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I. In vivo investigations related to the cell cycle 
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Abstract 
The effects of roentgen irradiation on the incorporation 

of 'H-uridine and 14C-leucine into RNA and protein and 
the RNA and protein contents of in vivo growing Ehrlich 
ascites tumour cells were studied. The results were relat- 
ed to changes in the composition of cells in cell cycle and 
compared with the synthesis of RNA and protein in cell 
material from various parts of the cell cycle obtained by 
means of elutriator centrifuging. The incorporation ex- 
pressed by the ratio between acid insoluble/acid soluble 
activity was unchanged for RNA during the observation 
period up to 24 hours after a dose of 5.0 Gy. The ratio for 
protein was markedly decreased between 4 and 24 hours. 
This decrease was partly due to a decrease of the pool size 
of leucine as studied by changing the amounts of 14C 
leucine used. From these studies, the existence of at least 
two pools, an expandable and a non-expandable fixed 
pool can be concluded. There were no differences in the 
decrease of protein-synthesis between cells from the var- 
ious parts of the cell cycle. The RNA and protein contents 
of the irradiated cells from various parts of the cell cycle 
corresponded to those of non-irradiated cells except for 
Gllearly S-phase cells at 15 and 24 hours after irradiation. 
Possible reasons for this discrepancy are discussed. 

While the effect of irradiation on DNA synthesis 
is well known, changes in the metabolism of other 
macromolecules, such as RNA and protein, are 
more uncertain, in spite of extensive studies (1-4, 
6-13, 15, 17-23, 26, 31, 32, 34, 35). Generally, fol- 
lowing in vivo irradiation (4-40 Gy) of normal mam- 
malian cells ( 1 4 ,  6-8, 11, 13, 17, 18, 20-22, 32, 34) 
and tumour cells (9, 10, 15, 19, 23, 26, 31) both 
stimulation and inhibition of RNA and protein syn- 

thesis have been reported. According to the few 
studies available, synthesis of m-RNA (3, 22) and t- 
RNA (18) seems to be inhibited while r-RNA syn- 
thesis may be stimulated (2). 

These contradictory results may partly be ex- 
plained by irradiation induced transient changes in 
the cell cycle distribution resulting in an accumula- 
tion of cells in G2 (25). Since synthesis rate and 
cellular contents of RNA and protein increase dur- 
ing the cell cycle (16), irradiation induced changes in 
the cell cycle composition also change these para- 
meters. 

In the present investigation the RNA and protein 
synthesis rate and contents of irradiated in vivo 
growing Ehrlich ascites tumour cells were studied. 
The results from asynchronously growing cells were 
compared with fractions of cells from various parts 
of the cell cycle obtained by elutriator centrifuging. 
The cell cycle composition of these fractions and of 
the unfractionated growing cells at various times 
after irradiation was determined using flow-cyto- 
metry. 

Material and Methods 

Cell material. 3 x  lo' 10-day-old hyperdiploid 
Ehrlich ascites tumour cells were transplanted intra- 
peritoneally into 3-month-old female NMRI mice. 

Cell counting and viability studies. The cell num- 
ber was counted microscopically using a Burker 
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chamber. Dead cells were determined by dye exclu- 
sion using 0.2 per cent Lissamine Green B. 

Irradiation procedure. At day 4 after transplanta- 
tion, the mice were whole-body irradiated with 5.0 
Gy by 250 kV roentgen rays, operating at 15 mA 
with 0.5 mm Cu added filtration, SSD 50 cm. The 
dose rate was 1.33 Gy/min. The dosimetry based on 
lithium fluoride dosimetry was controlled routinely 
by a Simplex-Universal Dosimeter. 

Cell fractionation. The non-irradiated and irradi- 
ated animals were killed by cervical dislocation and 
the tumour cells were removed. After washing twice 
in TRIS-buffer (TRIS 0.1 mol/l, NaCl 0.07 mol/l, 
EDTA 0.005 moV1, pH=7.5,290 mmol (mOsm)) and 
centrifuged at 250 x g for 5 min at 4"C, the cells 
were fractionated by elutriator centrifugation as de- 
scribed previously (29). About 5x lo8 cells in TRIS 
buffer supplemented with 5 per cent foetal calf se- 
rum at 4"C, were added to the system (a Beckman 
JE-G elutriator rotor with a Beckman J 21 B centri- 
fuge) with an initial pump speed of 12 ml/min. The 
rotor speed was held at 2780f10 rpm. Twenty-one 
fractions of 100 ml were isolated after increasing the 
flow rate in steps of 2 mYmin. The degree of purity 
was high (29, 30) with fractions of G1, mid S-phase 
and G2+M cells of 90, 80 and 70 per cent, respec- 
tively. 

Determination of the cell cycle composition of the 
cell fractions. The relative number of GI ,  S-phase 
and G,+M cells in each fraction was determined 
using cellular quantitative DNA analysis by means 
of flow cytometry as described previously (33). Eth- 
anol fixed cells were washed in TRIS buffer together 
with RNAse (1.0 mg/ml). After pepsine treatment 
(5.0 g (1000 IU/g)/l in 0.055 molA HCl) individual 
cell nuclei were stained with ethidium bromide 
( 2 . 5 ~ 1 0 - ~  moV1). The DNA contents of the nuclei 
were analyzed using a flow-cytofluorometer (ICP 
11, Phywe; Gottingen, W. Germany, now Ortho 
Instruments, Westwood, Mass., USA) with a maxi- 
mum flow rate of lo00 cells/s. The fluorescent 
measurements were stored and sorted with the aid 
of a 256 channel analyzer. The proportion of cells in 
the different cell cycle phases was determined from 
the area of the histograms, assuming a Gaussian 
function for the G, and the G,+M maxima and 
attributing the remaining part of the DNA histogram 
to the cells of the S-phase. 

Synthesis rate and the contents of RNA and pro- 
tein of in uiuo growing cells. In order to measure the 
RNA and protein synthesis rate the cells were dou- 

Relative DNA content 

Fig. 1 .  DNA histograms of non-irradiated cells (a, top left) and 
cells 4 hours (b, top right), I5 hours (c, bottom left) and 24 hours 
(d, bottom right) after a dose of 5.0 Gy. The peak to the left 
corresponds to normal mouse cells, the highest peak to the left 
and the peak to the right to G, and G,+M cells, respectively. 
Between these peaks are the S-phase cells. 

ble-labelled in vivo by intraperitoneal injection of 
'H-uridine (1  .O TBq/mmol) and 14C-leucine (2.1 
GBq/mmol). In the experiments with unfractionated 
cells 37,74, and 148 kBq 'H-uridine and 74, 148,222 
and 296 kBq I4C-leucine with an isotope time be- 
tween 2.5 and 20 min were used. These various 
quantities of 'H-uridine and 14C-leucine were cho- 
sen in order to study possible changes of the uridine 
and leucine pools. In the fractionation experiments, 
74 kBq 3H-uridine and 74 kBq ''C-leucine with an 
isotope time of 10 min were used. 

The labelled ascites cell suspension was removed 
from the animals and the cells separated from the 
ascites fluid by centrifuging at 250xg for 5 rnin at 
4°C. The ascites fluid was precipitated with 0.2 molh 
PCA and the activity in the PCA soluble fractions 
measured. The cell material was subdivided into 
two parts and precipitated in 0.2 mom PCA. After 
washing twice in 0.2 mom PCA, the sediments of 
the first part were dissolved in 3 ml of 0.3 moYl 
KOH for RNA measurements and the other part 
dissolved in 1 ml 0.5 moV1 NaOH for protein deter- 
mination. For the RNA analysis, RNA was hydro- 
lysed at room temperature for 24 hours. After fur- 
ther precipitation of DNA with 0.2 mom PCA, the 
PCA soluble fraction was mixed with orcinol rea- 
gents (1 : l)  for hydrolysis at 100°C for 40 min and 
then extracted with isoamyl alcohol. The RNA was 
measured spectroscopically at 675 nm after refrig- 
eration to room temperature (5). The protein con- 
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tents were measured according to LOWRY et coll. 
(14). The 3H-uridine and I4C-leucine activity of the 
insoluble PCA fractions of the cells and the soluble 
PCA fractions of the cells and the ascites fluid were 
separated using the Intertechnique oxidizer, and the 
14C-activity was measured in oxifluore and the 3H- 

activity in biofluore supplemented with 30 per cent 
econofluore (Intertechnique, SL 30). 

Results 
Cell cycle distribution. Four days after transplan- 

tation, during the exponential growth of the tumour, 
the ascites cell suspension contained about 90 to 95 
per cent of hyperdiploid tumour cells; the percent- 
ages of G I ,  S-phase and G2+M cells were 38+2, 
48k2 and 14_+1, respectively. The remaining part 
contained tumour cells with higher degrees of ploidy 
and normal mouse cells (Fig.1 a). 

After irradiation no increase in the total number 
of cells was found for about 35 hours. At that time 
the total number of cells started to increase with a 
rate comparable to the non-irradiated cells. One 
hour after irradiation no changes were observed in 
the distribution of the cells in cell cycle. After 4 
hours a slight decline was found in the relative 
number of GI cells with corresponding increase in 
S-phase and G2+M cells (Fig. 1 b). At 15 and 24 
hours the number of G2 cells was further elevated 
(Fig. 1 c, d), and the number of GI cells reached its 
minimum value. 

Kinetics of 3H-uridine and 14C-leucine uptake. 
Figs 2, 3 and 4 show the uptake of 3H-uridine and 
14C-leucine from the ascites fluid into the cellular 
pool and further into the RNA and the protein of 
non-irradiated cells and cells 4 hours after irradia- 
tion. The amounts of uridine injected varied be- 
tween 3 and 15 x lo-" mol and for leucine between 
3.5 and 1 4 ~ 1 0 - ~  mol. From these values and the 
known ascites volume the activities at zero time 
have been calculated. 

There were no differences for 3H-uridine between 
non-irradiated and irradiated cells except for the 
lowest concentration at which the concentration in 
the soluble and insoluble fraction was lower in the 
irradiated animals. Plateau values for the incorpora- 
tion of 3H-uridine were reached after 5 to 10 rnin 
(Fig. 2). The activity from the ascites fluid de- 
creased exponentially with a t1f2 of 1.0 rnin up to 2.5 
min, a tJ2 of 7.0 rnin between 2.5 and 10 rnin and a 
t1I2 of 28 min between 10 and 20 min. This pattern 
of decrease is possibly also true for the activity of 
the soluble fraction or the intracellular pool. 

The incorporation of ''C-leucine into the protein 
of non-irradiated cells reached plateau values be- 
tween 5 and 10 rnin (Fig. 3). Maximum values were 
reached at a concentration of 10.5X10-8 ml. The 
activity from the ascites fluid decreased biphasic 
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Fig. 3. Time curves of "C-leucine activity in the PCA insoluble 
and soluble cell fractions of non-irradiated animals (left) and 
animals 4 hours after a dose of 5.0 Gy (right). Mean values of 4 to 
6 experiments k SEM. 74 kBq (B, O), 148 kBq ( A ,  A),  222 kBq 
(V, 0) and 2% kBq (*). 

exponentially with a t1I2 of 1 .O min during the first 5 
min and at a tl12 of 6.0 min after this time. The 
activity of the intracellular pool declined exponen- 
tially up to 10 min and was then constant at about 10 
per cent of the initial activities. Compared with the 
non-irradiated cells, the following differences were 
found for irradiated cells: 1) The incorporated activ- 
ity into the protein increased rapidly up to 5 rnin as 
in the non-irradiated cells but continued to increase 
further at a slower rate up to 20 min. 2) The incor- 
poration reached maximum values already after the 
lowest concentration injected, 3 . 5 ~  lo-* mol. 3) 
The amount of the activity in the pool and the 
ascites fluid 2.5 rnin after administration of the 14C- 
leucine was somewhat higher. 4) The activity from 
the intracellular pool declined at a lower rate with a 
tlIz of 9.3 min compared with that of non-irradiated 
cells with a t112 of 3.3 min. No constant levels were 
observed as in the controls. 

RNA and protein synthesis in unfractionated 
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Fig. 4. Time curves of ''C-leucine activity in the PCA soluble 
fraction of the ascites fluid of non-irradiated animals (left) and 
animals 4 hours after a dose of 5.0 Gy (right). Mean values of 4 to 
6 experiments k SEM. 74 kBq (B, O),  148 kBq (A,A),  222 kBq 
(V, V) and 2% kBq (*). 

cells. Based on the results of the kinetic studies for 
the following investigations one, 4 and 24 hours after 
irradiation, a fixed isotope time of 10 rnin was cho- 
sen. The activity of 3H-uridine and ''C-leucine in 
the soluble and the insoluble PCA fractions of the 
cells and in the soluble PCA fraction of the ascites 
fluid of non-irradiated hosts increased linearly with 
increasing amounts of the precursors added (data 
not shown). There were no differences between 4- 
and 5-day-old cells and no differences in the cell 
cycle composition. 

In the experiments on irradiated cells there were 
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Table 1 
Amounts of 'H-uridine and ''C-leucine activity in rhe insoluble and the soluble fraction of 

non-irradiated and irradiated cells. Mean values of 4 to 6 experiments f SEM 

Incorporated activity (DPMkell x 

Insoluble Soluble Insoluble/soluble 

RNA Protein RNA Protein RNA Protein 

Non-irradiated 7 5  1 49+8 10+1 2+1 0.7k0.1 25f2 
1 hour 7+ 1 30+10 9+1 2+1 0.8k0.1 15f2 
4 hours 7 2  1 50+ 10 11+1 7 f 2  0.6k0.1 7+1 

24 hours 9+ 1 27510 13+2 3 f 1  0.7f0.1 9+1 

Table 2 
RNA and protein synthesis rate expressed as incorporated amount of ''C-leucine and 'H-uridine into non-irradiated and irradiated 
unseparated cells and into cells from the various parts of the cell cycle. The values are expressed per cell and as a per cent of the 

injected activity. Mean values of 3 to 4 experiments f SEM 

RNA synthesis (DPMkellx lo-") 

Non-irrad. 4 h 15 h 24 h Non-irrad. 4 h 15 h 24 h 

Protein synthesis (DPMkellx 10-'0) 

Unseparated cells 10f0.4 7+ 1 9+ 1 
GI cells 7+ 1 4 f  1 350.2 
S-phase cells 

Early lo+ 1 5k0.4 6 f  1 
Middle lo+ 1 5f0.4 11+1 
Late 12+ 1 6 5  1 9+ 1 

G,+M cells 13f1  8f 1 9k0.4 

no deviations from control values for 3H-uridine 
uptake and incorporation irrespective the amount of 
uridine given and the time of observation after irra- 
diation. In Table 1, therefore, the results of only one 
concentration of 3H-uridine ( 7 . 4 ~  lo-" mol) is giv- 
en demonstrating no change in the ratio insoluble/ 
soluble activity. In corresponding experiments using 
14C-leucine both changes in 14C-leucine uptake and 
incorporation were found at all 14C-leucine concen- 
trations studied and the ratio insoluble/soluble activ- 
ity decreased significantly one, 4 and 24 hours after 
irradiation. In Table 1, the representative results are 
given from experiments using 3 . 5 x 1 0 - ~  mol leu- 
cine. 

Cell cycle related RNA and protein synthesis. The 
experiments on separated cells were performed fol- 
lowing injection of 3 . 5 ~  mol 14C-leucine and 
7.4X lo-" mol 3H-uridine at a fixed isotope time of 
10 min. Only the insoluble activity was measured. 
The reason was that the amount of soluble activity 
decreased by about 50 per cent in the course of the 
elutriation separation. In an attempt to minimize the 
effect of variations in the various control animals, 

14+1 11+1 6k0.2 7+ 1 9f0.4 
5k0.3 7+1 2k0.2 3k0.2 2k0.4 

8k0.3 10f 1 4k0.2 5k0.3 6f0.2 
12k0.4 12+1 4f0.4 9+ 1 7fQ.3 
14+1 14+1 4f0.2 9+ 1 8f 1 
13f0.4 18+ 1 5f0.2 7k0.3 9+0.2 

experiments on irradiated animals were run in paral- 
lel with experiments on controls. The results are 
shown in Table 2. 

For these cell cycle related studies the fractions of 
cells separated by elutriator centrifuging were char- 
acterized by their average DNA contents as deter- 
mined by the centroid of the DNA histograms. Each 
fraction was placed into the cell cycle according to 
this value. Fractions containing G1 or G2+M cells 
with the same mean DNA contents were placed 
according to their fraction number, i.e. early, mid- 
dle or late GI or G2 +M. 

In non-irradiated cells, the 3H-uridine incorpora- 
tion doubled from early G1 to early S-phase. There 
were about unchanged values during S-phase and a 
slight further increase during G2. The 14C-leucine 
incorporation during the cell cycle increased about 
2.5 times; this increase was more or less continuous 
with a somewhat lower rate during S-phase. These 
results are in correspondence with earlier experi- 
ence (28). 

One hour after irradiation, the incorporation of 
3H-uridine into the various cell cycle phases was the 
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Table 3 

Amount of RNA and protein of unseparated non-irradiated and irradiated cells and of cells from the 
various parts of the cell cycle. Mean values of 3 to 4 experiments rt SEM 

RNA/cell (pg) Proteidcell (pg) 

Non-irrad. 15h 24 h Non-had. 15 h 24 h 

Unseparated cells 18f1 20 f  1 2622 171f15 210241 256f10 
GI cells I lk1 9 f  1 102 1 103f6 89 f5  42 f  10 
S-phase cells 

Early 16+1 1 3 f l  16f 1 130f6 84+6 62+6 
Middle 18f1 22+ 1 1 7 f l  149f9 146f9 166f12 
Late 20 f  1 22f  1 1 6 f l  219f9 152f6 161f17 

G,+M cells 2 2 f 2  19+ 1 24f  1 234f 10 259f13 254f9 

same as in the controls (data not shown). High 
values in some experiments could not be confirmed 
in repeated experiments. The 3H-uridine incorpora- 
tion at 4 hours was significantly (p<O.Ol) reduced 
by about 50 per cent. At 15 hours the reduction was 
about 30 per cent in all cell cycle phases. The 3H- 
uridine incorporation was normal at 24 hours. The 
I4C-leucine incorporation was normal one hour af- 
ter irradiation (data not shown) but was reduced by 
at least 50 per cent in all cell cycle phases between 4 
and 24 hours after irradiation. 

Cell cycle related RNA and protein contents. The 
RNA content of non-irradiated cells doubled during 
the cell cycle in accordance with earlier results (28) 
(Table 3). There was a rapid increase during GI up 
to early S-phase, a slow increase during S-phase and 
a higher increase during late S-phase/G2. The pro- 
tein content was doubled with somewhat higher 
rates during GI and G2 (Table 3). Neither RNA nor 
protein content changed following irradiation signifi- 
cantly, except for protein content of GI and early S- 
phase cells at 15 and 24 hours after irradiation 
(p<O.OI) (Table 3). 

Dicussion 

In the present investigation of in vivo growing 
cells we studied the incorporation of radioactive 
precursors for RNA and protein synthesis. Changes 
in incorporation may reflect real changes in the 
synthesis rate of RNA or protein. They may, how- 
ever, also reflect changes in the cellular uptake or 
changes in the size of the cellular uridine and leu- 
cine pools. Furthermore, since cellular uptake and 
incorporation are dependent on the position of the 
cell in the cell cycle, irradiation induced changes of 
these parameters may be due to changes in the cell 

cycle composition, particularly at times exceeding 
12 hours following irradiation. We therefore studied 
the cell cycle composition after irradiation and also 
the incorporation into cells from various parts of the 
cell cycle. 

After injection of the precursors into the ascites 
fluid, part of each precursor is taken up by the 
tumour cells while the remainder part leaves the 
ascites and enters the body of the animal. The de- 
cline in the activity of 3H-uridine and 14C-leucine in 
the ascites showed some differences. The decline in 
3H-uridine showed several components; the first 
rapid part up to 2.5 min mostly reflects the cellular 
uptake which is followed by phosphorylation in the 
cell and incorporation into RNA. 

Apparently, only part of the 3H-uridine taken up 
by the cell is avaliable for RNA synthesis since a 
constant level of activity in the cellular pool is found 
10 min after injection, while the incorporation into 
RNA had reached its maximum level after 5 to 10 
min. This constant amount of activity in the pool 
was about 10 per cent of the injected activity, as 
calculated from the total number of cells found at 
that time. About half of the activity injected was 
incorporated into the RNA of the tumour cells. The 
slow decline in the activity from the peritoneal cav- 
ity 10 min after injection thus only reflects the up- 
take by the body. Irradiation was without effect on 
these parameters. 

The decline in the ''C-leucine activity from the 
peritoneal cavity was biphasic; the first rapid com- 
ponent corresponds, as for 3H-uridine, mainly to 
the cellular uptake in the pool and incorporation into 
protein, the second component to the outflow into 
the body. As for RNA, two types of pools were also 
found, one of them not available for protein synthe- 
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sis as indicated by constant activity without further 
incorporation into protein 10 min after injection. 
The higher amount of activity in the ascites fluid and 
in the cellular pool 2.5 min after injection in irradiat- 
ed animals indicates a lower protein synthesis either 
due to direct inhibition of protein synthesis or, indi- 
rectly due to a decrease in the size of the pool 
available for protein synthesis. In irradiated animals 
with higher pool activities and lower rates of de- 
cline, constant pool activities have not been reached 
20 min after injection. 

In the experiments using 'H-uridine, the injection 
of 3 to 15x10-" mol resulted in a proportional 
increase in the incorporation into RNA and the up- 
take into the pool. In the ''C-leucine experiments, 
working in a range of 3.5 to 1 4 ~ 1 0 - ~  mol, satura- 
tion of the incorporated activity in controls was 
reached at 1 0 . 5 ~  mol. Assuming a two-pool 
system for leucine with an expandable and a fixed 
pool, the fixed pool would have reached saturation 
at this concentration. In irradiated animals this fixed 
pool had already saturated at a concentration of 
3 . 5 ~ 1 0 - ~  mol. Thus, a decrease in the size of the 
fixed pool can be considered. In addition, the re- 
duced rate at which the incorporated activity 
reaches a plateau value tends to indicate a real 
decrease in the protein synthesis. This conclusion is 
also indicated by the reduced rate of decline in the 
pool activity. 

The existence of two pools of amino-acids, a non- 
expandable and an expandable pool was discussed 
earlier for liver cells (24) and an increased amount of 
I4C-leucine in the cellular pool of irradiated liver 
cells has also been observed (17). Based on the 
present finding of a non-available pool of uridine for 
RNA synthesis, a similar subdivision of RNA pools 
as for amino-acids is suggested. Since, in the pres- 
ent study, the amounts of uridine used did not reach 
the saturation level for RNA synthesis, further stud- 
ies are needed to establish whether uridine pools are 
really unaffected by irradiation. 

An effect on protein synthesis or pool changes 
was already indicated one hour after irradiation and 
is thus independent of changes in cell cycle compo- 
sition. 

For the cell cycle related studies of RNA and 
protein, fixed amounts of 'H-uridine and I4C-leu- 
cine were injected into the animals and the cells 
were removed from the peritoneal cavity after an 
isotope time of 10 min. Since plateau values for 
incorporation into RNA and protein were reached at 

about this time, no significant changes in the incor- 
porated activity can be expected during the follow- 
ing 60 min after which time period the cells were 
elutriated at 4°C. 

A comparison between unseparated cells and 
cells after separation showed both for RNA and 
protein a loss in the amount of these compounds by 
about 15 per cent due to elutriation and a corre- 
sponding loss in the incorporated activity. The pool 
activity, on the other hand, decreased markedly 
during separation. The relationship between inso- 
luble/soluble activity cannot, therefore, be applied 
to the expression of incorporated activity, and the 
evaluation of the irradiation experiments was there- 
fore based only on control experiments carried out 
at the same time. Out of four control experiments, 
three showed about the same incorporated activity 
in RNA but the fourth only about half of these 
values. However, the relative increase during G I  
and late part of S-phase/G2 was the same as in the 
other experiments. Based on these data, the low 
values of 'H-uridine incorporation into RNA 4 
hours after irradiation are conspicuous for an irra- 
diation effect. An extensive loss of activity is ex- 
cluded by the comparison between the cell material 
before and after separation and is also supported by 
the unchanged total amount of RNA. For the studies 
of protein synthesis in which the controls were in 
good mutual correspondence, the irradiation effect 
was most marked 4 hours after irradiation without 
any specific cell cycle related inhibition. 

It has been found earlier in this cell system and at 
an irradiation dose of 5 Gy that a significant propor- 
tion of cells in GI 24 hours after irradiation belonged 
to non-viable cells (27). Such cells may contain less 
protein and may, therefore, explain the significant 
decrease in the protein content of cells in G1-early 
S-phase found at that time. 
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