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Summary. The intra-cellular uptake of the weakly basic
radiosensitiser pimonidazole (PIMO) was determined as a
function of the pigmentation of Nall+ human melanotic
melanoma cells in vitro. Two experimental conditions
were considered: exponentially growing cells (Exp.) and
plateau-phase cells (PL.). The melanin content of Nall+
cells ranged from 500 pg/g cell weight in exponentially
growing cells to 6000 pg/g in heavily pigmented plateau-
phase cells. Cells were exposed to PIMO (medium dose,
0.2 mmol/dm?; 58.2 pug/ml). The intra-cellular concentra-
tion ranged from 163 pg/g in Exp. to 900 pg/g in pig-
mented PL; the latter being equivalent to an intra- to extra-
cellular concentration ratio (Ci/Ce) of 17. However, this
increase in the cellular uptake of PIMO was not accom-
panied by an increase in radiosensitising efficiency. In
comparison, the Ci/Ce for etanidazole (ETA), a radiosensi-
tiser that is uncharged at physiological pH, remained ap-
proximately constant at 1 for all values of melanin con-
tents. Treatment of Nall+ tamours in vivo with [3H]-
PIMO resulted in a tumour:blood ratio of about 3 at
30—60 min after administration. However, at 24 h a grain
count of label derived from [3H]-PIMO showed that pic-
notic areas of tumours contained levels that were some 40
times greater than the background value. This high level of
label was coincident with areas of highest apparent
melanin content. In conclusion, PIMO accumulates in very
heavily pigmented melanoma cells present in necrotic
zones with picnosis. As these cells are probably non-clono-
genic, PIMO is not suitable for use in melanoma radio-
therapy.

Introduction

Most rodent and human xenografted tumours contain hy-
poxic cells [12, 25, 28], and a few clinical studies have
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suggested that radiotherapy might be improved by the use
of agents such as nitroimidazoles that increase the radio-
sensitivity of these hypoxic cells [6]. The first agents eval-
uated were metronidazole and misonidazole, but neurotox-
icity has limited their use in radiotherapy. A second gener-
ation of hypoxic cell sensitisers have been developed,
among which pimonidazole (PIMO) is particularly inter-
esting since it is preferentially accumulated by tumour cells
in vitro [4]. PIMO also accumulates in rodent tumours as
indicated by tumour: blood ratios of >1 [15, 20, 21, 24, 33,
37, 44—-46] and, similarly, in human tumour xenografts
[21, 35] and in human tumours in patients [1, 8, 26], with
the uptake being highest in melanomas as compared with
other tumours [1, 5, 8, 20, 21, 26]. The high tumour-cell
concentration of PIMO that can be obtained suggests that
the radiosensitising effect of PIMO should also be high,
and the results obtained using non-melanotic cells growing
exponentially in vitro support this hypothesis [30, 40]. In
addition, PIMO has generally been found to be effective in
non-pigmented rodent tumours in vivo [15, 16, 32, 44].
However, using human tamour xenografts and clinically
relevant drug doses, a radiosensitising effect has been de-
tected in rectal adenocarcinoma HRT18 but not in melano-
ma Nall+, although the accumulation of PIMO in the
melanoma was particularly high [21, 35]. We report the
results of some studies that may explain the basis for the
lack of effect of PIMO on the Nall+ melanoma.

Tumours are very heterogeneous, especially with re-
spect to the cell-proliferation kinetics (exponentially grow-
ing cells, plateau-phase cells) and to the presence of necrot-
ic zones. This heterogeneity suggests that the average
intra-tumour concentration may not necessarily reflect the
concentration of the drug in the clonogenic hypoxic cells,
which are the cells essential for tumour radiosensitivity. In
vitro radiosensitisation and drug uptake have previously
been investigated in exponentially growing cells [30,
38—41]. Therefore, the aim of the present work was,
firstly, to measure the uptake of PIMO into exponentially
growing and plateau-phase melanotic melanoma cells in
vitro and determine whether this might be related to their
melanin content and secondly, to determine whether the
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inter- and intra-cellular distribution of [3H]-PIMO in
Nall+ tumours might explain the lack of radiosensitisation
observed for PIMO in this tumour type.

Materials and methods

Compounds. Etanidazole [ETA, N-(2-hydroxyethyl)-2-nitroimidazolyl
acetamide; Chemistry Branch, Division of Cancer Treatment, National
Cancer Tnstitute, USA] and pimonidazole {PIMO, o-[(2-nitro-1-imida-
zolyl)methyl]-1-piperidine-ethanol hydrochloride; Hoffman-La Roche,
Switzerland} were dissolved in minimum essential medium (MEM)
supplemented with 20 mm HEPES (pH 7.2) at a concentration of
0.2 mmol/dm3 (42.8 pg/ml for ETA and 58.2 ug/ml for PIMO). [H]-
PIMO [42] dissolved in absolute ethanol had a specific activity of
5.5 x 107 Bg/ml. [3H]-PIMO (10 pl for scintillation or 100 ul for auto-
radiography) was mixed with non-radioactive PIMO dissolved in Dul-
becco’s phosphate-buffered saline (PBS). The total amount of PIMO
injected i. v. into mice via the retro-orbital sinus in a volume of 0.3 ml
was 200 mg/g body weight. Control mice were given PBS alone.

Tumour-cell system. The melanotic melanoma Nal 1+ originated from a
human melanoma. The characteristics and maintenance of this cell line
have been described elsewhere [14]. Congenitally athymic nude mice
were bred and maintained in a defined flora- and pathogen-free colony.
Details of the mouse breeding and tumour production have been publish-
ed elsewhere [13, 14]. Tumours were obtained by injecting 3 x 106 cells
into both flanks of mice that had been whole-body-irradiated with 5 Gy
137Cs y-rays to increase tumour uptake.

In vitro studies. Plateau-phase cells were obtained 7 days after 5 x 10°
cells had been seeded in glass petri dishes (unpublished data). A few
experiments were performed using exponentially growing cells obtained
2 days after the cells had been seeded. For the aerobic study, cells were
placed in an incubator (37°C, 5% CO2, 45 min). For hypoxia, open
dishes were placed in aluminium chambers and gassed with a humidified
mixture of 95% N3 and 5% CO» (<3 ppm O») for 45 min. A filtered
solution of dithionite-sodium carbonate was placed in the center of the
chambers to remove traces of oxygen [18]. After undergoing incubation
with PIMO or ETA and/or irradiation, the cells were trypsinised and the
surviving fraction was assessed by an in vitro colony assay. Colonies
were fixed and stained with crystal violet (0.25%, w/v, in 80% methanol
containing 10% formaldehyde).

Cellular uptake and drug concentration in the medium was measured
by high-performance liquid chromatography (HPLC) [21, 23]. Briefly,
the medium was analysed directly and cells were collected with a rubber
policeman and stored at —80°C. On the day of analysis, the cells were
sonicated in water and ETA and PIMO were extracted with acetonitrile-
water (1 : 1, v/v). The extraction was repeated and the supernatants were
pooled and evaporated to dryness. The residue was diluted in eluent B
containing an appropriate amount of internal standard (Ro 03-1902), and
cellular uptake was analysed using a Varian model 5000 chromato-
graph equipped with a 5-um Nucleosil column connected to a Vari-
chrom UV-visible detector at 326 nm. The elution flow rate was
2 ml/min (luent A, 75% acetonitrile and 25% water; eluent B, 4 mm
heptane sulphonic acid, 5 mm dibutylamine and 50 mm glycine adjusted
to pH 3); the gradient was: O min, 8% eluent A; 10 min, 45% eluent A;
10~ 11 min, 45%—8% eluent A.

In vivo studies. Tumours were used when they had reached a mean
diameter of 9—11 mm. Animals were anaesthetised at various times after
drug injection and blood was collected by cardiac puncture into he-
parinised tubes immediately before tumour excision and frozen in liquid
nitrogen. Tumours were removed and immediately frozen in liquid nitro-
gen. Subsequently, tissue samples were weighed and 100-300 mg was
suspended in Optisolve (LKB). Tissues were digested by incubation at
55°C for 16 h, 15 ml liquid scintillation fluid (Optiphase, Hisafe-TM;
LKB) was added and samples were counted on a Packard Tricard liquid
scintillation counter. A set of variably quenched standards were used for
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Fig. 1. Intra-cellular concentrations of ETA (A, A) and PIMO (W, O}
as a function of melanin content. Closed symbols, platean-phase cells;
open symbols, exponentially growing cells

calibration. These were prepared by adding a known activity of tritiated
water to a set of eight samples containing between 0 and 0.2 ml whole
blood digested as described above. Any very highly coloured samples
were bleached by incubation at 60°C for 2 h with benzoyl peroxide
[0.4 ml, 5% (w/v) in toluene] prior to the addition of scintillant.

Histology, autoradiography and melanin determination. Tumours were
removed at 24 h after [PHJ-PIMO administration and were immediately
fixed in ethanol: acetic acid (3: 1, v/v). The tissues were dehydrated and
embedded in paraffin and sections (3 (m) were cut and mounted on
microscope slides. For autoradiography the slides were dipped in Ilford
K2 emulsion and exposed for 2 months. The slides were then developed
in Kodak D19b and stained with hemalum and erythrosin. The amount of
radioactivity in the tumour was determined by grain counting using an
ocular grid. The percentage of cellular areas was identified under a
microscope and outlined on photographs of the sections. The areas were
weighed and cellular areas were expressed as a percentage of the total
areas. Melanin was localized by the method of Fontana-Masson [17].

For melanin determination, the quantitative colourimetric method of
Foster et al. [9, 10] as adapted to normal and cultured retinal pigment
cells by Whittaker [43] was used, with a few modifications. Cells were
sonicated in water, and non-melanic substances that interfered with the
assay were removed by three extractions with 5% trichloroacetic acid,
two extractions with cold ether-alcohol (1:3, v/v) and one extraction
with absolute ether. The dried residue extracted from 50100 mg cells
was dissolved in 1 mI 1 N KOH and then heated to 100° C for 30 min. It
was cooled to room temperature and the optical density was measured at
400 nm (Varian spectrophotometer). A standard curve was constructed
using synthetic melanin (Sigma) dissolved in 1 N KOH (1-100 pg/ml).
Absorbance at 400 nm increased linearly with melanin concentration up
to 100 pg/ml.

Results

A preliminary experiment showed that the melanin content
was very homogeneous in exponentially growing cells but
varied greatly in plateau-phase cells. The melanin content
of plateau-phase cells obtained at 7 days after seeding in-
creased by a factor of >6 within 12 h (results not shown).
The uptake of PIMO into hypoxic plateau-phase Nall+
cells in vitro was compared with that of ETA. Figure 1
shows that the intra-cellular concentration of PIMO in-
creased linearly (correlation coefficient, 0.9 P:10-4) as a
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Fig. 2a,b. Surviving fractions of Nall+ Exp. (open symbols) and Nall+
Pl. (closed symbols) after the delivery of a radiation dose of 10 Gy under
hypoxic conditions in the presence or absence of PIMO. a As a function
of intra-cellular melanin concentration: (O, @), in the absence of PIMO;
(O, M), in the presence of PIMO. The intra-cellular PIMO concentration
is shown (in Lg/g of cells) in parentheses. b As a function of intra-cellu-
lar PIMO concentration. The shaded area represents the 95% confidence
interval of cell survival in nitrogen without PIMO. Data points represent
mean values for 2 experiments; error bars indicate 95% confidence inter-
vals

function of melanin content. At the lowest melanin content
(500 pg/g), the Ci/Ce ratio for PIMO was between 3 and 4,
which is very similar to that found for exponentially grow-
ing Nall+ cells. However, in plateau-phase cells in which
the melanin content increased, the Ci/Ce value also in-
creased to >17. In contrast, the intra-cellular concentration
of ETA remained fairly constant, with Ci/Ce values being
closeto 1.

The radiosensitising effect of 58.2 pg PIMO/ml in hy-
poxic Nall+ cells was determined as a function of cellular
pigmentation. Figure 2 shows that there was no significant
change in the radiosensitivity with pigmentation in
plateau-phase cells following a radiation dose of 10 Gy in
the presence of PIMO (Fig. 2a), although the intra-cellular
- PIMO concentration measured in the more pigmented cells
was at least 3-fold that determined in the less pigmented
cells (Fig. 1). In these experiments, no significant change
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Fig. 3. 3H activity in blood (O) and tumours (@) after the injection of
[3H]-PIMO. Data represent mean values + 95% confidence intervals

in the plating efficiency was detected as a function of either
the pigmentation or the intra-cellular PIMO concentration.
In Fig. 2b, these results expressed as intra-cellular concen-
tration (Ci) are compared with those obtained for radiosen-
sitisation of exponentially growing cells (melanin content,
<500 ug/g). The extra-cellular concentration (Ce) re-
mained constant (58.2 pg/ml) in plateau-phase cells,
whereas it varied from 29.1 to 174.6 ug/g in exponentially
growing cells. Clearly, in exponential Nall+ cells,
radiosensitisation by PIMO increases as a function of Ci. In
contrast, no similar increase in radiosensitisation was ob-
served in plateau-phase cells. Furthermore, the maximal Ci
value obtained in exponential cells (437 pg/g) was limited
by toxicity, whereas in plateau-phase cells a Ci value of
628 |g/g was achieved with no loss in plating efficiency.

Ligquid scintillation studies

[3H]-PIMO radioactivity in the blood and in the tumour is
shown in Fig. 3. The radioactivity in the blood decreased
with time after administration, whereas that in the tumour
increased to a plateau. The tumour/blood ratio was rela-
tively constant (2—3) at between 30 and 60 min.

Histology studies

The cellular zone represented only 51% of the tumour.
Figure 4 shows the melanin content, with the highest con-
centrations of melanin being found in the zones of tumour
in which picnotic cells form the largest proportion of cells
(Fig. 4b). The radioactivity derived from [3H]-PIMO was
not evenly distributed throughout the tumour. The results
of grain counts from two experiments are given in Table 1;
it is apparent that the necrotic zones containing numerous
picnoses were most highly labeled, showing values some
40 times greater than the background level. In contrast,
viable zones of tumour and necrotic regions containing no
identifiable cell fragments or picnotic cells showed sub-
stantially lower grain counts. Only one-fifth of the total
radioactivity was located in cellular zones. Although the
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Fig. 4a, b. Histological sections of Nall+
tumours showing melanin a in the cellular
zones and b in necrotic zones where
picnotic cells are found. Bar = 40 pm

Table 1. Distribution of radioactivity derived from [3H]-PIMO in tumours and percentage of total radioactivity

Tumour 1 Tumour 2
Cellular  Necrotic zone Cellular  Necrotic zone
zone - zone
(CZy With picnotic cells ~ Without any (CZ)2 With picnotic cells ~ Without any
and cell fragments  tumour-cell material and cell fragments  tumour-cell material
(NZP)y (NZ) (NZP)® (NZ)
Mean number of grains (MNG) 156 (20) 621 (86) 209 (21) 140(7) 533 (30) 81(13)
% Total area (TA) 52 35 13 44 43 13
9% Total radioactivity® 25 67 8 20 76 4

Numbers in parentheses represent standard errors; 8—40 fields were ¢ 9% Total radioactivity: MNGczX % TAcz+MNGnzp X % TAnzp+
studied per zone (background value = 15) MNGnz x % TANz = 100%

a See Fig. 4a for the histology of the cellular zone

b See Fig. 4b for the histology of the necrotic zone with picnotic cells

and cell fragments



melanin content and the radioactivity derived from [3H]-
PIMO were not identified on the same slide, it is clear that
the highest activity and the highest staining of melanin
were found in the same zones.

Discussion

It has been suggested that weak bases can concentrate in
melanin-containing cells [3, 2022, 31, 35, 36]. The intra-
cellular concentrations of weak bases such as PIMO [4],
RSU 1069 and RSU 1164 [37] are increased at elevated
extra-cellular pH, and their much higher uptake into
melanotic as compared with non-melanotic cells led to the
suggestion that the intra-cellular pH of melanotic melano-
ma cells is lower than the pH of non-pigmented cells.
However, other mechanisms are likely to be involved in the
concentration of weak bases in melanotic melanomas. The
present in vitro results show that the pigmentation is higher
in plateau-phase cells relative to exponentially growing
Nall+ cells; furthermore, when the cells reach the plateau
phase, a continuous and rapid increase in pigmentation is
observed. For plateau-phase melanotic cells, the results
clearly show that the intra-cellular concentration of PIMO
depends strongly on the intra-cellular concentration of
melanin: the higher the melanin content, the higher the
PIMO concentration (Fig. 1). PIMO had no greater
radiosensitising effect on these cells than it had on ex-
ponentially growing cells, despite the observation that the
intra-cellular concentration of PIMO was higher and the
plating efficiency was not modified. An association be-
tween PIMO and melanin could explain these results, espe-
cially if the melanin is remote from the DNA [34], thus
spatially preventing PIMO from exerting its radiosensitis-
ing effect. ‘

The data for melanoma transplanted into nude mice
show that at a short time after its administration, PIMO
accumulates in tumours (Fig. 3). Histological data derived
from tamours excised at 24 h after the administration of
[3H]-PIMO show the presence of label to be coincident
with areas of high melanin content, which would be consis-
tent with the in vitro resuits. It is unlikely that this localisa-
tion would be a consequence of passive sequestration onto
or association with melanin; rather, it is probably due to
selective hypoxia-induced binding in these areas. In non-
melanotic tumours it has been claimed that [!4C]-miso-
nidazole [2, 11] and PIMO [19, 29] accumulate in viable
hypoxic tumour cells, whereas other investigators have
reported that uptake is lower in necrotic tumours [7, 27] or
that there is no link between accumulation and necrosis
[21, 26]. On the basis of our results, it is difficult to deter-
mine the influence of the necrotic areas on PIMO accumu-
lation, as these regions were also those in which the
melanin content was the highest. It must be emphasised
that although it was not possible to evaluate the melanin
content in the necrotic zones, these dying cells probably
contained much more melanin than did the plateau-phase
cells we studied; indeed, the plateau obtained in the present
studies is not a perfect one, since 11% of the cells remained
in the S phase (unpublished results).
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On the basis of the above-mentioned observations, it is
possible to provide an explanation for our previous results,
which indicated an inability of PIMO to sensitise Nall+
tumours [35]. The accumulation of PIMO in the tumour
(liquid scintillation studies) may well have resulted from
the accumulation of PIMO in necrotic zones containing
picnotic cells of very high melanin content. Its accumula-
tion in these regions cannot influence radiosensitivity; only
the PIMO in areas of clonogenic hypoxic cells is important.

In conclusion, the present results obtained both in vitro
and in vivo indicate that PIMO accumulates in very heavily
pigmented melanoma cells, The in vivo results also show
that the accumulation of label derived from PIMO is higher
in the necrotic zones with picnosis than in the cellular
areas. The latter findings could explain why the intra-cellu-
lar accumulation of PIMO is not linked with a radiosensi-
tising effect in melanotic melanoma. To explain the lack of
efficiency of PIMO in vitro, a mechanism such as the
Jocalisation of PIMO far from the DNA close to the
melanin content or a very low sub-cellular pH must be
supposed. As far as melanotic melanomas are concerned,
PIMO is probably not the compound to be used in clinical
radiotherapy.

Acknowledgements. We thank Drs. J. P. Ortonne, J. P. Cesarini and
G. Hervé and Ms. V. Mengeaud for helpful discussions, Mrs. V. Fras-
cogna for technical assistance and care of the animals. Mr. J. Nolan for
preparation of samples for scintillation counting, and Mrs. J. Encinas for
secretarial assistance,

References

1. Allen JG, Dische S, Lenox-Smith I, Malcolm SL, Saunders MI
(1984) The pharmacokinetics of a new radiosensitiser, Ro 03-8799,
in humans. Eur J Clin Pharmacol 27: 483

2. Chapman ID, Franko AJ, Sharplin J (1981) A marker for hypoxic
cells in tumours with potential clinical applicability. Br J Cancer
43: 546

3. Cobb LM, Nolan J, Butler SA (1990) Distribution of pimonidazole
and RSU 1069 in tumour and normal tissues. Br J Cancer 62: 915

4. Dennis MF, Stratford MRL, Wardman P, Watts ME (1985) Cellular
uptake of misonidazole and analogues with acidic or basic functions.
Int J Radiat Biol 47: 629

5. Dische S (1987) Radiotherapy using the hypoxic cell sensitizer
Ro 03 -8799 in malignant melanoma. Radiother Oncol 10: 111

6. Dische S (1991) Hypoxia and local tumour control, part 2. Radiother
Oncol 20: 9

7. Dische S, Saunders MI, Bennett MH, Dunphy EP, Des Rochers C,
Stratford MRL, Minchinton MI, Wardman P (1986) A comparison of
the tumour concenirations obtainable with misonidazole and Ro
03-8799. Br J Radiol 59: 911

8. Dische S, Bennett MH, Orchard R, Stratford MRL, Wardman P
(1989) The uptake of the radiosensitizing compound Ro 03-8799
(pimonidazole) in human tumors. Int J Radiat Oncol Biol Phys
16: 1089

9. Foster M, Trembly GS, Stamas TA (1954) A turbidimetric assay for
tyrosinase activity in frozen sections of mouse skin. Proc Soc Exp
Biol Med 86: 313

10. Foster M, Cook R Jr, Stamas TA (1956) In vitro studies of the effects
of melanocyte population density on melanin formation. J Exp Zool
132:1
11. Garrecht BM, Chapman JD (1983) The labelling of EMT-6 tumours

in BALB/c mice with *C-misonidazole. Br J Radiol 56: 745



282
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

Guichard M (1989) Comparison of the radiobiological properties of
human tumour xenografts and rodent tumours. Int J Radiat Biol
56: 583

Guichard M, Lachet B, Malaise EP (1977) Measurement of RBE,
OER, and recovery of potentially lethal damage of a 645 MeV
belium ion beam vsing EMT6 cells. Radiat Res 71: 413

Guichard M, Lespinasse F, Malaise EP (1986) Influence of
buthionine sulfoximine and misonidazole on glutathione level and
radiosensitivity of human tumor xenografts. Radiat Res 105: 115
Hill SA, Fowler JF, Minchinton Al, Stratford MRL, Denekamp J
(1983) Radiosensitization of a mouse tumour by Ro 03-8799; acute
and protracted administration. Int J Radiat Biol 44: 143

Honess DJ, Wasserman TH, Workman P, Ward R, Bleechen NM
(1988) Additivity of radiosensitization by the combination of SR-
2508 (etanidazole) and Ro 03-8799 (pimonidazole) in a murine
tumor system. Int J Radiat Oncol Biol Phys 15: 671

Hould R (1984) Methode de Fontana-Masson: In: Hould R (ed)
Techniques d’histopathologie et de cytopathologie. Maloine, Paris,
p 226

Koch CJ, Howell RL, Biaglow JE (1979) Ascorbate anion potenti-
ates cytotoxicity of nitro-aromatic compounds under hypoxic and
anoxic conditions. Br J Cancer 39: 321

Laurent F, Benard P, Canal P, Soula G (1988) Autoradiographic
distribution of [14C]-labelled pimonidazole in thabdomyosarcoma-
bearing rats and pigmented mice. Cancer Chemother Pharmacol
22:308

Laurent F, Canal P, Soula G (1989) Pharmacokinetics of Ro (03-8799
in mice bearing melanosarcoma: comparison with tumors without
melanin. Int J Radiat Oncol Biol Phys 16: 1101

Lespinasse F, Thomas C, Bonnay M, Malaise EP, Guichard M
(1989) Ro 03-8799 — preferential relative uptake in human tumor
xenografts compared to a murine tumor: comparison with SR-2508.
Int J Radiat Oncol Biol Phys 16: 1105

Lindquist NG (1973) Accumulation of drugs on melanin. Acta
Radiol 325: 1

Malcolm SL, Lee A, Groves JK (1983) High-performance liquid
chromatographic analysis of the new hypoxic cell radiosensitiser,
Ro 03-8799, in biological samples. J Chromatogr 273: 327
Minchinton Al, Stratford MRL (1986) A comparison of tumor and
normal tissue levels of acidic, basic and neutral 2-nitroimidazole
radiosensitizers in mice. Int J Radiat Oncol Biol Phys 12: 1117
Moulder JE, Rockwell S (1984) Hypoxic fractions of solid tumors:
experimental techniques, methods of analysis, and a survey of ex-
isting data. Int J Radiat Oncol Biol Phys 10: 695

Newman HFV, Bleehen NM, Workman P (1986) A phase I study of
the combined hypoxic cell radiosensitisers, Ro 03-8799 and
SR 2508: a preliminary report of single-dose toxicity, pharma-
cokinetics and tumour concentrations. Br J Radiol 59: 423

Roberts JT, Bleehen NM, Workman P, Walton MI (1984) A phase I
study of the hypoxic cell radiosensitizer Ro 03-8799. Int J Radiat
Oncol Biol Phys 10: 1755

Rockwell S, Moulder JE (1990) Hypoxic fractions of human tumors
xenografted into mice: a review. Int J Radiat Oncol Biol Phys 19: 197
Saunders M1, Anderson PJ, Bennett MH, Dische S, Minchinton A,
Stratford MRL, Tothill M (1984) The clinical testing of Ro 03-8799
— pharmacokinetics, toxicology, tissue and tumor concentrations. Int
T Radiat Oncol Biol Phys 10: 1759

30.

3L

32.

33.

34,

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Smithen CE, Clarke ED, Dale JA, Jacobs RS, Wardman P, Watts
ME, Woodcock M (1980) Novel (nitro-1-imidazolyl)-alkanolamines
as potential radiosensitizers with improved therapeutic properties. In:
Brady LW (ed) Radiation sensitizers. Their use in the clinical man-
agement of cancer. Masson, New York, p 22

Stephens TC, Peacock JH (1982) Clonal variation in the sensitivity
of B16 melanoma to m-AMSA. Br J Cancer 45: 821

Stone HB, Luu YH, Lam KN (1986) Sensitization by SR-2508 plus
Ro 03-8799. Int J Radiat Oncol Biol Phys 12: 1097

Stratford MRL, Minchinton AL, Hill SA, McNally NJ, Williams MV
(1982) Pharmacokinetic studies using multiple administration of
Ro 03-8799, a 2-pitroimidazole radiosensitizer. Int J Radiat Oncol
Biol Phys 8: 469

Stratford MRL, Dennis MF, Watts ME, Watfa RR, Woodcock M
(1989) Radiosensitizer-DNA interactions in relation to intra-cellular
uptake. Int J Radiat Oncol Biol Phys 16: 1007

Taghian A, Lespinasse F, Guichard M (1991) Radiosensitization by
the combination of etanidazole (SR-2508) and pimonidazole (Ro 03-
8799) in human tumor xenografts. Int J Radiat Oncol Biol Phys
21: 1535

Walling JM, Deacon J, Holliday S, Stratford IJ (1989) High uptake
of RSU 1069 and its analogues into melanotic melanomas. Cancer
Chemother Pharmacol 24: 28

Walton MI, Bleehen NM, Workman P (1987) The effects of whole
body hyperthermia on the pharmacokinetics and toxicity of the basic
2-nitroimidazole radiosensitizer Ro 03-8799 in mice. Br J Cancer
55: 469

Watts ME, Jones NR (1985) The effect of extracellular pH on
radiosensitization by misonidazole and acidic or basic analogues. Int
J Radiat Biol 47: 645

Watts ME, Hodgkiss RJ, Jones NR, Sehmi DS, Woodcock M (1983)
A rapid-mix study on the effect of lipophilicity of nitroimidazoles on
the radiosensitization of mammalian cells in vitro. Int J Radiat Biol
43:329

Watts ME, Dennis MF, Woodcock M (1987) Uptake and additivity
of the radiosensitising effects of Ro 03-8799 and SR-2508 in mam-
malian cells in vitro. Br J Radiol 60: 1233

Watts ME, Dennis MF, Roberts IJ (1990) Radiosensitization by
misonidazole, pimonidazole and azomycin and intracellular uptake
in human tumour cell lines. Int J Radiat Biol 57: 361

Webb P, Threadgill MD (1990) Labelled compounds of interest as
antitumour agents: II(1). Synthesis of 2H and 3H isotopomers of
RSU 1069 and Ro 03-8799 (pimonidazole). J Labelled Comp
Radiopharm 28: 257

Whittaker JR (1963) Changes in melanogenesis during the dediffer-
entiation of chick retinal pigment cells in cell culture. Dev Biol 8: 99
Williams MV, Denekamp J, Minchinton AI, Stratford MRL (1982)
In vivo assessment of basic 2-nitroimidazole radiosensitizers. Br J
Cancer 46: 127

Williams MV, Denekamp J, Minchinton Al, Stratford MRL (1982)
In vivo testing of a 2-nitroimidazole radiosensitizer (Ro 03-8799)
using repeated administration. Int J Radiat Oncol Biol Phys 8: 477
Workman P (1989) Accelerated elimination of pimonidazole follow-
ing microsomal enzyme induction in mice: a possible approach to
reduced neurotoxicity of the pimonidazole-etanidazole combination.
Int J Radiat Oncol Biol Phys 16: 1011



