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Mice were given whole-body gamma-irradiation with 300 and 800 rad t hour
The time-course of the
or 1 day after the administration of 3H-thymidine.
specific activity of DNA in thymus and spleen and the release of radioactivity
into the fraction of DNA soluble in 0'14 N NaCl were determined f.or 28 hours
after exposure. The results indicate that on average the loss of mitoticallyactive cells was delayed compared with the loss of a representative fraction of
non-dividing cells. This suggested that different mechanisms might be implicated in the dying process of the dividing and non-dividing lymphoid cells. Using
a dose-fractionation method, the total activity of DNA was determined in thymus
and spleen at 24 hours after the first exposure and 25 hours after the in aiao
A parallelism has been found between the results of this
labelling of DNA.
experiment and the recovery effect of the Elkind-Sutton type. It may be
concluded that the dying process responsible for the loss of the dividing cells
from thymus and spleen after irradiation probably involves reproductive death.

1. fntroduction
Based on cell diameter, the lymphoid population from thymus and spleen
was divided into large, medium and small lymphocytes. The medium and
large lymphocytes represent the mitotically-active cells responsiblefor the rapid
rate of cell renewal in these organs. Most small lymphocytes are non-dividing
and represent about 90 per cent of the whole lymphoid population (Borum
1973, Fabrikant 1968, Fliedner, Kesse, Cronkite and Robertson 196+, Hanna
196+, Metcalf and Wiadrowski 1966). Attempts to demonsftate the actual
occurrence of reproductive death in the lymphoid population from thymus and
spleen after exposure to radiation failed (Puck 7966, Jackson, Christensen and
Forkey 1968). It was establishedthat after irradiation the lymphoid cells die
of interphase death (for review see Okada L970, Gerber and Altman t970).
In the present studies, the time course of the releaseand retention of labelled
DNA in thymus and spleen was determined during the first day after irradiation
of mice. As 3H-thymidine is incorporated only into the dividing fraction of
lymphoid cells (Borum 1973, Fabrikant 1968, Metcalf and Wiadrowski 1966),
the results indicate the mean responseto radiation of medium and large lymphocytes. The data provide evidence which support the assumption that after
irradiation the dividing cells die of reproductive death.
2. Materials and methods
2.1. Radioactioe labelling
Male mice of the AZG strain weighing 25 + 2 g were injected intraperitoneally
with 25 p,Ci of 3H-thymidine (5 Ci per mmole, Amersham, England).
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2.2. Irradiation conditions
The animals were whole-body irradiated in plastic cagesat 1,20radlmin.
The dose-ratewas measuredby a Siemensuniversaldosimeter. The irradiated
and control mice were given a standarddiet.
2.3. DNA determination
Mice were killed by cervicaldislocation,and the thyrnus and spleenwere
homogenizedin cold 0'14 N NaCl with a Potter-Elvehjemhomogenizer. The
whole homogenatewas treated with a solution of KOH to a final concentration
of 0'2 N, as indicatedby Skalka,MatyilSovdand Chlumeckd (1965)and the
sampleswere incubated24 hours at 37"C. Perchloricacid was addedto a final
concentrationof 0'2 N, and the sampleswere centrifugedfcr 10 min at 1400g.
The sediment was hydrolysed in 0'5 N HCIO4 for 15 min at 70"C. The
hydrolysatewas used for the diphenylaminecolour reaction (DeFrance and
LePecq 1961)and for the determinationof 3H-thymidineradioactivity.
2.4. Determinationof solubleand insolubleDNA lractions
The method was essentiallythat of Skalkaet al. (1965). The homogenized
thymus and spleen sampleswere centrifugedat 2500xg for 15 min at 4"C.
The supernatantfluid was treatedwith cold perchloric acid to a final concentration of 0'2 N, and the sampleswere centrifugedfor 10 min at 1400x g. The
supernatantfluid was discarded;and the sediment was hydrolysedin 0'5 N
HCIO4 for 15 min at 70"C. Fractionsof hydrolysatewereusedfor the diphenylaminecolourreaction(DeFranceand LePecq1961)and the determinationof the
3H-thymidineradioactivity. This fractionof DNA solublein 0.14N NaCl and
insolublein 0'2 N HC1O4was assumedto contain the solubleDNA. To the
pellet obtained after the first centrifugationcontainingthe fraction of insoluble
DNA, a solutionof I(OH was addedto a final concentrationof 0'2 N, and the
determinationwas continued as describedabove.
2.5. Radioactivemeasurement
The radioactivitywascountedin a liquid scintillationspectrometer
(Betaszint
BF-5003). The counting vial contained0'5 ml of hydrolysateand 5'5 ml of
solution of 60 g naphthalene,4 g p-terphenyl, 0'2 g POPOP, 880 ml dioxane,
L20ml toluene, 100ml methanol and 20 ml ethyleneglycol.
The radioactivemeasurementallowedthe determinationof the total activity
(..p.-. per DNA per organ)and specificactivity(..p.-. per mg DNA) of DNA
in thymus and spleen. Each value given in figures representsan averageof the
resultsobtainedfrom six to eight animals( + standarderror of the mean).
3. Results
3.1. Retentionof labelledDNA in thymusand spleenafter irradiation
Mice were given whole-body irradiation t hour after the administration of
3H-thymidine. Investigationof the time dependenceshowedthat the specific
activity of DNA in thymus (figure 1) and spleen(figure 2) increasedsignificantly
(p < 0'05) at 10 hours after exposure. It appearsthat a fraction of unlabelled
cells was lost from these organswithin 7 to 70 hours after irradiation. On the
contrary, at 10 hours af.terirradiation the specific activity of DNA decreased
comparedwith that found in normal animals(figures1 and 2) if the radiationdose
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Figure 1. Specific activity of DNA in thymus. 3H-thymidine administered t hour
before irradiation with 300 (o) and 800 (o) rad, or 1 day before exposure with
300 rad ( a). Results expressedas percentageof specific activity values of unirradiated controls ( x ) at t hour or 1 day after administration of the label.
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Specific activity of DNA in spleen. The same experiment as in figure 1.
Symbols as in figure 1.

was given at 1 day after administrationof the label. The resultssuggestthat,
in the courseof 1 day, a largefraction of labelledcellschangedtheir responseto
radiation and were lost from thymus and spleenup to 10 hours after exposure.
3.2. Releaseand retentionof labelledDNA in thyrnusand spleeru
after irradiation
After irradiation, a representativefraction of DNA can be extractedfrom
lymphoid tissuesusing 0'14N NaCl solution(Skalkaet al. 1965,PierucciL967,
Suciu, Uray and Banu 197+,Suciu, Uray and Abraham 1975). Figure 3 shows
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Figure 3. Time course of the release of soluble DNA in spleen (left) and thymus (right)
after irradiation with 300 (o) and 800 (o) rad. Results expressedas percentageof
soluble DNA in the whole DNA.
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Figure 4. Specific activity of soluble DNA (n) and unsoluble DNA (o) in thymus (left)
and spleen (right) after irradiation with 300 rad. Results exprbssed as percentage
of specific activity of unirradiated controls at t hour after administration of
8H-thymidine.
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the time courseof the releaseof solubleDNA in thymus and spleenafter wholebody, irradiationwith 300 and 800 rad. Four to sevenhours afterexposurethe
specific activity of DNA was about the same in the fraction of soluble and
insolubleDNA in both thymus and spleen(figure4). Then, a markedincrease
of the specificactivity of solubleDNA was found ,rp to 28 hours after exposure.
Similar resultswere obtainedafter irradiation with 800 rad, but for clarity they
were omitted from figure 4. These findings indicate that the loss of labelled
DNA exceededthe lossof unlabelledDNA within 10 to 28 hours afterexposure.
Accordingly,the specificactivity of whole DNA decreasedfrom 10 to 20 hours
after irradiation, if the label was administeredt hour before exposure(figures
1,and 2).
3.3. Two-dosefractionationexperiment
The experimentsdescribedabovesuggestthat different mechanismscould
be involved in the death of dividing and non-dividing lymphoid cells. As the
non-dividing lymphocytesdie in interphase(Okada 7970),it is conceivablefor
the mitotically-activelymphocytes to die of reproductive death. The later
possibilitywastestedby measuringthe total activityof DNA in spleenandthymus
after irradiation with fractionateddosescf 135rad (figure 5). 3H-Thyrnidine
wasadrninisteredL hour beforethe first doseof 135rad. The secondirradiation
was performed at different intervals after the first exposure. The total activity
of DNA in thymus and spleenwas determinedat 24 hours afterthe first doseof
radiation. The results reported in figure 5 are similar to those indicating a
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Figure 5. Total activity of DNA in thymus ( x ) and spleen (o) after irradiation with
fractionated doses. 3H-thymidine administered t hour before the first dose of
135 rad. Total activity of DNA determined at 2+ hours after the first exposure.
Results expressedas percentageof total activity of DNA at 7 day after irradiation
with 270 rud.
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recovery process of the Elkind-Sutton type (Elkind and Sutton 1.959,Sinclair
and Morton 1964).
4. Discussion
After the administration of a single dose of 3H-thymidine, the labelled cells
represent an approximately synchronized group among the mitotically-active
cells of the tissue (Metcalf and Wiadrowski t966). In earlier studies on the
retention of DNA in thymus, spleenand small intestine after irradiation, the loss
of previouslylabelledDNA has been equatedwith the loss of labelledcells from
the tissue(Nygaard and Potter 1960,Gerber, Gerber, Altman and Hempelmann
1963, Sanders,Dalrymple and Robinette 196+,Suciu et al. 1975). The limits
of this interpretationhave been discussedby Nygaard and Potter (1960). The
data on the retention of labelled DNA in thymus and spleenhave shown that,
24 hours after irradiation, the surviving fraction of labelled cells was higher
than the surviving fraction of unlabelled cells (Suciu, Uray and Abraham,
in the press). As 3H-thymidine is incorporated only into the dividing fraction
of medium and large lymphocytes (Borum 1973, Fabrikant 1968, Metcalf and
Wiadrowski 1966), it appears that small lymphocytes are more sensitive to
radiation. This finding is supported by the observation that in the thymus of
X-irradiated mice the number of small cells decreasedto a greater extent after
doses larger than 200 R (Blomgren and Rdv6sz 1968). The experiments
reported here also indicate that after irradiation the loss of the previouslylabelled cells from thymus and spleen was delayed compared with the loss of
unlabelled cells (figures 7 and 2). If irradiation was performed at 1 day after
administration of the radioactive precursor, the time course of the specific
activities of DNA retained in thymus and spleen failed to reveal the delayed
loss of labelled DNA. The results suggest that I day after incorporation of
3H-thymidine the labelled cells change their response to radiation. This
observation appears to parallel the rapid transformation of medium and large
lymphocytes into non-dividing small lymphocytes (Borunr 7973, Metcalf and
Wiadrowski 1966, Fabrikant 1968, Hanna 196+,Fliedner et al. 1,96+).
The releaseof labelled DNA into the fraction of soluble DNA (figure 4) was
delayed compared with the release of unlabelled DNA (figure 3) when
3H-thymidine was administered t hour before irradiation. The increasedsolubility of DNA is produced by the disorganizationof nuclear structures in the
dying processof lymphoid cells after irradiation (Okada 1970). It is therefore
probable that the dying processof labelled cells was somewhat delayed.
It has been reported that the limiting rate of depletion of nucleatedcells from
thymus and spleen was achievedwithin the range of 200 to 300 rad (Puck 1966,
Jacksonet al. 1968),and that the death of the whole lymphoid population is due
mainly to interphase death followed by cell lysis (Jacksone/ al. 1968, Jackson,
Christensen and Bistline 1969, Jackson and Christensen 1972, Sato and Sakka
1969). However, reproductive death of dividing bone-marrow lymphocytes
has been demonstrated by Elkind-Sutton split-dose survival experiments
(Fabrikant 1972). Our results obtained by labelling the mitotically-active cells
before irradiation indicate that, with respectto the loss of cells from thymus and
spleen, the bulk of dividing cells appear to die after a large fraction of nondividing cells. These findings suggest that the mechanism implicated in the
dying processof the relatively small fraction of dividing lymphocytes could be
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differentfrom that of non-dividing cells. Sincethe total activity of the previouslylabelledDNA retainedin thymus and spleenafterirradiation reflectsthe retention
of labelled cells (Nygaard and Potter 1960, Sanderset al. 196+),we used this
parameterin a two-dosefractionation experiment. The results indicate that,
within the period of 24 hours after irradiation, the labelledcells exhibit different
degreesof radio-sensitivity (figure 5). These data are similar to the ElkindSutton split-dosesurvival curves (Okada 1970),which suggeststhat a representative fraction of dividing cells from thymus and spleendie of reproductivedeath.
However,the resultsin figure 5 do not reflect the survival of lymphoid cells, but
moreprobablythesterilizationeffectofradiation(Fabrikantl9T2). The meancellcycle times for medium and large thymocytes were establishedas being in the
range of 7 to 8 hours (Metcalf and Wiadrowski 1966, Fabrikant 1968). In
agreementwith these data,within the period of 12 hours afterthe first exposure,
we found two maxima of recovery(figure 5). The first post-irradiationmitotic
peak of thymus lymphocyteshas been observedat 6 to 8 hours after whole-body
irradiation with 75 rad (Jacksonand ChristensenL972). As a reflection of the
period when the cell population reached the radiosensitivestagesG, and M
(Sinclair and Morton 1964),this is the time which correspondsto the position
of the first minimum reported in figure 5.
The split-doseexperimentshow that, during the period of 14 hours after the
first exposure,the dividing cells from spleen exhibit three maxima of recovery
(figure 5). The cell-cycletimes for lymph-node germinal-centreprimitive cells
were estimatedin the range of 5 to 7 hours (Fliedner et al. 196+,Hanna 196+).
It therefore seemsunlikely that the recovery maxima correspondto the same
cell-population. This assumption is in agreementwith earlier data, which
suggestthat the dividing spleencells consist of two fractions with different levels
'1.970,
Nygaard and Potter 1960).
of radiosensitivity(Gerber and Altman
Finally, it must be pointed out that in previousstudiesthe dosefractionation
method was used exclusivelyin cell-survivalexperiments(Okada 1970). Thus,
the analogybetweenthe Elkind-Sutton split-dosesurvival results and our data
(figure 5) may be fortuitous. Further investigations are therefore necessary
to extend our knowledge of the relationship between the survival of the
previously-labelledcells in thymus and spleen and the total activity of DNA
retainedin theseorgansafter irradiation.
Des souris ont 6t6 gamma-irradi6es avec 300-800 rad une heure ou un jour aprds
l'administration de 3H-thyrnidine. Pendant les 28 heures aprds l'irradiation on a d6termin6
1'6volution avec le temps de l'activit6 sp6cifique de I'ADN dans le thymus et la rate, de
m6me que la mise en libert6 de la radioactivit6 dans la fraction de I'ADN soluble en 0,14 N
NaCl. Les r6sultats montrent qu'en moyenne la perte des cellules mitotiquement actives
est retard6e par rapport I la perte d'une fraction repr6sentative des cellules mitotiquement
inactives.
Les r6sultats suggdrent que dans le processusde mort des cellules lymphoides mitotiquement actives et mitotiquement inactives des m6canismesdiff6rents peuvent 6tre impliqu6s.
Utilisant une m6thode de fractionnement de la dose on a d6termin6 I'activit6 totale de
I'ADN dans le thymus et la rate 24 heures aprds l'exposition et 25 heures aprds marquage
in aioo de I'ADN.
On a trouv6 un parall6lisme entre les r6sultats de cette exp6rience et
'Elkind-Sutton'.
On peut conclure que dans le processus
les effets de redressementde type
de la mort, responsablede la perte des cellules mitotiquement actives du thymus et de la
rate, aprds irradiation, est probablement impliqu6e la mort reproductive.
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Miiuse wurden eine Stunde oder einen Tag nach der Verabreichung von 3H-Thymidin
mit 300 und 800 rad gamma-bestrahlt. Wiihrend 28 Stunden nach der Bestrahlung wurden
die zeitliche Veriinderung der spezifischen DNS-Aktivitat in Thymus und Milz sowie die
Freisetzung der Radioaktivitet in die in 0,14 N NaCl-Lcisung ldsliche Fraktion bestimmt.
Die Ergebnisse zeigen, daB der Verlust von mitotisch aktiven Zellen im Durchschnitt
gegeniiber dem Verlust einer reprdsentativen Fraktion von mitotisch inaktiven Zellen
verzcigert ist. Diese Tatsache weist darauf hin, daB der Tod der lymphoiden, mitotisch
aktiven und das Absterben der mitotisch inaktivenZellen nach verschiedenen Mechanismen
ablaufen kann. Mit Hilfe einer Dosisfraktionierungstechnik wurde 24 Stunden nach der
ersten Bestrahlung und 25 Stunden nach der Markierung der DNS in aiao die Gesamtaktivitet der DNS in Thymus und Milz bestimmt. Dabei wurde ein Parallelismus
zwischen den Resultaten dieses Experiments und dem Elkind-Sutton-ErholungsprozefJ
gefunden. Daraus kann gefolgert werden, daB an dem Absterbeproze(J der mitotisch
aktiven Zellen, der nach Bestrahlung zum Verlust dieser Zellen aus Thymus und Milz
fiihrt, der reproduktive Tod beteiligt sein kijnnte.
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