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Abstract. The present study was initiated to investigate strain differences in oral
mucosal radiosensitivity in mice with regard to induction of clinically manifest ulcer-
ation. Mouse ventral tongue epithelium was used as an established animal model for
radiobiological studies of radiation-induced mucositis. Mice from two different
strains, C3H/Neu (n = 40) from the Dresden colony, and B6D2F1 (n = 50) from the
Harlan/Winkelmann UK colony were subjected to irradiation of tongue mucosa.
Graded single doses were applied to a 3 × 3 mm2 test field in the centre of the lower
tongue with 25 kV X-rays in order to generate full dose-effect curves for acute
mucosal ulceration, as a clinically relevant reaction. For both groups, dose-effect
curves were computed by logit analysis; comparison of the curves was by maximum-
likelihood χ2 test. In addition, the time course of ulceration, i.e. latent time and indi-
vidual ulcer duration, was analysed. In both mouse strains, a well-defined dose effect
was observed. The ED50 values, i.e. the doses at which ulceration is expected in 50%
of the animals irradiated, and their standard deviation σ, calculated by logit analysis,
can be used to describe radiosensitivity. The ED50 was 11.0 ± 3.4 Gy (95% confidence
interval (7.2; 15.4), P for dose dependence: 0.014) and 13.4 ± 3.6 Gy (95% confidence
interval (10.6; 16.1), P for dose dependence: 0.0002) in C3H and BDF1 mice, respect-
ively. Hence, oral mucosa in BDF1 mice was found to be marginally more radio-
resistant (P = 0.1). The latent time to ulceration, i.e. the time between irradiation and
first diagnosis of ulcer, was 11.6 ± 0.2 days (mean ± SEM, n = 18) in C3H mice and
5.6 ± 0.1 days (n = 27) in BDF1 mice (P = 0.0001). Both were independent of dose
(PC3H = 0.94, PBDF1 = 0.33) and hence were calculated for all responding animals of
the respective strain. Ulcer duration was 2.8 ± 0.2 days and 2.4 ± 0.1 days in C3H and
B6 mice, respectively, and was also independent of dose (PC3H = 0.25, PBDF1 = 0.99),
but was dependent on the mouse strain (P = 0.036). In conclusion, no statistically
significant difference in oral mucosal radiosensitivity was observed between the
mouse strains. This, however, may be attributed to the small number of animals used
per dose group. The time course data, with a shorter latency and ulcer duration in
BDF1 mice, are in good accordance with the higher proliferation rates reported for
oral mucosa in this mouse strain.
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INTRODUCTION

In radiotherapy patients, a large variation in the severity of side-effects after treatment with
identical doses is seen. This has been attributed to genetic differences. In cells of donors with a
number of genetic disorders, such as ataxia telangiectasia or Nijmegen breakage syndrome,
increased radiation effects have been found (e.g. Weichselbaum et al. 1980; Deschavanne et al.
1984; Cleaver 1989; Shiloh 1994; Mitchell & Scott 1997; Tupler et al. 1997). These may, or may
not, translate into increased radiosensitivity of the individuals. In cells from donors without
known genetic defects, predominantly fibroblasts and lymphocytes, a large variation in in vitro
radiosensitivity was observed, which was compared with the clinical responses to radiotherapy
(Geara et al. 1993; Brock et al. 1995; Barber et al. 2000; Peacock et al. 2000; Scott 2000).
However, with the assays used so far, no convincing correlation of this in vitro reactivity with
the clinical radiosensitivity, expressed as the severity of side-effects, was found (Barber et al.
2000; Peacock et al. 2000).

In contrast, in experimental studies in animals from different strains a genetic basis could
be identified for a variety of normal tissue effects of radiation, e.g. in haematopoietic tissue
(Vacek et al. 1975; Mori et al. 1994), germinal epithelium (Bianchi et al. 1985; Gasinska &
Godewicz 1983), skin (van den Aardweg et al. 1990), urinary bladder (Lundbeck & Stewart
1989), lung (Dileto & Travis 1996; Franko et al. 1996) and heart (Lauk 1986). In mouse oral
mucosa, in contrast, no significant difference in radiation sensitivity was observed between
C3H/Neu and NMRI mice (Dörr, unpublished data). The latter were used in mouse lip mucosal
studies. Recently, in histological studies (Wardley et al. 1998), B6D2F1 mice have not shown a
major decrease in cell numbers with doses even as high as 20 Gy. In contrast, similar studies in
C3H/Neu mice revealed almost complete cell depletion after doses in the range of 13–20 Gy
(Dörr & Kummermehr 1990). The latter was in good accordance with the induction of clinically
manifest ulceration.

The present study was therefore initiated in order to compare the clinical response of oral
mucosa to single-dose irradiation between the two mouse strains in one single laboratory.
Graded single doses were applied to generate full dose-effect curves. Moreover, the time course
in responding animals, i.e. latent time to ulceration and ulcer duration, were analysed.

MATERIALS AND METHODS

Animals and housing
In the C3H experiments, female mice of the C3H/Neu strain, bred in the colony of the Medical
Faculty Carl Gustav Carus, Technical University of Dresden, were used. This strain is based on
the original strain of the colony of GSF Research Center, Neuherberg, where initial experiments
had been carried out (Moses & Kummermehr 1986; Dörr & Kummermehr 1990; 1991). The
animals were bred and housed under specified pathogen-free (SPF) conditions with controlled
conditions of humidity (30–50%) and temperature (21–24 °C). A 12-h light/12-h dark rhythm
with lights on between 06.00 and 18.00 h was maintained.

B6D2F1 (BDF1) mice were purchased from the UK colony of Harlan/Winkelmann,
Borchen, Germany. These are an F1 cross between the C57B6 and DBA2 mouse strains. The
animals were allowed to adapt to the novel environment for 14 days before the onset of the
experiment.
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All mice were kept in size 3 Macrolon® cages, at a maximum of 10 animals per cage, on
sawdust bedding (Sniff 3/4; Altrogge, Lage, Germany). Standard mouse diet (Altromin 1326; Altrogge)
and filtered city tap water from standard perspex drinking bottles were provided ad libitum.

Irradiation technique
Technique and set-up for local administration of radiation to the lower tongue surface were
reported in detail elsewhere (Dörr et al. 2000a, 2000b). In brief, a DARPAC 150-MC device
(Forward Raytech Ltd, UK), which was operated at 25 kV with a tube current of 20 mA, was
used for local irradiation of tongue epithelium. The beam filter was 0.3 mm Al. The dose rate
at the focus-to-skin distance of 15 cm was 3.78 Gy/min. The dose rate was checked regularly
during the standard procedures for radiotherapy units by the medical physicists of the Depart-
ment of Radiotherapy and Radiation Oncology, University Hospital Dresden, and found to be
constant. Hence, definition of the dose was done by adjustment of the irradiation time.

For irradiation, the mice were immobilized with Pentobarbitone sodium (Narcoren®; Rhone
Merieux, Laupheim, Germany) at a dose of about 60 mg/kg, administered intraperitoneally. The animals
were placed in the central bore (diameter 2.5 cm) of a prewarmed aluminium block (∼35 °C) in a
supine position. The tongue was guided through a hole (diameter: 3 mm) in the roof of the block by
means of a forceps, and the upper tongue surface was fixed to the block by double adhesive tape.
Subsequently, the head was supported by a polystyrene wedge in order to avoid local hypoxia
by impaired blood flow due to traction at the base of the tongue.

The treatment area was defined by a 3 × 3 mm2 window in an aluminium plate (thickness
1 mm), which was positioned over the central portion of the ventral tongue.

Experimental design
In C3H mice, with known radiosensitivity, single doses of 6, 9, 11, 13, and 16 Gy were applied
to eight animals at each dose. BDF1 mice were irradiated with 7 (n = 8), 10 (n = 8), 13 (n = 9),
15 (n = 8), 18 (n = 9) and 21 Gy (n = 8).

Scoring of the tongue response was performed daily from day 4 after irradiation until com-
plete re-epithelialization of all ulcers was found (day 16). For this, the animals were immobilized
by ultra short-term anaesthesia with Methohexitone (Brevimytal®; Lilly, Bad Homberg, Germany)
at a dose of ∼40 mg/kg intraperitoneally (Dörr & Weber-Frisch 1999), and the tongue was fixed
carefully with a forceps. Scoring was performed under a cold light source. Frequency of
responding animals, latent time and duration of the individual ulcer were assessed.

For all statistical procedures, the Statistical Analysis System (SAS) was used (SAS Institute
1990a). Analysis of dose-effect relationships was done by probit analysis assuming a normal log
distribution (logit analysis), which results in ED50 values and their standard deviation σ (SAS
Institute 1990b). In addition, P values for the effect of dose on ulcer induction were calculated.
The latter method is based on the slope of the regression line of the probit analysis. For the
comparison of dose-effect relationships, a maximum-likelihood χ2 test was applied, without the
assumption of a threshold dose. The general linear models procedure (GLM) of SAS was
applied for analyses of variance (SAS Institute 1990c).

RESULTS

For both mouse strains, well-defined dose-effect curves were derived (Fig. 1). The ED50 value
for single-dose irradiation in C3H mice was 11.0 ± 3.4 Gy (Table 1), with 95% confidence limits
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of 7.2 and 15.4 Gy. This is in good agreement with results from previous studies with the same
animal model (Dörr 1994; Dörr & Weber-Frisch 1995a; Dörr & Weber-Frisch 1995b; Dörr et al.
2000a). The P value for dose-dependence of ulcer incidence was 0.0141.

In BDF1 mice, a higher ED50 of 13.4 ± 3.6 Gy (95% confidence interval (10.6; 16.1) was
calculated; P for dose dependence was 0.0002. The difference in the ED50 for C3H and BDF1
mice was not statistically significant, although there was a trend (P = 0.1) (see Fig. 1).

In both groups, latent time to ulceration, defined as the time interval between irradiation and
first diagnosis of ulcer, was independent of dose (PC3H = 0.94, PBDF-1 = 0.33). Similarly, no
dose-dependence was found for ulcer duration in the dose range used (PC3H = 0.25, PBDF1 = 0.99).
Hence, it appeared justified to calculate these parameters for all responders of the respective
strain. Mean latent times (mean ± SEM) were 11.6 ± 0.2 days (n = 18) for C3H mice, and 5.6 ± 0.1
days (n = 27) for BDF1 mice (P = 0.0001). The ulcers on average lasted for 2.8 ± 0.2 days
(mean ± SEM, n = 18) in C3H mice and for 2.4 ± 0.1 days (n = 27) in BDF1 mice (P = 0.036).

The treatment was well-tolerated, similar to previous studies (Dörr et al. 1993; Dörr &
Weber-Frisch 1995a, 1995b; Dörr et al. 2000a), and no acute morbidity other than tongue
ulceration was observed.

Figure 1. Dose effect for ulcer induction in C3H/Neu and B6D2F1 mice. Dose effect, i.e. relative number of animals
developing ventral tongue ulcers, after single dose irradiation with graded doses in the two different mouse strains. Error
bars represent 95% confidence intervals of the ED50 values calculated by probit analysis.

Table 1. Mouse strain differences in radiation-induced oral mucositis. Dose-effect analyses were done by probit ana-
lysis, resulting in ED50-values and their standard deviation σ. Comparison of dose-effect curves was performed by
maximum-likelihood χ2 test. Mean latencies and ulcer durations were calculated from all responders in the respective
experiment, independent of dose

Parameter C3H/Neu B6D2F1 PC3H versus B6

ED50 ± σ (Gy) 11.0 ± 3.4 13.4 ± 3.6 0.1000
Latency ± SEM (days) 11.6 ± 0.2 5.6 ± 0.1 0.0001
Duration ± SEM (days) 2.8 ± 0.2 2.4 ± 0.1 0.0360
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DISCUSSION

In oral epithelium, a typical turnover tissue, cell loss via differentiation and mechanical stress
at the surface is precisely counteracted by cell production in the germinal layer. This equilibrium
is a prerequisite for the stability of cell numbers. Radiation exposure of such tissues, inducing
impairment of proliferation, results in insufficient cellular supply to the postmitotic cell layers.
On the other hand, cell loss is grossly independent of radiation exposure, but is dependent on
the natural lifespan of the cells and therefore continues at an almost normal rate after irradiation
(Dörr et al. 1994, 1996). Cells present at the time of irradiation undergo near-normal differentiation
(Dörr et al. 1996; Liu et al. 1996). The radiation-induced imbalance between cell production and
loss eventually results in almost complete cellular depletion after high doses. In skin and
mucosae, the clinical reaction eventually manifests as denudation and ulceration, associated with
a significant impairment of the epithelial barrier.

In recent histological studies in oral mucosa in B6D2F1 mice (Wardley et al. 1998), only
minor mucosal cell depletion was observed after single doses as high as 20 Gy given to the
snouts of the animals. In contrast, earlier histological studies in C3H/Neu mice demonstrated
major cell loss after single dose irradiation with doses higher than 10 Gy (Dörr & Kummermehr
1991).

In the present study, the difference in the clinical response, i.e. acute mucosal ulceration,
after single-dose irradiation was investigated in B6D2F1 versus C3H/Neu mice. No gross dif-
ference between the two mouse strains in the clinical radiosensitivity of oral mucosa, in contrast
to histological changes, could be identified. This may be explained by the experimental protocol,
i.e. the small number of animals used in the individual dose groups. Moreover, a broad dose
range was used for BDF1 mice, which was chosen because of previously unknown sensitivity
to ulcer induction. In a more extended set of data, a slight but significant increase in radiosensitivity
may be expected. However, these data are in clear contradiction to the substantial difference in
the histological manifestation of the radiation response.

The histological studies have been performed independently in two laboratories (BDF1:
Manchester, UK; C3H: Neuherberg, Germany). However, cell numbers are a stable and objective
endpoint, and even small variations in the mode of analysis do not result in major deviations of
the results. Hence, It is unlikely that this is the reason for the differences observed between
histological studies and investigations on ulcer induction as a functional endpoint.

In the present functional studies, the radiation response was scored by one experienced
investigator (K.S.) in all animals, hence, interobserver differences, known to be a major factor
in mucositis scoring in cancer patients, can be excluded as a reason for the discrepancies.

Recently, it has been demonstrated in head-and-neck cancer patients that the clinical score
of mucositis only weakly correlates with histological changes in cell numbers (Dörr et al. 2002).
Even at severe grades of response, a substantial number of cells are present.

Obviously, the clinical diagnosis is strongly influenced by the appearance of the pseudo-
membrane covering the lesion, consisting of cell detritus and fibrin (Dörr & Kummermehr
1991), rather than by actual cell numbers. Similar to findings in patients, the histological
response in the mouse precedes the clinical response, with a nadir in cell counts at day 8 after
a dose of 20 Gy (Dörr & Kummermehr 1991) and a mean latent time to clinical diagnosis of
mucositis of 11 days. This indicates that clinical mucositis must be regarded a consequence of
cell depletion and is not directly associated with this histological response. Obviously, there is
a strain difference in the manifestation of pseudo-membranous mucositis in relation to cell
depletion, with a more direct correlation in C3H, in contrast to major deviations in BDF1 mice.
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However, comparison of histological changes in both mouse strains in one laboratory and by one
investigator is required to validate this hypothesis.

A clear difference between the mouse strains is seen in latent time to ulceration. From a
biological point of view, the latent time is based on the lifespan of the cells, which is closely
related to the tissue turnover time, and the ability of the damaged cells to undergo residual
proliferation, usually depicted as abortive divisions.

The turnover time of the nucleated cell layers of lower (ventral) tongue epithelium in C3H
mice, based on stathmokinetic measurements as well as on S-phase labelling studies, has been
estimated as about 5 days (Dörr & Kummermehr 1991; Dörr et al. 1994; Dörr & Weber-Frisch
1995a, 1995b; Dörr et al. 1996). This is close to the situation in patients (Dörr et al. 1995).
Residual proliferation is responsible for the prolongation of the time to nadir cell counts (day 8).
The time of clinical diagnosis of ulceration in addition is determined by the development of
the pseudomembrane. Similarly, in patients the clinical response is not seen before 9 days after
a dose of 20 Gy has been administered (Van der Schueren et al. 1990).

In BDF1 mice, a significantly higher proliferation rate has been described in control epithe-
lium (Wardley et al. 1998; Thomson et al. 1999). This translates into a shorter turnover of about
3 days, assuming duration of the S-phase of 8 h. Similarly, metaphase arrest measurements
indicate this turnover time. This is in good accordance with a shortened time to ulcer diagnosis.

Dependence of ulcer duration on radiation dose would be expected, as less surviving stem
cells, functionally defined as those cells able to regenerate the tissue, require more time to
restore total cell numbers, based on dose-independent proliferation rates. In the present as well
as in previous experiments (Dörr & Kummermehr 1990; Dörr et al. 1993; Dörr 1994; Dörr &
Weber-Frisch 1995a, 1995b; Dörr et al. 2000a, 2000b), however, ulcer duration was independent
of dose. This suggests higher proliferation rates after higher doses, i.e. after a greater reduction
in stem cell numbers. In fact, various functional studies with varying dose intensities have
demonstrated both an earlier onset of stem cell repopulation and a higher proliferative activity
with higher doses (Dörr & Weber-Frisch 1995a, 1995b; Dörr 1994; Dörr & Kummermehr
1990). However, these analyses used tissue radiosensitivity as an endpoint, which is regarded
as an indirect measure of stem cell numbers. It must be assumed that the increased stem cell
proliferation also translates into increased production of differentiating, non-stem cells (Dörr &
Obeyesekere 2001). There is no direct evidence for this, as stem cells cannot be identified
directly.

It has been shown that treatment interruptions in fractionated irradiation regimens results in
effective production of differentiating cells (Dörr et al. 1994). The number of differentiating
cells produced was dependent on dose, which supports the hypothesis mentioned above.

Alternatively, in the dose range used the differences in stem cell survival may be insufficient
to translate into clinically definable differences in ulcer duration. Stem cell survival, based on
estimated survival parameters for squamous epithelial cells of α = 0.2 Gy−1 and β = 0.02 Gy−2

(Dörr 1997), is 0.14 for the lowest dose used of 6 Gy, and 9 × 10−5 for 16 Gy or 4 × 10−7 for
21 Gy. A recent meta-analysis of all ulcer duration data available for the C3H/Neu strain of the
Dresden colony (Dörr, unpublished data) yielded a minor but statistically significant increase in
ulcer duration with dose.

In conclusion, significant differences between the mouse strains tested are observed for the
radiation response of oral mucosa. As a consequence, in animal experimental studies, sufficient
control experiments must be performed, using exactly the same mouse strain. Even historical
control data may give misleading conclusions. For example, a significant shift in oral mucosal
radiosensitivity in C3H/Neu mice, from ED50 values of 14–15 Gy to 10–11 Gy was seen in
Neuherberg in 1992 (Dörr 1997). This shift was associated with embryo transfer measures
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undertaken to eliminate mouse hepatitis virus from the colony. However, the basis of the
observed changes remained unclear. It is therefore recommended to repeat single-dose studies
on a regular basis in parallel to ongoing investigations, in order to guarantee stable radiosensit-
ivity of the tissue studied in the mouse strain used.
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