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FROM THE LABORATORY OF RADIATION BIOLOGY, INSTITUTE OF RADIOLOGY, UNIVERSITY OF FLORENCE, 
1-50134 FLORENCE, ITALY. 

QUALITATIVE AND QUANTITATIVE EFFECTS ON THE 
MORPHOLOGY OF THE SMALL INTESTINE AFTER 

MULTIPLE DAILY FRACTIONATION 

A. BECCIOLINI, D. CREMONINI, D. F A B B R I C A . ~ ~ ~  M. BALZI 

Abstract 

The behaviour of qualitative and quantitative morpho- 
logic parameters in rats exposed on the abdomen only to 
multiple daily fractionation (MDF) of 3 Gyx2 and 3 
Gyx2x2 with 12 h splits was analyzed. Both doses were 
sublethal. The number of epithelial cells in the crypts and 
in the whole formation, the mitotic index, and the label- 
ling index appeared to be markedly reduced at early inter- 
vals after irradiation. Repair and recovery quickly led to 
normal morphology. The effects of an 8 Gy single dose 
were compared with those from multiple fractionations. 

For many years now, new schedules of dose ad- 
ministration have been investigated in animals in 
order to find out when-given the same total dose 
-healthy tissues show the highest tolerance (1 1 ,  12, 
15, 16, 23, 26-28). 

The intestinal epithelium is suitable for assessing 
tolerance of healthy tissues, with high cell renewal, 
to treatments with chemical and physical agents. 
Highly proliferative tissues such as  the bone mar- 
row, intestine, and epidermis, affect the radiation 
dose and its modes of administration. 

The aim of this experiment was to evaluate the 
effect produced by 3 Gy fractions given twice or 
four times every 12 hours. 

Qualitative and quantitative morphologic parame- 
ters such as the number of crypt and villus cells, 
labelling, and mitotic indices were determined at  
different time intervals after the end of treatment. 

The time of day when the irradiation was given 
was kept strictly controlled as the effects have been 
shown to be dependent on the time when the expo- 
sure is carried out (7, 8, 12, 15). 

Comparison was made between the effects from 
single session irradiation with different doses (12, 
14-17) and from 6 G y x 2  fractionation (1 1). 

Material and Methods 

A series of 132 female Wistar rats, 10 to 12 weeks 
old and weighing between 180 and 200 g, with the 
same characteristics as those previously analyzed, 
were kept at  a constant light/darkness cycle (6.30 
a.m. to 6.30 p.m.) and with water and food ad 
libitum. Experimental conditions were the same as 
those reported previously (1 3). 

Anesthetized animals were exposed on the abdo- 
men only (field 5 c m x 5  cm) to a y-ray source (tele- 
cobalt unit, 0.8 Gy min-' dose rate). The dose was 
calculated at midline. Irradiation started at noon. 
Three Gy per fraction were used every 12 h up to a 
total dose of 6 or 12 Gy. Fifty minutes was the 
maximum time for irradiation and killing of the dif- 
ferent groups. 

At 1 1  days, 4 groups of animals were killed at 2 
and 8 a.m. and 2 and 8 p.m. to evaluate variations in 
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Fig. 1 .  Number of epithelial cells ( tSEM)  in the left side of the 
crypts from groups of animals killed at different intervals after 
the last fraction of 6 and 12 Gy MDF. The values are calculated 

the parameters analyzed over a 24 h period. Fifty 
controls were divided into 5 groups of 10 animals 
each killed at 3 a.m., 8 a.m., 2 p.m., 4 p.m. and 8 
p.m. One hour before the killing 6 to 8 controls per 
group and 3 to 4 irradiated animals were injected 
intraperitoneally with 3.7 MBq (100 pCi) of 3H thy- 
midine (specific activity 74 GBqImmol). 

The following parameters were considered in this 
analysis: morphologic observations, number of 
crypt cells, number of cells in the whole formation, 
labelling index and mitotic index. 

Histologic methods and those concerning the 
counting of the sections of the proximal jejunum 
have been reported previously (7-9, 12, 13). 

As already observed (7-9, 12, 13) the number of 
epithelial cells in the left side of the crypt and in the 
whole formation presented no statistically signifi- 
cant differences in control animals killed at different 
times of the day. Therefore the mean value +SEM 
was taken as 100 per cent and shown in Fig. 1 as a 
continuous line. 

Because of the differences in the mitotic and la- 
belling indices in controls during the L/D cycle, the 
irradiated animals were compared with controls 
killed at the same time of the day and the results 

72 
h r r  5 1 n re dm 

as percentages of control values. Controls (-). 3 Gyx2 MDF 
(-.-). 3 G y X 2 ~ 2  MDF(---). 

were expressed as percentages. In the figures the 
standard error of control is the maximum value 
observed in the different groups. 

Three Gyx2 fractionation was used to evaluate 
the injury produced in the intestinal epithelium by 
only two fractions. When analyzing the results, the 
time that elapsed from the beginning of treatment to 
the killing should be taken into account. This time 
was 13 h in 3 Gyx2 MDF and 37 h in 3 Gyx2x2 
MDF. 

It should be noted that when the damage was in 
its acute phase, especially at 36 and 72 h after 12 Gy 
MDF, counts were carried out in those areas where 
the epithelium presented a sufficiently regular struc- 
ture, in other words where the damage was less 
severe. 

Results 

Qualitative modifications 
3 GyxZfractionation. One hour after the end of 

treatment alterations were present only in the lower 
half of the crypt, where cells larger than in the 
controls, with globous nuclei, were observed; nu- 
merous Feulgen positive fragments of nuclear mate- 
rial were present in the cytoplasm. 
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MULTIPLE DAILY FRACTIONATION 355 

At 4 h, the Feulgen positive fragments decreased; 
a reduced number of cells with evident nuclear and 
cytoplasmic alterations was present even in the 
upper part of the crypts. At 12 h altered cells were 
observed also in the lower third of the villi. Phlogo- 
sis occurred in the stroma. 

At 36 h, an increase in proliferative activity was 
observed even if in some areas misaligned cells with 
globous nuclei were still present. 

Alterations occurred also in the upper part of the 
villi and in some parts of the epithelium anucleated 
cells were observed. An increased number of phlo- 
gosis cells and dilated blood vessels appeared in the 
stroma. 

The morphology of intestinal epithelium at 72 h 
was similar to that of the controls: the cells of crypt- 
villus formations were regular in shape, well 
aligned, even if the globous nuclei were still present 
mostly in the villi. Mitotic activity was evident. The 
cell composition of the stroma appeared to be within 
normal limits. 

At later intervals (5-1 1 days) a morphology simi- 
lar to that of the controls was observed. 

3 Gy X2 X2 fractionation. The proliferative com- 
partment and the lower part of the differentiated 
compartment showed morphologic alterations 1 h 
after the last fraction. The markedly shortened epi- 
thelium presented heavy cellular alterations, and 
thin crypts with globous, widely spaced nuclei sepa- 
rated by areas with cytoplasm only. No mitoses 
were present. Rare Feulgen positive fragments were 
observed in the crypt. Very numerous phlogosis 
cells were present in the stroma. 

At 4 h, the proliferative compartment showed 
wide areas that had lost their original structure. 
Altered cells were present up to 2/3 of the villi 
which, in some cases, had lost their individuality. 
Mitotic activity was low. Phlogosis cells in the 
stroma had further increased. Feulgen positive frag- 
ments were still present in the crypt. 

At 24 to 36 h, alterations in the whole formation 
indicated a further shortening of the epithelium. A 
high number of phlogosis cells was present in the 
stroma together with some dilated vessels; some 
proliferative activity occurred. At 72 h, the high 
proliferation led to reduced morphologic injury in 
the crypts although some altered cells were still 
present. 

Recovery occurred unevenly. In fact, in the same 
section-next to the regenerating crypts-heavily 
altered crypts occurred. The cell composition of the 

stroma appeared to be nearly normal in the healing 
area. At 5 days, a few enlarged and slightly stained 
nuclei were still present in the villi. At 7, 11 and 19 
days, the morphology of the intestinal epithelium 
was similar to that of the controls. 

Quantitative results 
In the control animals used in this experiment the 

values for the number of crypt cells, total cells and 
mitotic and labelling indices were similar to those 
obtained in previous experiments: 38.1 f0.21 for 
crypt cells, 106.1 f 1.74 for total cells. The values for 
the mitotic index fluctuated between I .94f0.17 at 8 
a.m. and 2.41f0.14 at 2 p.m. The labelling index 
varied between 21.66f0.37 at 8 a.m. and 
23.39f0.63 at 3 a.m. 

Number of epithelial crypt cells. With 3 Gyx2 
fractionation, the number of cells in the left side of 
the crypt was significantly lower (pc0.001) 1 h 
after the end of exposure, and the lowest value was 
observed at 12 h (Fig. 1). No  significant increase 
appeared at 36 h, whereas starting from 72 h the 
values were significantly above those of the controls 
(pcO.0 1). 

Three Gy x 2 x 2 fractionation produced a more 
marked initial reduction in the number of crypt cells 
due to the higher dose used and to the time elapsing 
between the beginning of treatment and the first 
observation. The values remained at about 50 per 
cent of those in the controls until 24 h. 

At 36 h, a modest increase, like that occurring 
with the 6 Gy total dose, was observed, and at 72 h 
the number of epithelial cells was higher than in the 
controls in the areas where counts were possible, 
but the difference was not statistically significant. 
At subsequent intervals, and up to the end of the 
experiment, the number of crypt cells was signifi- 
cantly higher than in the controls (pC0.01). 

Number of total cells. Misalignment in the upper 
part of the crypt-villus formation in some of the 
animals treated with 3 Gyx2 MDF and in some 
treated with 3 Gyx2x2  did not allow sufficient 
counts at some of the intervals, and these data are 
therefore not reported graphically. 

The results of MDF with 3 Gyx2 showed reduc- 
tion already at the early intervals and 4 h after 
exposure the total number of epithelial cells in the 
left side of the formation had significantly decreased 
when compared with the controls. At 3 and 5 days, 
the values were similar to those of non-irradiated 
animals. 
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1 1  21 36 

Fig. 2 .  Labelling index (+SEM) at different intervals after 6 and 
12 Gy MDF. The values are expressed as percentages of those of 
controls killed at the same times of the day (cf. Fig. 1). 

With 3 Gyx2x2 fractionation a statistically sig- 
nificant reduction in the number of total cells was 
observed as early as 1 h after the last fraction. The 
lowest level (about 40% of that in the controls) was 
reached 24 and 36 h after exposure. 

At later intervals the number of cells increased up 
to nearly control values, and remained higher, al- 
though not significantly. 

Labelling index. With 3 Gyx2 fractionation 3H 
thymidine uptake was blocked at the first two inter- 
vals and the labelling index was about 30 per cent of 
that in the controls (Fig. 2). Twelve h after the last 
fraction, the increase was progressive and at 36 h it 
led to values significantly higher than in the controls 
(p<O.Ol). At subsequent intervals the labelling in- 
dex remained at control levels. 

One and 4 h after 3 GyX2x2 fractionation, the 
values were significantly higher than those observed 
at the same initial intervals with 3 Gyx2 fractiona- 
tion, even if they were markedly lower than in the 
controls (p<O.Ol). At 24 h, the values were higher 
than in the controls (p<0.05) and this maximum 
increase was observed at 36 h and 72 h (p<O.Ol). 
Only at 11 and 19 days was the labelling index 
similar to that of non-irradiated animals. 

Although with some variations, the behaviour of 

L.'. 30 1 

1°1 
1 .  

2 8 1 4  20 2 

a 

M.I. 

3.01 

2.0. 

"O1 
I 

2 8 14 2 0  2 

b 

Fig. 3 .  Behaviour of a) labelling index and b) mitotic index in 
animals irradiated with 3 Gyx2x2 MDF and killed at different 
times of the day, 1 I days after exposure. Controls (4. Irradiated 
animals (---). 
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the labelling index in the animals killed at different 
hours after 11 days did not show significant differ- 
ences with respect to the controls killed at the same 
hours (Fig. 3a). 

Mitotic index. The block of proliferative activity 
brought the mitotic index to zero 1 h after the last 
fraction in the 3 Gyx2 MDF (Fig. 4). 

Later, and until 36 h, the levels increased to 20 to 
40 per cent of those of the controls. Although 
marked differences were apparent among the ani- 
mals of the same groups the mitotic index reached 
control values at 72 h and remained steady until the 
end of the experiment. 

After MDF with 3 Gyx2x2  the mitotic index was 
generally higher than that observed with the other 
MDF at the same intervals. The mitotic index was 
zero at the initial intervals and was above control 
levels at 36 h. Later, the values appeared to be 
similar to those in non-irradiated animals. 

In the animals killed at different hours, the mitotic 
index 11 days after exposure was similar to that in 
the controls at 2 a.m. and 2 p.m. whereas it was 
significantly higher at 8 a.m. (p<O.Ol) and lower at 8 
p.m. (p<0.05; Fig. 3 b). 

Discussion 

The use of multiple daily fractionation in clinical 
practice is a fairly recent method ( 1 ,  3 ,  13, 18-22, 
24) and experiments have been performed to evalu- 
ate the tolerance of healthy tissues. These investiga- 
tions have mostly been carried out on the skin and, 
rarely, on the small intestine (6, 11, 23, 27, 28). 

When fractionated doses are used, the onset of 
injury is obviously influenced by the effect of the 
different fractions to a varying extent, according to 
the split between them as we11 as to the time that has 
elapsed before killing. 

With multiple fractionation of 3 Gyx2, morpho- 
logic alterations appeared to be comparatively 
slight, and repair and recovery occurred easily. 
With the higher total dose, the injury was obviously 
more severe but in both cases the number of crypt 
cells was above the control values at 72 h. 

Comparison of results obtained with both multiple 
fractionations demonstrated that the curves fol- 
lowed the same slope when the time that elapsed 
from the last fraction was equal, and protracted 
irradiation led to increased damage with a more 
marked reduction in epithelial cells. With the 12 Gy 
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total dose also, the injury appeared to be healing 
rather rapidly, at least in those areas where counts 
were possible. 

At the early intervals, the reduction in the cells of 
the villi appeared to be smaller than in the cells of 
the crypts, owing to cell turnover which caused 
injury in the villi only later. Subsequently, and up to 
36 h, reduced proliferative activity caused consider- 
able alterations in the whole formation. 

At early intervals after the last fraction the label- 
ling index of 3 Gyx2 fractionation showed a marked 
reduction in tracer uptake, which was more marked 
than that shown with the higher dose. This result 
indicated repair and recovery mechanisms which 
operated in the intervals between the fractions, and 
demonstrated that the 12 h split is high enough to 
limit the injury to DNA synthesis. 

Moreover, the results show that with the higher 
total dose the uptake of 3H thymidine remains at 
significantly higher levels much longer than with the 
6 Gy dose. 

It is worth noting that with both multiple daily 
fractionations a comparatively close relation existed 
between the number of crypt cells and the labelling 
index; the latter tended to return to normal levels 
when the number of epithelial cells was equal to or 
above control values. 

The mitotic index also confirmed these data, al- 
though it presented much wider fluctuations in the 
animals from, the different groups, particularly at the 
early intervals. 

In the animals killed at different times during the 
eleventh day the mitotic index showed values simi- 
lar to those of the controls at 2 a.m. and 2 p.m., 
while it was higher at 8 a.m. and lower at 8 p.m. 

Comparison between the 12 Gy multiple daily 
fractionation and the 8 Gy single dose showed a 
reduction in the number of epithelial cells which was 
similar in both cases up to 72 h from the beginning of 
treatment. 

Morphologic alterations were qualitatively similar 
whereas, quantitatively, the injury appeared to be 
markedly less severe with multiple daily fractiona- 
tion inasmuch as there was a higher number of areas 
showing sufficiently regular morphology, where 
counts were possible. Lesser differences were ob- 
served when comparing the 96 h single dose speci- 
men with those from multiple daily fractionation 72 
h after the end of treatment. 

The labelling index 1 h after multiple fractiona- 
tions with 3 Gyx2x2  was similar to those observed 

12 h and 36 h respectively after the 8 Gy single dose 
delivered in the dark period. 

After the 6 Gy total dose, the labelling index 
rapidly exceeded control values and returned to 
normal levels just as rapidly. With 3 Gyx2x2 frac- 
tionation the increase of the labelling index lasted 
longer when considering the time that elapsed from 
the beginning of exposure. 

As regards the mitotic index, the values at the end 
of the fractionations were lower with respect to the 
single dose but increased much more rapidly than 
after 8 Gy. The return to normal values occurred 
more slowly with respect to the labelling index and 
no significant increase was observed, when com- 
pared with controls, either after 8 Gy or multiple 
daily fractionation. 

If the results of 12 Gy MDF are compared with 
those of the 12 Gy single session on the abdomen (2, 
lo), qualitative and quantitative morphologic modi- 
fications produced by 12 Gy fractionation were 
much less marked and were present for a shorter 
period. 

After the 12 Gy single session about 30 per cent 
(10) of the animals died from an intestinal radiation 
syndrome, whereas after multiple fractionation no 
death was observed. When 2 fractions of 6 Gy ad- 
ministered with 6, 12, 24, 48, 72, and 120 h splits 
were used (4, l l ) ,  a much more severe injury oc- 
curred than after 12 Gy fractionation. The injury 
was particularly marked when the intervals between 
fractions were from 6 h to 48 h. 

The data from the present experiment showed 
that the small intestine had good tolerance for this 
schedule of multiple daily fractionation, at least in 
the acute radiation phase of the injury. 
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