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In neutron capture therapy, whose effectiveness depends on the tumor distribution of neutron cap-
ture compound and the neutron energy distribution, controlling quiescent tumor cells with clono-
genic potential is critical for therapeutic gain, as is the case in conventional radio- and chemo-
therapy. Tumor-bearing mice were continuously given 5-bromo-2deoxyuridine (BrdU) to label all
proliferating cells. After administration of sodium borocaptatei®B (BSH), dl-p-boronophenylala-
nine-'%B (BPA) or gadodiamide hydrate (Omniscan), the tumors were irradiated with neutrons of
different cadmium (Cd) ratio, and then isolated and incubated with cytochalasin-B (a cytokinesis
blocker). The micronucleus (MN) frequency in cells without BrdU labeling (quiescent cells) was
determined using immunofluorescence staining for BrdU, and that for total cells was obtained from
tumors not pretreated with BrdU. Without drugs, quiescent cells showed lower MN frequencies than
total cells, but neutron irradiation reduced gamma-ray sensitivity difference between the two. Rela-
tive biological effectiveness (RBE) of neutrons compared with gamma-rays was greater in quiescent
cells than in total cells, and low Cd ratio neutrons tended to exhibit large RBE values. With neutron
capture compounds, MN frequency for each cell population was increased, especially when high Cd
ratio neutrons were used. BPA increased the MN frequency for total cells to a greater extent than
BSH. However, the sensitivity of quiescent cells treated with BPA was lower than that in BSH-
treated quiescent cells. This tendency was clearly observed in high Cd ratio neutrons. Omniscan only
slightly increased the MN frequency in both cell populations, compared with irradiation alone, with-
out drugs. From the viewpoint of increasing the quiescent cell sensitivity, tumors should be irradi-
ated with high Cd ratio neutrons after BSH administration.

Key words: Quiescent cell — Micronucleus — Neutron capture reaction — Cadmium ratio

Neutron capture therapy (NCT) has the potential to denecessary to determine the response of quiescent (Q) tumor
liver radiation more selectively than is the case with con-cells to this treatment. Until recently, a comparatively sim-
ventional radiotherapy. Boron NCT is based on the reactiople assay for assessing the response of intratumor Q cells
that occurs between tHeB nucleus and thermal neutrons, was not available. In order to analyze the responses of
and represents a promising modality for selective irradiaQ cells in solid tumors, we have developed a combined
tion of tumor tissue'®B nuclei capture slow thermal neu- method with micronucleus (MN) frequency assay and iden-
trons preferentially, and upon capture promptly undergdification of proliferating (P) cells by 5-bromd-geoxy-
nuclear fission. The heavy charged particles produced buyridine (BrdU) and anti-BrdU monoclonal antibcdlyVith
this 1%B(n,a)’Li reaction have ranges eB um and=5 um, this method, we analyzed the killing effects of the neutron
respectively, in tissue and have a high relative biologicakapture reaction using neutrons with two different energy
effectiveness (RBE) for controlling tumor growth as com- spectra on Q cells within murine solid SCC VII squamous
pared with gamma radiatidhGadolinium neutron capture carcinoma, in terms of the MN frequency, in comparison
reaction results in the emission of gamma-rays with thewith those in the total Q) tumor cell populations. The
maximum energy of 7.9 MeV followed by a series of sec-reaction was performed with tweB-enriched compounds,
ondary gamma-rays and 29 to 180 keV internal conversioMNa,B,,H,,SH (sodium borocaptatéB, BSH) anddl-p-bo-
electrons? On such gadolinium (Gd) NCT, internal conver- ronophenylalaniné®8 (BPA), which have been used clini-
sion electrons and Auger electrons are thought to play imeally in Japart. Non-enriched Gd in the form of Omniscan
portant roles in microscopic energy deposition, and theségadodiamide hydrate; Daiichi Pharmaceutical Corpora-
electrons are responsible for about 15% of the total abtion, Tokyo), which has been employed clinically as a non-
sorbed dose in Gd-treated tumdrs. ionized contrast agent for magnetic resonance imaging, was

Many tumor cells are not proliferating (quiesceit) also used.
situ, but are still clonogeni.To improve NCT, it is thus

MATERIALS AND METHODS
3To whom reprint requests and all correspondence should be ad-
dressed. Tumors, mice, and labeling with BrdU SCC VII squa-
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mous cell carcinoma, derived fro@8H mice, was main- fast neutron region. Neutron absorbed dose was calculated
tained in vitro in Eaglés minimum essential medium by using the flux-to-dose convéws facta.®) Weight per-
containing 12.5% fetal bovine serum. Cells were collecteccentage of the tumors was assumed to be H (10.7%), C
from monolayer cultures, and approximatelyxiL@® cells (12.1%), N (2%), O (71.4%) and others (3.8%8ince the
were inoculated subcutaneously into the left hind legs of 8tumors were small and located just beneath the surface,
to 11-week-old syngeneic female C3H/He mice. Fourteenintratumor neutron fluence was assumed to be linearly
days afte inocdation, the tumors had reached approxi- decreased from the front to the back side of the tumors.
mately 1 cm in diameteNine days after inoculation, mini- Thus, we used the averaged neutiloence from the mea-
osmotic pumps (Alzet model 2001, Polo Alto, CA) were sured valuestathe front and back sides of tumosseer-
implanted subcutaneously for 5 days of continuous labelaged neutron fluence and Kerma dose rate, and measured
ing. Administration of BrdU did not change the tumor gamma-ray dose rate for each irradiation mode are shown
growth rate. The tumors were 1 cm in diameter at treatin Table I. Meanwhile, for gamma-ray radiation as a con-
ment. The labelingndex afte 5 days of continuous label- trol, we used a cobalt-60 gamma-ray irradiator at a dose
ing with BrdU was 55.84.5% (meatSD), and reached a rate of 5.97 Gy/min.

plateau at this stage. Therefore, in this gtwee regarded On the other hand, each treatment group also included
tumor cells not incorporating BrdU after continuous label-mice tha were not pretreated with BrdU.
ing as Q cells. Some of the tumors that were not irradiated were used to

Treatmert A LiF thermoplastic box holding three mice deternine B and**’Gd coreentrationsin the tunors. The
was made, and BrdU-labeled tumor-bearing legs weré® and®*’Gd concentrations in the tumors were measured
pulled out of the box through a narrow slit in the front side.by promg gamma-ray spectrometry using a thermal neu-
The legs were fixed with adhess. Twerty minutes afer tron guide tube at KUR?

the intraperitoneal injection of BSH (125 mg/kg) dissolved Immunofluorescence staining of BrdU-labeled cells and

in physiological saline, 3 h after oral administration 88B  observation of micronucleus formation These proce-
(1,500 mg/kg) also dselved in phyiological saline, or 30 dures have been described in detail elsewhekéer the

min after the intraperitoneal injection of Omniscan (40 ml/above treatments, excised tumors from mice given BrdU
kg, 12.92 g/kg), the tumors were irradiated with a neutronwere minced and trypsired & 37°C for 15 min, using
beam generated by the Kyoto University Reactor (K&YR). 0.05% trypsin and 0.02% ethylenediaminetetraacetic acid.
We used neutron beams with twdfdient cadmium (Cd) Tumor cell sgpensionswvere inoculated into 60-mmssue
ratios which have become available through remodeling otulture dishes containing 5 ml of complete mued and 1.0

the heavy water facility at KUR from August, 1995, to ug/ml of cytochalasin-B to inhibit cytokinesis while allow-
May, 19967 Essential, this remodeling was performed ing nuclear division. The proportion of bidaar cells
mainly to meet the following requirements: 1) clinical utili- reached a maximum 48 h and 72 h after initiation of culture
zation of the heavy watdacility during continuous KUR  for total and Q cell populations, respectivelhe cultures
operations, and 2) utilization of epithermal neutron irradia-were trypsinized and single-cell suspensions were fixed
tion for the treatment of deep-seated tumors. Cd ratio reprewith 70% ethanol. After centrifugation, the cell pellets
sents the degree to which the thermal neutron beam iwere resuspended with 0.4 ml of cold Carsofixative.
contaminated with fast neutrons, and refers to gold foilThe suspensions (3@) were then placed on glass micro-
activation with and without Cd covers on the gold foils (Cd scope slides using a dropper and dried at room temperature.
stops all thermal neutrons). A high Cd ratio means that th@he slides were treated withN2 hydrochloric acid for 30
beam has aigh fraction of thermal neutrons. Cdieg of  min at room temperature to dissociate the histones and to
the employed neutron beams were 148 and 1.0. The nepartially to denature the DNA. The slides were then
tron fluence was measured with a phantom by radioactivalmmersed in borax-borate tier (pH 8.5) to neutralize the
tion of gdd foil (3 mm diameter; 0.05 mm thickness) both

a the front and backides of tumors. Gammay doses,

including secondary gamma-rays, were measured with

thermoluminescence dosimeter powder at the back side Qfiple .  Neutra Fluence (n/cits) and Kerma Dose Rate (cGy/h)
tumors. For estimation of neutron ege spectra, eight for Each Neutron Irradiation Mode

kinds of activation foil and fourteen kinds of nuclear
reaction were used: AU(n,y)Au'®® for the thermal neu-
tron region, In(n,y)2%mn, *"Au(n.y)*®Au, S®Fe(ny)*Fe

Thermal Epithermal Fast Gamma-rays
ratio neutrons neutrons neutrons dose rate
(-0.6¢/) (0.6 &/-10keV) (10 keV-) (cGy/h)

and ®#Cu(ny)®*Cu for the epithermal neutron region, 148  2.0x10° 2.8x10° 6.6x10°
and  ™In(n,n*)""n,  >Fe(n,p}*Mn,  #Al(n,p)*Mg, 96 1.03 28.4 120
2IAl(n,0)Na, “Ti(n,p)*’Sc, *Ti(n,p)**Sc “Mg(n,pf*Na, 1.0 — 8.0x10° 4.7x10
3Cu(no)®°Co, %Ni(n,p)**Co and*’Au(n,2n}*Au for the — 23 160 70
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acid. BrdU-labeled cells were detected by indirect immu-for Omniscan administration was 46852.8 ug/g (3.@:0.3
nofluorescence staining using monoclonal anti-BrdU anti-mM). Table Il shows the MN frequencies without radiation
body and fluorescein isothiocyanate (FITC)-conjugatedfor total tumor cells and for Q cells. With or without neu-
antimouse IgG. To observe the double-staining of tumoitron capture compounds, the MN frequency of Q cells was
cells with FITC and propidium iodide (PI), cells on the higher than that of total cells when no radiation was deliv-
slides were treated with 3@ of Pl (1-5ug/ml in phos-  ered.

phate-buffered saline) under a fluorescence microscope. Figs. 1 and 2 show the normalized MN frequencies for
When the intensity of the red fluorescence produced by Péach irradiation condition as a function of the absorbed ra-
became similar to the intensity of the green fluorescence idiation dose in total tumor cells and in Q cells, respectively.
nuclei prestained with FITC, the treatment was stopped byWhen a neutron capture compound was administered be-
rinsing the slides with water. The MN frequency in BrdU- fore tumor excision, even if no radiation was given, the
unlabeled cells{ Q cells) could be examined by counting MN frequency was higher than when no drug was adminis-
the micronuclei in those binuclear cells that showed onlytered, because of the genotoxicity of the drug (Table II).
red fluorescence. The MN frequency was defined as th&@herefore, for baseline correction, we used the normalized
ratio of the number of micronuclei in the binuclear cells toMN frequency to exclude the effects of the genotoxicity of
the total number of binuclear cells obser¥edlhe ratio  the neutron capture compound on the MN frequency. The
obtained in tumors not pretreated with BrdU indicated thenormalized MN frequency is the MN frequency in the irra-
MN frequency of all phases of the total tumor@® cell diated tumors minus the MN frequency in the nonirradiated
populations. tumors.

The MN frequency of BrdU-labeled cells, which could  Without neutron capture compounds, the normalized MN
be regarded as P cells upon treatment, was modified bdrequency in Q cells was lower than that in the total cell
cause the radiosensitization effect of the incorporatedhopulation, especially in the case of gamma-ray irradiation.
BrdU* has the potential to influence the frequency of mi-We calculated the dose-modifying factors (DMFs) of Q
cronucleus and binuclear cell appearance in BrdU-labeledells in tumors not treated with a neutron capture com-
cells. Therefore, the correct MN frequency of P cells with-pound; these factors were used to compare the radiation
out the BrdU effect could not be obtained. In addition, dur-doses necessary to obtain various normalized MN frequen-
ing continuous labeling with the BrdU over 5 days, thecies in Q cells with the doses required in the total tumor
shift of cells from P to Q population resulted in labeled Qcell population. For this calculation, we used the values
cells. These cells were excluded when we scored micronudrom tumors excised after irradiation alone without neutron
clei in binuclear cells showing only red fluorescence by Plcapture compound administration, as shown in Figs. 1 and
because these cells were stained with FITC. 2 (Table 1ll). The values of DMF for gamma-rays were

Four mice were used for each set of conditions and eacgreater than 2.00, and significantly higher than 108 (
experiment was repeated 3 times. To examine the differ0.05). In contrast, with neutrons of each Cd ratio, the val-
ences between pairs of values, Studentsst was used ues were closer to 1.00 than those for gamma-rays. To ex-
when variances of the two groups could be assumed to bemine the RBE of irradiation with neutrons, DMFs, which

equal; otherwise, the Welthest was used. compare the radiation doses necessary to obtain various
normalized MN frequencies in tumors irradiated with gam-
RESULTS ma-rays with those in tumors irradiated with neutrons with-

out neutron capture compounds in each cell type, were
The 9B concentrations in tumors in the BPA and BSH calculated using the mean values of the data shown in Figs.
administration groups were 182.8 ug/g (1.20.3 M) 1 and 2 (Table 1V). These values of DMFs were equivalent
and 11.21.2 ug/g (1.20.1 mM), respectively, and this dif- to those of RBE. All were significantly greater than 180 (
ference was not significant®’Gd concentration in tumors <0.05), and the values for Q cells were significantly larger

Table Il.  Micronucleus Frequency at 0 Gy
Cell fraction No drug BSH BPAD Omniscaf
Total tumor cells 0.02£0.003 0.0340.004 0.0480.009 0.0330.004

Quiescent tumor cells 0.053.004 0.07%0.010 0.0680.010 0.06@0.008

a) Sodium borocaptat¥B.
b) dl-p-Boronophenylalaniné’B.
¢) Gadodiamide hydrate.
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Fig. 1. Dose-response curves of normalized MN frequency as Eig- 2. Dose-response curves of normalized MN frequency as a
function of radiation dose for total tumor cell populations. Tumorsfunction of radiation dose for quiescent tumor cell populations.
were irradiated using neutrons with a Cd ratio of 168 (o ,m , ,Tumors were irradiated using neutrons with a Cd ratio of 818 (
%)or1.0(© ,A ,O ,+ ). As a control, other tumors were irra- A, ®, ¥)or 1.0 © ,A ,O0 ,+ ). As a control, other tumors
diated with gamma-rays alon@( @ O, without neutron cap-Were irradiated with gamma-rays alor® ( @. O,  without neu-
ture drug; A ,A with BPA administrationm [J with BSH tron capture druga A  with BPA administratiom 0, with

administration;% ,+ with Omniscan administration. Only mean BSH administration;x 4+  with Omniscan administration. Only
values are shown, to avoid confusion. mean values are shown, to avoid confusion.

than those for total tumor cellB<€0.05). Moreover, in each DISCUSSION
cell population, the values for low Cd ratio neutrons were
larger than those for high Cd ratio neutrons, although not The effects of cytochalasin-B on chromosome damage in
significantly so. irradiated cells have not been completely elucidated. How-
With neutron capture compounds, the normalized MNever, a close relationship between cell survival and MN fre-
frequency for each cell population was increased. This inquency for SCC VII tumor cells obtained using the
crease in the normalized MN frequency was marked whemytochalasin-B method has been repottedamely, the
high Cd ratio neutrons were used. To assess the effects bhear correlation between surviving fraction and MN fre-
these compounds on the MN frequency in total and Q celjuency demonstrated that tumor cell sensitivity can be ex-
populations, the enhancement ratio (ER) was calculated giressed in terms of the MN frequency instead of surviving
various normalized MN frequencies using the mean valuefraction. Additionally, Oncet al.™® showed that more than
of the data given in Figs. 1 and 2 (Table V). In general, th&0% of SCC VII tumor cells divided at least once follow-
values of ERs for total cells and high Cd ratio neutronsing neutron capture irradiation and that the probability of
tended to be larger than those for Q cells and low Cd raticompleting the first post-treatment mitosis was almost
neutrons, respectively. With neutrons of each Cd ratio, irequivalent in SCC VII cells regardless of neutron capture
total tumor cells, the ER values for BPA administration compound administration. Consequently, the sensitivity of
were larger than those for any other drug. In contrast, in Qumor cells to neutron capture irradiation was thought to be
cells, the values for BSH were largest. This tendency waseflected reasonably well by their MN frequency instead of
clearly observed in higher Cd ratio neutrons. Omniscarby their loss of clonogenicity.
only slightly increased MN frequency both in total and Q The advantages of high linear energy transfer (LET) neu-
cells, compared with the irradiation alone, without drugs. tron irradiation include: 1) greater ability to damage
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hypoxic cells; 2) lesser ability to repair sublethal andcells and the value of neutron Cd ratio. Therefore, high
potentially lethal radiation-induced damage; and 3) lesdET neutrons, irrespective of neutron Cd ratio, should be
variation in radiation sensitivity relative to the cell cytfe. applied to reduce the difference in sensitivity between total
We showed previously that Q cell populations have a largeand Q cells.
percentage of hypoxic cells than the total cell populd&tion. The values of RBE for Q cells were markedly larger than
In this study, the differences in radiosensitivity betweenthose for total cells. This was mainly because the difference
total tumor and Q cells were markedly reduced by neutrorin gamma-ray sensitivity between total and Q cells was
irradiation (Table III). It follows that oxygenated and much greater than that in sensitivity to neutrons (Table IlI).
hypoxic rcells in SCC VIl solid tumors have almost the Further, in both cell populations, the RBE values for low
same radiosensitivity to neutrons and that the difference itCd ratio neutrons tended to be larger than those for high Cd
sensitivity elative to the cell cycle can be decreased with
neutrons. However, there was no apparent relationship
between the difference in sensitivity between total and Q
Table IV. Relative Biological Effectiveneésn Total Tumor and
Quiescent Cell Populations

e : - Cell fraction Normalized Neutrons
Table Ill. Dose Modifying Factofsfor Quiescent Cells Relative MN freq? CdP:148 Cd:1.0
to the Total Tumor Cell Populations Total tumor cells 0.75 _ 29
Normalized MN fred? Cdc)ﬂﬁfl;leutrons Cd10 Gamma-rays 825 ;j 32
0.5 15 1.6 — 0.25 2.3 2.9
0.35 15 15 2.4 Quiescent tumor cells 0.35 3.7 4.5
0.25 15 1.6 2.4 0.25 3.6 4.4

a) Radiation dose required to obtain each normalized micronu-a) Radiation dose required to obtain each normalized micronu-
cleus frequency in quiescent cells/radiation dose required to obeleus frequency with gamma-rays/radiation dose required to ob-
tain each normalized micronucleus frequency in total tumor cells. tain each normalized micronucleus frequency with neutrons.

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

¢) Cadmium ratio. ¢) Cadmium ratio.

Table V. The Effects of Neutron Capture Drugs on the Dose Modifying Pactor

. . . . Drugs
Cell fraction Cadmium ratio Normalized MN fréy: BSIP BPAY  Omniscafl
Total tumor cells Cd ratio: 148 0.5 3.7 5.4 1.2
0.35 3.6 5.1 1.2
0.25 3.7 5.5 1.2
Cd ratio: 1.0 1.0 1.2 1.3 1.1
0.75 1.2 14 1.1
0.5 1.2 1.3 1.1
0.35 1.2 14 1.1
0.25 1.2 1.3 1.1
Quiescent tumor cells Cd ratio: 148 0.5 3.2 2.4 1.2
0.35 3.3 2.4 1.2
0.25 3.4 2.4 1.2
Cd ratio: 1.0 0.5 1.2 1.1 11
0.35 1.2 11 1.1
0.25 1.2 1.2 1.1

a) Radiation dose required to obtain each normalized micronucleus frequency Wihoampound/

radiation dose required to obtain each normalized micronucleus frequené§Bagttmpound.

b) Normalized micronucleus frequency, micronucleus frequency minus the micronucleus frequency in

unirradiated tumors.

¢) Sodium borocaptat¥B.

d) dl-p-Boronophenylalaniné®B.
€) Gadodiamide hydrate.
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ratio neutrons. This might have been partially because thposed to decrease the difference in sensitivity between total
low Cd ratio neutrons applied here included a higher proand Q cells. Therefore, it is thought that Q cells cannot take
portion of fast neutrons (Table 1), which include a largerup®B as efficiently as P cells. Further, the sensitivity of Q
proportion of 24 keV neutrons that are considered to induceells treated with BPA was lower than that in those treated
chromosome abberations at high efficietfe}? The values  with BSH, although the averad® concentration for BPA
of RBE for total cells themselves were similar to those inadministration (10%2.8 ug/g) was almost the same as that
other reportd? ® However, to our knowledge, this is the for BSH (11.21.2 ug/g) in the total tumor population. This
first report concerning RBE for Q celis vivo related to  tendency was clearly observed with higher Cd ratio neu-
neutron Cd ratio in neutron irradiation. trons which include a larger proportion of thermal neutrons.
19B-compounds increased the sensitivity of both Q andn other words, when BPA was usétB could be distrib-
total cell populations, especially that of total cells. Namely,uted to total tumor cells as a whole as well as when BSH
the difference in sensitivity between total and Q cells waswvas used. However, 1e€8 could be localized into Q cells
widened with®B-compound. This means that i) Q cells than when BSH was administered. This indicates that the
cannot take up’B as efficiently as P cells, or ii) the sensi- distribution of'B, from BPA, in tumor cells is more depen-
tivity of Q cells is intrinsically lower than that of P cells dent on the®B uptake ability of the tumor cells than that
even if'B is homogeneously distributed throughout P andfrom BSH. When BSH was used, the ER values for total
Q cells. As shown in our previous study using fastcells were almost the same as those for Q cells. That is, the
neutron$” and Table I, high LET neutron irradiation distribution of!°B from BSH is more dependent on the dif-
alone without compounds markedly reduces the differencéusion of the drug than that from BPA.
in radiosensitivity between P and Q cells. Thus, the homo- Our previousin vitro experiment using single cell sus-
geneous®B distribution through P and Q cells is also sup- pensions of the SCC VII tumor cell line and the two kinds
of Cd ratio (148 and 1.0) neutrons showed that Omniscan
with 3.0 M ’Gd could increase the sensitivity of cultured
tumor cells to the same extent as boric acid enriched with
1.0 M 9B (Fig.3). Similarly to that experiment, the tu-
f mors treated witH°B-compounds or Omniscan also con-
1t tained 1.0 vl 1B or 3.0 nM %’Gd. Nevertheless, both in
total and Q cells, Omniscan could not increase MN fre-
quency as markedly as any oth#8-compound and could
only slightly increase MN frequency, compared with the ir-
radiation alone, without drugs. This is partly because the
interactions between thermal neutrons &¥@d atoms re-
sult in emission of photons and electrons with broad energy
levels up to 7.9 MeV, which are considered to be mostly of
% low LET.29 It was reported that tumor cell growth was sup-

—p=

G pressed by NCT with Gd due to the long ranges of emitted
VY gamma-rays and electrons frotfGd even if Gd was
74 present only around tumor cetls.Another factor is that
7 Omniscan is too water-soluble (partition coefficient (oc-
tanol/water, pH= 2.0-10.0)< 1.2x10™) to be accumulated
(L// in tumor tissue for a sufficient period during neutron irradi-
l

Normalized micronucleus frequency

ation. Recently, to accumulate Gd at high concentrations in
tumor tissue, microcapsules containing Gd for intra-arterial
injection have been designed and synthesi2dthe water-
. : ; soluble Gd-containing contrast media for MRI was, how-
4 6 8 ever, not suitable as a neutron capture compound in NCT.
Radiation dose (Gy) Solid tumors, especially human tumors, are thought to
contain a high proportion of Q cef8.The presence of
Fig. 3. Dose-response curves of normalized MN frequency as ghese cells is probably due, in part, to hypoxia and the de-
function of radiation dose for cultured SCC VII tumor cells. Cu"é)letion of nutrition in the tumor core, and this is another

tured cells were irradiated using neutrons with a Cd ratio of 14 R | heref I
(@, A,H)orl0@© ,A ,O0 ).@ ,0 without neutron capture consequence ol poor vascular suﬁbﬂ] erefore, Q cells

drug; A , A with boric acid® at the'8 concentration of 1 M:; may have shown higher MN frequencies at 0 Gy than total
W, O with Omniscan at th&Gd concentration of 3 M. Bars  cells (Table 11). It has been reported that Q cells have lower
represent SDs. radiosensitivity than P cells in solid tumarsvivo.* ) As
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Table VI. The Effects of Neutron Capture Drugs on Relative Biological Effectiv@ness

. . ) . Drugs
Cell fraction Cadmium ratio Normalized MN fréy: BSHP BPAY  Omniscafl
Total tumor cells Cd ratio: 148 0.5 8.9 12.9 2.6
0.35 8.6 12.2 2.6
0.25 8.5 12.6 25
Cd ratio: 1.0 0.75 3.5 41 3.2
0.5 35 3.8 3.2
0.35 34 3.9 3.1
0.25 35 3.8 3.2
Quiescent tumor cells Cd ratio: 148 0.35 12.2 8.9 4.1
0.25 12.2 8.7 4.0
Cd ratio: 1.0 0.35 5.4 5.0 5.0
0.25 5.3 5.3 4.8

a) Radiation dose required to obtain each normalized micronucleus frequency with gamma-rays/radia-
tion dose required to obtain each normalized micronucleus frequency with neutrons combined with
neutron capture drug administration.

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

¢) Sodium borocaptat¥B.

d) dl-p-Boronophenylalaniné®B.

e) Gadodiamide hydrate.

was also shown in this study, Q cells have significantlyby the lack of adequate systems to identify Q cells and ob-
lower radiosensitivity to gamma-rays than the total celltain them in large homogeneous populations. The Q cell as-
population within solid tumorsn vivo (Table IIl). This  say method used in this study is expected to be useful for
means that more Q cells can survive after radiotherapy thadetermining the sensitivity of Q cell populations in solid tu-
P cells. Consequently, the control of Q cells, some of whichmors to ionizing radiation. Using this method, we plan to
still have clonogenicit$, is thought to influence greatly the investigate the responses of Q cells to various anticancer
outcome of anticancer radiotherapy. To evaluate the usefulreatments. Further, in some tumors, it is now evident that
ness of neutron capture compound administration befor@poptosis correlates well with the curability of the tu-
neutron irradiation, the RBE values for total and Q cellsmors?® 26 We also plan to assess the effectiveness of neu-
compared with gamma-ray irradiation were calculated bytron capture reaction in inducing apoptosis.
multiplying the values shown in Table V by those in Table
IV (Table VI). This table shows that the use of BSH com-ACKNOWLEDGMENTS
bined with high Cd ratio neutron irradiation is effective in
the control of radioresistant Q cells and that BPA with high This study was supported in part by Grants-in-Aid for Cancer
Cd ratio neutrons is effective for controlling the total cells. Research (04857111, 05807076, 08877139, 09255229, 09670931)
From the viewpoint of tumor curability, the combination of from the Ministry of Education, Science, Sports, and Culture,
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