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SCC VIl tumor-bearing mice were continuously given 5-bomo-2'-deoxyuridine (BrdU) to label all
proliferating cells. After injection of tirapazamine (TPZ), a biaeductive agent, combined with
sodium borocaptatei’B (BSH) or dl-p-boronophenylalanineB (BPA) administration, the tumors
were irradiated with thermal neutrons, and then isolated and incubated with cytochalasin-B (a
cytokinesis blocker). The miaonucleus (MN) fequency in cells without BrdU labeling (quiescent
(Q) cells) was determined by means of immunofluescence staining for BrdU, and that for total
cells was obtained fom tumors not pretreated with BrdU. Even when no'°B-compound was
administered, TPZ inaeased the MN fequency of tumor cells including Q cellsresulting in
reduction of the diffeeencein MN frequency between total and Q cells, mainly bincreasing the
MN frequency of Q cells. TPZ increased the MN frequency of Q cells when combinedttviBPA
administration, but TPZ showed no appaent effect on each cell population when combined with
BSH. Namel, TPZ reduced the difference in MN frequercy between total and Q cells caused by
1B-compound administration, especially when BA was administeed. From the viewpoint of the
overall cell kiling effect in boron neuton captue therapy (BNCT), combination with TPZ
appeared to be uskil in BPA-BNCT, but not in BSH-BNCT.

Key words: Quiescent cell — Boron neutron capture therapy — Sodium borodéptatedl-p-
Borongphenylalanne-B — Tirapazamine

Boron neutron capture therapy (BNCT) is based on theesponse of quiescent (Q) tumor cells to treatment.
reaction that occurs between tHB nudeus and thermal Although the nature of Q cells has been studied over the
neutrons, and represents a promising modality for seledast 30 years, many aspects of these cells are still
tive irradiation of tumor tissue’B nuclei capure slow  unknown? Q cells are more likely to be hypoXicand
“thermal” neutrons preferentigll and upon capture therefore more sensitive to TPZ.
promptly undego nuclear fission. The heavy cbad par- In analyzing the response of Q cells in solid tumors, we
ticles produced by thi¥B(n,a)’Li reaction have ranges of have developed a combined timed with micronucleus
=9 um and=5 um, respectively, in tissue and have a high (MN) frequency assay and identification of proliferating
relative biological &ectiveness for controlling tumor (P) cells by 5-bromo-‘2deoxyuridine (BrdU) and anti-
growth as compared witpiradiation? BrdU monodonal antibog, since a simig method for

Meanwhile, recent studies have suggested that tumadetecting the response of intratumor Q cells directly has
hypoxa could be exploited by the usé bioreductive  not been avéable!® With this method, we evaluated the
agents which preferentially kill hypoxic cefl$. Brown usefulness of TPZ injection combined wiB-compound
and colleagues reported that tirapazamine (TPZ, SR 423&dministration in BNCT for murine solid tumors. Neutron
WIN 59075, 3-armo-1,2,4-benzoiazine-1,4-dioxide) capture reaction was performed with t#8-compounds,
showed highly selective toxicity toward hypoxic cells in sodium borocaptat¥B (BSH) anddl-p-boronoplenylala-
bothin vitro andin vivo murine tumor systenfs? Severe  nine°8B (BPA), which are widely used clinically in
hypoxa was not required and the level of hypoxia foundJapart
in many human tumors wasffigient for toxicity.®

Many tumor cells do not proliferate (i.e., are quiescent)yaTERIALS AND METHODS
in situ, but are still clonogeni€.To improve the #ective-
ness of cancer treatment, it is necessary to determine theumors, mice, and labelingwith BrdU SCC VII squa-
mous cell carcinoma was maintainedvitro in Eaglés
4To whom reprint requests and all correspondence should b&linimum essential mégm contaiing 12.5% fetabovine
addressed. serum. Cells were collected from monolayer cultures, and
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approximately 1.81C° cells were inoculated subcutane- est dose which produced no overt signs of toxicity. The
ously into the left hind legs of 8- to 11-week-old synge-interval between TPZ administration and irradiatieQ
neic female C3H/He mice. Nine days after inoculation,min) has been shown to be the timing producing a near-
mini-osmotic pumps (Alzet model 2001, Polo Alto, CA) maximum enhancement of radiation cell killing in SCC
containing BrdU dissolved in physiological saline (250 VII carcinoma®

mg/ml) were implanted subcutaneously for 5 days of conimmunofluorescence staining of BrdU-labeled cells
tinuous labeling. Administration of BrdU did not change and observation of micronucleus formation These pro-

the tumor growth rate. The tumors were 1 cm in diametecedures have been described in detail elsewRepdter

at treatment. The labeling index after 5 days of continuthe above treatments, tumors excised from mice given
ous labeling with BrdU was 55£31.5%, and reached a BrdU were minced and trypsinized at 37°C for 15 min,
plateau at this stage. Therefore, in this study, we regardedsing 0.05% trypsin and 0.02% ethylenediaminetetraacetic
tumor cells not incorporating BrdU after continuous label-acid. Tumor cell suspensions were inoculated into 60-mm
ing as Q cells. tissue culture dishes containing 5 ml of complete medium
Treatment Lithium fluoride thermoplastic boxes capable and 1.0uglhl™ of cytochalasin-B to inhibit cytokinesis
of holding three mice were made. BrdU-labeled tumor-while allowing nuclear division. The proportion of binu-
bearing legs were pulled out of the box through a narrowclear cells reached a maximum 48 h and 72 h after ini-
slit in the front, and fixed with adhesive tapes. Twentytiation of culture for total and Q cell populations,
minutes after intraperitoneal injection of BSH (125 respectively. The cultures were trypsinized and single-cell
mgRg™) dissolved in physiological saline or 3 h after oral suspensions were fixed with 70% ethanol. After centrifu-
administration of BPA (1,500 nitg™) also dissolved in gation, the cell pellets were resuspended in 0.4 ml of cold
physiological saline, the tumors were irradiated with aCarnoy’s fixative (three volumes of ethanol and one vol-
neutron beam generated by Kyoto University Reactorume of acetic acid). The suspensions (8D were then
(KUR).*Y For combination with TPZ, TPZ (50 riig™) placed on glass microscope slides using a dropper and
dissolved in phosphate-buffered saline (PBS) was intradried at room temperature. The slides were treated with 2
peritoneally injected 30 min before neutron irradiation. N hydrochloric acid for 30 min at room temperature to
We used thermal neutron beams with a cadmium ratio oflissociate the histones and partially denature the DNA.
more than 5,000. Therefore, the amount of contaminatinghe slides were then immersed in borax-borate buffer (pH
fast neutrons was considered to be negligible. The neutro8.5) to neutralize the acid. BrdU-labeled cells were
fluence was measured by radioactivation of gold foil atdetected by indirect immunofluorescence staining using
both the front and back of tumongRay doses, including monoclonal anti-BrdU antibody and fluorescein isothiocy-
secondary y~rays, were measured with thermolumines- anate (FITC)-conjugated anti-mouse IgG. To observe the
cence dosimeter powder at the back of tumors. Since thdouble-staining of tumor cells with FITC and propidium
tumors were small and located just beneath the surfacépdide (PI), cells on the slides were treated with.80®f
intratumor neutron fluence was assumed to decrease lirRl (1-5 ugthl™ in PBS) and monitored under a fluores-
early from the front to back of the tumors. Thus, we useccence microscope. The MN frequency in BrdU-unlabeled
the averaged neutron fluence from the measured values atlls EQ cells) could be examined by counting the micro-
the front and back of tumors. The average neutron fluencauclei in those binuclear cells that showed only red fluo-
and y-ray dose rate were (7.54.89)x10° ndm?sS* and  rescence. The MN frequency was defined as the ratio of

(1.72+0.56)x10° GylS* at 5 MW, respectively. the number of micronuclei in the binuclear cells to the
On the other hand, each treatment group also includetbtal number of binuclear cells observéd? The ratio
mice that were not pretreated with BrdU. obtained in tumors not pretreated with BrdU indicated the

1B concentrations were determined in some tumors thaMN frequency of all phases of the total tumor(@® cell
were not irradiated. Th&B concentration in the tumors populations. More than 300 binuclear cells were counted
was measured by promptray spectrometry using a ther- to determine the MN frequency.
mal neutron guide tube at KUR. Four mice were used for each set of conditions, and
Hori synthesized TPZ according to the establishedeach experiment was repeated 3 times. To examine the
method!® which Brown and colleagues also employed, differences between pairs of values, Studentsst was
and analyzed it by using chemical ionization mass spectsed when the variances of the two groups could be
trometry Wz, 179(MH+)], electron ionization mass spec- assumed to be equal; otherwise the Weltdst was used.
trometry jrz, 178(M+)] and infrared spectrometry [KBr].
This synthesized TPZ was concluded to be identical withResuLTs
commercial TPZ. According to am vivo experimental
report!¥ TPZ was administered at a dos&5@ mgkg™) The B concentrations in tumors in the BSH and BPA
close to its maximum tolerated dose, defined as the highadministration groups were 1&2.3 ugid™ and 10.42.3
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Table I.  Micronucleus Frequency without Neutron Irradiation 2 ,
Total tumor cells Quiescent cells 3- A
No drug 0.02%0.003 0.053t0.004 5 N
TP 0.040+0.019 0.0620.021 g_
BSH? 0.034+0.004 0.07%0.010 o
BPAY 0.048+0.009 0.0680.010 "u', A
BSH+TPZ 0.11G:0.042 0.12%0.045 =]
BPA+TPZ 0.0980.035 0.11%0.039 % A
a) Meant1 SD. 21 A
b) Tirapazamine. o A el
¢) Sodium borocaptat¥B. 2 X A
d) dl-p-Boronophenylalaniné®s. E //’ /,/"':
< pd /,A//,,/ o
o A e o
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= n Neutron fluence ( x 10 12 n/cm?2)
(/) g
E / Fig. 2. Dose-response curves for normalized micronucleus
g m (MN) frequency (MN frequencyC, whereC is the MN fre-
c 1 - qguency in cells from tumors in nonirradiated animals) of tumors
o Batel treated with BPA dl-p-boronophenylalaninéB) and/or TPZ
L B’ (tirapazamine). To avoid confusion, only mean values are
£ s shown. In BPA-treated tumors and in those treated with BPA
2 —//O: and TPZ, there were significant differences between total tumor
N ’_—4‘0’ cells and Q cellsR<0.05). In each cell population, BPA treat-
© - ment and combined treatment with BPA and TPZ produced sig-
§ nificant increases in normalized MN frequenciBs(.05). With
<] the exception of the total tumor cells from tumors treated with
=4 , , both BPA and TPZ, TPZ treatment produced significant
0 4 6 increases in normalized MN frequency in each cell population

regardless of combination with BPA treatmeR&(@.05). Total
cells: —o— —— TPZ(-); —e— —A— TPZ(); —o—,
—e— BPA(-); ——,—&— BPA(+). Q cells: --O-- j-A--
S1’PZ(—); ---@--,--A-- TPZ{); --O--,--@-- BPA(-); --/A--,
---A-- BPA(+).

Neutron fluence ( x 10 12 n/cm?)

Fig. 1. Dose-response curves for normalized micronucleu
(MN) frequency (MN frequencyC, whereC is the MN fre-
quency in cells from tumors in nonirradiated animals) of tumors
treated with BSH (sodium borocaptaf®) and/or TPZ (tira-
pazamine). To avoid confusion, only mean values are shown. In
BSH-treated tumors and in those treated with BSH and TPZ,

there were significant differences between total tumor cells and . .
Q cells P<0.05). In each cell population, BSH treatment and without drugs, the MN frequency of Q cells was higher

combined treatment with BSH and TPZ produced significantthan that of total cells when no neutrons were delivered.
increases in normalized MN frequencid®Q.05). In Q cells, Figs. 1 and 2 show the changes in the normalized MN
TPZ treatment produced a significant increase in normalizedrequency of each cell population treated with either BSH
MN frequency P<0.05), but with the addition to BSH treatment, (Fig. 1), or BPA (Fig. 2), in combination with TPZ
the increase by addition of TPZ was not significant. Total cells:3qgministration. When a drug was administered before
O—,—— TPZ(), —e— —&— TPZ(}), —O0— —e tumor excision, even if no radiation was applied, the MN

BSH(-); —/1—,—=— BSH#). Q cells: ---0-- ;-{3-- TPZ{); . ..
@l TPZ@); --O-e,-@er BSHE), --Lhe- - frequency was higher than when no drug was adminis-
BSHE). ‘ ' ' ’ tered because of the genotoxicity of the drug (Table I).

Therefore, for baseline correction, we used the normalized

MN frequency to exclude the effects of genotoxicity of
ugig™, respectively, and this difference was not signifi- the drug on the MN frequency. The normalized MN fre-
cant. Table | shows the MN frequencies without neutronquency was the MN frequency in the irradiated tumors
radiation for total tumor cells and for Q cells. With or minus the MN frequency in the nonirradiated tumors.
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Table 1l. Neutron Fluence Modifying Factérfor Quiescent Cells Relative to the Total Tumor Cells

19B-compound+

Normalized MN fred? No drug 1°B-compound TP2 P7

10B-compoundBSH"

1.0 — 1.7 (1.5-1.9) — 1.7 (1.5-1.9)

0.8 — 1.7 (1.5-1.9) — 1.6 (1.5-1.7)

0.4 1.2 (1.1-1.3) 1.6 (1.4-1.8) 1.1 (1.0-1.2) 1.5 (1.4-1.6)

0.2 1.2 (1.1-1.3) 1.6 (1.4-1.8) 1.1 (1.0-1.2) 1.5 (1.4-1.6)
19B-compoundBPA)

0.8 — — — 2.1 (1.7-2.5)

0.4 1.3 (1.2-1.4) 2.2 (2.0-2.4) 1.2 (1.1-1.3) 1.8 (1.6-2.0)

0.2 1.3 (1.2-1.4) 2.0 (1.8-2.2) 1.2 (1.1-1.3) 1.6 (1.4-1.8)

a) Neutron fluence required to obtain each normalized micronucleus frequency in quiescent cells in
relation to that required to obtain each normalized micronucleus frequency in total cells.

b) Normalized micronucleus frequency, micronucleus frequency minus the micronucleus frequency
in unirradiated tumors.

¢) Tirapazamine.

d) Sodium borocaptat¥B.

e) Ninety-five percent confidence limits.

f) dl-p-Boronophenylalaniné®s.

Table Ill. The Effects of TPZon Neutron Fluence Ratio

) Total tumor cells Quiescent cells
Normalized MN fred?
No drug 1°B-compound No drug 19B-compound
1°B-compoungBSH"
1.0 — 1.1 (1.01.2p — 1.2 (1.61.4)
0.8 — 1.1 (1.61.2) — 1.1(1.61.2)
0.4 1.4 (1.21.6) 1.1 (1.01.2) 1.6 (1.41.8) 1.1 (1.61.2)
0.2 1.2 (1.31.3) 1.2 (1.61.4) 1.4 (1.21.6) 1.2 (1.61.4)
1°B-compoungBPA"
0.8 — 1.2 (1.61.4) — —
0.4 1.4 (1.21.6) 1.1 (1.61.2) 1.6 (1.41.8) 1.4 (1.315)
0.2 1.4 (1.21.6) 11 (1.61.2) 1.6 (1.41.8) 1.3 (1.21.4)

a) Tirapazamine.

b) Ratio of neutron fluence required to obtain each normalized micronucleus frequency without TPZ
in relation to the neutron fluence required to obtain each normalized micronucleus frequency with
TPZ.

¢) Normalized micronucleus frequency, micronucleus frequency minus the micronucleus frequency
in unirradiated tumors.

d) Sodium borocaptat¥B.

e) Ninety-five percent confidence limits.

f) dl-p-Boronophenylalaniné®B.

With or without 1°B-compounds, the normalized MN 2 (Table Il). The use ofB-compounds increased the dif-
frequency of Q cells was lower than that of the totalference in normalized MN frequency between total and Q
tumor cells. Under each irradiation condition, neutron flu-cells, especially when BPA was used. TPZ injection
ence modifying factors, which compare the neutron flu-reduced the difference in MN frequency between total and
ence required to obtain various normalized MN Q cells induced by*°B-compound administration, espe-
frequencies in Q cells with that in the total tumor cells,cially in the case of administration of BPA. TPZ treatment
were calculated using the values of the data in Figs. 1 andlone also reduced the difference in MN frequency
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DISCUSSION

Previously Oncet d.® showed that more than 90% of
SCC VIl tumor cells divide at least once following neu-
tron capture irradiation and that the probability of com-
pleting the first post-treatment mitosis was almost
equivalent in SCC VIl cells regardless of neutron capture
compound administration. In aidién, our préiminary
experiment showed that, in total cell populations of SCC
VIl tumors, the correlations between normalized MN fre-
quency and the surviving fraction under 6 conditions
coudd be expressed as one regression line whether the
cells were iradiated with or without drugs (Fig. 3). Con-
sequent), the sensitivity of tumor cells to neutron capture
irradiation was thought to be reflected reasonably well by
their normalized MN frequenginstead of by their loss of
clonogenidty.

It was shown that the profile of cytotoxicity of TPZ as
a function of the oxygen concentration igfelient from
those of other ibreducive agent Mitomycin C exhibits
weak selective toxicity under hypoxic conditions, and
extremely low levels of oxygen are required to obtain

101}

102}

Surviving cell fraction

103}

104 . . . maximum cytotoxicig.? TPZ maintains its “hypoxic cyto-
0 1 2 3 toxicity” at oxygen concentrations approximately 10-fold

viously found that within SCC VII tumors Q cells include
Fig. 3. Correlation between normalized micronucleus (MN) fre- 3 |gger hypoxic fraction than the total cells (Q cells:

quency and surviving fraction for each of 6 conditions in total 53+2% vs total cells11+2%)9 Therefore, TPZ showed
cell populations of SCC VII tumors. The 6 regression lines were_ - ) '

statistically identical P<0.05). The regression line calculated a greater cytotoxicity to Q cells than to the total cells
from all these data was M=-3.60X (X=normalizedMN fre- (Table 11). Hence, TPZ treatment alone could reduce the
quency Y=surviving fraction), and a significant positive correla- difference in MN frequency between total and Q cells
tion of r=-0.98 was observed€0.001). Thus, there is a close observed after neutron irradiation without’&-compound
relationship between MN frequency and surviving fraction, and(Table ).

the sensitivity of SCC VIlumor cells to neutron capture irradia- Meanwhile, °B-compounds in@ased the sensitivity of

tion can be expressed in terms of the MN frequency instead o : .
surviving fraction. Bars represent SD® B-compoundf) both Q and total cell populations, especially that of total

TPZ(): O BSHE) TPZE): A BPAH) TPZ(): @ B-com- cells (Figs. 1 and 2); i.e., theftdair.ence in sensitivity

poundf) TPZ(+); m BSH() TPZH); A BPA(+) TPZ@#). TPz,  between total and Q cells was widened by°Brcom-

tirapazamine; BSH, sodium borocapt¥®; BPA, dl-p- pound {Table 11). In our previous repol?, we suggested

boronophenylalaninés. that this event was induced mainly because Q cells could
not take up°B as dficiently as P cells.

Solid tumors, especially human tumors, are thought to
between total and Q cells observed when no drugs wereontain a high proportion of Q cef® The presence of
administered, mainly by increasing the MN frequency ofthese cells is probably due, inrpao hypoxia and nutri-

Q cells. tion depletion in the tumor core, and this is another conse-
To evaluate theftects of TPZ on the MN frequency in quence of poor vascular suppl Therefore, Q cells may
total and Q cells, the enhancement ratio (ER) by TPZ wakave higher MN frequencies at®y than the total cell
calculated at various normalized MN frequencies usingpopulation Table 1), and Q cells could be more sensitive
the data shown in Figs. 1 and™ble 1ll). TPZ enhanced to the hypoxia-specific cytotoxin TPZ even when com-
the sensitivity of tumor cells, including Q cells, even bined with'®B-compound administratiorTéble 111). How-
when no'B-compound was administered. In combination eve, once'®B is distributed in tumor cell$?B itself could
with 1°B-compound, all ER values decreased. Howeve enhance their sensitivity much more markedly than TPZ
TPZ showed a greaterffect on Q cells when IBA was because of the heavily alged high linear engy transfer
administered, while it had no appareffieet on each cell particles produced by neutron capture reactioiys(F1
population when BSH was administered. and 2). Therefore, TPZ could showdar ERs for Q cells
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than for total cells, especially when BPA, which showed aof TPZ with BPA may be effective and advantageous. It is
poorer distribution in Q cells than BSA,was adminis- now evident that agents that can preferentially Kkill
tered (Table IlI). Consequently, TPZ could reduce the dif-hypoxic cells constitute another class of agents with a
ference in MN frequency between total and Q cellsdefined use in BNCT, especially in BPA-BNCT.
induced by'°B-compound administration, especially in the  The characterization of Q cells in solid tumors and
case of BPA administration (Table II). examination of their sensitivity to various treatments has
With regard to TPZ effect, the curves of normalized been greatly hampered by the lack of adequate systems to
MN frequency according to neutron fluence with andidentify Q cells and to obtain large homogeneous popula-
without TPZ were almost parallel (Figs. 1 and 2). There-tions of them. Hence, the Q cell assay method used in this
fore, the effect of TPZ was thought to be additive. Actu-study appears to be useful for determining the sensitivity
ally, in SCC VII tumor cell cultures, the interaction of of Q cell populations in solid tumors to various DNA-
TPZ with irradiation was shown to be essentially additivedamaging treatments. Using this method, we plan to
in vitro.2V) investigate the responses of Q cells to various anticancer
It has been reported that Q cells have lower radiosenstreatments. Further, it is now evident that apoptosis is
tivity to photons than P cells in solid tumadrs vivo.” 20 strongly correlated with the curability of some tum®rs)
Thus, more Q cells can survive after radiotherapy than RVe also plan to assess the effectiveness of neutron capture
cells. Therefore, the control of Q cells, some of whichreaction in inducing apoptosis.
will still be clonogenic) is thought to influence greatly
the outcome of anticancer radiotherapy. Howeves; ACKNOWLEDGMENTS
compound administration in BNCT expanded the differ-
ence in sensitivity between total and Q cells compared This work was supported, in part, by Grants-in-Aid for Cancer
with no drug administration (Table II). From the view- Research (08877139, 09255229, 09670931, 10153234) from the
point of tumor curability, including Q tumor cell control, Ministry of Education, Science, Sports and Culture, Japan.
the use of TPZ in BNCT appears to be encouraging, evetReceived March 25, 1998/Revised May 22, 1998/Accepted
if the TPZ effect is additive. In particular, the combination June 3, 1998)

REFERENCES

1) Barth, R. F., Soloway, A. H. and Brugger, R. M. Boron solid tumors: presidential addres€ancer Res.48, 775—
neutron capture therapy of brain tumors: past history, cur- 778 (1988).
rent status, and future potentiaCancer Invest.14, 534— 10) Masunaga, S., Ono, K. and Abe, M. A method for selec-
550 (1996). tive measurement of the radiosensitivity of quiescent cells

2) Brown, J. M. and Siim, B. G. Hypoxia-specific cytotoxins in solid tumors—combination of immunofluorescence
in cancer therapySemin. Radiat. Oncol, 22—36 (1996). staining to BrdU and micronucleus assajradiat. Res.

3) Kennedy, K. A., Teicher, B. A., Rockwell, S. and 125 243-247 (1991).

Sartorelli, A. C. The hypoxic tumor cell: a target for selec- 11) Kanda, K. An overview: radiation sources, beam quality,
tive cancer chemotherapyBiochem. Pharmacql29, 1-8 dosimetry and spectroscopy in neutron capture therapy.
(1979). Strahlenther. Onkal.165 67—69 (1989).

4) Brown, J. M. SR 4233 (tirapazamine): a new anticancerl2) Kobayashi, T., Kanda, K. and Mishima, ¥n situ mea-
drug exploiting hypoxia in solid tumoursBr. J. Cancey surement ortB concentrations and absorbed dose estima-
67, 1163-1170 (1993). tions in human malignant melanoma treated by BNCT.

5) Zeman, E. M., Brown, J. M., Lemmon, M. J., Hirst, V. K. Strahlenther. Onkal165, 104-106 (1989).
and Lee, W. W. SR-4233: a new bioreductive agent with13) Seng, F. and Ley, K. Simple synthesis of 3-amino-1,2,4-
high selective toxicity for hypoxic mammalian cellsit. J. benzotriazine-1,4-dioxide. Angew. Chem. Int. Ed. Engl.
Radiat. Oncol. Biol. Phys12, 1239-1242 (1986). 11, 1009-1010 (1972).

6) Koch, C. J. Unusual oxygen concentration dependence of4) Bremner, J. C. M., Stratford, I. J., Bowler, J. and Adams,
toxicity of SR-4233, a hypoxic cell toxinCancer Res53, G. E. Bioreductive drugs and the selective induction of
3992-3997 (1993). tumor hypoxia. Br. J. Cancey61, 717-721 (1990).

7) Jackson, R. C. The problem of the quiescent cancer celll5) Brown, J. M. and Lemmon, M. J. Potentiation by the
Enzyme Reguyl29, 27-46 (1989). hypoxic cytotoxin SR 4233 of cell killing produced by

8) Dethlefsen, L. A. In quest of the quaint quiescent ckills. fractionated irradiation of mouse tumor€ancer Res.50,

“Radiation Biology in Cancer Research,” ed. R. E. Meyn 7745-7749 (1990).

and H. R. Withers, pp. 415-435 (1980). Raven Press, Newl6) Ono, K., Wandl, E. O., Tsutsui, K., Sasai, K. and Abe, M.

York. The correlation between cell survival curve and dose
9) Sartorelli, A. C. Therapeutic attack of hypoxic cells of response curve of micronucleus (MN) frequen8grahlen-

773


8951358&form=6&db=m&Dopt=b     
8951358&form=6&db=m&Dopt=b     
8951358&form=6&db=m&Dopt=b     
8512801&form=6&db=m&Dopt=b     
8512801&form=6&db=m&Dopt=b     
3744945&form=6&db=m&Dopt=b     
3744945&form=6&db=m&Dopt=b     
3744945&form=6&db=m&Dopt=b     
8358728&form=6&db=m&Dopt=b     
8358728&form=6&db=m&Dopt=b     
3123053&form=6&db=m&Dopt=b     
3123053&form=6&db=m&Dopt=b     
1705716&form=6&db=m&Dopt=b     
1705716&form=6&db=m&Dopt=b     
1705716&form=6&db=m&Dopt=b     
2494745&form=6&db=m&Dopt=b     
2494745&form=6&db=m&Dopt=b     
2494708&form=6&db=m&Dopt=b     
2110814&form=6&db=m&Dopt=b     
2110814&form=6&db=m&Dopt=b     
2110814&form=6&db=m&Dopt=b     
2253217&form=6&db=m&Dopt=b     
2253217&form=6&db=m&Dopt=b     
2253217&form=6&db=m&Dopt=b     
2595530&form=6&db=m&Dopt=b     
2595530&form=6&db=m&Dopt=b     
2595530&form=6&db=m&Dopt=b     

Jpn.

17)

18)

19)

20)

774

J. Cancer Re89, July 1998

ther. Onkol, 165 824-827 (1989).

Fenech, M. and Morley, A. A. Measurement of micronu-
clei in lymphocytes.Mutat. Res.147, 29-36 (1985).
Ono, K., Masunaga, S., Kinashi, Y., Takagaki,
Akaboshi, M., Kobayashi, T. and Akuta, K. Radiobiologi-
cal evidence suggesting heterogeneous microdistribution of
boron compounds in tumors: its relation to quiescent cell
population and tumor cure in neutron capture therapy.

J. Radiat. Oncol. Biol. Phys34, 1081-1086 (1996).
Masunaga, S., Ono, K., Suzuki, M., Takagaki, M., Sakurai,
Y., Kobayashi, T., Akuta, K., Akaboshi, M., Kinashi, Y.
and Abe, M. Modification of the response of a quiescent
cell population within a solid tumour to boron neutron cap-

ture irradiation: studies with nicotinamide and hyperther- 23)

mia. Br. J. Radiol, 70, 391-398 (1997).
Wallen, C. A., Ridinger, D. N. and Dethlefsen, L. A. Het-

M., 21)

22)

erogeneity of X-ray cytotoxicity in proliferating and quies-
cent murine mammary carcinoma cell€ancer Res.45,
3064-3069 (1985).

Shibata, T., Shibamoto, Y., Sasai, K., Oya, N., Takagi, T.,
Hiraoka, M., Takahashi, M. and Abe, M. Tirapazamine:
hypoxic cytotoxicity and interaction with radiation as
assessed by the micronucleus assdr. J. Cancer 74
(Suppl. XXVII), S61-S64 (1996).

Wheeler, J. A., Stephans, L. C., Tornos, C., Eifel, P. J,,
Ang, K. K., Milas, L., Allen, P. K. and Meyn, R. E, Jr.
ASTRO Research Fellowship: apoptosis as a predictor of
tumor response to radiation in stage IB cervical carcinoma.
Int. J. Radiat. Oncol. Biol. Phys32, 1487-1493 (1995).
Denmeade, S. R,, Lin, X. S. and Isaacs, J. T. Role of pro-
grammed (apoptotic) cell death during the progression and
therapy for prostate canceProstate 28, 251-265 (1996).


3974610&form=6&db=m&Dopt=b     
3974610&form=6&db=m&Dopt=b     
8600091&form=6&db=m&Dopt=b     
8600091&form=6&db=m&Dopt=b     
8600091&form=6&db=m&Dopt=b     
9166076&form=6&db=m&Dopt=b     
9166076&form=6&db=m&Dopt=b     
9166076&form=6&db=m&Dopt=b     
4005844&form=6&db=m&Dopt=b     
4005844&form=6&db=m&Dopt=b     
4005844&form=6&db=m&Dopt=b     
7635794&form=6&db=m&Dopt=b     
7635794&form=6&db=m&Dopt=b     
8602401&form=6&db=m&Dopt=b     
8602401&form=6&db=m&Dopt=b     
8602401&form=6&db=m&Dopt=b     
2595530&form=6&db=m&Dopt=b

