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ABSTRACT

Human peripheral blood lymphocytes are well-differentiated
cells. Ordinarily, they do not divide and are considered to be in
the Gostage of the cell cycle. These cells can be stimulated to
undergo DNA replication in culture by mitogens such as phy-
tohemagglutinin. In the present study, we have examined cel
lular and biochemical events that occur after exposure of
lymphocytes to X-irradiation. Irradiation with up to 100 rads,
prior to stimulation with phytohemagglutinin, did not interfere
with DNA replication. At later periods, DNA replication was
inhibited proportionally to the amount of radiation. In compari
son to DNA synthesis, the effect of X-irradiation on RNA and
protein synthesis in phytohemagglutinin-stimulated lympho
cytes was less marked. Furthermore, X-rays did not inhibit
either the induction or the continual synthesis of DNA polym-
erase-a or -ÃŸin response to phytohemagglutinin. Kinetic stud
ies with different nucleotide substrates suggest that cellular
pools of nucleotides are not significantly altered by X-irradia
tion. Thus, the inhibition of DNA synthesis in irradiated cells is
likely to be due to damage to the cellular DNA template. The
inhibition of DNA synthesis was accompanied by accumulation
of cells in the G2 and M stages of the cell cycle, suggesting
that inhibition of DNA replication by X-irradiation is a postmi-
totic event.

INTRODUCTION

Peripheral blood lymphocytes are essentially nondividing
cells and are considered to be in the G0phase of the cell cycle.
They can be induced to undergo DNA replication upon stimu
lation with a variety of agents (22). We have reported that DNA
replication, quantitated by radioactive thymidine incorporation
in irradiated lymphocytes after stimulation with PHA5, may be

used to screen for abnormal response to radiation in human
populations (1). The observation that thymidine incorporation
in PHA-stimulated lymphocytes from patients with xeroderma
pigmentosum and ataxia telangiectasia was significantly low
compared to normal controls, after UV-irradiation and X-irra-
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diation, respectively, suggests that the assay can detect radi-
osensitivity and, perhaps, defective DNA repair. Since periph
eral blood is easily obtainable and thymidine incorporation
during DNA replication is readily quantitatable, this system
offers advantages in screening large populations for abnormal
response to radiation. Also, studies on lymphocytes do not
require prolonged culture in vitro prior to an experiment, thus
eliminating the possible effects of selection in vitro.

In order to understand the sequence of events in the lym
phocyte assay system, we have investigated the molecular and
cellular events in the response of X-irradiated normal lympho
cytes to PHA.

MATERIALS AND METHODS

Culture and Irradiation of Lymphocytes. Heparinized peripheral
blood was obtained from normal healthy volunteers. Lymphocytes were
separated by sedimentation on a Ficoll-Hypague gradient by a modified
method of Boyum (10). Lymphocyte cultures were stimulated with PHA
as described previously (2). Where indicated, lymphocytes in culture
tubes were irradiated with filtered 225 kVp X-rays from a General
Electric Maximar X-ray machine (1).

Isotope Incorporationand DNA Polymerase Activity. Culturesof
lymphocytes containing 106 cells in 1 ml were labeled with [3H]thymi-

dine (2.5 /iCi; 6.7 Ci/mmol), [^Jdeoxycytidine (2.5 /Â»Ci;38.1 Ci/
mmol), [3H]uridine (2.5 /iCi; 25 Ci/mmol), or an algal [3H]hydrolysate

(5.0 /iCi) for 2 hr before harvesting. Incorporation was stopped by
adding 5 ml of ice-cold 0.15 M KCI, and the cells were washed 2 times
by centrifugation in 5 ml 0.15 M KCI. To the cell pellet, 0.1 ml of a
solution containing 20% glycerol, 0.02 MTris-maleate buffer (pH 7.8),
1 mWpotassium EDTA, and 1 mw dithrothreitol was added, and the
suspension was frozen at -70Â° until being assayed for DNA polymer-
ase activity. ONA polymerase activity (both -a and -/}) in the cell lysate
was determined in vitro with [o-32P]TTPas the labeled substrate and

activated DNA as the added template (24). This assay allows determi
nation of the rate of DNA synthesis using [ 'Hjthymidine as a labeled
precursor (3Hcounts) and DNA polymerase activity (32Pcounts) on the

same sample of cells.
Studies on Cell Morphology.Morphologicalchangesin PHA-stim

ulated lymphocytes after staining with Wright's stain were quantitated

according to the technique of Hungerford (19). For radioautographic
studies, cultures were labeled with [3H]thymidine for the terminal 2 hr,

and the radioautograms were prepared by coating the slides with
Kodak NTB 2 emulsion and developing them after 1 week. At least
1000 cells from each slide were scored.

Cytofluorometry. At indicated times, cultures of PHA-stimulated
lymphocytes were centrifugea (150 x g; 5 min), and the cell pellets
were suspended in a propidium iodide/hypotonie citrate solution (21).
The stained samples were analyzed on a cytofluorograph fitted with a
pulse-height analyzer and X-Y recorder (22). For quantitation of the
cytofluorograms, the area under each curve of the histogram was
carefully cut out. For demarcating the area under the curve, a perpen
dicular line was dropped from the deepest portion of each trough. The
cut pieces were coded and weighed on an analytical balance. The
percentage of cells under each peak was determined as a fraction of
the weight of the paper compared to the weight of the total histogram.
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RESULTS

Stimulation of human peripheral lymphocytes by PHA results
in a 20- to 200-fold increase in the rate of thymidine incor

poration and a parallel increase in DNA polymerase activity (2,
24, 25). The effect of in vitro irradiation of human lymphocytes
on the induction of thymidine incorporation and DNA polymer
ase is shown in Chart 1. In this experiment, the lymphocytes
were irradiated at Time zero with 25 to 6400 rads at a dose
rate of 134.8 rads/min. PHA was added to the cultures 4 hr
after irradiation, and the cultures were harvested 90 hr after
the addition of PHA. In unirradiated PHA-stimulated lympho
cytes, [3H]thymidine incorporation during the last 2 hr in culture

was 29,400 Â± 1,860 (S.D.) cpm/culture, and the amount of
DNA polymerase activity per culture was 183 Â±4.3 pmol [a-
32P]dTrv1Pincorporated per culture per hr. In accord with our

earlier observations, 25 to 10O rads did not significantly reduce
DNA replication upon PHA stimulation. At higher doses (200 to
800 rads), thymidine incorporation was inhibited in proportion
to the dose of radiation. In cultures irradiated with 200, 400,
and 800 rads, [3H]thymidine incorporation was 77.5 Â± 6.0,

39.8 Â±3.3, and 21.9 Â±1.6%, respectively, of that of unirra
diated control cultures. On the basis of 6 different experiments,
the Do is estimated to be 340 rads. With increasing X-ray
exposure, a low but significant amount of [3H]thymidine incor

poration was observed except after lymphocytes were irradi
ated with the largest dose, 6400 rads. This incorporation may
occur in a radioresistant subpopulation of lymphocytes.

In contrast to the diminution of thymidine incorporation, the
induction of DNA polymerase activity in irradiated lymphocytes
was less inhibited by irradiation up to 3200 rads. In this
experiment, the DNA polymerase activity in lymphocytes irra
diated with 100 and 1600 rads was 80.6 Â±3.8 and 72.0 Â±
3.2%, respectively, of the unirradiated PHA-stimulated con-

6400200400 800 1200 1600 3200
X RAY DOSE (RADS)

Chart 1. Effect of X-irradiation on lymphocyte stimulation by PHA. Quintupli
cate cultures of isolated lymphocytes were irradiated with different doses of X-

rays at Time zero. Four hr after irradiation, the cells were stimulated with PHA.
At 90 hr after stimulation with PHA, the rate of thymidine incorporation was
measured by labeling with [3H]thymidine for the last 2 hr in culture. DNA

polymerase activity was subsequently measured on the lysate from the same
lymphocytes as described in "Materials and Methods." One hundred % repre

sents the rate of thymidine incorporation and the amount of DNA polymerase
activity in the unirradiated lymphocytes. Point, mean of 25 independent compu
tations of 5 control cultures and 5 cultures of lymphocytes irradiated with a given
dose of X-rays; bars, S.D.

trois. In other experiments, DNA polymerase activity was un-

diminished even after 1600 rads. However, the induction of
DNA polymerase was reduced by 95% after exposure to 6200
rads.

Effects of Nucleotide Pools. The decrease in labeled thy
midine incorporation in irradiated lymphocytes, without a par
allel decrease in DNA polymerase activity, could be due to less
rapid transport of thymidine across the cell membranes as a
consequence of irradiation. To evaluate this possibility, the rate
of incorporation of [3H]thymidine and [3H]deoxycytidine after

PHA stimulation of irradiated lymphocytes was compared. In
lymphocytes irradiated with up to 400 rads, deoxycytidine
incorporation was diminished in parallel to thymidine incorpo
ration, suggesting that thymidine transport is not specifically
diminished by X-irradiation. An alternative can be considered.

The inhibition of thymidine incorporation is specious and results
from an increase in the intracellular or extracellular concentra
tions of unlabeled TTP's or their precursors, mediated by DNA

breakdown after X-irradiation. Thus, the amount of thymidine

incorporated might be undiminished, but its specific activity
would be less due to an increased amount of an unlabeled
precursor as a result of X-irradiation. If this were so, the dilution
of [3H]thymidine with nonradioactive thymidine would differen

tially affect the amount of radioactive thymidine incorporated
into DNA in unirradiated and irradiated cultures. The results of
such an experiment are shown in Chart 2. In the presence of
0.003 /imol of [3H]thymidine, incorporation in unirradiated lym

phocytes was 32,818 cpm/2 hr/culture, while in lymphocytes
irradiated with 400 rads, it was 17,772 cpm/2 hr/culture. The
addition of 100- and 1000-fold excess of nonradioactive thy

midine reduced the incorporation of labeled thymidine equally
in both the unirradiated and irradiated lymphocytes. The par
allel reduction by graded amounts of unlabeled thymidine sug
gests that the thymidine nucleotide pools are similar in irradi
ated and unirradiated cultures and changes in these pools do
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Chart 2. Effect of thymidine concentration. At 82 hr after stimulation of
lymphocytes with PHA, the rate of [3H]thymidine incorporation was measured by
pulse labeling with [3H]thymidine during the last 2 hr in culture in the presence of

increasing concentrations of nonradioactive thymidine. The amount of thymidine
incorporation in the absence of added unlabeled thymidine was taken as 100%.
Corresponding values for unirradiated and irradiated lymphocytes were 32,818
Â± 3,250 and 17,772 Â± 2,336 cpm/culture, respectively. Point, mean of 4
cultures; oars, S.D.
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not account for the inhibition of thymidine incorporation in
irradiated cultures.

Effect of X-lrradiated Medium on the PHA Response. In the
previous experiments, lymphocytes were irradiated in culture
tubes and remained in the same culture medium in which they
were suspended at the time of irradiation. Theoretically, X-rays

could produce changes in the medium that inhibit the response
of lymphocytes to PHA. To investigate this possibility, lympho
cytes were separated after exposure to X-rays and resus-

pended in new unirradiated medium, prior to PHA stimulation
(Table 1). In a reciprocal experiment, unirradiated lymphocytes
were resuspended in irradiated medium. In neither case was
the effect of X-irradiation on thymidine incorporation modified

by the culture medium. Thus, the changes observed in the
irradiated cultures are directly due to the effect of X-rays on

the cells themselves.
Effect of X-lrradiation on DMA Polymerase-a and -ÃŸ.The

assay for DNA polymerase in PHA-stimulated lymphocytes
mainly measures the DNA polymerase-a (29), the major activity

in eukaryotic cells and one believed to be involved in DNA
replication. DNA polymerase-,Â« is a distinct molecular species
that has been hypothesized to function in DNA repair (8). The
latter enzyme is resistant to N-ethylmaleimide and high salt.

Measurements of DNA polymerase in crude lymphocyte lysates
in the presence of 10 rriM N-ethylmaleimide and/or 0.2 M KCI
was, therefore, considered to represent the activity of DNA
polymerase-/} (13). Under these conditions, the remaining ac
tivity, which is presumably DNA polymerase-/?, was 10 to 20%

of the total polymerase activity in reasonable agreement with
the reports of others (8, 29). X-lrradiation without PHA did not
stimulate either DNA polymerase-a or -ÃŸ(results not shown).

Measurement of total DNA polymerase activity and of DNA
polymerase-/} in lymphocytes irradiated with different doses of
X-rays and then stimulated with PHA are given in Chart 3.

DNA Replication in X-lrradiated Lymphocytes

Neither of these activities was markedly inhibited by prior
exposure of lymphocytes to X-irradiation. Thus, the lack of
effect of X-rays on the induction of DNA polymerase activity is
not limited to DNA polymerase-a.

Relationship of RNA and Protein Synthesis to DNA Polym
erase Activity in Irradiated Lymphocytes. We have shown
previously that the increase of DNA polymerase activity after
PHA stimulation requires the continued synthesis of RNA and
proteins (2). To investigate the effect of X-irradiation on these

parameters, the rate of incorporation of labeled uridine and
amino acids was measured (Chart 4). There was a dose-de
pendent inhibition of RNA and protein synthesis in irradiated
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Chart 3. Effect of X-irradiation on DNA polymerase-/i. Total DNA polymerase
activity was measured after irradiation and stimulation with PHA, as described in
"Materials and Methods." For the estimation of polymerase-/; activity, assays
were carried out in the presence of 10 mM/V-ethylmaleimide.

Table 1
Effect of X-irradiated culturo medium on response of lymphocytes to PHA

Lymphocytes were cultured in 16- x 125-mm plastic tubes and [3H]thymidine incorporation was measured
as described in "Materials and Methods." In Experiment A, the medium was changed at the indicated time

after isolating the cells by centrifugation. In cultures where the medium was changed at Time zero. PHA was
added 4 hr later. In cultures where the medium was changed at 12 hr, the lymphocytes were stimulated with
PHA at Time zero and no additional PHA was added. In Experiment B, the cells were separated by
centrifugation at 500 x g for 10 min. Thereafter, the cells were suspended in culture medium which was
either unirradiated or irradiated 1 hr previously with 400 rads. PHA was added and [3H]thymidine incorpo
ration and DNA polymerase activity were measured at 66 hr.

[3HJThymidine incorporation

ExperimentAMedium

change
None
Time zero
12 hr after PHAUnirradiated

control
cells (cpm,culture)27,243

Â±3,031a

18,853 Â±778
28,138 Â±2,962Cells

irradiated with 400radscpm/culture

% ofcontrol7,1

75 Â±1,169 26.6 Â±4.9
6,01 2 Â±583 31 .9 Â±3.0
9.174 Â±1.414 32.8 Â±5.6Unirradiated

cells resuspended in

Unirradiated medium Medium irradiated with 400
rads

Experiment B[3H]Thymidineincorporation(cpm/culture)16,293

Â±1,138DNA

polym
erase activity

(pmol |,.-32P)dTMPincorpo

rated/hr
culture)160.4

Â±5.9[3H]Thymidineincorporation(cpm/culture)15,205Â±1,925DNA

polym
erase activ
ity (pmol[o-32P]dTMPincorpo-rated/hr/culture)161.8

Â±6.3â€¢'
Mean Â±S.D. of triplicate cultures.
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Chart 4. Effect of irradiation of RNA and protein synthesis. Sets of cultures
were pulse labeled with | 'H|thymidineor [3H]uridineor 'H-amino acids 82 hr after

PHA stimulation. The results are given as the percentage of incorporation of each
precursor in unirradiated PHA-stimulated lymphocytes. DNA polymerase activity
was determined in the cells used to measure thymidine incorporation (see
"Materials and Methods").

lymphocytes, but the inhibition was not as pronounced as that
of DNA synthesis. In irradiated lymphocytes, 30 to 40% of
[3H]uridine incorporation and 3H-aminoacid incorporation per

sisted after exposure to 3200 rads. The difference between
polymerase activity and amino acid incorporation suggests that
the increase in DNA polymerase activity is less inhibited by X-
irradiation than the average rate of synthesis of other proteins.

Kinetics of Response to PHA after Irradiation. PHA acti
vates sequential metabolic changes in lymphocytes culminating
in DNA replication and cell division (2, 23). We have shown
previously that the initiation of DNA synthesis and increased
DNA polymerase activity are not detectable until 14 hr after the
addition of PHA, and both reach a maximum by 3 to 5 days (2).
In order to monitor the effect of X-irradiation on selected
biochemical parameters, irradiated lymphocyte cultures were
harvested at 6, 16, 24, 30, 40, 64, and 88 hr after PHA
addition. At each time, the rate of incorporation of thymidine,
uridine, and amino acids, as well as DNA polymerase activity,
was measured (Chart 5). In this experiment, the increased
incorporation of thymidine in both irradiated and unirradiated
PHA-stimulated lymphocytes was first detected 24 hr after PHA
stimulation. The increase in the rate of thymidine incorporation
in irradiated lymphocytes is less than in unirradiated cultures.
At 30 hr, the incorporation of thymidine in lymphocytes irradi
ated with 400 and 800 rads was 23 and 9% of controls,
respectively. Similar results were obtained in 4 different exper
iments. This difference was not observed in our earlier studies
(1), presumably because the cultures were not harvested at
frequent enough intervals. After this lag, the increase in thy
midine incorporation in irradiated lymphocytes parallels that in
unirradiated controls until 40 hr after PHA stimulation. There
after, thymidine incorporation in control cultures continues to
increase, while in irradiated lymphocytes the rate of DNA
synthesis declines. In these partially synchronous cultures, the
time of this decline corresponds to at least the second round
of DNA replication (34), suggesting irradiated lymphocytes fail

to undergo a second round of DNA replication.
In contrast to the effect of X-irradiation on thymidine incor

poration, the timing for the induction of DNA polymerase and
stimulation in uridine and amino acid incorporation was similar
in irradiated and unirradiated lymphocytes (Chart 5). However,
the magnitude of increase of each parameter was significantly
reduced in irradiated cells. As observed in Chart 4 (82 hr after
PHA stimulation), the inhibition in DNA polymerase was rela
tively less than that of RNA and protein synthesis. It should be
noted that the decline in DNA polymerase after 64 hr in irradi
ated lymphocytes was relatively less than in controls. This dual
response, early inhibition followed by less rapid decline, results
in the apparent lack of effect of X-irradiation on DNA polym
erase activity in cultures harvested at later periods (see Charts
1 and 3).

Morphological Studies. From the data presented, it can be
surmised that DNA synthesis in irradiated lymphocytes is only
slightly delayed but then proceeds normally during the first
round of cell division. This conclusion is in accord with the
similar morphological changes observed in irradiated and unir
radiated lymphocytes (Chart 6). Between 24 and 40 hr after
the addition of PHA, the percentage of small lymphocytes
decreases and the percentage of labeled blasts increases.
There is no significant difference in the percentage of these
cells in lymphocyte cultures irradiated with 400 rads and in
control cultures. However, at 92, 116, and 140 hr after PHA,
the percentage of labeled lymphoblasts in irradiated cultures is
lower than in controls. Conversely, the percentage of nondivid-
ing small lymphocytes is greater in the irradiated cultures.

Cell Cycle Studies by Cytofluorometry. The relative distri
bution of cells through different stages of cell cycle at 46 and
62 hr after the addition of PHA to irradiated and unirradiated
lymphocytes was studied by cytofluorometry (Chart 7). In ac
cord with the morphological studies presented above, at 46 hr

6 16 24 30 40 64 88 6 16 24 30 40
TIME AFTER ADDITION OF PHA (hr )

88 o
z

Chart 5. Time course of metabolic changes after PHA stimulation. Three sets
of irradiated lymphocyte cultures, along with unirradiated controls, were har
vested at 6, 16, 24, 30, 40. 64, and 88 hr after the addition of PHA. In one set,
thymidine incorporation (left upper) and DNApolymerase activity (right upper). In
another set, uridine Incorporation (left lower), and in the third set, amino acid
incorporation (right lower) was measured. Point, mean of triplicate cultures; bars,
S.D.
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40 80 120
TIME AFTER ADDITION OF PHA (hr )

Chart 6. Morphological changes. At different times after the addition of PHA,
unirradiated and irradiated lymphocytes were pulse labeled with [3H]thymidine.
Radioautographs were developed as described in "Materials and Methods," and

afterwards the slides were stained with Giemsa stain. A total of 1000 cells from
each slide were studied and classified into small lymphocytes, labeled blasts,
and unlabeled blasts. The results are given as the percentage of each type.

A Control (46 hr)

C. Control (62hr)

t Fluorescence^*-

400 Rods (46 hr)

400 Rods (62 hr)

Fluorescenceâ€¢¿�

Chart 7. Analysis of cell cycle. Cytofluorometric tracings of PHA-stimulated
lymphocytes were obtained as given in 'Materials and Methods." In A and B,

cultures were harvested at 46 hr. In C and D, cultures were harvested at 62 hr.
A and C are unirradiated controls; B and D are lymphocytes exposed to 400
rads. The first peak corresponds to G,, the plateau to S phase, and the second
peak to G.. and M.

after PHA stimulation, there was no significant difference in the
percentage of cells at different stages of cell cycle in irradiated
and control cells (Table 2). However, at 62 hr after PHA, there
was a dose-dependent accumulation of cells in G;. + M stage
of cell cycle, as well as in GÃ¬.There was a corresponding
decrease in S phase cells. It is concluded that, in irradiated
lymphocytes, the passage of cells from G?, M, and G, stages
to S phase is blocked during second and subsequent rounds
of the cell cycle.

DISCUSSION

The results reported in this paper show that X-irradiation of
human lymphocytes delays the onset of DNA synthesis after
PHA stimulation. This initial delay in DNA synthesis may cor
respond to the prolongation of G, phase that is observed after
X-irradiation of either continuously dividing or slowly dividing
cell populations (32). However, by 44 hr in culture, thymidine
incorporation in irradiated lymphocytes is nearly normal, indi
cating that, contrary to the suggestion of others (12), these
cells do not undergo interphase death. After the first round of

DNA replication, the irradiated lymphocytes fail to synthesize
DNA in spite of normal amounts of DNA polymerase. This
inhibition of DNA synthesis in irradiated lymphocytes at 60 hr
is not due to cell death, since DNA polymerase activity contin
ues to increase. This increase in polymerase activity has been
shown to require continuous RNA and protein synthesis and,
therefore, metabolically viable cells (2). Even though RNA
synthesis is only partially decreased in irradiated lymphocytes,
it is difficult to relate this change to the induction of specific
proteins or to an RNA primer required for DNA replication,
since X-irradiation has been reported to have different effects
on the various species of RNA (14, 28). Cytofluorometric
studies showed that at 62 hr there was a decrease in the
percentage of cells in S phase. This is accompanied by an
increase in the percentage of cells in G2 + M and GTstages of
the cell cycle. These combined results indicate that irradiated
lymphocytes participate in the first round of DNA replication
and do not enter into second or subsequent rounds. A reason
able explanation is that blockage of DNA synthesis is associ
ated with unrepaired or misrepaired damage in the DNA tem
plate. Support for this hypothesis could be the demonstration
of single-stranded DNA breaks on alkaline sucrose gradients.

Our findings suggest an explanation for the variations noted
by cytogeneticists on the frequencies of chromosomal aberra
tions in X-irradiated human lymphocytes (5-7, 17, 31 ). When
the X-irradiated leukocyte cultures were analyzed at 52 to 55
hr after stimulation with PHA, the frequency of 2-break aber
rations was proportional to the dose of radiation. However, this
frequency was at least 2-fold less when lymphocyte cultures
were harvested at 72 hr or more after PHA stimulation. The
data in this paper indicate that irradiated lymphocytes do not
complete the second round of DNA synthesis and therefore
stop proliferating. At later times, these cells may be diluted out
by the continued proliferation of lymphocytes that have been
less severely affected by radiation.

Inhibition of thymidine incorporation in irradiated lympho
cytes upon PHA stimulation is probably not due to expansion
of intracellular pools of TTP. Walters ef al. (38) have shown
that the size of nucleotide pools in Chinese hamster cells is not
affected by X-irradiation. We have also found that addition of
unlabeled thymidine to the culture medium causes a parallel

Table 2
Distribution of cells in different phases of the cell cycle as measured by

cytof/uorometry
Lymphocytes were irradiated with 0, 200, 400, and 800 rads in plastic tubes

and stimulated with PHA. At 46 and 62 hr alter the addition of PHA, the cells
were collected by centrifugation and stained with propidium iodide in hypotonie
citrate solution. Cytofluorometry was carried out as described by Krishan ef al,
(22). The percentages of cell cycle were calculated from the area under different
parts of the Cytofluorometric tracings.

% of cellsinAt

46 hr afterPHANo
radiation200
rads400
rads800

radsAt

62 hr afterPHANo
radiation200
rads400
rads800

radsG,71.272.670.374.260.964.267.471.6S17.913.614.813.523.821.416.19.4G2

+M10.913.814.912.315.314.416.419.0S
+(G2

+M)28.827.429.725.839.135.832.528.4
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decrease in the incorporation of [3H]thymidine in the irradiated

as well as unirradiated lymphocytes. The latter indirectly im
plies that the pools of TTP precursors in irradiated cells are not
altered in irradiated cells, as reported by Huang e/ al. (18).

In bacterial cells, DMA synthesis and the ability to form
colonies has been shown to be 3 times more sensitive to X-

irradiation than RNA and protein synthesis (33, 34). Also, the
induction of enzymes in microorganisms is relatively radiore-
sistant compared to the effect of X-rays on DNA replication

(11). In contrast, enzyme induction in mammalian cells has
been shown to be particularly sensitive to X-irradiation (3, 4,

15, 27, 37). In regenerating rat liver, irradiation of animals with
600 to 1000 rads before or within a few hr after partial hepa-

tectomy has been reported to inhibit increases in deoxycytidine
deaminase (30), thymidine kinase (37), and DNA polymerase
activity (9). We find that irradiation of human lymphocytes with
even up to 3200 rads only slightly diminished induction of DNA
polymerase. Also, the induction of DNA polymerase was dimin
ished less than the overall rate of RNA and protein synthesis.

Irradiation of lymphocytes with X-rays has been used to
block the response in stimulator cells in one-way mixed lym
phocyte culture reactions (16, 20, 26). This use of X-rays was
based on the observation that X-irradiated lymphocytes do not

incorporate thymidine upon PHA stimulation, yet they maintain
their antigenicity and stimulate responder cells. However, our
results indicate that X-irradiated lymphocytes continue to re

main metabolically active, as is shown by the continued in
crease in DNA polymerase activity. They continue to synthesize
RNA and protein and thus may synthesize and release mito-
genie factors. This may account for the back-stimulation of
cells in one-way mixed lymphocyte culture reactions where X-

Â¡rradiation is used for inhibiting the response of the stimulating
cells (35). As a practical point, much higher doses of irradiation
(6400 rads or more) may be required to eliminate this back-
stimulation.
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