat production ( 1 )
and with clinical evaluation of thyroid function
(2). In myxedema the concentration is below
the euthyroid range and in hyperthyroidism ab-
normally high values are found (3) which revert
to normal following treatment of the disease by
surgery (4) or by antithyroid drugs (5, 6). The
serum concentration of protein-bound radioactive
iodine in patients with hyperthyroidism has been
found to be significantly higher than in euthyroid
individuals 24 or more hours after an oral dose of
I111 (7, 8). Similar observations have been made
in animal studies; rats receiving thyrotropin in-
jections show plasma concentrations of protein-
bound I127, and, if injected with tracer I181, of
protein-bound Il31 which are higher than normal
controls, while in thyroidectomized animals the
corresponding figures for protein-bound iodine in
both isotope forms are very low (9).
The chemical nature of the plasma protein-bound

iodine in normal man has been the subject of
several studies. Lerman (10) demonstrated by
serological methods that human blood contains
no detectable thyroglobulin. Trevorrow ( 11 ) re-
ported that all the iodine in plasma may be ex-
tracted free of protein by acetone, ethanol or bu-
tanol, and subsequent application to human plasma
(12, 13) and to plasma previously subjected to
peptic digestion (14) of the Leland and Foster
(15) method for separation of thyroxine from
iodide and diiodotyrosine, showed that 70 to 90
per cent of the total iodine has solubility proper-
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ties similar to thyroxine in being extractable by
n-butanol and not re-extractable by alkali. Bu-
tanol fractionation of whole blood of euthyroid
individuals following prolonged alkaline hydroly-
sis has led to the recovery of 40 to 60 per cent of
the organic iodine in the thyroxine-like fraction
(16), but these values are presumably too low since
the hydrolysis is destructive of considerable thy-
roxine (12, 15). Thyroxine added to plasma be-
comes non-dialyzable (11, 12), is quantitatively
precipitated with the proteins (3, 11, 12), and
can be largely recovered by butanol extraction
(11, 12); added diiodotyrosine is only partially
recovered in the protein precipitate (3) and is ex-
tracted from butanol by base (12).

Studies on the plasma iodine of normal animals
have yielded more definite evidence regarding its
nature than have corresponding human investiga-
tions. Taurog and Chaikoff (12) showed that
84 per cent of the plasma iodine, and 66 per cent
of the 1181 of rats previously injected with radio-
active iodine, can be recovered in the alkali-
washed butanol extract, that thyroxine added to
the extract containing 113 retains constant specific
activity after repeated crystallizations and that the
distribution coefficient of the radioactivity be-
tween immiscible solvents equals that of thyroxine,
evidence very suggestive of the identity of thy-
roxine and a large fraction of the plasma iodine.
Recent studies employing radioautography of
paper chromatograms of butanol extracts of plasma
from rats previously (24-48 hours) injected with
radioactive iodine have confirmed this view.
Laidlaw (17)- observed spots corresponding to
thyroxine and iodide as the sole radioactive com-
ponents of plasma, the thyroxine constituting ap-
proximately 80 per cent of the total protein-bound
I'll. Taurog and his associates (18) also con-
cluded that thyroxine and iodide were the chief
components. Gross and his co-workers (19) ob-
served activity predominantly at the area corre-
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sponding to thyroxine, with very low activity at the
diiodotyrosine and monoiodotyrosine spots; in ad-
dition, direct chromatography of plasma indicated
that the radioactivity travelled with the proteins.
The evidence derived from these animal studies
strongly suggests that the circulating thyroid
hormone is thyroxine in loose, non-peptide associ-
ation with the plasma proteins.

Salter and his associates have investigated the
nature of the protein-bound iodine in patients with
myxedema and hyperthyroidism. In euthyroid
and hyperthyroid individuals, butanol fractiona-
tion of plasma following peptic hydrolysis revealed
that the iodine which was thyroxine-like in its sol-
ubility constituted approximately 70 per cent of
the total protein-bound iodine, somewhat higher
values being encountered in severe hyperthyroid-
ism. In myxedema the thyroxine-like iodine was
found to be only a small fraction (20 per cent) of
the protein-bound iodine. The non-thyroxine
iodine was considered diiodotyrosine-like (14).
More recently, Salter and Johnston (20), on the
basis of results obtained on adding thyroxine to
the serum of patients, have questioned whether
the circulating thyroid hormone in man is free
thyroxine. At acid pH, thyroxine added to the
sera of euthyroid and myxedematous subjects was
only partially precipitated with the proteins by
acetone, but acetone treatment of the acidified
serum of a hyperthyroid patient resulted in quan-
titative precipitation of the organic iodine. It was
inferred that the circulating hormone in hyper-
thyroidism is not free thyroxine.
The present work is an investigation by parti-

tion chromatographic methods of the nature of
the plasma protein-bound iodine in patients with
Graves' disease.

METHODS

Studies were conducted on six hyperthyroid patients
who received therapeutic doses (10 to 15 millicuries each)
of carrier-free radioactive sodium iodide (IF). All of the
patients had been previously treated with propylthiouracil
or other antithyroid drugs; the administration of the
antithyroid medication had been discontinued not less
than three days prior to the administration of the radio-
iodine, and in some cases its use was resumed 48 hours af-
ter the therapeutic dose. Samples of venous blood were
obtained from each patient at time intervals ranging be-
tween 48 and 240 hours after the ingestion of the iso-
tope; the blood was placed in a centrifuge tube con-
tgining a few milligrams of dry heparin and immediately

centrifuged. The plasma was drawn off, and a 1.0 cc.
aliquot pipetted into a standard vial for measurement of
the total content of IM The activity of this, and all other
liquid samples, was estimated by means of a lead-shielded
Sylvania gamma-ray counting tube, as described by
Raben (21), connected with a scaling circuit of conven-
tional type. Corrections for variations in sample volume
were made by reference to a calibration curve referring
counts in volumes ranging between 0.2 and 3.0 cc. to the
standard volume 1.0 cc.
Extraction procedure: The procedure devised for ex-

traction of the plasma organic iodine consisted of tri-
chloroacetic acid precipitation of the proteins (9) and
butanol extraction (22) of the acid aqueous suspension of
the washed precipitate. To 2.0 cc. plasma in a 12 cc.
graduated centrifuge tube was added, with stirring, 0.6 cc.
ice-cold 40 per cent trichloroacetic acid. The mixture was
centrifuged and the precipitate washed twice with 3-5 cc.
of cold 5 per cent trichloroacetic acid, centrifuging each
time and removing the liquid phase as completely as
possible by means of a rubber-bulb pipette terminating
in a finely drawn tip. The original supernatant liquid
and the washings were combined, the volume noted, and
the radioactivity of a suitable aliquo.t determined. The
precipitate was suspended in 1 cc. of water, a few drops
of 2 N NaOH added, and the pH adjusted to approxi-
mately 3 by adding 2 N Ha drop by drop. The sus-
pension was then successively extracted three or four
times by shaking vigorously each time with a 2 cc. por-
tion of n-butanol saturated with water. The phases were
separated by centrifuging. The water-saturated solvent
was used in order to prevent the reduction in volume of the
aqueous phase that otherwise would occur. The combined
butanol extracts were then washed by shaking with 3 cc.
of water acidified with 4 or 5 drops 4 N Ha, a pinch
of NaCl crystals was added to reduce the formation
of emulsion, and the butanol layer, which had a pale
green color, was separated by centrifugation. The vol-
umes of the butanol and aqueous phases were measured
and the radioactivity of appropriate aliquots of each de-
termined. When larger volumes of plasma were used,
the procedure was scaled up by the use of proportionately
larger volumes of reagents. The butanol extract was
evaporated to dryness in vacuum at room temperature
and the residue dissolved in 0.5 cc. of a solution of butanol:
acetic acid: water of composition 70: 15: 15, respectively,
by volume.3 The solution was cooled in ice to induce
separation of excess salt and centrifuged; this solution
was employed in the subsequent chromatographic studies.

In several experiments, in addition to the procedure
described above, direct plasma extraction with butanol

3 In order to keep the volume of the final solution as
small as possible and thus facilitate the subsequent
chromatographic procedures, quantitative recovery in the
butanol-acetic acid-water solution of all the I' in the resi-
due was not generally attempted. In one experiment a
solvent volume of 1.0 cc. in three divided portions achieved
recovery of 96 per cent of the radioactivity in the original
butanol extract.
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was done, the extraction being performed with five suc-
cessive portions, each of twice the volume of the plasma
sample. The combined butanol fractions were evaporated
to dryness and the residue taken up in the manner
described.
Paper chromatography: A modification of the ascend-

ing one-dimensional technique of Williams and Kirby
(23) was used. The plasma extract was applied to the
paper from a capillary tube so as to produce a spot about
5 mm. in diameter, replicate spots being applied 6 cm.
apart along a pencil line 3 cm. above and parallel to
the bottom of a rectangular sheet of Whatman No. 1
Filter paper 40 cm. long and 25 cm. wide. The spots
were circled in pencil, dried under a fine stream of air
at room temperature, and the solutions re-applied to the
same spots, the procedure being repeated several times
to increase the amount of material applied to the paper.
To one spot was added 5-10 cu. mm. of a solution in
butanol-acetic acid containing synthetic crystalline thy-
roxine (Roche-Organon), 3,5-diiodotyrosine (Hoffmann-
LaRoche), 3-monoiodo-1-tyrosine (prepared by the
method of Harington and Pitt-Rivers [24]), and potas-
sium iodide; the quantity of each organic carrier added
was of the order of 0.1 micromole. In several experi-
ments, N-acetyl-l-thyroxine4 was added as a carrier
with the other components. Each large sheet of paper
contained two duplicate plasma extract spots, without
added carrier, a third such spot with added carrier and
a fourth spot of the carrier solution alone. The paper
was creased longitudinally in the center so that the
sides formed an angle of about 600 and placed upright
in a Pyrex cylinder (18 inches tall and 6 inches in diam-
eter) containing 100 cc. of solvent, covered with a closely-
fitting plate glass lid, and allowed to remain in the jar
at room temperature for 16-20 hours, at which time the
solvent front had ascended 25-30 cm. The solvent found
most suitable was n-butanol: glacial acetic acid: water
in 75: 10: 15 proportion by volume. Several chromato-
grams were also developed with the solvent n-pentanol:
pyridine: H2O, 40: 40: 15. When the solvent front had
ascended to the proper height, the paper was removed,
and, after the solvent front had been marked in pencil,
was air dried in a hood at room temperature, cut into
longitudinal strips 6 cm. wide with the origin of each
spot equidistant from the long edges, and each strip
marked off in centimeters from the origin to the line of
solvent front. The paper was then drawn through a
folded lead shield equipped with a rectangular slit 1 cm.
wide and 5 cm. long, fixed immediately beneath a thin-
windowed Geiger-Muller tube, so that the radioactivity
of each 1 cm. length of paper could be determined. The
papers were then sprayed with ninhydrin (0.25 per cent
solution in water-saturated butanol) and the color de-
veloped by heating in an oven at 1000 for several minutes.
Acetylthyroxine, which gave no color with ninhydrin,
was located by streaking the paper first with a con-

4A sample of this compound, prepared by Dr. Rosalind
V. Pitt-Rivers, was supplied through the courtesy of
Dr. Fritz Lipmann.

centrated aqueous solution of freshly prepared diazotized
sulfanilic acid and then with 2.5 per cent sodium car-
bonate solution (25); a fading red color was produced.
Iodide carrier was detected by streaking with silver ni-
trate solution. All R1r values (26) were obtained by
measuring from the origin to the linear center of radio-
activity or of color.
Radioautographs: Two-dimensional chromatograms of

plasma extracts from two patients with added carrier
thyroxine, diiodotyrosine and monoiodotyrosine were
prepared by the ascending method (23), developing with
butanol-acetic solvent in one direction and n-pentanol-
pyridine in the other. After drying, the paper was placed
directly on a sheet of no-screen X-Ray Film; film and
paper were aligned by punching holes through both in
opposite corners, and allowed to remain in a paper ex-
posure holder for three to five days, when the film was
developed and the paper sprayed with ninhydrin.

Chromatography on cellulose columns: The use of
cellulose columns has been found helpful in the resolution
of substances labelled with I' (27). Columns of cel-
lulose (Solka-Floc BW-200) 50 cm. high and 1.2 cm.
in diameter were prepared by packing under a pressure
of 50 cm. of mercury and equilibrating with 75:10:15
butanol: acetic acid: water solvent until 3-5 column vol-
umes had passed through (28). A 0.3 cc. aliquot
of a butanol plasma extract was added to the column,
washed in with two 0.5 cc. portions of solvent and the col-
umn allowed to drip under a pressure head of 3 cm. sol-
vent. After collection of a 20 cc. forefraction, effluent
fractions each of 0.5 cc. volume were collected in flat-
bottomed test tubes of uniform diameter, an automatic
fraction collector operating on a constant time interval
basis being used for this purpose. The radioactivity of
the effluent liquid fractions was determined in the col-
lecting tube by gamma-ray counting, as described above,
without need for transfer. The contents of the three
tubes containing the peak of radioactivity were evaporated
to dryness in vacuum, taken up in a small volume of
solvent, carrier thyroxine added, and chromatographed
on paper. In another experiment, crystalline thyroxine
was added to a plasma-protein butanol extract and this
solution subjected to chromatography on a column. After
measurement of radioactivity of the effluent fractions,
photometric ninhydrin determinations were performed on
each fraction (29).

RESULTS

Table I indicates the data obtained in each pa-
tient relating the dose of I183 and the time after
its administration when the blood was sampled to
the total plasma radioactivity, its separation into
trichloroacetic acid-soluble and insoluble fractions,
and the butanol extractability of the latter. Serial
studies carried out on successive samples of blood
from patient No. 6 indicating the predominance of
acid-soluble inorganic I131 during the first eight
hours following isotope ingestion and its subse-
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TABLE I

Concentration and distribuion of lbled iodine in plasma aftr administration of 1I

Trblroacetic Trichroacetic Combd butanol
Time blood PlaamaIl Total Is aid-soluble add-insoluble extracts

__ drawn after Pam U Ttli ______patet Dome Is 1C. per cc. in plasmIU admini per mc. ample % of % of % of tri-
tration OAdindrcislterdt cts./Sect total cts./ect tod cts./et chldSp'

_mIs IsM insoluble

("c.) (ors) (sw)
1 10 48 7.95 X 10-' 0.134 0.5 1.4 35.7 98.6 31.6 89
2 10 48 64.5 X 10-' 1.09 5.9 2 290.1 98 268 92

1.08 6.4 2.2 285.6 97.8 290.8 102
3 12.5 65 22.9 X 10-' 2.05 11.1 2.0 543.9 98 S22.3 96
4 10 72 19.7 X 10 1.29 12.1 3.4 335.9 96.6
5 15 192 11.9 X 10-' 0.358 1.7 1.8 95.1 98.2
6 14.7 4 5.1 X 10-3 0.222 53.7 89.5 6.3 10.5

8 1.44 X 10-' 0.0621 15.0 89.5 1.8 10.5
24 1.22 X 10' 0.050 1.7 12.6 11.8 87.4
72 3.92 X 10' 0.133 -

240 8.10 X 10' 0.249 1.5 2.2 65.8 97.8 62.8 95

5Corrected for decay to the time of ingestion of I'.
t 1 count per sec. in 1.0 cc. volume - 3.70 X 10' microcuries.

quent great diminution concurrent with the in-
crease, both relative and absolute, of protein-bound
I131 are in general agreement with the observations
of McConahey and his colleagues (8). After
48 hours following administration of the radio-
active iodine, 97-99 per cent of the plasma Ill"
is protein-bound. The degree of completeness of
the butanol extraction of the protein-bound I131, as
indicated in the table, approximates 95 per cent.
The method of trichloroacetic acid precipitation
and butanol extraction of the suspended insoluble
precipitate was more efficient and complete in re-
moving Il-l from the aqueous phase than the
method of direct plasma extraction with butanol.
In two instances (patients Nos. 1 and 2), in which
by the former method 89 and 97 per cent of the
acid-insoluble iodine was extracted, the latter
method yielded values of 70 per cent and 89 per
cent of the total plasma radioiodine, figures com-
parable to those reported in butanol extraction of
rat plasma (12, 17, 18).
The final washing of the combined butanol ex-

tracts with dilute acid was found to be essential.
This washing removed virtually no radioactivity;
if it was omitted, the green butanol solution as-
sumed a gelatinous consistency which made manip-
ulation difficult and rendered chromatograms of
the redissolved, evaporated solutions unsatisfac-
tory, Rp values of added carriers becoming mark-
edly dimniished and the bands distorted. The na-
ture of the green color of the butanol solutions is

not clear. Preliminary attempts to extract it from
the radioactivity by the use of several organic
solvents were unsuccessful, and on column chro-
matography, the rate of downward movement
of the green band is very similar to that of the
radioactivity. Butanol extracts of whole plasma
did not exhibit the green color.

One-dimensional paper chromatography indi-
cated that the radioactivity in the butanol extract
of the protein-bound I181 had an Rp value identical
to that of crystalline thyroxine, whether the latter
was added to the active extract chromatographed
or was run with an extract parallel to those with-
out added carriers. In every case, only one area
of radioactivity appeared on the paper, at the posi-
tion corresponding to the location of thyroxine.
No radioactivity was detectable at the bands corre-
sponding to diiodotyrosine, monoiodotyrosine, or
iodide. This is in contrast to results obtained
in chromatography of rat plasma extracts in col-
lidine (18), where appreciable amounts of iodide
and small amounts of diiodotyrosine were en-
countered, presumably due to decomposition of
thyroxine during chromatography. No iodide spot
would be expected (unless decomposition during
chromatography occurred), under the conditions
of the present work because 1) the trichloroacetic
acid precipitate alone is extracted, and 2) a step
in the procedure involves evaporation of an acid
solution to dryness. Representative chromato-
grams are shown in Figure 1.
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In the butanol-acetic acid-water chromatographic
solvent the approximate RF values of potas-
sium iodide, monoiodotyrosine, diiodotyrosine,
thyroxine, and acetylthyroxine are, respectively,
0.16, 0.42, 0.53, 0.78, and 0.88; the actual val-
ues vary somewhat with the age of the sol-
vent but in every case the RF of thyroxine was
equal to the RF of the radioactivity. The io-
dinated amino acid carriers can be recognized
not only by their distinct RF values but also by the
differences in ninhydrin color they produce on
dry paper, monoiodotyrosine being reddish-purple,
diiodotyrosine blue, and thyroxine bluish-gray.
Ninhydrin treatment of the chromatogram run
without added carriers revealed a long, faint pink
streak in the center of the paper and a very faint
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purple at the origin; the quantity of thyroxine in
the aliquot of plasma extract chromatographed
was far too minute to be detectable by a colori-
metric ninhydrin reaction. The paper without
carriers also presented a colorless, lipid-like, hy-
drophobic spot free of I131 at Rp = 0.95, detectable
by the formation of water droplets on streaking
this region of the paper with aqueous sodium car-
bonate solution. The rates of movement of diiodo-
tyrosine and thyroxine added to butanol extracts
of plasma proteins were greater than those ex-
hibited by these substances in acid butanol solu-
tion, while monoiodotyrosine and iodide were un-
affected by the presence of the plasma constituents;
thus, the Rp of diiodotyrosine and thyroxine added
to a dried plasma butanol extract spot were found
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FIG. 1. DISTRIBUTION OF RADIOACTITY ON FILTER PAPER
CHROMATOGRAMS OF BUTANOL EXTRACTS OF AQUEOUS SUSPENSIONS
OF PLASMA TRICHLOROACETIC ACID PRECIPITATE
A. Solvent: n-pentanol: pyridine: water, 40: 40: 15. Carrier

added.
B. Solvent: n-butanol: glacial acetic acid: water, 75: 10: 15. No

added carrier.
Position of added (A) and parallel (B) carriers are indicated

by shaded rectangles.
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to be 0.62 and 0.83, respectively, while these
crystalline components without plasma extract
showed values of 0.53 and 0.78. Until the ac-
celerating affect of plasma extract on the move-
ment of thyroxine was appreciated, the concordance
of the Rp of radioactivity with added thyroxine
and the discrepancy between the RF of activity and
parallel thyroxine in solution of carrier alone was
puzzling. The apparent discrepancy between re-
sults with added and parallel carriers was re-
solved by addition of the carrier solution designed
for parallel runs to a spot of plasma extract. In the
pentanol-pyridine-H20 solvent, the RF of thy-
roxine was found to be 0.61, as was that of the
radioactivity; mono- and diiodotyrosine are in-
completely resolved by this solvent and no radio-
activity was detected in their combined area.
The RF values obtained with butanol-acetic

acid-water developing solvents were not constant,
decreasing with time presumably because of esteri-
fication (30). For this reason reliance could not
be placed on presumptive identification of an un-
known substance by comparison with previously
determined RF values of known substances, but
only with parallel carriers run at the same time
and under the same conditions. It was found ttse-
ful to employ solvents one or two days old, the
rate of change of RF values appearing to be slower
after this time.

In addition to comparison of the area of radio-
activity with thyroxine on the basis of identity
of RF, more precise localization was accomplished
as follows: After the strip with added carriers had
been counted and the color developed by ninhydrin,
the grayish-blue thyroxine was cut out of the paper
and also adjacent ninhydrin-negative paper areas
of approximately equal size. The radioactivity of
each piece of paper was then determined. The
highest radioactivity was in the ninhydrin-colored
thyroxine spot, but detectable amounts were
present somewhat peripheral to the outermost
zone of ninhydrin color, a reflection of the greater
sensitivity of detection achieved by counting as
compared with ninhydrin color development (the
latter being rather insensitive when used for the
demonstration of a compound of molecular weight
777 and containing only one amino group); the
greater spread of radioactivity as compared with
the corresponding color spot is illustrated in
Figure 1.

Chromatograms prepared from direct butanol
extracts of plasma were similar to those obtained
with extracts of the trichloroacetic acid precipitate;
only one area of radioactivity was detected on the
paper, corresponding in position with thyroxine.
Spraying the paper having no added carrier with
ninhydrin revealed a number of discrete ninhydrin-
reacting areas, all below the position of radio-
activity.

Radioautographs prepared from the two-dimen-
sional chromatograms showed complete corre-
spondence in size, form and location of the dark-
ened area on the film with the ninhydrin-reacted
thyroxine spot on the paper, with no band visible
at areas corresponding to mono- and diiodo-
tyrosine. A faint darkening at the solvent front
and a very faint rather diffuse darkening just be-
low the front were noted.
Column chromatography of plasma extract

without added carrier yielded a single, smooth
effluent curve of activity which emerged in abso-
lute position very similar to the thyroxine peak
observed on passage through a similar column of
butanol extract of an alkaline hydrolysate of the
thyroid gland of a rat previously injected with
Ill' (27). Out of a total of 0.388 microcurie
added to the column, 0.366 microcurie was
included under this curve, a recovery in a single
peak of 95 per cent of the total added radio-
activity. Paper chromatography of the pooled
fractions constituting the effluent peak demon-
strated a single active spot, the Rp of which was
equal to the RF of both added and parallel crystal-
line thyroxine. More quantitative evidence for
the identical distribution in the continuous parti-
tion system between organic and aqueous phases
of the radioactively labelled molecule and syn-
thetic thyroxine was afforded by the results of the
experiment in which 1.78 mgm. thyroxine was
added to the butanol extract subjected to passage
through the column, and radioactivity and nin-
hydrin-reacting material estimated on the effluent
fractions (Figure 2). The effluent radioactivity
emerged in a fairly symmetrical fashion between
24 and 28 cc., with a peak at 25.4 cc., and 97 per
cent of the activity added to the column was re-
covered in this zone; the added thyroxine emerged
between the same limits, its curve paralleling that
of the radioactivity with its peak at 25.4 cc., and
with 106 per cent recovery as determined by its

6
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ninhydrin equivalent. The value for each tube of

the ratio thyroxine experimentally determined by
dividing the corrected Klett reading of ninhydrin
color for each tube by the corresponding radio-
active count, was found to be constant within the
limits of the errors of counting and analysis, a
quantitative indication of the readily apparent
similarity between the curves, as illustrated in
Figure 2. The slight deviation of ninhydrin points
at the lower end of the descending limb of the
curve in Figure 2 may be due to the presence of a
small amount of endogenous ninhydrin-reacting
material in the butanol extract.

DISCUSSION

The results of the experimental work indicate
that virtually all the radioactive iodine in the
plasma of patients with Graves' disease, who have
received therapeutic doses of Il31 two to ten days
previously, exists as a single substance precipitat-
ing with the plasma proteins but easily and quanti-

tatively separable from the precipitate, and that
this substance is indistinguishable from thyroxine
in its chromatographic behavior in two different
partition systems. These findings are in general
agreement with results obtained on the plasma
iodine of rats by essentially similar methods (12,
17-19). A negative statement that would ap-
pear to be warranted is that no radioactive mono-
or diiodotyrosine and no acetylthyroxine are
present in plasma in significant amounts; the
quantitative paper strip method as employed here
is sensitive enough to detect radioactivity in the
locations of these compounds if amounts as small
as 0.5 per cent of the total were present, yet none
was detectable either by direct counting or by
radioautographs.

Chromatographic methods whether by adsorp-
tion or partition are peculiarly adapted to the
unequivocal demonstration of the non-identity of
an unknown compound and known substances sus-
pected of being identical with it. Rigorous proof
of the identity of an unknown substance whose be-
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FIG. 2. EFFuENqT CURVES OF RADIOACTIVITY (SOLI.D CIRCLES-UNBROKN
LINE) AND OF THYROXllNE (OPEN CIRCLES-BROKEN LINE.) FROM A CELLULOSE
COLUMN; 50 CM. HIGH AND 1.2 CM. IN DIAMETt

Solvent: n-butanol: glacial acetic acid: water, 75: 10: 15. A concentrated
butanol extract (0.35 cc.) of the trichloroacetic acid precipitate from the
plasma of patient No. 3 containing 0.280 microcurie I' and 1.78 mgm. added
thyroxine was placed on the column. The effluent fractions between 24 and
27.5 cc. contained 0.272 microcurie and 1.89 mgm. thyroxine (ninhydrin-
equivalent). For successive fractions 19 through 27, inclusive, the values of
the corresponding graphical representations of the ratio

thyroxine concentration
I' concentration

are: 1.22, 1.07, 1.05, 1.02, 1.00, 0.99, 1.07, 1.18, and 1.29.
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havior on a chromatogram seems the same as a
compound of known structure on the basis of
position, both absolute and in relation to other
known substances, would require isolation of the
unknown material, crystallization, and characteri-
zation by elementary analysis and standard chemi-
cal methods (31). The minute concentration of
protein-bound iodine in plasma renders such
positive methods impractical. Nevertheless, in
systems in which the general nature of the com-
pounds likely to be encountered is known, correct
identification, with a high degree of probability,
may be made by analysis of chromatographic be-
havior in comparison with known substances (32).
The constancy of the relationship demonstrated be-
tween the concentration of added thyroxine and
of Ill in the effluent fractions of a butanol extract
of plasma protein is very suggestive evidence in
favor of the concept that the endogenous com-
pound is indeed thyroxine; evidence of this kind
is somewhat akin to that derived from repeated
crystallization to constant specific activity of
labelled material with added carrier (12). The
possibility, remote though it may appear, that
added thyroxine and the labelled plasma constitu-
ent run panri passu in the column and also co-
crystallize fortuitously is not excluded (12). The
possibility that the paper chromatographic method
may not afford a satisfactory resolution between
thyroxine and a small thyroxine-peptide has been
mentioned by Chaikoff and his associates (18) as
a point to be investigated before unqualified ac-
ceptance can be accorded to the identity of thy-
roxine with the circulating thyroid hormone. In
this connection the good resolution achieved in the
present work between N-acetylthyroxine and thy-
roxine is encouraging. A considerable difference
in distribution coefficients between immiscible sol-
vents of rat plasma 'll" and of a thyroxine-peptide
of uncertain composition has been observed (12).
The probability that exchange reaction between

I'8l contained in the protein-bound iodine and
added thyroxine occurs during chromatography
is small, since the RF values with and without
added thyroxine are the same, and since the ad-
dition of other iodinated amino acids and iodide as
carrier results in no activity in these carriers.
Radiochemical exchange and decomposition have
also been eliminated as confusing factors in the
rat plasma (17, 19).

In order to achieve a sufficiently high concen-
tration of plasma protein-bound JP" to make
chromatographic study practical, administration
of a dose of radioiodine much larger than the
usual tracer dose is almost mandatory, and the
procedure is thus necessarily limited to indi-
viduals undergoing treatment for Graves' dis-
ease. In comparable studies in animals, doses of
80-150 microcuries per rat have been employed
(17, 18) which are proportionally larger than the
10-15 millicuries administered to human sub-
jects in the present study. It is unlikely that the
conclusions regarding the nature of the circulat-
ing thyroid hormone which were derived from
observations made in patients receiving therapeu-
tic doses of Il8 would be different had the study
been conducted with tracer doses potentially less
destructive to the thyroid gland. Radioautographs
of paper chromatograms of rat plasma extracts
have revealed identical patterns whether each ani-
mal received 1 or 100 microcuries of 18l (20).
Whether the terms "hormonal iodine," "pro-

tein-bound iodine," and "precipitable iodine" of
plasma or serum are synonymous is not completely
established (33). The view that the circulating
thyroid hormonal iodine comprises a large frac-
tion rather than all of the plasma protein-bound io-
dine rests on the observations that there is a
small but definite concentration in cases of myx-
edema (14, 33), that probably not all the organic
iodine is ordinarily extractable with butanol and
not re-extractable with Blau's reagent (13, 14),
that administered organic iodine compounds such
as are used in cholecystography and myelography
may produce elevated protein-bound iodine con-
centrations for considerable periods of time (34),
and that ingestion of even inorganic iodide may re-
sult in increase of the serum protein-bound iodine
concentration, the increment clearly not being thy-
roxine as shown by its solubility properties (35).
The plasma protein-bound iodine may, therefore,
on occasion represent more than one component.
The results of the present study of labelled plasma
iodine indicate that in Graves' disease the circu-
lating thyroid hormone is indistinguishable from
thyroxine, and there is little reason to suspect a
qualitative difference in the nature of the hor-
mone in other individuals. It would therefore ap-
pear that the plasma thyroxine is more specifically

8



CIRCULATING THYROID HORMONE IN GRAVES' DISEASE

identifiable with the circulating thyroid hormone
in man than is the protein-bound iodine.

SUMMARY

1. Studies of the plasma of six hyperthyroid
patients two to ten days following the adminis-
tration of therapeutic doses of radioactive iodine
(I131) indicate that 97 to 99 per cent of the labelled
iodine is protein-bound.

2. Methods are described for the quantitative
extraction from plasma of the labelled protein-
bound iodine and for its characterization by chro-
matographic technics using filter paper and cellu-
lose columns.

3. Practically all of the labelled organic iodine
in the plasma has been found to exist as a single
substance indistinguishable from thyroxine.

4. No monoiodotyrosine, diiodotyrosine nor
acetylthyroxine were detectable as constituents of
the plasma protein-bound iodine.

5. The evidence would indicate that the circu-
lating thyroid hormone in Graves' disease is
thyroxine.
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