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Abstract

Fragments of human oesophageal mucosa. urothelium, squa-
mous and adenocarcinoma of the oesophagus and carcinoma of
the bladder have been plated in culture and irradiated. The cells
growing from the explanted tissues have then been studied for
four weeks post irradiation to assess the overall rate of growth
from the irradiated explants and the fraction of proliferating cells.
The results show that when using cell number as an endpoint it is
possible to derive growth curves from this type of data which
permit a doubling time to be obtained for the cell population
surviving different doses. In an attempt to determine the prolifer-
ating fraction of the cell population. cultures were labelled at
appropriate intervals with tritiated thymidine and were also
stained with Ki-67 antiproliferating antigen. The results show an
interesting relationship between the dose response obtained for
cell labelling with tritiated thymidine and area of cellular out-
growth. Ki-67 staining when used carefully and analysed as de-
scribed was a useful indicator of proliferating cells. The results
provide a means of determining the post irradiation growth
potential of fragments of tissue from human organs and may be
important for determined overall response of the tumour bulk to
proposed treatment.
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Radiation seldom kills 100% of cells in a tumour, partly
because the dose needed would be too high for the rest of
the body to bear but also because of the heterogeneity of
tumour cell populations with respect to their radiation
sensitivity (1, 2). Often therefore radiotherapy is aimed at
delaying tumour growth or reducing tumour bulk, so-
called palliative therapy, as opposed to the radical type of
therapy which secks to eradicate small tumours entirely.

Due to the difficulty of assessing tumour response to
radiation in a scientific and controlled way, many workers
have attempted to establish the response of different tu-

mours in vitro (3,4). Approaches have mainly concen-
trated on the use of established tumour cell lines (5, 6) or
fresh tumour digests (7-9) and the endpoint used has
usually been clonogenic survival—i.e. the number of
treated cells which survive the dose and can subsequently
divide at least 5-6 times (10). Occasionally other ap-
proaches have been used such as various biochemical
assays which look at nucleotide precursor incorporation
(11) which gives good correlation with clinical outcome.
Incorporation of *H thymidine is measured following ex-
posure of the cultures to various drugs which interfere with
DNA synthesis. The advantage of this type of assay is that
it allows the proliferation kinetics of the actual tumour
cells to be included in the assay result. A fast version of
this type of assay is the short-term predictive test devel-
oped by Volm et al., in 1979 (12), where a radioactive
precursor of DNA is fed to tumour cell suspensions for 1 h
and the binding of the radioactivity is then measured.
The problem with these tests is that they are based either
on immediate cytocidal effects of treatments on cells and
do not allow for long-term effects on reproductive survival
to be measured or they use the much more rigourous
endpoint of clonogenic survival in agar which attempts to
measure only the stem cell response to the treatment. The
main problem with the stem cell assays, apart from techni-
cal difficulty, is that they assume that all and only stem
cells grow in agar. A partial solution to the problem was
developed by Weisenthal et al. (13) who designed an assay
which measured total cycling cell kill as opposed to stem
cell kill in the tumour. The endpoint used was the ratio of
dead to live cells detected from tumour cells four days
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after exposure to the drug compared to an internal Duck
red blood cell standard. Live cells were detected using a
modified dye exclusion assay and correlated with the la-
belling index, using autoradiography following *H
thymidine uptake. Results give success rates for predictive
testing in the region of 65-90%.

This assay again suffers from the problem that the
long-term outcome from a drug cannot be predicted, only
short-term response. The above techniques undoubtedly
provide information on tumour cell dose—response rate
in vitro but their relevance to the in vivo behaviour of a
tumour is questionable. Tumour cell lines tend to be highly
selected sub populations of the tumour which have the
ability to grow indefinitely in culture. Cells which grow in
soft agar from fresh tumour digests generally have an
extremely low cloning efficiency and it is dubious to refer
to them as stem cells. It is also very difficult to establish
their origin, since the tumour digest contains several differ-
ent types of cells, including fibroblasts, endothelial cells,
normal epithelial cells and blood cells, any or all of which
can theoretically grow in agar (14, 15).

A further problem with the clonogenic approach is the
fact that information concerning the response of non-
clonogenic cells is lost. Also such questions as the contri-
bution of fibroblast or vascular radiosensitivity to the
problem cannot be addressed. The relative effects on nor-
mal and tumour cells cannot be assessed and the question
of the time taken to repopulate can only be approached if
it is assumed that every stem cell and only stem cells grow
in soft agar. Tumours which will not culture or clone
cannot be evaluated at all. Clearly a different approach is
needed.

This paper sets out to look at the problems outlined
above using fresh explant cultures according to the meth-
ods previously outlined (16-18).

This technique allows pieces of normal and tumour
tissues from various areas of the tumour to be plated and
their radiation response evaluated. The technique has been
shown to produce cultures of cells which grow from the
explant (16) and this growth can be monitored at suitable
time intervals using autoradiographic techniques.

Material and Methods

Tumours were obtained during routine surgical opera-
tions. Normal tissue was obtained from the parts of the
resection specimen remote from the tumour and were
confirmed as histologically normal by the hospital pathol-
ogy department. Tissue samples were collected in complete
growth medium (16) and rushed to the tissue culture
laboratory. There they were chopped into small pieces
2-3mm? and incubated in balanced salt solution contain-
ing 0.25% trypsin and 10 mg/ml collagenase for 30 min at
37°C. The pieces (one per flask) were then plated in
gridded tissue culture flasks (Lux) with a 25 cm? growth

area, in 2 ml growth medium. The cultures were incubated
at 37°C in an atmosphere of humidified CO, in air for two
days prior to treatment. This allowed explants to attach
firmly to the flask before being disturbed and allowed
elimination of any explants giving no growth or not at-
taching. Irradiation was performed 48 h after plating using
a cobalt-60 teletherapy unit delivering 1 Gy/min at 60 cm
flask-source distance.

Cultures were incubated without medium change be-
cause of the adverse effect of medium changes on growth
of epithelial cells (16). The degree of growth inhibition was
assessed at various times by measuring the total area of
growth in each flask and expressing the area as a percent-
age of the untreated control growth + standard error of
the mean (SEM). At least six flasks were measured per
experimental point and experiments were repeated three
times using tissue from different patients. The figures rep-
resent the pooled data from these patients except where
otherwise stated. The success rate for culture of explants
was in the region of 90%. Within sample variation was
reduced by screening samples on day 2 eliminating any
which had not attached. The mean variation on control
samples was in the region of + 15% (range + 6-20%).
The average outgrowth area for controls after two weeks
was 160mm? + 34 (SEM) for normal tissues and
138 mm? + 32 for tumour tissues, based on the pooled
results of three experiments, performed on three different
patients. Population doubling times were calculated by
drawing tangents to relevant parts of the growth curve.

Autoradiography. Cultures were labelled one week after
explantation with *H thymidine (10 pCi/ml) for one hour,
after which the cultures were carefully washed before being
coated with liquid emulsion (Ilford) and stored for two
weeks to allow development of grains.

Immunocytochemistry. To ensure that cultures were
composed mainly of epithelial cells which where proliferat-
ing immunocytochemical analysis was routinely performed
using cytokeratin and Ki-67 antibodies (Fig. 1) Cultures
were fixed in situ on plastic flasks using a solution of acetic
acid: methanol (1:3) and air dried. They were rehydrated
before staining by three washings in phosphate-buffered
saline (PBS). 20 ul of a general mouse antihuman-cytoker-
atin antibody (anti-type II from Amersham International)
was added to the culture and incubated for 40—45 min at
room temperature in a humidified chamber. After incuba-
tion the slides were washed well in PBS. The second
antibody, also supplied for 40—45 min at room tempera-
ture, was an anti-mouse immunoglobulin monoclonal la-
belled with fluorescin. After further washings in PBS the
cultures were rinsed briefly in 1 mol/l Tris HC1 buffer (pH
9.0) and mounted in Aquamount before viewing with a
fluorescent microscope. Positive and negative controls were
carried through the whole procedure every time it was
done. Proliferating cells were demonstrated as above using
Ki-67 (DAKO) as the primary antibody (19).
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Fig. 1. Dark staining (Ki-67 positive) focus on a monolayer of
urothelial cells x 100.

Results

In Fig. 2 data from several experiments involving nor-
mal and tumour bladder mucosa or oesophageal mucosa
have been pooled to produce average dose response curves
for cultures fixed two weeks after irradiation. These can be
seen to resemble conventional clonogenic survival curves
for mammalian cells and show as previously found by this
group (16) that explants from the tumour are more resis-
tant to radiation than explants from normal surrounding
tissue. When measurements are only made at a single time
point post radiation treatment there is always the possibil-
ity that differences in postirradiation growth rates could
obscure the true radiation response of the cells. That this
possibility is real is shown in Fig. 3, where outgrowth areas
obtained from normal oesophageal explants at 1, 2, 3 and
4 weeks post irradiation (5 Gy) are compared with unirra-
diated controls. It is apparent that the control areas in-
crease rapidly during the first week while the irradiated
areas increase more slowly initially but then reach the
control size by four weeks after irradiation. Since it is
highly likely that tumour and normal tissues will grow and
respond differently following irradiation, it was decided to
plot growth curves for normal and tumour explants over a
four-week period for cultures irradiated to a range of
doses. The results (Fig. 4a and b) show apparently very
little difference in the growth rates although the effect of
radiation doses relative to the control may be different.
Replotting of the data to try to show this involved normal-
ising each irradiation point to the control for that time.
This reveals that growth rates can be derived from these
data by analysing the slopes of the growth curves for
irradiated cells as they approach the normalised control
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Fig. 2. Dose—response curves obtained for tissue cultures
derived for normal ( A, @,) and tumour (A, O) tissues from the
oesophagus (O — O) and bladder (A---A).

(Fig. 5). The data show that tumour and normal tissues do
respond quite differently. In the tumour the radiation-
induced reduction in growth area is not apparent for
nearly 12 days and reaches a maximum at about 20 days
after irradiation. The rate of growth then increases sharply
and the rate of increase is greatest in the cultures receiving
the highest radiation doses. In contrast, the normal tissue
surrounding the tumour shows a much earlier acute re-
sponse and recovers much earlier as well.

The data for repopulation rates derived from Figs 4 and
5 are summarised in Table 1, which shows the maximum
growth rate detected for each tissue.

Due to the difficulty of obtaining sufficient bladder tumour
tissues, results using this system could only be obtained for
normal urothelium. The data (Fig. 6) show that there is an
acute response to radiation which is maximal at about five
days after exposure. After this time there is a rapid increase
in the proliferation rate which is just as fast in cultures which
received 7.5 Gy as in those which received 5 or 2.5 Gy. In
cultures receiving 2.5 Gy or 5 Gy the total cell numbers
observed eventually exceed those detected in control cul-
tures. This data suggests that the technique works well
for this system and that it is also possible to generate
repopulation data using bladder explants.
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Fig. 3. Increase in cell number with time in control normal
oesophageal cultures (O) and after irradiation to 5 Gy (@®).

The technique as described uses a rather crude estimation
of cellular outgrowth to determine radiation response. In an
attempt to refine this and to reduce variability between
duplicate samples cultures in some experiments were ex-
posed to tritiated thymidine followed by autoradiography
or to Ki-67 antigen to detect proliferating or DNA synthe-
sising cells in the outgrowths. Results for percentages of *H
labelled cells per culture and per unit area are shown in
Table 2 for normal and tumour oesophageal cultures. These
indicate that both the actual size of the outgrowth and the
percentage of cells labelled with tritiated thymidine per unit
area show a similar relationship to dose although after four
weeks in culture, labelling in normal cells has fallen consid-
erably while in the tumour cultures the labelling is main-
tained. If the data in Table 2 is plotted to show the
relationship between total cell number and dose of radia-
tion each week, the results (Fig. 7) show that the tumour
cell survival is severely affected initially by the dose of
radiation but then recovers rapidly relative to the normal
tissue. By week 4 there is a huge diffference between the
response of normal and tumour cultures and the number of
cells labelled in the tumour cultures remains high irrespec-
tive of dose. Table 3 shows similar data where Ki-67
immunocytochemical staining was used to determine the
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Fig. 4. a) Increase in cell number with time after irradiation in
normal ocsophageal cultures; O = control, x = 2.5 Gy, O =5 Gy,
¢ =17.5Gy, A =10 Gy. b) Ditto for tumour oesophageal cultures.

number of proliferating cells in the cultures. The results are
not so clear using this method and high numbers of weakly
but positively staining cells which appear grossly abnormal
are detectable in the cultures.

Bettter results are obtained using Ki-67 if counts
are made of the number of dark staining foci of cells



PROLIFERATION OF EPITHELIAL CELLS AFTER IRRADIATION 855

01

o CELL NO CORRECTED BY CONTROL VALUES

.01
0

DAYS POST IRRADIATION

Fig. 5. Cell numbers (from Fig. 4a and b) plotted relative to the
control at each time point post irradiation. Normal (open sym-
bols) Tumour (closed symbols) O, ® =2.5Gy; O, B =7.5Gy;
A, A =10Gy Dashed line represents unirradiated control.

(see 1) per unit area. These can be regarded as proliferating
units of cells. Fig. 8 shows results for oesophageal cells
stained two weeks after irradiation where the number of
proliferating foci per unit area is plotted as a function of
dose. Results indicate that in the normal cultures the
number of foci per unit area increases with increasing dose.
This confirms the data showing increased proliferation after
irradiation. In the tumour cultures a similar increase with
dose was seen. This measurement should relate well to a
measurement of the size of the clonogenic population.

Discussion

The results presented in this paper represent an exten-
sion of a technique developed by our group to try to

CELL NO CORRECTED BY CONTROL VALUES
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Fig. 6. Cell numbers relative to the control at each time point

post irradiation for normal urothelium; O =2.5Gy, A =5Gy,
O = 7.5 Gy Dashed line represents unirradiated control.

overcome problems associated with the measurement
of radiation response in human tissues which are non
clonogenic. In earlier papers the cells were proved to be
epithelial and to be growing not migrating. Data was
obtained for several tissues but survival was usually only
measured at a single time. Quite dramatic variations in
radiation response were obtained both between tissues and
between normal and tumour samples (18, 20). This was
thought to be due to difference in intrinsic radiosensitivity
but the results presented in this paper strongly suggest that
they reflect rather differences in expression time of the
damage. Differences in the rate of ‘repopulation’ or growth
of survivor cells after exposure to radiation show that it is
possible to obtain not only acute dose—response data but
also growth rate information from the primary explant
culture model. The acute dose response varies depending
on the time after initial exposure when measurements are
taken. Careful analysis of the dose response at intervals
over 4 weeks shows clearly that growth of the surviving

Table 1

Average population doubling times detected in the period immediately following the maximum response to the radiation
dose and the time taken to show the maximum response

Dose (Gy) Normal Tumour
Doubling time Maximum response Doubling time Maximum response
days after (days) days after (days)
2.5 9 15 4 19
50 6 12 7 16
7.5 6 12 35 19
10.0 1.5 12 1.8 19
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Table 2

Total cells ( x 10%) and percentage of *H labelled one to four weeks following increasing doses of radiation. N-normal oesophageal mucosa,
T = tumour from the same patient

Dose Week 1 ‘Week 2 Week 3 Week 4
(Gy)
Total cells % labelled Total cells % labelled  Total cells % labelled Total cells % labelled
N T N T N T N T N T N T N T N T
0 7.5 1.0 67 55 10.3 45 87 80 12.5 25 85 85 17.0 28 25 90
25 1.0 0.8 22 40 20 4.0 50 75 20.0 18 33 75 10.5 10.5 10 85
5.0 1.5 0.5 1.5 32 1.0 3.5 30 60 9.0 16 30 65 85 20 19 85
1.5 0.3 0.1 7.0 10 7.2 2.2 7.5 50 0.5 15 20 60 0.7 22 5 83
10.0 0.5 0.03 5.0 5 5.0 20 6 35 1.5 10 6.0 50 0.5 17 5 75
12.5 0.25 0.01 7.0 0.5 03 1.0 1 20 1.5 5 50 50 0.01 15 75 75
15.0 03 0.01 4.5 0.1 1.5 0.5 18 10 1.0 1 10.0 45 001 11 15.0 65
Looking at the data in Fig. 5 it is apparent that once the
cells do start to grow exponentially following the dose, they
0r tend to show a faster growth rate when the radiation dose
is high. This can be seen by measuring growth areas and
<y also by calculating labelling indices using autoradiography
% 1F of *H thymidine-labelled cultures. The results are also in
" agreement with data published by Duchesne & Peacock
3 (21) using clonogenic assay techniques. Cultures tend to
g of reach a saturation cell density at about the same time and
o this saturation density is dose-dependent and lowest when
w the dose is highest. These data therefore suggest that a
o 001k number of different effects are being observed in the cul-
e T tures. The enhanced growth rate is probably real and could
- relate to an amplification or activation of processes in-
< 0.001 | volved in proliferation in radiation-damaged tissues. This
5" process is well-known to occur in vivo in events such as
- wound healing or liver regeneration. The occurrence of
saturation densities which are dose-dependent may be arti-
0.0001 - factual since the effect could be due to exhaustion, defi-
ciency or decay of nutrients in the medium. It is also
possible that the effect is due to the late expression of
0.00001 0 : '2 ; : lethal damage (reduced probability of division success,

WEEKS POST I[RRADIATION

Fig. 7. Total labelled cells as a function of weeks post exposure K
0Gy (O,@), 7.5Gy (A,A) or 15Gy (0O,B). Open sym-
bols = normal oesophageal cultures closed symbols = tumour
oesophageal cultures.

cell population or repopulation is taking place with time
after irradiation. This is a very interesting feature of the
system since it allows the time for the surviving cells to
regain the pretreatment cell number and to regain the
pretreatment cell growth rate to be determined. In addi-
tion, accelerated growth rate can be detected and in certain
cases results can be compared to similar data for normal
cells. There features give the method several clear advan-
tages over existing in vitro methods of predicting or study-
ing tumour response to therapy.

which has been observed to occur in a number of cell lines
(22, 23). If the latter suggestion is true, the effect could be
relevant in vivo.

The data in Fig. 5, showing different responses in cul-
tures from normal and tumour tissues, also indicate the
importance of time of measurement when using the ex-
plant technique. The data suggest that for this patient the
normal cells responded earlier to radiation than tumour
cells and that they have begun to repopulate before the
damage is expressed by the tumour cells. The patient used
for the data shown in Tables 2 and 3 and Figs 7 and 8 has
a different pattern of response. The tumour response is
maximally expressed soon after irradiation and regrowth is
well established by two weeks. If it is possible to validate
this assay clinically this type of data could be extremely
relevant to treatment planning since it could indicate the
optimum time to administer second doses of radiation or
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Table 3

Total cells ( x 10°) and percentage of Ki-67 positive cells one to four weeks following increasing doses of radiation. N = Normal oesophageal
mucosa T = Tumour from same patient

Dose  Week | Week 2 Week 3 Week 4
(Gy)
Total cells % positive Total cells % positive Total cells %o positive Total cells % positive
. N T N T N T N T N T N T N T N T
0 1.5 1.5 100 84 475 35 97.5 8 85 80 2600 80 100 25 0 100
25 1.0 13 100 20 24 1.0 85.0 8 41 005 1000 90 70 16.0 10 100
5.0 0.1 0.5 100 100 025 03 47.5 55 05 02 550 65 2.7 03 100 100
10.0 00t 075 100 100 015 005 90 100 06 001 650 50 06 0.01 6 100

NO. OF FOCI/ UNIT AREA

i 1 |

J
001 5 10

DOSE (Gy}

75

Fig. 8. Number of Ki-67 positive foci per unit area of the culture
as a function of radiation dose. O = normal cultures, @ = tumour
cultures. Measurement taken 3 weeks after exposure to radiation.

other cytotoxic treatment (e.g. give the second treatment
when the tumour cells are maximally affected by the first
treatment or when proliferation of normal cells is low
relative to tumour cells).

A major objection to tests of the type developed by this
group and others which look at the response of all the cells
in a culture from a tumour is that the important cells are
the clonogenic or stem cells and that only information
which exclusively concerns stem cell response to a pro-

posed treatment regimen is useful. This idea has lead to the
development of tests such as the tumour stem cell assay
developed by Hamburger & Salmon (8) or Courtney (9).
However, as discussed in the introduction such assays are
difficult to perform and rely on the ability of the tumour
stem cells to grow in agar, and the technique has a limited
success rate for many tumour types (24). For this reason
the attempts to detect proliferating units in the cultures
were undertaken. Quantification of this endpoint may al-
low an estimate to be made of the numbers of cells which
are capable of repopulating a tumour. The test has the
advantage over soft agar assays that a single cell suspen-
sion is not required. Therefore the therapeutic agent can be
administered while the tumour cells are organised in a
solid piece of tissue as occurs in vivo. The proliferating
unit endpoint can be measured using *H thymidine la-
belling followed by autoradiography or immunocytochem-
istry, although in a clinical situation the latter would be
more practical.

The assay may also allow the problem of tumour hetero-
genity to be addressed. This is an acknowledged problem
in any type of predictive assay and particularly where
growth of cells in vitro occurs since selection for aggressive
or resistant cell types may take place, as may clonal
dominance (1, 2, 25, 26). Using the assay described here a
good indication of variation may be obtained from the
range of response between individual replicate samples
since growth and response in several pieces of the tumour
are measured and each piece is relatively large (containing
over 8 x 10° cells).

In conclusion, the assay described can detect growth of
normal and tumour cell response to radiation in terms of
growth rate absolute or relative growth of number of
surviving proliferating units. The test, if validated, may
eventually be useful in planning radiotherapy treatment for
patients who have had surgery.

Corresponding author: Dr Carmel Mothersill, Physics Depart-
ment, Dublin Institute of Technology, Dublin 8, Ireland.
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