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Effects of 2 MeV Fast Neutron Irradiation on Mouse Melanoma:
RBE and OER

Takeshi Furuse and Tsutomu Kasuga*!
Division of Physiology and Pathology, National Institute of Radiological Sciences, Anagawa, Chiba, Japan |
Tetsuo Inada*2

Division of Physics, National Institute of Radiological Sciences

Research Code No.: 407

Key Words:  Fast neutron, B16 melanoma, RBE, OER

The relative biological effectiveness (RBE) and oxygen enhancement ratio (OER) of 2 MeV fast neutron
(track average LET=45keV/u) on B16 melanoma in C57BL/6N mice were examined. Estimation of these
values was performed on the delay time of tumor regrowth after irradiations. The RBE values obtained at 0.5,
1.0 and 2.0 of the tumor response, which were obtained as numbers of doublings using the following forrnula:

DT elog 2, were 4.56, 5.19 and 5.98, respectively. The OER values at 0.5 of tumor response were 1.9 and

1.3 for X-ray and fast neutron, respectively. The hypoxic state of tumor during irradiation was obtained by
means of the ligation at the proximal portion of the tumorbearing leg of mouse. The vascularity and oxygen
concentration in the tumors and oxygen consumption of tumor cells were also examined, and it suggested that
these factors played important roles to determine the radiosensitivity of B16 mouse melanoma.

*1 Present address: Department of Pathology, Faculty of Medicine, Tokyo Medical and Dental University, Tokyo
*2 Present addres: Institute of Basic Medicine, University of Tsukuba, [baraki
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T 0 WHHERT O 5 I8 4 13 in vitro,
in vivo OSEHGRO B16 BAfE A A\ CTHIYER 1T
W, AEEMEO in vitro RTOESMER, o
TR RE— R L D B okt DgfEOE -
L, b, WEIEHE (sublethal damage)
MHOEEEORE X LB b, ¥, AEH
Ml BB RSP S ETh D,
I ha v ) 7TIRREREOBFEOIRBE Lis D 2
7 ik SRR O MR L2 RG2S X F IR S e
THZERBDWELIY. O X5 kv
> BIGRAfEI, BodREHT R 83 5 o
BRI RA BT 5 LA T h 5.
EREAEO AP BER o BETER
TCAEET B icw, OB RDIIEL &b,
HIESH RO & LET B o R ifeL 5
5.
19704EH & 19754 T, TS EY i R
D e 3 O EAPPET HARE O SEBER T SR EE
HERAEMRIMcHS VT, EAXEYy A7t ey
AL » T Tbhis. 7w 22 bR
B a0 PRTITITRHHRE & LT RLE
LET # 4, 2MeV &5 v5 7 3 7 @bl T4
FATHBEL L, in vivo R B16 BAEic 53
B HA TR o EERER 25 A F R I
(RBE) I k- THiGtEh, TofEirRbdEh,
AREOFMUELHER S hic. T, HEHHER
MERTFBET % L # 2 bh B EERREC oW
TOERIHF LIT- . = OPFFERERC-T
FTOh I ETH L BEEIR 71 ¥ A2 23k X i
BRA BT w5,

1. HEBLUAE

JEHE & Thil - W B16 R E X b 858 k(b
Lz, # 5= viELDRKA T BI-XIEE#M4% C57
BL/6N <2 (lf, 4~ 68 OFHETH
FHREAS U C B oA e

5264 1k CS7BL/6N JE10~1238M% 2500C %
W, TR BERATEION & U250 T i
ZfELiz. oK NIH h2608~ v A%k
R EBRE P IERT TR 2 fT TV B DT
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BRI AES MR & B« ERaci v im
B ILLT 0 Fik T . O57BL/6N ~ v 2
BEHE T BN S hrcf s, 3~4g ikl
ek ZATEEXEML, Fv—FhToF (4
—TC2fEROAERARKE L 1 pillkE oo
AAXL, 2004 p 22D AFVVAAF— LA 4
Y2 TRE M E ME R, oK
ORI KEMLZ T, 2x107cells/ml o #ijlg
R E L, Th#10° calls/0.05ml/fLo®4¢
AR~V AOERETRROK T B L. Bl
#11~130 B BHERIC e,

[EBEAROFH : fRoBM 1B, N
Y- ) $ v (animal clipper) T B 35 L8
FOoEEZMY IS 1. 7 FARBCTHEA=S
FOEHEEZFHIL, F§2ToR LI
kbt

‘v::i--aoboc

6

ZZTab, c REHAOEHETHA.

JEFEUE + IR o kgt 2 Rt 2 HoE b
TH i fiic o Banils X TWAM in vivo
JEE3S 0 B3 2 B S-3 B B R DA & L B
DHEMEE DI, LM OL LR EEREE L
55D, T ERO Kiho R
T/DT xlog 2! THEH Lt TN IEH
B2 565w T B EL MO BHEO -
hiest 3B eRL, DT 13 B © [EE 2
2.5f5 e I BT BRI TH 5.

MBI 4 © X%13200kVp, 20mA, 0.5mm $H+
0.5mm 73 =% a CEERE : g7l. lmm) o4
o b &, RAFERESOcm, §§ER80rad/min ©
ML Tz, =7 AL x v 7 % — v (Abbott Labor-
atories, USA) 7dmg/kg CHEr X WBH» — 21
BE S, EEEEUAME Smm O R Cilelk X
h, 1ERG IR,

HPEFREY > vF 75 7R Xy 2.8
MeV jz ppi# X417z Deuteron H% Beryllium
=7y PMIZHELT AL S 2MeV DT
(§E5F# LET=68keV/um, FEFH LET=45
keV/pm) VBRI,
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AEAT 7 4 vl x— 2%, BETHOFOHE
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EHCRBEL, BHLTo7 (Fig. 1. HER
FERHES vy b gy FIF, HERIS
radfmin, v #HEARIII0S TH T,
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Fig. 1 Experimental device for neutron irradia-
tion, except for van de Graaff accelerator, was
shown. The number indicates : 1, beam transport
to guide deuterons to the beryllium target ; 2, “Be
target cooled by running water ; 3, collimater
made of paraffin containing lithium carbonate ;
4, lucite cage ; 5, steel pipe (5cmg) to improve
dose distribution ; 6, deuteron beam (2.8MeV) ;
7, neutron beam (2.0MeV) ; 8, melanoma

JES R D ERERILD J5Ek « B © [ERERL
13, HEEEEOEPOE <Ay FTRERL,
M —FER 5 - i - THEL. BEER
PEBHEIAANCREEE L, Bah bkl . &
FERLEINZ400 & T2 B X 5w RE LT,

TESS AR D SR WITE : [EE RN s X UMl
DOIEFHRRD BFA A v EH Y, HEHEH i #ED
AF ey b LT Bg—# - HRER % ML
o=y AO M AL, Fhu FET iy
A — ZEERLUTHEL f=. BE~OHMMEEX
0.6V (Eih) Thot. REMEOLENDD,
ZRNERC 1T 5 BIFIRE 2 B Imm O &— X

HAESRE R aME 5428 5%

Wr— s 22 R TFHACTHEBME L. 5 v b
R CHIRSE A 1545 LR & @ 7B A 2 45 BAPN
Wikl L, MIEROERET 5 ¥ TR
T SRS ERMEACIEL o, R
TS O AFIAY350mm® e D, PIABED L
Wik @B ZE WD & 3~dmm OFZ{E L L, AuE
FEH AP TRIGE L.

FELR P SR WL E Rl o B TE WL H SR\ e dd
Wi e LT, EWY vy Fop Tk, ddY <=
BRI - Ehrlich Jlg7kE, C3H/He < v =
CHAE LB o, FoIFEAR, EEd
D FE SRS & JE LT,

BRI ORE R E KM E : B16-XI, HeLa S3
RO M FME011022 4R E i % & A 72 F10
BB TRFEL, 7AY— et 2 AT
AAF . 5 —T 4w, 107cells/ml o GIjaIE K
L, o050l (5x10%ells Z&Tr) ZJE
wNMTHEAL, TCEIBT T2 7—2 24 7O
M (Yellow Springs Instruments Co.) % i\~
T, MEMBRELAELLY. BHEBEI7 LY -
FEFIT, X# (200KV, 20mA #i0.3mm+ 7 &
=7 A lmm Al, 25{fifE : $71.1mm, FSD=>50cm)
Bt Eh, B LR hJEL
to. B3k F]o Carbonyleyanide Phenylhydrazine
(CCP) 6mM ¥ 5pl r, =3 ¥ —{zEpREH
@ Oligomysin Img/ml ¥§ 5pl #FAWT,
OHIEOMENBRORELNLD, I b2 v Y7
BheoBRE=R, SAEv i,

2. EEARHK

[ESE o B\ & AR : BIED AR~y A&
hicfEBcowt, HAZHROBEREZH L
BHCEOESY R LERNEXT - 2. §H5
TRD IR & KER ORI Fig. 2 o <
»5. EREROBRNXL.09, H1H120.05, #HEBY
FRBUX0.94TH Y, TH 1 LHED T RIFs AHBAM: %
L.

IBAEE D AR Z8) & EEARHEMIOE
o RAE o E o RS AR 2 (A BT
ko 1 ik Fig. 3 o< Ths. FHEIH
B ¥ Tl Efiofms i, FoBMAI A E -



IBF574 5 A 250

1.0 = e

o +]
@
=
=
o
g 05 W=1.09V-005
g r=0.94
=
L S T —
0 05 10
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Fig. 2 Volume-weight relationship was examined
by method of least squares, using ST1-08 program
of Texas Instruemnts Co. for calculation.
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Fig. 3 Volume changes of B16 melanoma follow-
ing fast neutron irradiation
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BIEEDONEH A £ Table 1 wiRXh T3,
TR RS BTR RS RO B L Bbh 3BT
BbhThER bR, FETRD bR EERG
Hz (Nember of Doublings : M EH:{ER 02.5(% 1
HT HICHE Lic BROIERHREL b oERI S
FH S hic s sEolf Fig. 4 o
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Fig. 4 Dose response curves following irradiation
with 200kVp 3{-ray ; and 2MeV fast neutrons.
Each point is the mean obtained from approxi-
mately eight tumor. Tumor responses were obtain-
ed as numbers of doublings using the following

formula ; T][;-x log 2, where T is the delay time

to reach two and a half times of the volume at
irradiation, and DT is the time that the control
group of tumors required to reach two and a half
times of the initial volume,

EWVWZ EERLTWA,

BP0 RBE : §i5H T B~ 7 B ah iRl
Bo B, RroHEP TR O X#ic 3% RBE
HBIAERIE, Table 2 RIATV5. JEE
RIGHA%0.5, 1.0, 2.0: %58 808E0kT
Kdich 0T, HPHEFIREO RBE iz zhFh
4.56, 5.19, 5.98TH - 7-.

Xk & EPHE RO BRI (OER) @ 55k
X 5 BRI EERINE T £ Mo ER
% b TRTE C RO R IR ST X 5 TEE RS He 2 3l
ELf (Fig. 4). ZOEBRRRE ki3 EE
@ OER WEFFIGED0.5 L 1. 0% R w2
W, NHRTHBHIFRMET O GR L BRE o &
ELolh (OER) TRLcOM (Table 3) ¢ 3
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Table 1 Effect of X and fast neutron irradiation under aerobic and
hypoxic conditions on the growth of B 16 turaor
Experimental Dose | Tumor Volume T<'+8D Number of
Condition (rad) [ (mm*+-SD) (day) Doublings®
Control 2.22%0.63
(dt=1.7820.51)"
475 211%123 4.0820.46 | 0.315
X-ray 950 2124109 5.14+1.31 [’ 0.495
Aerobic® 1900 179+ 81 9.74+1.70 1.275
2375 198147 12.05+2.38 1.666
2850 205109 16.57+1.66 2.430
3800 196+ 77 21.44+3.30 3.258
Control 3.07£0.79 |
(dt=2,45+0.63)
K-ray 950 243+ 93 4.27%0.95 0.147
Hypoxic® 1425 138+ 77 6.00%1.48 0.359
| 2375 314+153 10.16£0.94 0.868
| 2850 292104 12.47+2.50 1.150
Control 2.17%0.81
(dt=1.740.64)
81 136+ 91 3.20+1.24 0.179
Fast Neutron 144 181+ 53 3.80%0.75 0.283
Aerobic 282 278132 6.99-51.97 0.836
340 114+ 76 10.37£1.32 1.422
415 143+ 88 12.36:2.42 1.767
482 163+ 85 14.10%1.15 2.069
Control 2.73£0.51
(dt=2,18+0.41)
] 319 234+ 88 8.3510.95 | 0.775
Hypoi ron 350 173% 60 7.8EL12 | 0.696
443 226+ 96 11.15+1.09 ; 1.160
513 248+ 29 12.78+1.84 | 1.385
520 180+ 64 12.162:0.36 i 1.300

a) radiation

only, not ligated

b) Proximal portion of tumor bearing leg was ligated by rubber band for 40minutes, including
15minutes before irradiation, irradiation time and the remeinder.

c) time required to reach 2.5 times of volume at irradiation

d) values, expressing tumor response to radiation

e) doubling

time (days)

Table 2 Relative biological effectiveness
obtained from dose response curve

. Dose (rad) i
umor
- R
Response Xeray [F\J:f:tron o |
Aerobic Aerobic i
0.5 | 290 195 4.56
1.0 1610 310 5.19
2.0 2660 460 6.78

Table 3 Oxygen enhancement ratio obtained

from dose response

curve

! Dose (rad)
Radiation |nUmO OER
PORSE Aerobic | Hypoxic
0.5 890 1710 1.92
X-ray |-
1.0 1610 2610 1.62
Fast 0.5 195 265 1.36
Neutron 1.0 310 410 1.32
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Fig. 5a Unirradiated control turor of B16 mela-
noma in the left thigh of a mouse : Necrosis
were seen in the tumor (arrows).

Fig.5b A are areas consisting of marked conges-
tion of marked congestion with thrombi where
margin of tumor cords fell into necrosis (arrows)
B are functioning vessels supplying oxygen and
other nutritions to tumor cells (arrows)

5. EERIGEA0.5, 1.0TH 5 & X XGRS
@ OER 3 FhEhl1.92, 1.62THh -7z, HpiE
FHEBHBED OER 3 Fh£h1.36, 1.32ThHw
fe. ZTORXY, BI6REME T 5EPHETIR
® ORE (MK L, EEERMIE~DZENRXIELD
bAREWZ LAHER S .

¥AEHiaR BICR GIEMAgOMERME R : B16-
XififaoMREER L, Hela fifanzh okt
BAZ B\ T Table 4 [c/RE TV 5. Hela fifig
VEATERER 0. 80 TR A & <, 1,000R FR4+
2 X o TRH24AR R NEERFRI20.25 L 52 < [
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Table 4 Oxygen consumption of B16 melanoma
cells and HeLa S3 cells

Oxygen consumpsion
Cells and (n atom O/min/107 cells)

conditions smM | 248/ml| 4y
None | Glycose | Oligo- CCpa

mycin
g i’ 0.80 | 0.9 | 0.72 | 0.69
950 rad 0.25 0.40 | 0.22 0.45
BIE Melanoma) 44 | 0.47 | 0.20 | 0.50
950 rad 0.79 0.82 0.31 0.72

a) carbonyleyanide phenylhydrazine

Fahrc. ) vEBERE Ok FERB s\ T &
<, BHEBROEHII . B I6HFNIAETERI%
SEHRHEL, Bk - THEmLL. ) vERERE
Wevx Hela #ifa & FfETH - 7.

FARAEARILE « £AREMJROEEREEE L Table
S O THAH. EWRMETIE, RAKOEFER
BEIG U A AR RIRE OZEE) 23 B Hh
fo. FRBEAKELRETH- . —F, BAJE,
FARE & B P HERT LD TERE T, 2o,
BARDBIEEHREOEENHIGT 5L Lh
Ihish ot

Table 5 Oxygen concentration in tumor and
normal tissues, represented by electrode

current
. Oxygen concentration (nA)
G Breathing | Breathing | Breathing
Air Oxygen | Nitrogen
CS7BL B16 5 ,,
melanoma il 2
"CZH Mammary
carcinoma 4 4 b
“Ehrlich ascites ‘
turmor 35 58 8
Rabbit muscle 28 46 —
Rabbit dermis 34 46 7

B16 a0 EHAM & mAF5% & DIEB O JEEE
TR ¢ BB RGP o M 8 s B Ml & 72 5
EMME D2 T, WRELES MBI, EEE
M UEBAIE X o TR EhTwb il
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BRON, FOZMCRIRERLRS & L2

5. MR, mEEEZMES 5 - mif<ix, %
o FEOEGMRAOZEMHBIE,N RS bhte. L
T, JEHOMAL EDIMIED 5 ST HEEL,
% o B O EE IR0 BIEREIE KT B R
b bhic (Fig. 5, Fig. 6).

3. & =

LSEOPIRILE T Bl Shic BRROHE <
K45 2MeV T IROLFE S RBE {H TR
L7=bDTH%. in vitro OERRICILEL T,
in vive OERRCRBETIETFNEL, Ef
TR X 5 AR EOBMXzORKDO b
DEELHRT B, LiehisT, EEOBER
R RBT ARSI, AT X D RESEH
DA, TEEARAREREE T £ L ofEBc s
T, BIGREECXT % 2MeV Hbhi:THROBL)
PR BGET Lic,

LEAV SR in vivo B16 BEBANIIE 4
DOPFFEE T MIEE ShT\wb BI6-XT fifa %
C57BL/6N = v AL i-d o, = oBl6 R
A R O B SRS M % in vitro s\~ Tl
FE LI 1 {£< (n=6.5, Dq=285rad, Dy;=160
rad, D,,;"2=959rad), Fhit Dq fEDOE\Z 21T
X o THEST R T WA, Al T
LT, HEEGEHRED b ORIEN RS HhT,
I HEPETFRICBIG AR Lic (n=1, Dq=0rad,
D,=58rad, D,,~?=273rad), .= oIt RBE {#
P3.5L7ch, FAREREI{T- 7 Hela #ifao
RBE 7'2.8THBDWHEELTREW?, fll »15
MeV PR O D = ¥ A JEEA I w3
HEFEHFED RBE 122 FThHb, LET 0F
WA R TR O Bl6 BEfE 3% RBE ©
KEWZ b, & O Bk 25 in vitre <1
TRBEIh T3, in vivo JEE © fREZHREIR
13, SuitbOFE X D EB LAY, BI6 in vivo
JESx, C3H FLFL Ry, MEEE » FL, ¥
TRIRETER, DR & K3 I B e —FER
[EF AT OB A U BRI A 505, £0
FHEObAtARY, FHIEOEE &b, £BHEE
BT ERLZ LA, LichisT, HEFt, —%E

BAREZ KRS $428 $£55

EIR T E 3 B W o0 3B e IR o (R i ity
iR B E LT, oy ERORSHES
& Uiz, T ofE, ~v A in vivo JR{AJE
b3 % i TR o IR R ww B9~ % RBE
f134.56~5.78 TH - 1z. flld in vivo L~ ¢
WiEEhTw5 RBE {13, wvAD EMT 6,
osteosarcoma, 5 » + MRIB 5, rhabdomyosarcoma
FOES % 6~15MeV o Hrpf:T 43 T BH L,
Growthdelay, TCDy, ¥, TDy, E4E0J51: CHEZ
HAEZ R I ETIE, WIhd RBE (2 3LIF
—C,E::-) 51[)1‘2)13)14) 15) .

—J5 % DRI U 2MeV T8 e BY
L, B 5 CSH #fED TCDs, ¥ X 5%
FIEOFHT %47y, RBE=3.6 ¥} T\ %. Fi
IR o [T HR S5 D FF HAAHRG T 2 1> TR, 50T
& h RBE=2~3 B\ 5" ., /MESIL 2MeV

T X TRD, 3.9~4.1%HB17 . Zoffiis[E
DI & Off & il L TRRE . Sk cielE
B U TRA LB« 0RRERD,
W > D&MD,  10°~10° = OEIFHIIEE B 2
HHCRH L R Th - fotcd, {EREEMEO
JEEPIEER D, e DT i L TED - i
BDEEZLNB., ThbofERIL, RarDfvic

- BIGREIEHR LT, 2MeV b TR & s

RBEfEZx bic b2 L —BH LM LT W2,
BRI R, R ik, EEAE O FEE
B, NI ERFREC Lo bok
S, BHBROBRBES OB TREEShE LEL
bis. AEHOBE, HEEEOBREBELIE
HEfc i L TESTEL, C3H ik (B
JESE) & il LTdEo12THotc. Cater 6
ke MEfc oW TEBRERIC X AEEIT,
JESF LS DI COMBREE 3 A~ DF — 2 L%
fi7eflig mLichs, BAREEEA Tk Hifss
WEEEBRELE TV, ATW#BELicowT
13, FaxDERY AT MR\ T B O 1 HH
s X UMUK TRBBRE OETH RS hice
bbb, EBENMERECLTIMIh
e o tetl, ZHUIESS B R 2MERRRIRECER
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LT Mlan kR RE W L &, KRBT XS
MERIEREEOE T ik T s b0 tEL LA
5.
BB L o B3 ¢k, Berry 3 P-338 leukemia
T LETDp %345KeV/pm LI F it OER=2.0~2.4,
86KeV/pum T OER=1.1%4& LT\ 5232, &
hix, ZoERCKT HBERREOEF OO
EILEHAGOBBRREOFEL/RLTVS L
Bin 5. Barendsen Bk T-1 fifacit LET
ZELTH OER OZHLDIEN] .55 1.7/ &
WF— ZXRELTWAEYR® ZoBEHWLh:
JEE B A MERRRECER LTV 5L b e

D, Zoid, ANTHHEBFILOHEINE WL
#Fzbha, Mbbix Bl6 o Xficx3% OER
% TCDs, TRDF~ LR TME (1.9) #HELT
WA ot E s OER 1z o b
D LERBMRORLEKRECL LIC B bDL
#Ex bh3. Hall X ki OER 3 2-4MeV o
HPETFR TR Lic e BIEE (1.3) 2%
TEHEZINRTEDI?, Hr0Bic (OER=1.3)
L —FHLTWwa.

Sl T, 200mm® ko BEafEo
TR R, BoAY SBET HHMEE L EED
5 o I X B MEDCIEEET HME L1 b
T, T OMAERET X - T3aE X h 5 [EEES
% necrobiosis L id necrosis [Zffio Tk D, =
OB L EE R EERR DI 2710 X
T Bl6 REaEoMBHEBTHRIh TV, B
ORI S o ifn U s E B A sk g1 5
[EF AR EREMROTAE LML AT 2R
Thab ZOZ EhrbEPHETHO OER X
DENR LY LD TEER R LRy,
PEFH2S & O{ERER MBI %) A2 DB B T ]
BRLEZEFRLTWALDEEL RS, L
Fal R ZERE B in vivo R BI6 BAfE 0 5
\» RBE #FH LT WA :EX BN 5.

FERER T ET T bhiyy vF7/57
ZMeV HrpPETFHR 1@ X 5 FEM: v + BEAEER
ERTHEBED 54 ¥ AieRkT, BdTHELY
TR REAET OB TV 3Y, & o EpHETF
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BT, AV 7 4= A2520 fission neutron X
RBRENCHEY b b, BIHROEKE, B8
IEL, EEEmLD lem DPEXTT5% K
L%, EEAROBEEIME-OT, KIHE
YiEE, FrcREM 0 R o RAE B E
BUISRFFERIC X BHEH & o fFFHIC X - Tl T
BRI RRAR I CE 2 TH 5.

ik ftpwhich, BMEWERBE Cbico TR
BICWEEWAER v AP ETEE, PR EW
+, WHEAFEMLTWAER W HEFES, FM@E R
K, CoWEREEMDT & AEHEEWETE, M
EFEL, BEEWRE, FEERESGE, mEs o
e Brbhi: YIFRHTHEN A % » 7Ol x, FHE4
izt o THAINE BhEwicivik, ARR2WF
K, WHMETE, BFRA #Ec EI@LEL EFxT.
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