phorylated intermediate in the enzyme

reaction, its existence and its response

to various transport variables can hardly

be questioned.
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Tritiated Thymidine: Effect of Decomposition by Self-

Radiolysis on Specificity as a Tracer for DNA Synthesis

Abstract. Tritiated thymidine undergoes decomposition by self-radiolysis. As
shown by beta liquid-scintillation measurement and by autoradiography, the re-
sultant breakdown products did not label DNA, but entered macromolecules,
other than nucleic acid, contained in the cytoplasm. Caution should be exercised
in using aged tritiated thymidine solutions.

The use of thymidine labeled with
tritium at a high molar specific activity
as a tracer in biological research, and
especially as a specific label for DNA
in cytological investigations, is current-
ly widespread (/, 2). The need to use
radiochemically pure thymidine for such
rescarch has been stressed (2). How-
ever, in the case of tritiated thymidine
it had not been demonstrated that the
products of self-radiation could give
misleading results if such products are
present in the solutions of the tracer
compound. We now report a study of
the products of self-radiolysis of tri-
tiated thymidine when it is used as a
tracer in cytological investigations.

Two series of experiments were car-
ried out with the following solutions
(3): (i) thymidine-(methyl-*H) freshly
prepared at a specific activity of 1000
me/mmole (radioactive concentration
1 me/ml); (i) thymidine-(methyl-*H)
decomposed by gamma irradiation (2.5
megarad during 1 hour) and having
a specific activity of 1000 mc/mmole
(radioactive concentration 1 mc/mi);
(iii) thymidine-6-*H impurities isolated
by preparative chromatography on pa-
per from a solution of the tritiated com-
pound which had been allowed to un-
dergo self-radiolysis” over a period of
about 3 months. The impurities were
separated from the thymidine-6-*H on
Whatman No. 1 paper, first in n-bu-
tanol saturated with water and then
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in ethyl acetate saturated with phos-
phate buffer at pH 6.0. All impurities
were combined, and the solution (radio-
active concentration at 0.37 mc/ml)
was used in the experiments described
below. The specific activity of the tri-
tiated thymidine was 12,000 mc/
mmole.

The three samples of tritiated mate-
rial were analyzed by paper and thin-
layer chromatography (4), the products
being as follows: (i) more than 98 per-
cent thymidine-(methyl*H), and less
than 1 percent each of labeled thymine
and other decomposition products; (ii)
about 5 percent thymidine (methyl-*H),
about 20-percent-labeled thymine, and
about 75 percent other decomposition
products; (iii) less than 2 percent thy-
midine (methylH), about 25-percent-
labeled thymine, and greater than 73
percent other decomposition products.

At least six major decomposition
products were present in each of the
solutions ii and iii, but because of the
complexity of the mixture and the dif-
ficulty in separating the products, their
quantitative estimation and that of the
thymidine and thymine present is only
approximate. However, the products of
the self-radiolysis and gamma radiolysis
of thymidine in aqueous solution have
been fully investigated (5).

Tetrahymena pyriformis (amicronu-
cleate strain GL) was grown in 2 per-
cent proteose-peptone and 0.1 percent

liver extract; the cultures were synchro-
nized for cell division by a series of
heat shocks (6). Radioactivity in the
amount of 20 uc was added to 20-ml
(50,000 cells per milliliter) cultures
which were agitated in a 100-ml
erlenmeyer flask at 28°C. Label was
added 100 minutes after the end
of the heat shocks, about 25 minutes
after the first maximum division activ-
ity (Fig. 1). At this time, a maximum
(60 percent) of cells has just entered
DNA-synthesis. During the ensuing 150
minutes, 1-ml samples were taken from
each flask at 20- or 30-minute inter-
vals. Then, 1 ml of 10 percent trichlo-
roacetic acid (TCA) at 0°C was im-
mediately added, and the samples were
kept in an ice bath until suction-filtered
onto Whatman No. 3 paper filters. The
filters had been previously treated with
5 ml of growth medium mixed with
an equal volume of 10 percent TCA
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Fig. 1. Beta liquid-scintillation measure-

ments of label incorporation. Freshly
made *H-thymidine gives rapid label in-
corporation with a leveling off toward
90 minutes; at the maximum of division
2, another period of label incorporation
begins. Treatment with deoxyribonuclease
at 120 minutes removes almost all the
label. ITrradiated "H-thymidine gives a sim-
ilar, but lower, curve for label incorpora-
tion for the first 90 minutes, after which
there may be a slight acceleration of new
label incorporation. Deoxyribonuclease
treatment removes only 30 percent of the
label. The impurities give very rapid in-
corporation for the first 40 minutes and
no further incorporation. Deoxyribonu-
clease treatment did not remove any of
this label. With both the irradiated *H-
thymidine and its impurities there is ap-
parently leveling off of incorporation,
probably due to the depletion of the
label. The counts recorded have been
corrected for quenching and background.
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(both 0°C), and precipitates were
washed with 10 ml of this mixture;
with this procedure the background
count was very low. The filters were
put into scintillation bottles, dried at
80°C for 1 hour, and the bottles were
then filled with 10 ml of scintillation
fluid [4 g of PPO (2,5-diphenyloxa-
zole) and 50 mg of POPOP (phenyl-
oxazolyl-phenyloxazolyl-phenyl) per li-
ter of toluene]. The samples were
counted in a Beckman beta liquid-scin-
tillation spectrometer.

Exactly 120 minutes after the label
was added, parallel samples (1 ml)
were removed for treatment with de-
oxyribonuclease as follows. The sam-
ples were rapidly frozen and thawed
twice to stop the incorporation and to
disrupt the cells; then we added 1 ml
of 0.03 percent deoxyribonuclease
(Worthington) solution in a phosphate
buffer at pH 7, and incubated the mix-
ture at 34°C for 2 hours. Two milli-
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Fig. 2. Autoradiographic measurements of
label incorporation. (a) Relative estimates
of cytoplasmic incorporation. Freshly
made °H-thymidine shows little or no
cytoplasmic labeling. Irradiated *H-thy-
midine shows moderate cytoplasmic label-
ing which increases with time. The im-
purities show heavy cytoplasmic labeling
which increases with time. Deoxyribonu-
clease and ribonuclease do not remove
any cytoplasmic labeling. (b) Percent nu-
clei labeled. Freshly made °H-thymidine
shows a pattern of incorporation already
mentioned (7). Deoxyribonuclease treat-
ment at any time removes the label com-
pletely. Irradiated °H-thymidine shows
very little nuclear labeling. Deoxyribonu-
clease treatment removes this label. The
impurities show no nuclear incorporation
at all. The nucleus referred to is the macro-
nucleus. This strain has no micronucleus.
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liters of 10 percent TCA at 0°C were
added to each sample, which was then
treated as described above. (Fig. 1).

Qualitative data on the location of
the label incorporation was obtained
by autoradiography. Cultures were
grown and synchronized as described.
The labels were added at the end of
the heat shocks. For the next 150 min-
utes, at 10-minute intervals, 20-yl sam-
ples of the cell suspensions were taken.
The samples were streaked onto slides
coated with a thin layer of gelatin; the
slide preparations were air-dried, fixed
for 5 minutes in a mixture of ethanol
and acetic acid (3:1), washed in tap
water for 15 minutes and is distilled
water for 5 minutes, and air-dried
again. The slides were then dipped in
Ilford Nuclear Research Emulsion L4,
exposed with desiccant for 3 days, de-
veloped, and stained with methylene
blue (Figs. 2 and 3).

Radiolysis of 3H-thymidine in aque-
ous solution either by self-irradiation
or by external gamma irradiation pro-
duces cis- and trans-thymidine glycols
and peroxides, cis- and trans-thymine
glycols, thymine and minor amounts
of other, unknown compounds (2, 5).
These products are produced by attack
at the carbon-carbon double bond of
the pyrimidine ring by hydroxyl radi-
cals. The results presented indicate that
in Tetrahymena one or more of these
labeled compounds are incorporated in-
to TCA-precipitable compounds, which
are exclusively or mostly cytoplasmic.

Just how these tritiated impurities
are incorporated and bind so strongly
to the macromolecular structures of
the cytoplasm is not known. But the
fact is that they do and cannot be re-
moved with deoxyribonuclease or ribo-
nuclease. The tests made with these
enzymes in the autoradiographic experi-
ments indicate that the incorporation
is mostly in cytoplasmic macromole-
cules which remain unidentified, but
which are neither RNA nor DNA. Ab-
sence of incorporation of the impuri-
ties into DNA is further supported by
the results of digestion with deoxyribo-
nuclease on the autoradiograms and of
the homogenates prior to scintillation
counting. These-: tests are negative for
the impurities, but strongly positive for
the pure 3H-thymidine.

Only in the experiments with the
gamma irradiated 3H-thymidine are the
results not clear. The autoradiograph-
ic studies show only little nuclear in-
corporation (< 1 percent). By other
criteria (the almost exclusive cytoplas-
mic location of the incorporated label

and its stability to deoxyuribonuclease),
these studies show that the irradiated
3H-thymidine gets into compounds oth-
er than nucleic acid. However, in the
scintillation experiments, some label
was removed by deoxyribonuclease
treatment. This may be due to DNA
labeling from the 5 percent 3H-thymi-
dine present in the irradiated sample,
an amount so small that it is at the
threshold of detection by our micro-
scopic autoradiographic technique.

Our conclusion is that little or none
of the irradiated (self or gamma) 3H-
thymidine enters DNA. Thus, the use
of freshly made 3H-thymidine in all
tracer experiments is desirable. With

Fig. 3. Autoradiographs showing incor-
poration of the three labels. (a and b)
Cells of T. pyriformis 2 hours after ad-
dition of freshly made °H-thymidine. (a)
Typical nuclear labeling; (b) deoxyribo-
nuclease treatment removes all the macro-
nuclear labeling. (¢ and d) Irradiated
*H-thymidine at 2 hours after addition of
label. (c) Some cytoplasmic, but no nu-
clear labeling; (d) deoxyribonuclease plus
ribonuclease treatment does not remove
any of the cytoplasmic labeling. (e and
f) Impurities at 2 hours after addition
of label. (e) Heavy cytoplasmic, but no
nuclear labeling; (f) deoxyribonuclease
plus ribonuclease treatment does not re-
move any of the cytoplasmic labeling. (g)
Control autoradiograph without any label
added. The large black spots in the cyto-
plasm are probably food vacuoles contain-
ing condensed ingested material, and they
are not to be confused with the smaller
black spots which in the other pictures
represent cytoplasmic and macronuclear
label incorporation.
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quantitative studies, such as those with
beta liquid-scintillation measurements,
aged 3H-thymidine (as exemplified here
by the irradiated 3H-thymidine) could
give spurious results. In all such stud-
ies, parallel samples must be digested
with deoxyribonuclease to rule out a
count from unspecific incorporation.
With qualitative studies, such as those
with autoradiography, the results could
be equally misleading. Where just ma-
cronuclear labeling is being observed,
the use of aged 3H-thymidine might
merely decrease the sensitivity of the
autoradiographic method. We have used
3H-thymidine with a storage life of 1
year in our autoradiographic experi-
ments and there was only slight change
in sensitivity and overall results (9).
Where cytoplasmic incorporation is
being observed, as with many recent
studies on cytoplasmic DNA (10), the
importance of using freshly made 3H-
thymidine and digestion controls is
stressed.

Although our observations emphasize
the possible misleading results which
could be obtained with radiochemically
impure tritiated thymidine as a tracer,
it is equally true that similar erroneous
interpretations are possible by the use
of other radiochemically impure, labeled
compounds. Such misinterpretations are
perhaps especially possible in cyto-
logical investigations where the results
are visualized by autoradiography, and
where only a small fraction of the label
used is actually incorporated into the
cellular structures. Any selectivity of
uptake of the impurities by the cell
could indeed produce some very mis-
leading results.
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Morphological Changes in Human
Scalp Hair Roots during
Deprivation of Protein

Abstract. Human subjects were de-
prived of protein for 15 days, after
which time hair from the scalp of
each subject was plucked and exam-
ined. Both the bulb and the external
root sheath showed morphological
changes. This technique may there-
fore be useful in diagnosing protein-
calorie malnutrition.

Human hair color (/) and texture
(2) change during protein-calorie mal-
nutrition. The cells of the hair matrix
normally proliferate at a rate probably
greater than any other tissue with the
possible exception of bone marrow (3),
an indication of the high protein-
synthesizing activity of hair tissue. The

Fig. 1. Normal human hair root in anagen
growth phase (X 75).

majority of this synthesis is carried
on in the hair bulb (4). Van Scott
(5), using histogeometric analysis, esti-
mated replacement time of the entire
germinative matrix to be less than 1
day. Fiber growth rate of Merino sheep
has been shown to vary with differ-
ences in protein quality as well as
quantity (6). These facts, coupled with
the known high mitotic activity of the
hair bulb (7) and resultant high pro-
tein requirement, suggested that hair
root activity may be useful in diag-
nosing protein-calorie malnutrition.
Eight male subjects in excellent phys-
ical condition, aged 24 to 29, were
housed in a research ward for more
than 3 months. Physical and biochem-
ical examination showed that they re-
mained in good health throughout the
study. The subjects were fed a liquid
formula diet (8) three times daily
which provided either 75 g protein per
man per day in the form of egg albu-
men, or no protein. In the latter case
Dextri-maltose was substituted isocalor-
ically for the egg albumen. The diet
remained at 2800 calories per man per
day throughout the study. None of the
pathological factors causing telogen
effluvium as reported by Kligman (9)
or Van Scott (10) were present, nor
were there histories of x-ray therapy
or use of cancer therapeutic drugs.
At the end of each 15-day experimen-
tal period approximately 100 hairs
were manually plucked from the occi-
putal area of each subject with Tygon-
coated needle-holding forceps (1) and
examined in a dissecting microscope
(X 45). Care was taken to use slight-
ly different locations on the scalp in
successive samples. The fast epilation
technique described by Maguire and
Kligman (/2) was used to minimize
dysplasia as a function of technique.
To avoid bias, both protein-deprived
and control subjects were sampled blind
at the same time by the same inves-
tigator. The morphological changes
were observed more clearly with supra-
stage cross light than with transmitted

" light. Bulb diameters were measured

with an ocular micrometer. In most
cases samples were taken during two
complete dietary periods and repre-
sented a total of 21 samples (11 be-
fore, 10 after).

The 15-day periods of protein de-
privation were too short to show changes
in the ratio of the anagen (active)
phase to the telogen (resting) phase.
However, consistent morphological
changes did occur after the subject
was deprived of protein. (i) The hair
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