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Early and late changes in the normal mouse bladder reservoir function
due to irradiation and cis-DDP

F. Lundbeckl"2 & J. Overgaard'

'Danish Cancer Society, Department of Experimental Clinical Oncology, Norrebrogade 44, 2Department of Urology and Institute
of Experimental Clinical Research, University of Aarhus, Aarhus Municipal Hospital, DK-8000 Aarhus C, Denmark.

Summary Early and late changes in the reservoir function of the mouse bladder were investigated after
radiation alone or a combination of radiation and cisplatinum (cis-DDP). Bladder function was investigated
by repeated cystometries. Treatments consisted of either single fraction radiation (5-10-15-25-30 Gy) or 20 Gy
in combination with cis-DDP (6 mg kg-'; i.p.) administered at various time intervals from 14 days before until
14 days after radiation. At two selected time intervals (15 min and 4 h before) radiation was given at different
dose levels (5-10-15-20 Gy). Within 30 days after irradiation a dose-dependent early response was noticed both
in the radiation alone group and the group where cis-DDP was administered 15 min before radiation. The
dose-response curve showed a slight but non-significant shift to the left in the combined treatment group (dose
effect factor (DEF) = 1.18). Investigation of the early change in bladder reservoir function in the animals
treated with 20 Gy alone or a combination of 20 Gy plus cis-DDP at various intervals in relation to
irradiation demonstrated a significant increase in response when cis-DDP was administered 24 h and 15 min
before and 4 h, 72 h and 336 h after 20 Gy (P <0.05). The reversible nature of the early damage was
demonstrated.

Late response was irreversible and significantly increased in most groups were cis-DDP was administered
from 168 h before until 72 h after compared to radiation alone. Comparing groups treated with radiation
alone with groups where cis-DDP was administered 15 min and 4 h before radiation revealed DEF values up
to 1.45 (P <0.05), reflecting the significantly larger response in combined treatment groups. Survival was
significantly decreased in all combined treatment groups compared to groups treated with radiation only and
likewise survival was decreased in the group treated by cis-DDP alone compared to control (no treatment at
all).

Currently, one of the major interests in the treatment of
patients with deep muscle-invasive bladder cancer is whether
chemotherapy can achieve a prolonged survival when given
in combinations with either of the two basic treatment
modalities, namely radical cystectomy and curative irradia-
tion. One of the most potent chemotherapeutic agents in
urological cancer at present seems to be cis-platinum (cis-
diamminedichloroplatinum (II), cis-DDP) which in combina-
tions with methotrexate, vinblastine and doxorubicin has
been shown to result in a 30% complete tumour response in
patients with advanced disease (Sternberg et al., 1988).

Results from in vitro and in vivo experimental studies have
suggested that cis-DDP exerts a greater than additive effect
on tumours when combined with radiation (Overgaard &
Kahn, 1981; Lelieveld et al., 1985). However, from a thera-
peutic point of view, a major aspect in treating malignant
tumours is not supra-additivity of tumour cell kill but the
achievement of enhanced tumour response without increased
normal tissue morbidity (Moore & Mendelsohn, 1972). The
combination of cis-DDP and radiation has been investigated
in vivo in normal tissues. Earlier studies in skin (Overgaard &
Kahn, 1981) and intestinal crypt cells (Luk et al., 1979; Von
der Maase, 1984) gave somewhat conflicting results, showing
an increased effect of cis-DDP combined with irradiation
compared with radiation alone in gut (Luk et al., 1979), and
no effect in skin studies (Overgaard & Kahn, 1981). More
recently the combination was investigated in the mouse

(Stewart et al., 1986) and pig (Robbins et al., 1988) kidney,
and both studies suggested an additive injury.
To date only two studies have looked at normal tissue

damage of the urinary bladder with cis-DDP and irradiation
(Lundbeck & Stewart, 1989; Lundbeck et al. submitted).
Those invesigations, however, were partly directed towards

elucidating interstrain differences concerning the early
changes in bladder function (Lundbeck & Stewart, 1989), and
partly designed to compare two in vivo assays using the same
endpoints (Lundbeck et al., submitted). Our present study
was designed to examine the impact of varying the time
interval between administration of single dose irradiation and
cis-DDP on early and late damage and survival. In addition,
a comparison was made between the effects of either treat-
ment modality alone or in combination, on bladder reservoir
function as a function of time after treatment.

Materials and methods

All experiments were performed using female C3D2F,/Bom
mice (C3H/Tif? x DBA/2d). The mice were 12-14 weeks old
at the start of the experiments and weighed 20-25 g. They
were housed six per cage and given a standard laboratory
diet and tap water ad libitum.

Irradiation and drug treatment

The irradiation procedure and dosimetry have been described
in detail elsewhere (Lundbeck et al., 1989a). Basically, mice
were anaesthetised (pentobarbital, 60 mg kg-'), and the blad-
der emptied of urine by use of a transurethral catheter. The
mouse was then restrained in a plexiglass cylinder snugly
fitting into a lead box designed so as to shield the mouse
completely except for an oval portal (13 by 8 mm) on each
side, thus allowing irradiation of the urinary bladder on two
opposing lateral fields. X-rays were generated with a 250 kV
constant potential.
Mice given irradiation alone were treated with single doses

of either 5, 10, 15, 20, 25 or 30 Gy. In the combined treat-
ment studies animal were irradiated with 20 Gy with the
cis-DDP given at various time intervals up to 14 days before
and after irradiation. The irradiation dose in these experi-
ments was chosen because an earlier study had shown 20 Gy
to be feasible with a consistent response and a tolerable level
of toxicity (Lundbeck et al., 1989a). Two time intervals were
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elaborated on further, namely cis-DDP given 15 min and 4 h
before irradiation, and the radiation dose levels in these two
groups were 5, 10, 15 and 20 Gy.
Any calculation of interval between treatment and res-

ponse refers to the time of irradiation.
Control groups consisting of no treatment or cis-DDP

alone were also included.
Cis-DDP (Platinol, kindly supplied by Bristol Myers,

Copenhagen, Denmark) was injected intraperitoneally at a
concentration of 0.3 mg ml'. In all experiments a single dose
of 6 mg kg-' was given.

Assay for bladder reservoirfunction
The bladder filling technique has been described previously
(Lundbeck et al., 1989b). Briefly, the bladder of the anaes-
thetised mouse was emptied by means of a transurethral
catheter. Thereafter the catheter was replaced by a similar,
but fluid-filled catheter connected to an infusion pump
(0.1 ml min-' isotonic saline), a pressure transducer and an
ink jet recorder. When leaking around the catheter occurred,
the infusions were stopped. Two days before the start of the
experiment a cystometry was performed on each mouse as a
control. After treatment the mice were repeatedly investi-
gated on an average of six times during the first 30 days.
Thereafter the number of bladder fillings was gradually
reduced to one or two cystometries monthly until the late
radiation damage was manifest. The control animals were
similarly studied until death.

Endpoint and evaluation of data

The median initial volume at an intravesical pressure of
20 mgHg was 246 ftl. Response was defined by reduction to
less than 50% of that value (123 pld), irrespective of the
individual pretreatment volume (Bentzen et al., in press).

In selected groups, i.e. irradiation alone and cis-DDP
administered 4 h and 15 min before radiation, dose response
curves were performed to evaluate the early and late damage.
The curves reflecting early damage were estimated by calcula-
tion of the percentage of responding mice from the number
of available mice at each radiation dose level within the first
30 days after treatment. Logit analyses were performed
allowing an estimation of RDm (the radiation dose inducing
a response in 50% of the animals). Similar calculations were
performed in the same groups of animals at selected times
beyond 30 days to evaluate the late damage.
The combined drug-radiation effect was expressed in terms

of the dose effect factor (DEF). This DEF was defined as the
ratio between the RDm values for radiation alone and when
radiation was combined with cis-DDP. A comparison
between the estimated RD50 was performed as described
recently (Grau et al., 1990).
To compare the response and validate the influence of

interval between administration of cis-DDP and irradiation
on the early and late response with the changes seen after
irradiation alone the percentage of responding mice at each
time interval was calculated. Thus the early damage was
investigated between days 1 to 30 and the late damage at
days 70, 110, 150, 190, 230, 270 and 310 after irradiation.
Comparison with the group treated with 20 Gy alone was
performed by X2-test.
The probability of developing late damage and the proba-

bility of survival were both calculated employing the Kaplan-
Meier analysis (Kaplan & Meier, 1958), and comparisons
were performed using the log rank test (Peto et al., 1977).

Results

Early response
The effect of varying the time interval between cis-DDP and
radiation on the reservior function of the bladder for both
early and late damage is illustrated in Figure 1. An increased

early response is seen in the interval from 24 h before to
336 h after irradiation, although at 4 h before and 2 min after
irradiation the results were the same as seen in the animals
irradiated alone. None of the mice treated with cis-DDP
(n = 11) alone or in the untreated control group responded
(n = 52).

Figure 2 depicts the dose-response curves for the early
response to two selected groups: irradiation alone and cis-
DDP administered 15 min before irradiation. The curve for
the combination treatment is shifted to the left, reflecting the
increased number of responders at various dose levels. At
20 Gy, the difference in numbers of responders is significant
(P <0.05), as also illustrated in Figure 1. The RD50 value
was estimated to be 16.62 Gy for radiation alone compared
with 14.10 Gy for cis-DDP and radiation. This resulted in a
DEF value of 1.18, which however was non-significant
(P = 0.08).
The reversible nature of the early damage shown in a

previous study (Lundbeck et al., 1989b) is also illustrated in
Figure 1 (day 1-30 and day 70) by the fact that the response
to treatment is decreased. Measurements at day 30 showed
that none of the animals responded, either in the radiation
alone group or in the combined treatment groups (data not
shown).

Late response
The dynamic changes in bladder volume over time are illus-
trated in Figure 1. Already 70 days after treatment there is a
slight increase from that seen at day 30 in the number of
responders in both the 20 Gy group and 20 Gy plus cis-DDP.
Animals treated with cis-DDP either 72 h before or 24 h after
irradiation differ significantly from the irradiated group to
20 Gy only. From 110 days after treatment and onwards,
there is a steady increase in the overall number of respon-
ders. The increasing number of responders in the combined
treatment groups is at all times generally higher than in the
irradiated group only, indicating a shorter time until damage
in the former groups. No animals in the group treated by
cis-DDP alone responded, nor did any of the non-treated
mice respond during the whole period.
To illustrate the change in isoeffect dose during the obser-

vation period, RD50 values were estimated in three selected
groups, i.e. radiation alone (5-30 Gy) and cis-DDP admini-
stered 4 h or 15 min before radiation (5-20 Gy) (Table I).
Because of the toxicity in the combined regimen it was not
possible to increase the irradiation dose beyond 20 Gy leav-
ing only four dose groups in these experiments as compared
to six in the irradiation alone group. The Table illustrates
two important features. First, in all three treatment groups
the RD_0 decreases with time implying that time is an impor-
tant factor in the development of late damage. Second, com-
paring the RD50 values in the irradiation alone group with
either of the two other two combined treatment groups
reveals a substantial and significant reduction in RD50 as
illustrated by DEF values of up to 1.45. Comparing the DEF
values of the two combined regimens substantiates the in-
creased effect of giving cis-DDP 15 min before irradiation as
compared with 4 h before.

Figure 3 shows dose-response curves at day 190, estimated
from the number of animals available at this time. Compar-
ing the combined treatment groups with the irradiated
groups, the decrease of the RD50 is reflected as a significant
shift to the left in the curves comprising the combined treat-
ment. Figure 4 visualises the isoeffect dose over time for the
three selected groups presented in Table I, emphasising the
significantly increased effect in the combined treatment
groups and illustrating the maximal effect in the group treat-
ed by cis-DDP 15 min before radiation.

Table II is composed of two different Kaplan-Meier esti-
mates, i.e. probability of developing late damage (column a)
and the probability of survival (column b), in the groups of
animals treated with cis-DDP and irradiation (20 Gy). All
the groups in each column have been compared with the
group treated with radiation alone (20 Gy). A significant
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Figure 1 Percentage of responding mice (bladder volume < 123 ILI) at selected time intervals after treatment. Points represent
20 Gy + cis-DDP 6 mg kg- ' at various time intervals in relation to irradiation. The area between the dashed lines gives % response
after 20 Gy X-rays alone (± s.d.). 0 = significant difference from 20 Gy X-rays alone (P <0.05). 0 = no significant difference

from 20 Gy X-rays alone.
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Figure 2 Dose response curve for acute damage (day 1-30) in
two selected groups of animals: *--- = cis-DDP 15 min before
5-20 Gy; 0- = irradiation alone 5 -30 Gy. RD50 = 14.10 Gy
(10.11-19.67, 95% CI) and 16.62Gy (14.19-19.46, 95% CI),
respectively. DEF = 1.18 (0.98 -1.42, 95% CI), P = 0.08.

increased probability in developing late damage was seen

when cis-DDP was administered in the interval from 168 h
before until 72 h after 20 Gy except at three intervals, i.e.
24 h and 15 min before and 2 min after irradiation. Compar-
ing all groups with an increased response revealed no signi-
ficant difference. The right hand side of Table II shows a

significantly shortly survival when cis-DDP was administered
in the interval from 72 h before until 24 h after irradiation
compared to irradiation alone. There is only one exception,
i.e. 2 min after irradiation, which is difficult to account for.

Figure 5 illustrates a comparison of the estimated survival
250 days after treatment in each group treated with cis-DDP
plus irradiation (20 Gy) vs survival in the group treated with
20 Gy alone. It shows that adding cis-DDP to 20 Gy signi-
ficantly increases the risk of dying in an interval from 72 h
before to 24 h after irradiation implicating an increased toxi-
city in the combined regime. The only exception is the group

treated with cis-DDP 2 min after irradiation. When cis-DDP
is administered earlier than 72 h before or beyond 24 h after
irradiation there is no statistical difference in the survival
compared to the survival after 20 Gy alone.
The probability of survival is demonstrated in Figure 6 in

five selected groups. Control animals live significantly longer
than animals treated with cis-DDP alone, indicating that
cis-DDP exerts an effect on survival. Survival is further
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Table I RD50 for three selected groups at various time intervals after treatment: X-ray (5-30 Gy) alone and cis-DDP (6 mg kg-') administered 4 h
and 15 min before radiation (5-20 Gy), respectively

RD50 RD50 Cis-DDP RD50 Cis-DDP
Days after X-ray No of 4 h before X-ray No of 15 min before No of
treatment 5-30 Gy S/F animals 5-20/Gy S/F animals DEF, X-ray 5-20 Gy animals DEF2 DEF2/DEF,
70 25.27 129 23.34 68 1.08 19.44 53 1.30a 1.20

(21.20-30.12) (13.48-40.40) (0.82-1.43) (11.87-31.86) (1.01-1.68) (1.41-3.48)
110 23.12 125 20.45 67 1.13 15.99 48 1.45a 1.28a

(20.24-26.42) (14.88-28.11) (0.95-1.34) (11.64-21.95) (1.22-1.72) (1.04-1.57)
150 20.44 115 17.47 67 1.17a 16.12 47 1.27a 1.08

(18.61-22.46) (13.94-21.89) (1.04-1.32) (11.55-22.52) (1.07-1.50) (0.90- 1.30)
190 19.98 96 16.79 59 1.Iga 14.80 44 1.35a 1.13

(17.52-22.78) (13.16-21.42) (1.03-1.38) (11.23-19.51) (1.15-1.58) (0.96-1.34)
230 17.84 72 15.70 54 1.14a 14.84 46 1.20a 1.06

(15.95- 19.96) (12.77-19.30) (1.00-1.28) (11.76-18.73) (1.05-1.37) (0.92- 1.22)
270 17.43 64 16.20 48 1.08 13.08 36 1.33a 1.24a

(15.11-20.09) (12.37-21.22) (0.92-1.26) (9.63-17.77) (1.12-1.58) (1.03-1.49)
310 16.00 52 15.97 43 1.00 12.32 26 1.30a 1.30a

(13.87-18.45) (11.54-22.09) (0.84-1.20) (4.32-35.13) (1.07-1.57) (1.02-1.65)
DEF = dose effect factor. DEF, = X-ray vs cis-DDP 4 h before radiation. DEF2 = X-ray vs cis-DDP 15 min before radiation. DEF2/DEF, = The

ratio between cis-DDP 15 min before radiation vs cis-DDP 4 h before radiation. a = statistical significance (P< 0.05). All numbers in brackets = 95%
confidence interval.

significantly decreased in the combined treatment groups, i.e.
cis-DDP adminstered 4 h and 15 min before radiation (20 Gy).
An especially marked decrease in survival is encountered in
the group treated with cis-DDP 15 min before irradiation
(20 Gy), reflecting an increased death rate during the early
damage.
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Table II The probability of developing late damage after 20 Gy alone
compared with 20 Gy combined with cis-DDP (6 mg kg- ') at various
time intervals. For each comparing group a Kaplan-Meier estimate was
calculated and compared by a log rank test (column A). The same
procedure has been performed with respect to the probability of survival

(column B)
20 Gy vs cis-DDP Column A Column B
336h before 20Gy NS NS
168 h before 20 Gy P<0.01 NS
72 h before 20 Gy P<0.005 P< 0.05
24 h before 20 Gy NS P< 0.005
4 h before 20 Gy P<0.025 P< 0.025
15 min before 20 Gy NS P< 0.005
2 min after 20 Gy NS NS
4 h after 20 Gy P<0.01 P< 0.005
24 h after 20 Gy P< 0.005 P<0.01
72 h after 20 Gy P< 0.025 NS
168 h after 20 Gy NS NS
336 h after 20 Gy NS NS
NS = no significant difference.
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Figure 3 Dose-response curves for late damage in three selected

groups at day 190. Curves based on % responders from animals
alive at day 190. 0- = X-ray (5-30 Gy); A--- = cis-DDP 4 h

before X-ray (5-20 Gy); 0--- =cis-DDP 15 min before X-ray

(5-20 Gy).
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Figure 5 A comparison between the estimated survival 250 days
after treatment (Kaplan-Meier, log rank). Points represent 20 Gy
S/F + cis-DDP 6 mg kg-' at various time intervals in relation to
irradiation. The area between dashed lines: 20 Gy S/F± s.d.,
* = significant difference (P< 0.05) from 20 Gy group, 0 = no
significant difference. Bars indicate ± s.d.
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Figure 4 RD50 for three selected groups at various time intervals
after treatment. For confidence limits and testing for significance,
refer to Table I. 0- = X-ray (5-30 Gy); A--- = cis-DDP (6 mg
kg-') 4 h before X-ray (5-20 Gy); *--- = cis-DDP (6mg kg-')
15 min before X-ray (5-20 Gy).

In the treatment group where cis-DDP was administered
15 min before irradiation (5-20 Gy) the probability of sur-
vival has been further investigated (Figure 7). From this
figure it can be seen that the survival decreases significantly
with increasing radiation dose, indicating that radiation dose
is a crucial element in survival (P<0.05).

* c-DDP before RAD c-DDP after RAD

I

--4+0
0 ~ ~ TI I I. to

* ~TI I:

u *-

I 4 m_ I

A



MOUSE BLADDER FUNCTION AFTER IRRADIATION AND cis-DDP 103

60

No treatment

40

20-c-DDP-15 min- c-DDP alone

20OGy 20OGy

c-DDP-4 hr-20 gy
0 100 200 300 400 500 600 700

Days after treatment

Figure 6 Estimated survival curves in five selected groups,

P< 0.05 (Kaplan-Meier, log rank). Cis-DDP dose 6mg kg-'.
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Figure 7 Estimated survival curves in four selected groups,
P <0.05 (Kaplan Meier, log rank). Cis-DDP dose 6 mg kg'.

Discussion

The present investigation employs cystometry to evaluate a
functional endpoint. A 50% decrease in the median urinary
bladder pretreatment volume was used as the endpoint to
illustrate the early and long term normal tissue changes after
radiation alone compared to the radiation response when
combined with cis-DDP at various time intervals.

Early response

Our study on the effect of varying the interval between
cis-DDP and irradiation indicates an increased response in
the combined treatment groups compared to radiation alone
in a rather wide time interval, i.e., administering cis-DDP
from 24 h before until 336 h after radiation (Figure 1), with
some few exceptions. This time interval is somewhat different
from other reports (Von der Maase, 1986; Pearson & Steel,
1984) where an increased response was produced only at
tighter intervals between cis-DDP and irradiation. Pearson &
Steel (1984) performed a time-dependency study on lethality
in mice treated with cis-DDP administered at various times
before and after irradiation, and found an increased response
within the first 30 days after irradiation when the drug was
administered 1-2 days before until approximately 7 days
after irradiation. Von der Maase (1986), investigating intes-
tinal crypt cells, reported an increased response at a still
tighter interval between drug and irradiation, i.e. approx-
imately 24 h before until simultaneous application of the two
treatments. Luk et al. (1979) demonstrated an increased res-
ponse in intestinal crypt cells only when the interval was
further reduced, i.e. a few hours before until simultaneous
treatment. The last study contrasts with our findings, since
we could not demonstrate any increased effect when cis-DDP
was administered either 4 h before or 2 min after irradiation.
Our findings at these two particular intervals are surprising

and hard to account for.
In spite of the differences with respect to the interval

between cis-DDP and irradiations the previous studies all
demonstrate an increased early effect that can be ascribed to
some effect from cis-DDP (Luk et al., 1979; Von der Maase,
1986; Pearson & Steel, 1984). Other studies, however, on
similar relatively rapidly proliferating normal tissues such as
mouse lip mucosa (Landuyt et al., 1986) and mouse skin
(Bartelink et al., 1986; Fu & Lam, 1991) have failed to
demonstrate any effect due to cis-DDP when administered
with radiation, irrespective of the interval between the treat-
ments. Some of these discrepancies may be due to differences
in animal strain, radiation doses or scoring methods. But one
should also take into consideration the basic differences in
the selected endpoints. Our endpoint is a purely functional
one, and comparing results deduced from such a non-clono-
genic assay with results originating from different clonal
assays does imply some difficulties (Michalowski et al., 1984).
This issue has been amply illustrated in a recent publication
comparing the functional glucose absorption and the clono-
genic damage evaluated as cell survival in crypt cells in the
same mice. Although the results from both endpoints showed
a decrease as a function of radiation dose there was no
quantitative correlation between the two (Overgaard & Mat-
sui, 1990).

In a previous bladder study we demonstrated a clear dose-
response relationship in the early response to irradiation
alone (Lundbeck et al., 1989a). A similar dose dependency
was found in the present investigation (Figure 2) when cis-
DDP was administered 15 min before radiation. The curve is
shifted somewhat to the left compared to the radiation only
curve, making the immediate suggestion of some effect of
cis-DDP. The DEF value was calculated to 1.18, which,
however, is not statistically significant. This may seem some-
what contradictory to the finding in Figure 1, where a signi-
ficant difference was demonstrated at 20 Gy. However, the
difference in data analysis in the two figures should be con-
sidered. The curves are rather steep, which means that a
significant difference between RD50 values will be more diffi-
cult to detect compared with a difference in response. Fur-
thermore, the wide confidence limits, reflecting an uneven
distribution of responders among the radiation dose levels in
the combined treatment group, probably accounts for the
lack of statistical difference.
The exact mechanism for the early and transient damage in

the bladder is not fully understood either for radiation alone,
or for radiation combined with cis-DDP. Cell kinetic investi-
gations (Stewart et al., 1980) after radiation alone have
shown an exceptionally slow turnover in the normal uro-
thelium, and no change has been noticed in proliferation
until the late damage was about to be manifest. So the early
damage leading to an hyperactive and irritated bladder is not
supposed to be a result of cell death and sloughing of the
urothelium, as experienced after administering cyclophospha-
mide (Lundbeck & Stewart, 1989; Stewart, 1985). One might
then assume some changes in the contractile mechanisms in
the bladder, reflected in the decreased compliance. However,
in a recent pharmacological in vitro study of nerve and
muscular functions in the mouse bladder wall (Lundbeck &
Sj6gren, 1991) it was not possible to indicate any differences
between irradiated (25 Gy) and non-treated mouse bladders
concerning the release mechanism of acetylcholine, choliner-
gic or non-cholinergic nerve activation, prostaglandin func-
tion or potassium channel activation.
cis-DDP by itself did not produce a change in the bladder

reservior function, but the present study clearly demonstrates
some interaction between the drug and radiation when com-
bined. Since the early response takes place largely when the
drug is administered after radiotherapy, the effect does not
seem to be a true sensitisation.

Late response

Although the early change in bladder capacity does pose
some clinical problems the degree of late damage on normal
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tissue is the all important issue in the treatment of malignant
tumours with radiotherapy either alone or in combination
with cytostatic drugs.
An earlier study (Lundbeck et al., 1989a) demonstrated a

late response to different radiation doses when given alone.
The isoeffect curve indicated that over time an increasing
number of animals did respond in lower dose groups reflect-
ed by a decrease in the RD50 (Lundbeck et al., 1989a). When
combining cis-DDP either 15 min or 4 h before irradiation
the same feature is illustrated in the present study (Table I,
Figure 4) and furthermore the RD_% is found to be signifi-
cantly lower in both the combined treatment groups com-
pared to radiation alone. The decrease in isoeffect dose -
reflected by DEF values up to 1.45 - is approximately 30%
in the group treated with cis-DDP 15 min before irradiation,
thus indicating this interval to be especially damaging. This
finding is admittedly somewhat contradictory to the observa-
tion in Figure 1, where the difference in response between the
group treated with cis-DDP 15 min before 20 Gy and the
irradiation only group (20 Gy) is not statistically significant
except 110 days after treatment. This inconsistency between
Figure 1 and 4 on this point can, however, be ascribed to the
fairly small number of animals available at this particular
dose level. Estimation of a dose response curve, on the other
hand, comprising several dose points decreases the risk of a
type 2 error considerably, provided that the confidence limit
is reasonably tight.
The time course for the changes in the bladder reservoir

function following the administration of cis-DDP either
before or after irradiation (Figure 1 and Table II) suggested
that the late response took place at an earlier time in the
combined treatment groups as compared to the radiation
alone group. This may be a true observation, but may also
reflect a more pronounced damage to the compliance capa-
city of the bladder wall, therefore resulting in an earlier
detection of the damage. The distinction between these two
possibilities is, however, not possible from the present ana-
lysis, since this would imply a change in endpoint definition.
At present, this is qualitative rather than quantitative.
Similarly, estimation of the probability of developing late
damage (Table II) revealed a significantly shortened interval
from treatment until response or a significantly increased
response at the same time interval (after treatment) in all but
three groups treated with cis-DDP from 168 h before until
72 h after irradiation (20 Gy) compared with irradiation
alone (20 Gy). The three intervals were 24 h and 15 min
before and 2min after irradiation.

While the non-significant finding concerning the interval
15 min before irradiation has been discussed above, it is hard
to account for the similar finding in Table II concerning 24 h
before and 2 min after irradiation, except for the fact that
there was a signifciant increase in mortality in the animals
treated with cis-DDP 24 h before irradiation compared with
irradiation alone evaluated by a log rank test. On the other
hand, the percentage of responding animals during the whole
observation period is very low (Figure 1) so the lack of
significant difference is probably true and may well reflect
experimental variability. The present results do not enable
this issue to be resolved any further. Although the results are
somewhat variable, they nevertheless indicate a general in-
crease in the effect when cis-DDP is combined with radiation
on the late responding bladder tissue as long as the interval
between drug and radiation does not exceed 1 week before
until 72 h after.
Another late responding tissue, the mouse kidney, has also

been studied extensively to evaluate the combined effect of
cis-DDP and radiation. This study (Stewart et al., 1986)
demonstrated a DEF value of approximately 1.3 reflecting a
significant renal toxicity when cis-DDP was combined with
radiation, administered either before or within 2 weeks after
irradiation. In contrast to the kidney studies and our present
investigation, Dewit et al. (1987), concluded from his time
course investigations on stricture formation in mouse rectum
that there was no effect of cis-DDP, when combined with
radiation. Those studies on late damage even demonstrated

an increase in RD50 when cis-DDP was combined with irradi-
ation compared with irradiation alone.
Although cis-DDP alone did not appear to change the

bladder volume either acutely or chronically, the drug itself
did have an influence on the survival of the animals, those
treated with cis-DDP alone having a significantly shorter
survival than controls. The difference in survival in these two
groups may be somewhat difficult to account for, since the
applied dose (6 mg kg-') is not supposed to exert a late affect
on the kidney function. In a recent study by Stewart et al.
(1986) it was shown that the early damage inflicted on the
kidney function after administering 6 mg kg-' cis-DDP sub-
sides, and the kidney function - evaluated by the 5'Cr-EDTA
clearance - returned to normal after approximately 10 weeks.
Thereafter the clearance remained almost normal. In animals
treated with higher drug doses, on the other hand, a dose
dependent increase in the amount of renal damage persists,
with no recovery for up to 40 weeks. Cis-DDP does, how-
ever, also exert some haematological toxicity resulting in
anaemia or internal haemorrhage (Robbins et al., 1988; Sid-
dik et al., 1987). However, while we cannot exclude anaemia,
we have not encountered haemorrhage.

In a previous study (Lundbeck et al., 1989a) we have
discussed survival in relation to a range of radiation dose
levels (5-30 Gy), and a clear dose-dependency was demon-
strated. The same feature was encountered in the groups
treated with cis-DDP 15 min before 5-20 Gy (Figure 7),
suggesting that radiation dose is the most important factor.
Comparing equal radiation dose levels with and without the
drug administered at this interval by means of Kaplan-Meier
plots indicated that the radiation dose had to be of a certain
magnitude before an increased mortality in the combined
treatment groups could be demonstrated (data not shown).
Thus, not until a dose level of 20 Gy did a significant in-
creased mortality appear in the combined treatment groups
vs the 20 Gy alone group. The reason for this may be the
general ability of tissues to regenerate or otherwise compen-
sate for trauma up to a certain level. This issue has been
discussed recently by Hendry (Hendry & Thames, 1986) with
special reference to radiation damage.
Combining cis-DDP with 20 Gy radiation at time intervals

of 72 h before to 24 h after irradiation resulted in a signi-
ficantly increased mortality (Figure 5, Table II). There seems
only to be one exception and that is 2 min after irradiation,
which is hard to account for. The groups that produce the
increased mortality seem to correlate well with those showing
an increased response compared to radiation alone (Figure 5,
Figure 6, Table I), but this assumption does not imply that
non-responders in the same groups live longer. Our data
analyses, however, do not at present enable us to elaborate
further on this pertinent issue.
During the first weeks after cis-DDP and irradiation to

20 Gy, a great number of animals lost 10-20% of their body
weight, resembling the animals with those in previous experi-
ments treated up to 25 and 30 Gy. The main problem for the
animal during that period is probably imbalance of water
and electrolytes partly due to irradiation damage to the small
intestines in spite of shielding (Lundbeck et al., 1989a) and
partly in the cis-DDP treated animals due to kidney damage.
No animal was deliberately killed during the early phase,
except for animals that appeared to be suffering, the major
concern being to allow the animal to exhibit late bladder
damage. Even after having developed the late damage most
of the animals were left alive to accomplish a true survival.
However, animals at a late state developing gross tumours
were killed, although this was less than 5%. Animals dying
spontaneously were always found in a state where post-
mortems would be meaningless. When postmortems were
performed, no obvious reason for dying could be demon-
strated such as internal haemorrhage, as found by others
(Robbins et al., 1988; Siddik et al., 1987). Neither have we
encountered convincing evidence of animals dying from sten-
osis of the ureters resulting in large hydronephrosis as des-
cribed by others (Knowles & Trott, 1987). The urine was
routinely checked by stix when the bladder was emptied
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during the experiments, but no sign of bacteriurea has been
found. Infections resulting in abscess formation have how-
ever not been noticed.
We believe that differences in sensitivity is one of the main

reasons for the variations in mortality encountered in differ-
ent experiments and laboratories. The issue of sensitivity has
been discussed in two previous papers (Lundbeck & Stewart,
1989; Lundbeck et al., 1989a), one of these (Lundbeck &
Stewart, 1989) especially focusing on the evident strain differ-
ences in respect to sensitivity towards different treatments,
involving irradiation, cyclophosphamide and cis-DDP.
Differences in mortality due to difference in sensitivity to
cis-DDP has been reported in other animals (Robbins et al.,
1988).
In conclusion the present investigation shows an early

reversible followed by an irreversible late damage to the
reservoir function of the mouse bladder, both after irradia-
tion alone and combined With cis-Dt;P. The early damage is
most severe when cis-DDP is administered from 24 h before
until 336 h after radiation with some few exceptions; late
damage is most prominent in the combined treatment groups
when cis-DDP is applied at a fairly short interval in relation
to radiation (not exceeding I week). Survival is decreased
considerably when cis-DDP is combined with radiation com-
pared to radiation alone, but although cis-DDP per se
significantly decreases survival compared to control, radia-
tion dose is the all important factor for survival.

We thank Michael R. Horsman, Ph.D., for fruitful discussions and
careful assistance in correcting our English.
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