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Abstract 

Radiation causes damage to cell surface membranes, 
cytoplasmic organelles, and the nuclear process of DNA 
synthesis and repair, and this eventually results in dif
ferent modes of cell death. In this study we examined 
murine erythroleuk:emia (MEL) cells, exposed to 15 and 
60 Gy of 10 Me V photonic energy, and left in culture 
for up to 96 hours. Electron microscopical analysis was 
performed on conventionally embedded samples and 
freeze-fracture replicas, in order to detect ultrastructural 
patterns of cell damage and death. Of interest was the 
observation of chromatin condensates, nuclear membrane 
associations and nuclear pore redistribution during early 
apoptosis. Pronounced rearrangements of trans
membrane particles during late stages of cellular 
necrosis were also found. The morphological damage 
induced by both doses of radiation as a function of time 
after exposure was only quantitatively but not 
qualitatively different. 

Key Words: Gamma radiation, radiation damage, high
dose radiation exposure, cell death, apoptosis, necrosis, 
electron microscopy, freeze fracture, murine erythro
leuk:emia cells, Friend cells. 
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Introduction 

In recent years several authors have been interested 
in the biological effects of ionizing radiation, due to the 
frequent use of this type of radiation in cancer therapy 
[4, 15]. Radiation is known to cause damage to cellular 
membranes by altering carbohydrate composition [8] and 
membrane permeability [12]. This involves changes in 
polyphosphoinositide metabolism [13], protein kinase C 
activity and calcium (Ca2+) uptake [9], which precede 
the activation of a Ca2 + -dependent nuclear endonucle
ase, recently identified as DNAse I [11], responsible for 
the fragmentation of nuclear DNA into oligonucleosomal 
subunits typical of death by apoptosis [20]. Apoptosis 
is a physiologic mode of cell death because it represents 
a metabolically active process of "cell suicide" that oc
curs normally during embryogenesis, metamorphosis and 
hormone-dependent tissue atrophy [5, 21]. Irradiation, 
chemotherapy and hormone-therapy all induce apoptosis 
also in tumor cells. Apoptosis is not the only mode of 
cell death; the alternative is cellular necrosis [6, 15]. 
Recently we described the dose- and time-dependence of 
the morphological damage following low- and high-dose 
radiation exposure of human peripheral blood lympho
cytes [13]. In fact, high-dose damage was immediately 
detectable after exposure while low-dose damage, initial
ly undetectable, became qualitatively similar to high
dose damage during the time post irradiation. In this 
study, we have therefore evaluated type and amount of 
acute and long-term morphological damage in murine 
erythroleukemia (MEL) cells exposed to gamma radia
tion. The analysis was carried out by transmission elec
tron microscopy on ultrathin sections and freeze fracture 
replicas. The freeze fracture technique, in fact, allows 
a detailed analysis of cell surfaces at high resolution and 
is the method of choice for the study of organellar and 
plasma membranes. 

Materials and Methods 

Cell culture and irradiation protocol 

Murine Friend erythroleuk:emia cells (FLC-745) 
were grown in RPMI 1640 medium supplemented with 
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10 % fetal calf serum and 2 mM L-glutamine in a 5 % 
CO2 atmosphere. Plastic Falcon flasks containing expo
nentially growing cells (1 x 106/ml) in a total volume of 
250 ml of fresh medium were exposed at room tempera
ture to 15 and 60 Gy, dose rate 3 Gy/min, administered 
by a Mevatron 74 Siemens linear accelerator (photonic 
energy: 10 MeV). 

Control unirradiated samples were kept at room 
temperature for the same period of irradiation. Both ir
radiated and unirradiated cells were then incubated at 
37°C, in the presence of CO2, for 0, 18, 24, 48 and 96 
hours and used for morphological assays. 

Cell viability was checked by means of the blue 
trypan exclusion test. 

Conventional electron microscopy 

Cell pellets were fixed with 2.5 % glutaraldehyde in 
0.1 M phosphate buffer pH 7.2 for 45 minutes at 4°C, 
rinsed in the same buffer and then processed for conven
tional Spurr embedding. Semi-thin sections were cut to 
count different morphological patterns in light micros
copy with a Zeiss light microscope. Thin sections were 
stained with uranyl acetate and lead citrate and observed 
with a Zeiss 109 transmission electron microscope. 

Freeze-fracture 
Identically fixed specimens were cryo-protected with 

30% glycerol in 0.1 M phosphate buffer for 30 minutes. 
They were then mounted on gold supports, quickly fro
zen in Freon 22, transferred into liquid nitrogen and 
fractured in a Balzers BAF 400 D device at -115°C. 
Shadowing was carried out with 2 nm of platinum-car
bon at 45°, immediately followed by 25 nm of carbon at 
90°. In both cases, the thickness was controlled by a 
quartz crystal film monitor. The replicas were cleaned 
for 30 minutes in undiluted commercial bleach and de
greased by floating them in a 2: 1 chloroform:methanol 
mixture. Folding was prevented by carefully adding a 
few drops of distilled water. After rinsing in distilled 
water, the replicas were collected on Formvar carbon
coated nickel grids [3]. The observations were carried 
out on a Philips CM 10 transmission electron 
microscope. 

Statistics 

Experimental data are expressed as mean percentage 
± standard deviation (S.D.). Comparisons were made 
by means of the Student two-tailed t-test. Values of 
p < 0.05 were considered significant. 

Results 

Ultrastructural analysis showed different morpholog
ical patterns of cell damage and death induced by ioniz
ing radiation exposure. Among these, the most common 
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and easily quantifiable were multinucleate cells, dis
playing 3 or more nuclei, (classified as MN), apoptotic 
cells, recognizable by their typical nuclear features and 
cytoplasmic condensation in the presence of good or
ganelle preservation (classified as A) and necrotic cells, 
identified by the swelling/progressing to the total dis
integration of organized cell structure (classified as N). 
As shown in Figure 1 and Table 1, at time O there were 
no significant differences between control and irradiated 
samples in the percentage of the three parameters con
sidered (MN, A, N). Within 18 hours of irradiation, the 
percentage of necrotic cells did not significantly differ in 
control and irradiated samples, whereas the percentage 
of apoptotic cells was significantly (p < 0.05) greater in 
irradiated samples and mainly after the higher dose. 
After 24 and 48 hours, there was a progressive increase 
in the necrosis, especially after 60 Gy, while the 
apoptosis seemed to have reached a plateau. Finally, 
irradiated samples left 96 hours in culture, displayed 
completely aberrant patterns with the highest percentage 
of multinucleate and necrotic cells, especially after the 
higher dose. 

Different ultrastructural patterns are shown in Fig
ures 2 and 3. At time 0, after 60 Gy exposure, various 
degrees of damage were observed (not shown) both in 
the nucleus (partial heterochromatin decondensation and 
multiple indentations) and in the cytoplasm (mitochondri
al crest disorganization and, occasionally, vacuolization). 
After 15 Gy, a smaller number of cells showed the same 
type of damage. From 18 hours onwards in post-irradi
ation cultures, an increasing number of cells was affect
ed by mitochondrial swelling and polymorphism, cyto
plasmic inclusions, flakes, diffuse vacuolization and 
lately nuclear pyknosis, preceding the total disruption 
and disintegration of cellular membranes, typical hall
marks of cellular necrosis (Fig. 2). Cell membrane le
sions of late stages of cellular necrosis appeared as pro
nounced rearrangements of transmembrane particles in 
freeze-fracture replicas (Fig. 3). In contrast, a certain 
number of cells displayed chromatin condensation and ir
regular distribution of the nuclear pores (Figs. 2 and 3); 
this was identified as early apoptosis. Nuclear pores, 
which were absent in the parts of the nuclear membrane 
delineating compact chromatin areas, were widely dis
tributed and in close contact with each other in those 
parts of the nuclear membranes corresponding to decon
densed nuclear areas. In the following stage (18 hours), 
characteristic cap-shaped chromatin areas and highly 
electron dense micronuclei containing compact chromatin 
were detected (Figs. 2 and 3). In spite of these alter
ations, the plasma membrane and cytoplasmic morpholo
gy looked well preserved. Only at late stages nuclear 
fragmentation was followed by a slight cytoplasm hydra
tion probably preceding a fmal "secondary necrosis". 
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Figure 1. Mean percentage of multinucleate (top), 
apoptotic (middle) and necrotic (bottom) cells in un
irradiated control (hollow squares), and 15 Gy (solid 
diamonds) and 60 Gy (solid circles) irradiated samples. 
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Table 1. Mean percentages ± standard deviation of 
morphological patterns at different time intervals in post
irradiation culture. Data refer to 100 cells scored for 
each of the three separate determinations. 

Time (hrs.) 

0 

18 

24 

48 

96 

0 

18 

24 

48 

96 

0 

18 

24 

48 

96 

MN A 

Unirradiated 

0 0 

0.9 ± 0.2 0.2 ± 0.1 

1.0 ± 0.3 1.2 ± 0.5 

1.2 ± 0.8 0 

0 2.7 ± 0.5 

15 Gy 

0 0 

1.8 ± 0.6 8.8 ± 2.s'" 

0 13.3 ± 3.4• 

1.5 ± 0.4 10.0 ± 3.3 .. 

0 4.1 ± 1.2 

60 Gy 

0.5 ± 0.1 0 

0 12.0 ± 2.3 .. 

0 10.0 ± 2.4• 

3.3 ± 0.9 10.0 ± 2.6 .. 

7.9 ± 1.9 5.2 ± 1.4 

N 

2.0 ± 0.7 

2.9 ± 0.5 

3.0 ± 0.3 

1.2 ± 0.9 

1.8 ± 0.6 

3.5 ± 0.8 

5.8 ± 2.7 

3.3 ± 1.0 

5.0 ± 0.9 

13.3 ± 2.0· 

2.2 ± 0.7 

4.8 ± 1.2 

13.3 ± 6.1 

16.6 ± 4.2 

86.8 ± 6.4 .... 

MN: multinucleate; A: apoptosis; N: necrosis; 
.p < 0.05; •• p < 0.001. 

Discussion 

In previous studies, morphological alterations have 
been detected in a number of irradiated animal tumors 
[l, 21]. Major changes include decreased cellularity, 
reduced mitotic activity, increased cell and nuclear size, 
metaplasia and changes in differentiation [l, 2, 19]. 
Both necrosis and apoptosis have been reported after 
ionizing radiation exposure, but only the latter has been 
considered as an early radiation effect [15]. 
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Figure 2. MEL cells after radiation exposure: transmission electron microscopy of thin sections. (a): multinucleate 
cell with a regular nuclear arrangement (N), nu: nucleolus; (b): early apoptosis: note the typical chromatin margination 
(arrows); (c): late apoptosis showing electron dense micronuclei (arrows) surrounded by the nuclear envelope; (d): 
necrotic cell with complete disruption of normal architecture. 
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In this study, high single doses of ionizing radiation 
(15 and 60 Gy) were administered to induce severe dam
age in a great number of cells. Friend erythroleukemia 
cells were chosen as experimental model in an attempt 
to correlate morphological data with previous biochemi
cal findings [13] of an early involvement of polyphos
phoinositide metabolism after radiation exposure (time 0) 
and a subsequent peak (time 18 hours) in the activity of 
DNA beta polymerase, known as the main repair 
enzyme. 

According to light microscopy, whatever the dose, 
at time Oas well as 18, 24 and 48 hours after irradiation 
a great number of cells was still apparently well pre
served, while at 96 hours after the higher dose all the 
cells were completely aberrant, confirming our previous 
findings about the time- and dose-dependence of the 
morphological damage [14]. In fact, while after the 
higher dose the cells could not grow and proliferate for 
over 96 hours, after the lower dose they could grow in 
culture for over two weeks (data not shown). It is worth 
noting, however, that the high percentage of necrotic 
cells found 96 hours after the higher dose was mainly 
due to late apoptotic stages, not easily distinguishable 
from primary necrosis. 

With regard to electron microscopy, two different 
stages of apoptosis were observed after radiation ex
posure: 

1) Early apoptosis: This is characterized by a 
largely intact cell membrane and cytoplasmic organelles, 
micronuclei and typical chromatin condensation into 
dense granular caps close to the nuclear membrane [12, 
17, 20]; in the areas of the nuclear membrane corre
sponding to these dense granular caps, nuclear pores 
were absent, as confirmed by freeze-fracture analysis, 
which showed their irregular distribution on the nuclear 
surface (unpublished observations). 

2) Late apoptosis: This is characterized by a num
ber of small membrane-bounded fragments in various 
stages of degradation with intensely stained and feature
less cytoplasm [20]. 

Besides necrosis, electron microscopy documented 
the finding of multinucleate cells, showing more than 
two nuclei of different shape and size, evident nucleoli 
and chromatin decondensation. It had previously been 
demonstrated that this pattern was an effect of radiation 
therapy and cytotoxic drugs [15]. 

All in all, our observations show that apoptosis is 
easily and early detectable, dose-dependent and possibly 
stable for a long period before progressing to necrosis. 
The apparent discrepancies with some findings of higher 
frequencies of apoptotic cells after lower doses [10, 18] 
or just a few hours after irradiation [16] make further 
investigations of this phenomenon· in this particular cell 
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system necessary. However, a possible explanation could 
be the existence of different forms of apoptosis (protein
and RNA synthesis-dependent or independent [7]). Also, 
in different models, commitment to apoptotic death 
could take place at different points in the cell cycle, or 
at different points related to DNA repair capability [7]. 
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Discussion with Reviewers 

T .M. Seed: Samples were irradiated at room tempera
ture for considerable periods of time (20 minutes in the 
case of the 60 cGy dose). Do the authors feel that 
repair functions during the exposure period might have 
influenced the noted apoptotic response patterns? 
Authors: We cannot properly answer this interesting 
question which presumes the parallel assay of DNA 
polymerases and morphological patterns in the few hours 
after irradiation. In a previous study [13], we found an 
increase in DNA beta polymerase activity within the first 
hour in postirradiation culture and a peak of this activity 
after 18 hours, which was related to the increase in bro
modeoxyuridine (BrdU) incorporation. In addition, a 
uniform model is required, which is not the case in our 
system because the cells are in different metabolic con
ditions. Very few data are yet available about the cell 
cycle phase related to apoptosis triggering and a study 
on synchronized cells is therefore planned. 
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