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Introduction

The radiation of larger than 4-5 Gy has been generally de-
livered to turnors in the research of chemical radiosensitzers,
and many chemicals exhibited large enhancement ratios in
mouse tumors. The clinical trials of hypoxic cell radiosensitizers
were performed according to these data, however, the results
have not been successful with some notable exception'’ be-
cause of two probable recasons. The first is the intolerable
toxicity of the drugs to humans at the dose level by which sig-
nificant radiosensitization was achieved in mouse tumors. The
second is the small radiosensitization achievable at the frac-
tion dose of 2-3 Gy being prevalent in clinical radiotherapy.
These findings highlight the importance of examining tumor
responses following 1-3 Gy in experimental studies.

For assessing the tumor responses to low-dose radiation,
multiple fractionated irradiation experiments have been em-
ployed using the 50% tumor control dose or tumor growth delay
time as endpoints. In these experiments an immobilization of
mice are required, and, this procedure may disturb the oxy-
genation status of the cells in tumors?’. On the other hand it is
not necessary to restrict the mobility of mice when a standard
in vivo - in vitro colony formation assay is applied for the study.
However, the decreases of surviving cell fractions (SFs) fol-
lowing 1-3 Gy of radiation are too small to be accurately evalu-
ated by standard in vivo - in vitro colony formation assay. Palcic
et al¥. have established a sophisticated colony formation as-
say to exarnine the SFs and an exact oxygen enhancement ratios
in dose ranges of less than 2 Gy in cultured cells.

As mentioned above, the radiosensitizing abilities of hypoxic
cell sensitizers at low radiation doses have not been investi-
gated in solid tumors of mice. Here, we applied the colony
formation assay technique developed by Palcic for studying
tumor responses to single dose of 1-3 Gy with or without four
hypoxic cell radiosensitizers which have been reported to yield
similar enhancement ratios when large radiation doses were

delivered at single fraction.
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Materials and Methods

Animals and tumors

SCCVII tumor cells in the exponential phase of growth in
culture dishes were inoculated (5 x 10 cells)into the thighs
of 8- to 10-week-old male C3H/He mice. The tumor cells were
maintained in culture with Eagle's minimum essential medium
supplemented with 12.5% fetal calf serum and 292 mg/l I-
glutamine. About 2 weeks later, when the studies were per-
formed, the tumors reached a mean diameter of 10 mm.
Irradiation

The radiation was delivered to the whole body of tumor-
bearing mice at dose rates of 0.95-1.0 Gy/min, using an irra-
diator loaded with 370 TBq ®Co. Dose rate meter was used (o
measure the absorbed dose rate. Four mice were irradiated at
once in an acrylic box (volume = 784 ml). The mice were not
immobilized or subjected to general anesthesia. To determine
the in vitro radiosensitivity of tumor cells, 15 ml cen-
trifuge tubes containing tumor cell suspension were
place in a same box for irradiation to mice, and radia-
tion was delivered.
Compounds

Four hypoxic cell radiosensitizers: Etanidazole,
Misonidazole, 1-(2-hydroxy-1-(hydroxymethyl)
ethoxy) methyl-2-nitroimidazole (RP-170)*and 2-
nitroimidazole with an N'-substituent of
CH:CF:CONHCH2CH>0H: KU-2285" were tested for
their radiosensitizing activity. The drugs were dissolved
in physiological saline, and 100 or 200 mg/kg body
weight was administered intravenously. Twenty min-
utes later the mice received whole body irradiation of

-3 Gy. These drug doses and an interval between drug

injection and irradiation were chosen according to the
previous studies by others**’,
Colony Formation Assay

Immediately after the treatments, the mice were killed,
and the tumors were excised and trypsinized (0.05%
trypsin + 0.02% EDTA at 37°C for 15 min). The tu-
mor cell suspension was divided into two samples. One
was for examining the adhesion rates of tumor cells to
the flask bottom. The other was provided for colony
formation assay. Four to five thousands tumor cells were
plated onto T-25 flask for determining the ratios be-
tween the number of cells adhered to the bottom of flask
and the number of cells inoculated. Cytochalasin B , a
cytokinesis inhibitor, was added to the medium (2 ug/

ml). Eight to ten hours later, all tumor cells which
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bottom were counted again to determine the adhesion rates of
tumor cells.

For the colony formation assay, around 400 tumor cells
obtained from the remaining sample of tumor cell suspension
were plated onto a T-25 flask. Parallel lines, at 2-mm inter-
val, were pre-marked on the outer surface of bottom of flask.
Eight to ten hours later, the medium was exchanged, and the
flasks were set on a specially designed table of the phase contrast
reversed microscope (Fig.1 A) , and the bottoms were care-
fully observed scanning along the parallel lines. About 100
positions where tumor cells adhered to the bottom were recorded
in a microcomputer. Fig. 1 B shows the operation console in-
volving the microcomputer for recording cell positions, and
the positions can be revisited automatically every time when
it is needed. The parallel lines completely eliminated the risk
of dual recording of cell positions. After 5 to 6 day culture,

the colonies in the flasks were fixed with Carnoy's fixative:
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Fig.1

Phase contrast reversed microscope (A)with a specially designed table con-
nected to operation consale (B)which is involving microcomputer for re-
cording cell positions. Every prerecorded positions can be revisited auto-
matically every time when it is needed.

existed in a pre-marked area of the bottom were counted
and the culture medium was exchanged. Immediately

after, the cells still remaining in the same area of the
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sented in Fig.4. Etanidazole and KU-2285 did not en-
hance the effect of radiation to tumors. The combina-
tion of misonidazole and radiation reduced the SF
slightly more than that with radiation alone at only 3
Gy, however, this difference was not significant (p =
0.1 ). Irradiation combined with RP-170 yielded a lower
SF at 2 Gy than that with radiation alone (0.05 < p <
0.1). At 3 Gy, RP-170 significantly increased the tu-
mor cell killing of radiation (p < 0.05).

Fig.5 demonstrates the combined effects of radiation
and radiosensitizers at the dose of 200 mg/kg. The mean
SFs in the combination of radiosensitizers and radia-
tion were lower than those achieved with radiation alone.
However, the decreases of SFs were not significant in
the cases of misonidazole and etanidazole. The com-

Fig.2 Rate of adhesion of tumor cells as a function of radiation dose. Results
represent mean values and standard deviations in seven independent
experiments. (O) : Radiation alone, (@):

Misonidazole, (&): Etanidazole, (H): KU-2285, (@): RP-170.

the mixture of three volume ethanol and one volume acetic acid.
These flasks were put on the same microscope table again and
all pre-recorded positions were automatically revisited. The
colonies consisting of more than 50 cells were counted. The
surviving fractions (SFs) were the ratio divided the colony
formation rates following irradiation by that of unirradiated.
To determine the radiosensitivity of fully oxygenated tumor
cells, the tumor cells enzymatically dissociated from untreated
tumors were irradiated as described in former paragraph, and
the colony formation rates were examined by the same assay
procedure.

The difference between SFs was statistically analyzed by
Student's t-test. When P value was smaller than 0.05, the dif-

ference was regarded as statistically significant.

Results

The adhesion rates of tumor cells to the bottom of the flask
following 0-3 Gy of radiation were not affected by radiation
dose increment, and varied from 77% to 91% (Fig.2). The
-combination of hypoxic cell radiosensitizers had also no ef-
fect on adhesion rates in these dose ranges of radiation and
drugs (Fig.2 ).

The colony formation rates of tumor cells which received
radiation in vivo decreased with an increase of radiation doses

bination of KU-2285 and radiation yielded lower SFs
at 2 and 3 Gy in comparison with radiation alone, and
these differences were significant (0.01 < p < 0.05). The
SFs following 2 and 3 Gy of radiation combined with
RP-170 were significantly lower than each that produced

by radiation alone (p < 0.005).

Discussion

Accuracy of microcomputer assisted colony assay for de-
termining in vivo tumor response to 0-3 Gy
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in the range of 0-3 Gy (Fig.3). The tumor cells irradiated in
vitro exhibited higher radiosensitivity than those treated in
vivo. The radiosensitizing effects of the hypoxic cell
radiosensitizers on tumors at the dose of 100 mg/kg are pre-
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Fig.3 Surviving cell fraction as a function of radiation dose. (O):
in vivo radiation, (@): in vitro irradiation. Each point indicates mean
value and standard deviation in seven and four independent ex-
periments of in vivo and in vitro irradiation, respectively.

HAERSE £56% H145



Koji Ono et al. 1069

1.0 -
i, on
- + A lil
=
g L * ([
g L. +¢
=2 %
Zg = +
%]
05
Lt
—_l____l__-__
1 Gy 2 Gy 3Gy
Dose

2
2 .
5
@
05 A
gk "
l+
Sy
— Y
N et I - N T
1 Gy 2 Gy 3 Gy
Dose

Fig.4 Surviving cell fractions of tumors irradiated in vivo as a
function of radiation dose with 0.1 mg/kg of hypoxic cell
radiosensitizers. (O): radiation alone, (@) : Misonidazcle, (A):
Etanidazle, (l): KU-2285, (@): RP-170. Each point indicates mean
value and standard deviation of 10 flasks in five independent

experiments. = :p=0.1, #=:0.05<p<0.1, =+ :0.01 <p<0.05

The cell position prerecorded colony formation assay assisted
by microcomputer was developed by Palcic et al*’. to investi-
gate the oxygen enhancement ratio for cultured cells at 2 Gy
region. This colony formation assay procedure has also been
used to examine the repair phenomenon which are inducible
by very low dose radiation(<1.0 Gy)?. As described above,
this assay technique has been approved as highly accurate
method for an assessment of in vitro radiosensitivity of cells.
On the other hand, in conventional in vivo-in vitro colony
formation assay, it is difficult to detect tumor response to low
dose of radiation, because this assay involves the errors in cell
counting, dilution of cell suspension, cell plating onto flask
and inter-tumor variations. When this new technique would
be applied to in vivo - in vitro colony assay, however, the er-
rors described above could be essentially eliminated except
the inter-tumor variations.

Adhesion rate of tumor cells following radiation

In the in vitro study, the cells were plated, and their adhe-
sion positions were recorded. Thereafter, radiation was delivered
to the cells. However, for assessing the responses of in vivo
tumors, radiation must be delivered first. If the adhesion of
tumor cells to the bottom of flask is affected by radiation, the
technique used here can't be simply applied to evaluate the
response of in vive tumors. We therefore examined the effects
of radiation on adhesion rates of tumor cells. As presented in
Fig. 2, these values did not decreased with an increase of ra-

diation doses, probably due to the low doses of radiation in
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Fig.5 Surviving fractions of tumors irradiated in vivo as a func-
tion of radiation dose with 0.2 mg/kg of hypoxic cell radiosensitizers.
(O) : radiation alane, (@): Misonidazole, (&): Etanidazole, (H):
KU-2285,(®): RP-170. Each point indicates mean value and
standard deviation of 10 flask in five independent experiments.
w5 00,01 < p < 0.05, ==+ : p<0.005.

our study.
Surviving cell fractions of tumors following 0-3 Gy

The colony formation assay revealed the slight tumor re-
sponses following 1-3 Gy, clinically prevalent as fraction dose
(Fig.3). Tumor consists of well oxygenated radiosensitive and
hypoxic radioresistant cells. The hypoxic cell fraction of
SCCVII tumors at a mean diameter of 10 mm is around 14%7
. The radiation response of tumors at low doses is mainly de-
termined by the killing of well oxygenated tumor cells ¥,
Therefore, it is generally thought that the cell survivals of tumors
at low doses does not differ from those of tumor cells irradi-
ated in vitro. However, in the present study, there were sig-
nificant differences in tumor cell survivals between tumors
irradiated in vivo and tumor cells received in vitro irradiation
(Fig.3). In our previous study using micronucleus assay, we
found that the combination of nicotinamide and carbogen in-
halation enhanced the response of SCCVII tumors to 1-4 Gy
being equivalent to the radiation doses in the present study.
Because nicotinamide decreases the cyclic interruption of
microregional tumor blood flow” and carbogen inhalation in-
creases the oxygen partial pressure in tumor tissue'”, the in-
creased tumor responses are regarded as an improvement of
oxygenation status of the tumors. Therefore, our present finding
is consistent with previous report'!’,
Effects of hypoxic cell radiosensitizers

Some investigators have studied the effects of hypoxic cell

radiosensitizers in combination with multiple fractionation
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irradiation by conventional in vivo - in vitro colony forma-
tion assay. However, the fraction doses applied were not around
2 Gy, but above 4 Gy'*'. Of course multiple irradiation experi-
ments using 2 Gy fraction is possible, however, the final ef-
fects on tumors are affected by many factors: the initial size
of damage, the extent of recovery between irradiations,
reoxygenation, repopulation and so on. To exclude the effect
of reoxygenation, the clumping of tumors prior to each radia-
tion exposure was employed and the radiosensitizing activity
was determined on pure hypoxic cells'”’. However, the effect
which have to be known is that on a mixed tumor cell popula-
tion consisting of both oxic and hypoxic cells. Then, we used
microcomputer assisted assay technique to test the activity of
hypoxic cell radiosensitizers and found that, of the 4 agents
tested, only RP-170 was effective at 100 mg/kg in combina-
tion with 3 Gy of radiation (Fig.4). The combination of RP-
170 with 2 Gy yielded a slightly lower SF than that with ra-
diation alone, however, the difference was not significant (0.05
< p<0.1). RP-170 may have potential for increasing tumor
response at clinically prevalent fraction dose of 2-3 Gy. When

200 mg/kg of KUJ-2285 or RP-170 was combined with 2-3 Gy,
significant enhancement of cell killing was obtained (Fig.5).
According to the studies performed by others, these four
radiosensilizers have significant radiosensitizing activity at the
drug doses of 100 or 200 mg/kg when large radiation doses
were combined ¥*"1¥, However misonidazole and etanidazole
did not show such an activity at 2 - 3 Gy, and RP-170 had a
more significant effect than KU-2285, despite their similar
activities at large radiation doses *"*'. Thus, the radiosensitizing
activity at around 2 Gy did not always correlate with that ob-

served at large radiation doses.

Conclusion

KU-2285 and RP-170, especially RP-170 increased the ra-
diation response of tumors which are consisting of heteroge-
neous mixed cell populations concerning oxygenation status
al the drug dose of 100 mg/kg and 2 Gy of radiation. There-
fore, we consider that RP-170 and K.U-2285 have potential
to increase tumor response in clinical radiotherapy.
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