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SUMMARY

I. Title of Project
Biological Efficiency of Interaction between Various Radiation and Chemicals

II. Objectives of Research and Division of Role for Cooperation

Korea Atomic Energy Research Institute (KAERI) is aiming to acquire and
develop further the technologies in Tradescantia assay and the single cell gel
electrophoresis assay application to radiation and environmental biology through
the cooperation between KAERI and INP since the Henryk Niewodnizcanski
Institute of Nuclear Physics (INP, Poland) has the plentiful experiences of
research on radiation biology and its related field. Related research facilities and
personnels of the two institutes are involved in parallel research and are subject

to do, if necessary, joint experiments on major topics.

ITI. Work Scopes of Research

The cooperative research consisted of the following work scopes.

1. Application of TSH bioindicator for studying the biological efficiency of
radiation

2. Relative biological efficiency of californium-252 neutrons in the induction
of gene and lethal mutations in TSH cells normal and enriched with
boron compound

3. Effect of pesticide on radiation-induced mutations in TSH cells

4. Interaction of radiation with pesticide on DNA damage in human
peripheral blood lymphocytes

5. Radiomodifying effect of boron and gadolinium compounds in human
peripheral blood lymphocytes

6. Mathematical description of synergistic interactions

7. General regularities of synergistic interactions

8. Determinant of synergistic interaction between radiation, heat and

chemicals in cell killing



IV. Results of Research

1. Application of TSH bioindicator for studying the biological efficiency of

radiation

The effectiveness of neutrons in the induction of various abnormalities in
the Tradescantia stamen hair (TSH) normal or boronated cells of the clone
heterozygous for the flower color was assessed. Dose response relationships for
various endpoints (gene and lethal mutations and cell cycle alterations) in
somatic cells of Tradescantia plants clone 4430 (T-4430), were established for
mixed fast and thermal neutrons from isotopic source of ®ICf source. The
effectiveness of neutrons in relation to X-rays in the induction of various
abnormalities in the Tradescantia stamen hair cells of the clone heterozygous for
the flower color was assessed. Dose response relationships for various endpoints
in somatic cells of T-4430 and clone 02, were established previously for X-rays,
and 56 MeV neutrons from U-120 cyclotron in Krakow [1]. This was a pilot
experiment to check if it is possible to establish the RBE values for *°Cf
irradiated TSH cells, with and without boron ion pretreatment, in conditions of

mutual Taejon-Krakow experiment.

2. Relative biological efficiency of californium-252 neutrons in the induction
of gene and lethal mutations in TSH cells normal and enriched with boron
compound
The effectiveness of neutrons from a californium-252 source in the

induction of various abnormalities in the Tradescantia clone 4430 stamen hair
cells (TSH-assay) were studied. Special attention was paid to check whether
any enhancement is visible in effects caused by process of boron neutron
capture in the cells enriched with boron ions. Inflorescences, normal or
pretreated with chemicals containing boron, were irradiated in the air with
neutrons from a 2Cf source at KAERI, Taejon, Korea. Following the culturing
according to standard procedures screening of gene and lethal mutations in
somatic cells of stamen hairs have been done, and dose response relationships
were plotted. To estimate the relative biological effectiveness (RBE) of the beam
under the study, numbers of 7Tradescantia inflorescence without chemical
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pretreatment were irradiated with various doses of X-rays. The ranges of
radiation doses used for neutrons were 0~1.0 Gy and for X-rays 0~05 Gy. A
visible increase in a maximal RBE values was observed in present studies,
which for the induction of gene mutations were estimated as 11.1 comparing the
value 5.6 in the studies reported earlier. Presented results showed an increase,
statistically significant, in biological efficiency of radiation from the ®2Cf source
in samples pretreated with boron containing chemicals. Inflorescence pretreated
with borax responded to neutrons differently. Although, for the induction of gene
mutations no significant difference was observed, though, in case of cell lethality
the values of RBE have changed from 55 to 34.7 and from 1.6 to 56 for two
various lethal end points respectively. Comparison was done of two independent
experimental studies on alteration of dose-response curves due to changes in the

post-exposure treatment of the cuttings.

3. Effect of pesticide on radiation-induced mutations in TSH cells

To investigate the combined effect of radiation and pesticide on
Tradescantia somatic cell mutations, potted plants of Tradesaantia 4430 on
which parathion had been sprayed evenly 24 hours before irradiation. Radiation
doses were 0.3, 0.5, 1.0 and 20 Gy of gamma-ray. The plants irradiated only
with the gamma-ray radiation were used as control groups (CT). Pink mutation
frequency increased linearly proportional to the radiation dose and the peak
interval of elevated mutation frequencies appeared during 7-—~11 -days after
irradiation in both CT and Pa+y groups. The slope of dose-response curve in
CT was 599 (1=0.988), while it was 3.43 (r’=0.981) in Pa+y. It seemed that
parathion pretreatment had a protective effect against radiation-induced cell
damages since it decreased the slope value by 43%. It is suggested that an
adaptive response or radiomodification could be induced in irradiated stamen hair

cells by parathion pretreatment.

4. Interaction of radiation with pesticide on DNA damage in human peripheral
blood lymphocytes
Agricultural pesticides may cause certain biological risks since they are

widely used to eradicate pests. Agricultural disasters rﬁay arise even from the
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possibility of their synergistic interaction with other harmful environmental
factors. The effect of pesticide on radiation-induced DNA damage in human
blood lymphocytes was evaluated by the single cell gel electrophoresis (SCGE)
assay. The lymphocytes, with or without pretreatment of the pesticide, were
exposed to 0~2.0 Gy of ®Co gamma ray. Significantly increased tail moment,
which was a marker of DNA strand breaks in SCGE assay, showed an
excellent dose-response relationship. The present study confirms that the
pesticide has the cytotoxic effect on lymphocytes and that it shows the
synergistic interaction with radiation on DNA damage as well. The results may
have a role of providing biological information necessary for the prevention of

agricultural disaster.

5. Radiomodifying effect of boron and gadolinium compounds in human

peripheral blood lymphocytes

The modification of radioresponse in human lymphocytes pretreated with
boron or gadolinium compound was studied by assessing the DNA damage
using the single cell gel electrophoresis, the comet assay. The lymphocytes from
the human peripheral blood were irradiated with 0, 1, 2 and 4 Gy of gamma
rays from a *Co isotopic source without or with pretreatment of boron or
gadolinium compound for 10 minutes at 4C. Following the processes such as
slide preparation, cell lysing, unwinding and electrophoresis, neutralization,
staining, and analytic steps, gel electrophoresis was performed. The results show
that pretreatment with boron compound (50 nM or 250 nM of °B) is effective in
reducing the radiosensitivity of the lymphocyte DNA. In contrast, pretreatment
with gadolinium compound (50 nM of ®'Gd) led to a dose—-dependent increase in
the radiosensitivity, which was the most prominent with a dose of 4 Gy
(p<0.001). Furthermore, when the lymphocytes were pretreated with a mixture
(1'1) of boron (250 nM) and gadolinium (50 nM) compounds, the reduced

radiosensitivity was also observed.

6. Mathematical description of synergistic interactions
A new mathematical model for synergistic interaction of lesions produced
by ultraviolet (UV) light and high temperature has been proposed. The model
suggests that synergism is expected from the additional lethal lesion arising

- vii-



from the interaction of sublesions induced by both agents. These sublesions are
considered noneffective after each agent taken alone. The model predicts the
dependence of synergistic interaction of the ratio of lethal lesions produced by
every agent applied, the greatest value of the synergistic effect as well as the
conditions under which it can be achieved, and the dependence of synergistic
effect on UV light fluence rate. These predictions of the model have been tested
for simultaneous combined action of UV light (254 nm) and heat (45~575C) on
two strains of wild-type diploid yeast cells of Saccharomyces cerevisiae. The

theory appears to be appropriate and the conclusions valid.

7. General regularities of synergistic interactions

Synergistic interaction of the simultaneous action of hyperthermia with
ionizing radiation, ultraviolet light, ultrasound and some chemical agents has
been analysed using experimental data obtained by authors with bacterial and
yeast cells and published by others for viruses, bacterial spores and cultured
mammalian cells. Some general non-trivial rules in responses of these cellular
systems to the combined action of hyperthermia with one of the other
inactivating agents were revealed. For every constant intensity or concentration,
there was a specific temperature that maximizes the synergistic interaction of
hyperthermia with another agent employed. Any deviation of temperature from
the optimal one resulted in a reduction of the synergy. The intensity of the
physical factors or the concentration of chemical agent strongly inﬂuénced the
synergy: the lesser intensity of the agent applied, the lesser temperature under
which the treatment occurred should be used to obtain the highest or some

definite value of synergism.

8. Determinant of synergistic interaction between radiation, heat and
chemicals in cell killing
Experimental data obtained for simultaneous action of ionizing radiation
with different physical or chemical agents on various cellular systems evidence
that the lesser the intensity of physical factor or the concentration of chemical
agents, the smaller the temperature that has to be used to provide the highest
or a definite level of synergistic interaction. On this basis, it is inferred that the

synergism may take place at small intensities of harmful environmental factors
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existing in the biosphere. Hence, the assessment of health or environmental
risks should take into account the synergistic interaction between harmful

agents.

V. Plan for Use of the R & D results

KAERI and INP have established wide variety of research techniques
applicable to radiation biology, nuclear medicine, human monitoring, and
environmental biology through the cooperative project. The joint experiment, in
special, made it possible to utilize the merits of both institutes and to test and
verify KAERI's current technology level. All results of the cooperative research
will be jointly published in high standard scientific journals listed in the science
citation index (SCI), which can make the role of fundamental basis for the
improved relationship between Korea and Poland. Research skills such as TSH
assay, SCGE assay and synergism assay developed through joint research will
be further elaborated and will be continuously used for the collaboration two
institutes.
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1994d 12€ 109 2o AFHAJY & - Z Hr|eF @I ZAAE o3
2 1995 5¢€ ZI= ulEAputelA A1} & - E fEr)e TFEALEHE AF5E)
z oty e 8/ ALFAC tated TEATE FANIIZ FAFoEH FF
3 ZJI=29 #H37)E Boto FEFAT Vgl uHEEHUY.

FZAAY AT 4 (KAERDS SF=ARAEA T4 (INP) F 7182 WA}
FRAE AFE B8 WAHAAED, YALN @Rk § Yoo o2& FY
ole] @A FF AL d&S A3 71X HEZE B 4E I = Ao
3 ZP=HEATF4A 2% (Prof. Andrzej Budzanowski) B FAEY #d FA
AAE #ZAdAAATL F5AT HFAHE Holx Y& ¥ o} B A
27199 Polish Atomic Energy Agency (3%# Dr. Niewodniczanski)® &3¢
FEQT 3 FAE AR A

A & - Z Ber)e TEAK93E AF g2 FEH2A 19959 129 &5
dARgATAe ZIcPEYAdTF4L (KAERI-INP) 29 FF5dFo] ¢ 43
(MOU)E AAsATh o8 ZAZ AEAES o] 48 WAAF B 8 FA4
FTEATE 19959 ~1998do] AA 8% v Yot

IW F AF/ BN FFATI B Folge A A€ Zoldtx 19989 ¥
ANAag gEEde] 45280 9§ BAFGE A7 E MOU EZ%A (Annex I
o F71gezH B FEATFE AFSA HAUY. _

AZY kAo wat THFRA Eopd WiF ¢ J1BY SHH AFFYLS 4L
Z 3o "ad wat F 7Be] FF FAss AALYE dANdke WALz FE
AFZARE st FFTAAYATFLE B FEATE 53 EF=YEYAT
20 AFANAY £AY APL FTF &3 FA NN FHE FALNRET
Fd7)¢e BE VT o 58 5 e N2 4 F ARG 7Y 2,
25AY 43 59 AL AR §59 71¢e FFF AR wx=E A Jle
2 BAANA Agsd H2Y F e 872N AYUFE F YL Ao B
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A2d AT 23 2 ¥

2 IFATE F3AAYI T ALY EIR=YEYITFAV 4 HHEn e
3 Ffeta FFLE dAAIE §H V18 BEFHoln F3zEg

H AIATE Y3t 1 FHE FFoe2 48E=d a2 EFo] Yt
dAdn st EAde] 45EEE A7 Qo] ¥Co AU, X-A @ FCf F

A= €€ synergistic interactiong 3|43 7] 94 HWFolEe A (hyperthermia),

A9 (ultraviolet light) ¥ 2% (ultrasound)E T HAIA J85EHoz B4

o el Hi U= FAHYEH /tEYF AFES AU 2L 2§

Ao FdHeR de AEHI Qe AFAY AEEA (cytotoxicity) T EAW

o] #2A4 (mutagenecity)E otdtxn WA Bxoz FLsye o veu

t AAES 48Fez FAFAY gy H4P/YE ol4sd ATE S8

7=

D> TSH assay ; AF 278 <4 (Tradescantia stamen hair) A ¥o] UeltE
E9HolE HETHE (biological end-point) &2 4to} WIALM I} 3&E o] H
g4 ZF4& 243ad

D> Comet assay ; Atge 228} FZFE HEsly LAY 3etEAe 9%
< A¥sgon YZF DNA EJAHAEE GHAXAH7ILGE (SCGE; single cell
gel electrophoresis)& 433t 431t}

D> Synergism assay ; £/ 5E W% M EF (culture cell line)E& ¥ &3t o}eksh
AXA L AEA U 48dEd3E B89 t. £3] synergistic interaction)
o€ dMHE AT RIAHA, Ho HsFIL4S 9L "NE FEAA FS
2 THAEE AHEY] 98 4 gz FPAY EAPEZRAY A A
o 43S AT Y- A AL AdER oBME G£d eukaryotic cell
A EARALE F2 o] E3ATY
g - € (KAERI-INP) 432 X 371x9 TE5dHo| WAL ES, wx 8T

3 R WAL E T e 2opo 38 FYRFAC =28 Fue A4 A4S

Zolstn glov g Rofz e FFIAT FUE d%stn Yo 53 Y= F

Hrle ok LA ES, WAISE #d 7|&e @I §55o FUYre=

2R - AZA T Aol 7IdE E ol AFZAAY FARDEER =E FFA

AE B3t I B BE Rope) ZAFH QAL AL F UL Aoz )

He.



A3d Fdi=3e] FF5AT 9 £ AA

TSH assay®] Al£E 978 Y EAY stock cultures EZF=YAEYAT42Y
453 SHAA U T-44305 ol &atgich. thEe IFAIHEA/ Hed B¢
ZAu g T3 dF AT HEAE oL o B¢ FAH &FAd o
d A5 FAEL HB=A A F AREHAC |

SCGE assayel A48 Al 2z dde IZAAYAT429 F B9 A9A
(d, 46A4, 28A)28-¢ AP AL, FE4PY F$E KAERI 39 g4Alm
EE BEF 24 B¥dE T ARE AT

WHARY ZARANA Y S EF=HEATALY XA FRAFJHE ol &L
ARG AF 29 HHAAHA F7F 23 BF AT A XA 2AZA S
Bt FAA ALE o448 ZANP S FYPsHT. £ AFH YFE AEX
NAgdEe #F39A™ATLY “Co U9 (MY97ZE 150 TBq, Panoramic
Irradiator, Atomic Energy of Canada Ltd.)& o]&3 5t}

Eg=dgdTar XA FCf (AGE B4 H9) FAR Hg A 49
S g3siden TFEAAEY B¢ TSH Ed¥o] AARY 2 ¥ Y=
SCGE assay®l 5919 47U & HAd"F 7|AF FYsde ¥ ordg TSH
assayd ¥ F& EMo] Had A9 AYx FAAY. FEHE £8HE &
24 Aue 489479 work scope 82 Yo 4 R
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1. 357714
o 7187 : dg3a YEEYARALT] EHATL

(The Henryk Niewodniczanski Institute of Nuclear Physics)

o F A : ul Radzikowskiego 152, 31-342 Krakéw, Poland.
o A 3 48-12-637-00 40

o A & :48-12-637-54 41

o s
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Zds gy A AT nEQ AFF I YA Ye AEIJATE
= 19559 Az ZI= 4AHAY F#e B Prof. Henryk Niewodniczanskicl
9# AYAPUY. T4 FA LS ABA9 o]FE uwet The Henryk Niewodniczanski
Institute of Nuclear Physics® 23th dAF7429L o 40093224 FHAAE
Zyo] 3= 7224 1998d @A AFA (department EE group) R #¥
B (section T division/center) & E 3l 2671 B3l IdF 2 ALEFH S
B8k gloh

23 2 A7 Ad A0 AN EBEITAH (DREB)L 474<} Prof.
Antonina Cebulska-WasilewskaE ¥ %% 20 o939 d7dYE RAd3 s &
o e} WA AMES AT Wa g ZA4F AFALE ZFR UG AFEAY] 4
2xe §4 2 24 Was yP A3 FEeAN AF YA A9F =
Ho] 7H53 Wiy vy (growth facility)= £ Q7o Jol IA €88 NAEE
ojt}. 1997 74A] EAA AL @ 43z Az FEHAW U-120 cyclotrons
A3tx, 19989 E M2 X-ray ZAAA S ¢l o % JidE IA78AFE =
A8 doprtm Uk 2 9o WAHHAESH dge #3387 98 tse SCGE
2 #E ANE uHEn gon Ve AdE 4858 ASAY, dvR4d, AL

o A d : Prof. Antonina Cebulska-Wasilewska, Dr. hab.
6 7 ¢ : Head, Department of Radiation and Environmental Biology



o
g4
4
i)

rx o
i
oﬂ.
O:.-s

AEDTFAHE Prof. Antonina Cebulska-Wasilewska2] —:—4 3ol 20
st WAMAAESAT P& B3 5T d77IEE dFRAF3E
| AR EAEQD AFE] A7 oM E d*ﬁ]ﬁ]’ﬂ?l A 9
FP3td eut @EtA =9 BNL 934, Y'Y HE Leiden Wdte] |+
= INPY Q@7 FoAgozH AAY MR AFo2Ryg 1 d75HE IA

2 of
>
-

30
;o,a
2

i
g
o

Bt o

32
£

B f9eA g3 A (NATO, UN 2 EC projects)2 F 33t
| AR EE AT FEHOZ EE HFHoR Fosle FtozH
INPY dF58E JALR Uth 53] v]=9 Western Dlinois W3, L AEzgo}
Vienna W3¢ Cancer and Tumor Research Institute, YW 2&= Pettend)
Netherlands Energy Research Foundation, =92 Ulm University, =2
Institute of Experimental Botany 3 8331 Ut EHL JFAF= INPY 4
T5EE §A¥ 7 de 4B/ TAZ E F Utk

2 e X o R oR

L
\J
-
N



H 2 & =ade Zlsiy g

A1-d TSH assay® o] &3 I A+ @3

FZAAYH AT 2NN E AFEMY] AEA Y WA ZFAd g 433 A
BE 137 94T S ABAE AF=FE 7€ g A ARPES
AAZNAN F2 AFd] o]&3lE T-4430, T-02, KU 9 S €< 3o F4A 7
3 gon o]EL o|&% WA FHY wEdA FHE EE #7389, FHLX
So o8 B3E uhggdde] @I APATE ALFHoE FYPHI Ao AF7
Ao AL AHoze AF WAM AMAF JHdA e TSH W] veAd &
W71y &9, AFeMy AEXE Zvhd, XA % FAEA A dF-us &
A %, TSH AAX Ed9old UMY californium-252 F42e] A&%H &
u) 7Z, 87<AR (photoperiod, diurnal temperature difference )¢} HAHA <
B3zt g g3 4F Y 52 & F A+ [1-8]

Kwon et al. (1981)2 @2 4AJAT4A FF5FY Zu5TR dde=
YA Ay HAEE AFLANE QAo HFe] BE FEHAEY =4
€& R399 [9). WAHAZNY AFUHAE 36 mR/daylA 182 R/dayiev
105 R/day °149 nAFE&S Agstans A AUl 2X dFo] F7tedd o
g Eduogx ez ZF/1EE Hi v Uk £F 36 mR/dayd AMFE
o] ZAsNAE T-44309 EQH|E AT F AN o224 FF4 AT
o] EQudo] fox ZAvINAL o]48 & the FES A o] AFR I}
FYAE NS AED WA ABRES AP 7o
HIde 84U Ad84rt FUHY) AFASFHEA FFAEH o] B B
7tst2 glth. TSH BEANEE ol 48 AP A4 F3 @39 FETH
A4 Bt A T T4 88 2 R 2 Y% B AE2HH RS

woz ¥4 A8 477 W= Ak [10-11)

el
|

o]

2 ofy

4



A2 TSH assay s ©]&3% o= I+ A3

) F M= BNL d74E FAHo2 WAN AFNEZE Tradescantia® A A8t

3 ol tiE AFE Fus] FP 4k BNL d74c 2PA59 HEFH ¥

ol& wiAIsY] st FFo A FEES TEO AL glon B YA

o] BNL 28%°] °]453 Uch &3] TSH EAWOAE o] &3t A2 FAA

o] BETH 34 (RBE)E 3Aste 5 TAATIXNEYH dd9 8483
Fgg AHE o [12]

dEL ZEYF RN Jdd KU 85 dFAER o] &3 o 8943

o] Aolgtul dig R E HIA A£HA AFE APt Yok 9 A7

T AAF AT ANE EQWo|E Wl it o] RHA Jom dHO

2 SAD ol FAY Edolde o7 AF2HH AAEEAW] g &

il

Aeago] BE ATE @23lc)h Ichikawast Nakata (1975)= stetesl 9a F
Wo) AFYANE AAY F A AN L ASRA NBF SR
@ Edvolgy Aol8 24E w ok [13]

Cebulska-Wasilewska et al. (1992)2 A2 xd YA Ane] & dizjed 2
2 4%E Hristy] A8t T-4430& ol &3t [14]. ET= IAFJFE A Fof A
AbolE 119 A AFFEE AFEAN F£9 AXY EG¥E AXNE F ¢
Aok Fed WAF HE SRl BEE 19869l 043, 19874 021 e
o] Az A3 @E Frjed WA ERY #AAFAE UGt gRR
Wy AZY AtaA HAEs 299 He7E FHd AXE WAl ZAY HHAE ¥
A 2] Jehr] diZo] o]ajd A9 AARA Gz it JhsAde] A
NEE 492 B & g

FFAAY AT A EFF=YEATAVE FHE AR 19943 o]F TSH
assayE °o|€% FEIAT AHE v HuFHo o4, 15-17]. o] FFATFY
A= TSH BEARE o] &8 A439 A7 IARY 43¢ v Aoz Jdd
t}.



#1338 SCGE assayE °]&% I 7AW 4%

1. SCGE assay 7]€ 239 w73

GUHE A7)9% (SCGE; single cell gel electrophoresis) 71¥2 #AQ&4
(comet assay)°l2tix £ 7—}7-}'2] A XA DNA £4% AAH 7HIA e A
719% 71424 19849 Ostling® Johansonol 28l A= AU [18).
o] 71¢e ¥ My WAMo]l ZAE ALE EoolS B9 g oplzz Al
719 wol Nxutel B3, A719%, 2dxn 3P 982 45 GAE AJG
AF7E 318¢ W Y& DNAE o=y Fotdzozn 43td DNAS 74z
DNA AAESL o|5A7A dth. 'dA’ 2 ZFAA ol £ o] o|nA7}
DNA &AAEE ZAAsE FE2 o|£At} Ostling® Johansone A7]FFo] °]
YA 59 headZHE Pojd Yot DNAY ¥o] AAZ ZALE WAL ZS &
A7t &g BAFACT

%7)9] Ostling® Johanson®] 47 ¥wd& DNA WA (supercoiling)el Al Y
EhpE Srte A (SSBs; single-strand breaks)& WASA AXE £ AU
2z, o] AFAE ) AHgE A¥T B 2 ZE @UAE AA=H
v g ot T BE, oA AXY 2 o] ofd WALHY F2 4F d
Zo] DNA Zuao] 445 x DNAS '3 BEE Jello] M3 SSBE EAE
RzsA A8 2 4 g9tk 2, 0% F48 XY 2 238L A8d
Qe W Mxe wwAo] 95% ool FAd=He 7jol duplex E27} °]FF F
AA HJAT Z7e F AYAAME SPFAon ¥y 2AE €9 DNA
SSBs® &4sHed 889t (1920) 3 WA ¥4 [201& F€ strand breaks
2449 UREE HYstate A5 v F HA APJHL ofFoly WA
of g Aol thksA JEltE & AEXTEE TFE FASFed FHIAAGY
[19]. | o

SSBst Ywdez ¥& pH ZAselA AASE akaline unwinding [21-23),
alkaline elution [24], 28] 3 alkaline sucrose sedimentation (2526] %3 Z}-?: Hh
o2 2AHUL AL @A g dsA DNA 97] ol s= @d 7}
gold Uehs A& AT $ doe Aotk FA pHIAY long



duplex molecule®] A& SSBo siA I x| ge=o. a2y, od F4
Z9 SSBst ¥ <relA DNAY 2y 23U §&% (packaging) WEl
DNAS uhgo] Hod F3FS wA £ Yok AW ME (eukaryotic cells)®] DNA
FAEL (Zo] 50-100 cm) A7 5-10 me] & o] REE 105 vj2 S5 ook
7t @oh. SSBst YA 7Y #4318 FEF F Ut 2RHolTdE HAAM F&
A4S 7 e olfre UM FZ29 438 FIA 7HAFHA Agolud DNA
sedimentation ¥4 ¢ WHo2Z DNA £4& AT + 7] Wt & A
THelA AHEE dxt aZe] wEYE BHEL YA 93le alkaline
unwinding®] 2% £t U9 &3t ZA o3 Yelddn & & Qo

DNAGIA 9 718ddS FA8E o8 7HA 44 S0 /Mdo ey o)E
zZtzbe EARQT FIHES /AT Aot [2127). SCGE assay:  single cell
suspension FHE AL F U= Z4F AYAIXE Ao 2 3o DNA €47 &
o AxRY AolFE A F Yt AP FE==2 S AT AES (from
1 to 10,000 cells) B2 31 315 qto] FAE IS5 5 ofe FoA E3) 7}
A7t A Z1Eelth EBF, AR DNA €49 238 23383 23 o
A7 BHE UEZ 9903 SdE BH5YY uFo] W A3ttt SCGE
Y M Z7]9] Olivest 19 8 AFASL o] wgoz A vg A
XA &4 #A UREI AETUHY BT £4¢ FHFE g2 2Y4Pg 9
Axe fFAsgE Fe 2ae ok Ao (28] 2Ed, 2@ RaMdAe ge
YRS v3 DNA &4% ZAste U =s §49%e] ABHoz Y33 ¢
. SCGE 71€9 9744 UV WAL AL & exogenous UV endonuclease2 Al
XE HFFo2ZAN UV IAA xAe] A(Z A7l DNA /igdgs ¢z
SCGE$} alkaline unwinding®l 934 ZAlgoz4 9d + UJ. 2 2,
SCGE assay°llA 109 daltond 0.1 DNA breaks®E ¢ L 4% ZA 7 715349
o} [29]. Schmezer®t 19 8 QFAE0| alkaline elution WdF} v]ZePYL o
% SCGES =7l 48E ol

A F7tA SCGE assayt AF3MA &4, UV, o]23hAdo] A 448 3ot
e o A% AR LT ARE AMEEY H45Ho ¢ [20283031). =7
T AHRY AQAACNA FaF HE8S FIEHE A7) WE FZF FEHE A}

—-10-



29 A%e Yehis Axz e 4 Ao

A £d Sl AR did] BE F4e] FdiFo] g E3) 2ol B
S =foA o] BAVIES L&Y AHfso] TEHILY EF AL ok 3F
£317] 43 A7 Mol gRAHT Ut AP EANY S5 5FS 449 A
¥4 DNA €49 AxE A RAF7] o & AEF ¢ ZE AXEE]
2e Ax9 £4E TREAE AYde Hol 7HE3dtg. WALl RAHE F9F
TE od EFo] HHE T AR Zolo] 7 o]F wWEE e
7t AEZE Q3E AR 7Hedy] g6 E/9 Azt dFd FF e
dAdE & 4 Utk SCGE BAWML =3 g 433 xds A
DNA £43% #&5& d7sted Agso g o 71&e 73 54 479
DNA 59 713 437 A Fsdo2 AP 3o

2. SCGE assay9] Zd % A&

Rydberg$} Johanson [32]2 XA XA} $of &z £3d ALY ulgo] A
Zol vty Aoz FriHE AE BAHAG. 25 @Y AXA DNA
48 AFHoz N3 AXE &gl A9 olrt22 (agarose)dl 719
Yol gy zHdoN BT F AXTEL FAFANZ ©f olayd 2¥UX
(AcOr; acridine orange)2 @Asld DNA €49 AXE =AU 34
(photometer) & A}-43te] DNA #7ts AdS vehlie 23 g3 dd DNA 7
7}t M@ (DSBs; double-strand breaks)& YElE X449 v|& g ZHFo2ZH
AT E AZEsA 1984139 Ostling® Johanson [18]2 electrophoretic microgel
7148 MegezN Z4zte] AEA DNA €48 ZAs: U34S 4T
HNEEL &ato|=ie] optz 2o 7YX nEENA detergents} saltsol]l 2] 3]
A lysingAAT. 2 F 5 ViemZ F4 Z2AdeA V195 FR8AY. 21 F
3 wgto 2 wo] 7} tail DNAE AcOr® g3ttt XA 3 Gy7tA Y A
vldlste] FAR vwste taildd o B FF dH4TE FFE F UG
Ostling® Johanson2 SSBsell 23 244 DNA7F €3 DNAV F4e=2R2g 4y
L€ Aoy HFFh

279 zABE 4% 48 $4 SCGE /1¥S AH8E Olivest 29 52 A7

[«
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A5 S [33] DSBs7t A<telA DNA 9HES ¢HEous 9do)gdtn F3J
Gy X2 Alx3 o 200 DSBsell 483t £4& do7ids 2 AE 24
Fohed &k

dutH oz FHLHE= SCGE 714 Singh?d} 29 8 E0] Ostling® Johanson
o ¥ME ¥ pHelA A7FFE Fdsts AAE HPAZ Aotk 213224,
DNA 7t Gt ofyet <a] o9 (akali-labile sites)= ¥8 5 UA =
At BEEsEYE (EtBr; ethidium bromide)22 d43 Fo] gozRy 4=
o2 Yetvs DNAY A3 42 AX9 &4 AXE Yedd. &£449 247
A X DNA-strand breaksE2 #3202 xZ5E headd taile] Zolot W=
7Hd A e FReE dUedt &4 23 @2 AXEd ngE 7 HAdYy
25E UElR 2o ux AR oA mgRriez AoHm e I
2%E A% E ¥ (intact nuclei) & vepdt)

SCGE assayt ©&3 Zo] b #olol Ago] 7h5dtn Ha o2 S&Eok
7t 353 Joh. FHAAE Kim et al. (1999)°] SCGE assay® H&3lo B4
of F&E0| 7IA = WA WolZRE FAT B o]F &ud A7t A3gFo)
ot [97].
D WAL AE 8}
o] o] o3k DNA &4 37t

¢4z 229 9% DNA &4 37}

o

i
(b

o

M X 2] AAL (apoptosis) QT
A A DNA &4 ZA] (biomonitoring)
WAMA S ZAME A FY AR
Wb s g WslERe) 339 B4 §

v VvV VvV VvV V Vv VvV V

~12-



A48 Synergism @7 5 FEFofe A/ A W

g

i

dEoke &

oﬂ

1. 3 ¥ ¥ 3}

Z7h B 2 IR P4 AsAE A4 Sd BopRw oYz wLd
Bolo tigt Fatet AFsfe] FPHOE o|FA ok Fhe A4 o] Ao} stx
Qe Aot 53] 44 P o8 Ropo] oA wade FAH o] fo] F7H

T glen g $E2 ALHE 382 £ A4 FH BFE AFIE A
123

A 2 og Ropo] YojA wAde FAHA o] fo] FiHT Yo I
$E2 AsHt H9Ed £¢ 24 94 BFE ATHL Yok PAHe] WY
WEAT T ABLY FoA AZ PTT9} TSH AZE SAvo] Meywd
A Be FAEE MR 7] dEe] F A AEAS HEH, FRHL= o F
gozH U flE3, st o2t FEFE AT 9 A
gHoz WY F go] A7AL A= Yehdm vk

2g Ay A3le Fxe AEAC dAsE 42 F de 57 299
poolg ol ¢17] wWFol BAIFe HrE A EBPIrIHe] sHE =]
of gith 2] 71A] 29080 HsHo2 FALse UEUE synergisme HH T
F e Hr7iMe sUEA B4E AXY DNA £4& /MFe=2 Hriste
SCGE7} &3se] 7= dAolth B3 gl o3 AEA AfE A& w
27 A% - FGriste] 2449 HE&HE Abde] FHlste Zo] ot ol HA
A BEA Y8 T &AL oJ2FHoZ HAIU & & AA I BAAE
AA ol BA 2F= T ok

dEk] &3N3

M

2. 39

r

FHE F7re0l dig et AA - A9d 2RV A8 ket e
A3} B g golstd ferjeRots) TR - @A Fodol I o= wu FxH
2 o B3 B A7 AdFe EIF=d i@ fue BAFA %EJ



A3 o3, £ 1FY AFA o] EF=9 A ok 7|2 H3; Bofe)
TE 9ol AxH Yt

F-EI= F7)|ETFALII A4 717 Fie FHUEY AL HE
Hu gle A3 19959 o)F AF7A oL ZIA=AAEYIT ALY FTIA
HATATY 5T 78 2EL A3 ¢ @3 FoF Aukd ZAW ¢ ¥
H9 71ES ey Hridd,

A=, 5, v=, 5Y, L2Egot § oA Il A sEd £
frall 83299 98] Yely= synergistic interactiong o] YA A7z Az
Fom WA AT BEAREZAH AE FZFY TSH AEAE oj4d A7
7} 2 F7E& o]F 3 3Uth Synergistic interaction®l] @3 AT YoJA Ao} ¢
SAd A7 A8 (MRRC RAMS)E #Hold 2793 L 712 Y 71dolth @
THY HAEZE 93 eukaryotic cell systemQ &8 AEE F2 o] L3l 9o
¥ o]23} wWilMe EE u]o]23l WAY (non-ionizing radiation)o] o]2& Ey

& Boke] 29 - 884 2987 453448 AFHT Uk

— 14—



AR A 2 gAY 9% $42 9% TSH

BEAE &

o

(Section 1. Application of TSH bioindicator for studying the biological efficiency

of radiation)

1. Introduction

In this section we present data from the pilot experiment of which aim was
to compare relative biological efficiency of two californium-252 sources from
Academy of Mining and Metallurgy, Krakow, Poland and KAERI Taejon, Korea.
The special attention was paid to check whether in the range of neutron
energies available in the exposures any enhancement effects are visible due to
process of boron neutron capture in the cells enriched with boron ion. The
boron ions emits alpha particles through the process of neutron capture. These
alpha particles can therefore give rise to an enhanced impact on surrounding
biological systems such as cells and cell organelles. The enhancement in
biological efficacy due to boron neutron capture is of great importance for its
applicability to clinical purposes which is called "boron neutron capture therapy
(BNCT)".

The planned experiments can be divided into the following categories:

- Determination of the dose-response relationships for inducing gene
mutations, cell killing and cell cycle inhibition in somatic cells of
Tradescantia stamen hairs (TSH) by X-rays and neutrons.

Analysis of relative biological efficiency (RBE) for Cf-252 neutrons.

- Determination of the biological effects in TSH system after neutron
irradiation following pretreatment with borax as a chemical containing
boron ions (NaxB;07.10Hz0).

—15—



The induction of gene mutations in the somatic cells of hetorozygous for the
flower color Tradescantia clone 4430 will be used as bioindicator for evaluating
RBE of neutrons. It is one of the most radiosensitive plant systems known so
far; the dose-response curves have been determined down to doses of 0.25 cGy
for X-rays and 0.01 cGy for neutrons [80]. The significant features of
Tradescantia that make it useful for radiation studies, particularly at low dose
region, are its extreme sensitivity to radiation and relative ease with which the
various genetic points in somatic cells can be reliably scored. The flower buds
are sufficiently small to permit neutron irradiation which is uniforrm with
respect to both dose and neutron energy. Tradescantia stamen hair is essentially
of a single-meristematic-cell nature; because it grows by repeated divisions of
terminal and subterminal cells. Therefore, the dose response curves for different
genetic end points can be compared with data from single cell systems of other
organisms. Depending on the dose level the number of 10,000-100,000 of stamen
hairs per one point are examined to determine the pink, single pink and stunted

hair frequency.

2. Material and methods

The bioindicator applied for our studies is Tradesaantia stamen hair (TSH)
assay. Hybrid clones of Tradescantia have often been used as a biological plant
test system based on somatic mutations and cell lethality in the stamen hair
cells. They have been used for radiobiological studies extensively in the previous
years. The system was primarily developed by A. H. Sparrow and his
co-workers at Brookhaven National Laboratory over a number of years. In the
case of Tradescantia clone 4430, the high sensitivity of plants to radiation is
accompanied by high sensitivity to chemicals, as well Tradescantia clone
T-4430, interspecific diploid /2n=12/ hybrids originating from the Brookhaven

National Laboratory were used in our studies.

2-1. Plant culture
The experimental plants were provided by in vitro culture from the
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stock plants of Tradescantia clone 4430 transported from the Institute of Nuclear
Physics in Krakow where plants were grown in the conditions desciribed
elswhere [47]. Shoot meristems which were selected from healthy plants were
sterilized in sodium hypochlorite solution and placed into the growth medium
[48]. Various growth regulators such as kinetin, BA and 2,4-D were added to
the Murashige-Skoog basal medium to attain the maximal growth. Plantlets
from the culture were transfered into the greenhouse after certain duration of
hardening.

Plants were grown under greenhouse conditions with growing and cultivation
procedures were maintained as described by Underbrink et al [49). An average
of 21 cuttings per dose were exposed to both types of radiation under the study
and in order to avoid the storage effect [50] cuttings were irradiated not earlier
than 24 hours after the cutting. After irradiation cuttings were cultivated in the
growth chamber at 18-21°C with the 18-h day and appropriate humidity for the
90%. Then cuttings were transported into Poland into the growth chamber and
gene and lethal mutations were scored from day 7-th to 20-th after the
treatment. Flowers in bloom were collected between the 7th day and 20th day
after exposure.

2.2 Tradescantia stamen hair assay
TSH assay measures were done under stereomicroscopes (x25). Flowers
were taken at their full blooming, normally early in the moming on each day
and stored in the refrigerator before scoring. Stamen hairs were carefully
removed with forceps from the flowers and placed onto the slide glass upon
which proper amount of mineral oil was spreaded. Scoring was performed to
determine the pink, single pink and stunted cells frequency.

Gene mutations, characterized by single or numerous adjacent pink cells in
the hair, were counted as one mutational event (PF). The single cell pink event
can be considered as an indicator of mutations induced after the S phase of the
cell cycle [51]. A ratio between the number of single pink cells and all pink
mutation events (CCF) was considered as a factor indicating cell cycle behavior.
Number of hairs containing less than- 17 cells in case of clone T-4430 (stunted

hairs) was taken as a measure of cell lethality (STF) caused by exposure. The
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mean values of mutation frequency calculated for the scoring period and
expressed as a number of mutations per 100 hairs were used as a measure of

the mutation effect caused by the exposure.

2-3. Chemical pretreatment and irradiation of Tradescantia plants.

The chemical introducing boron ion into TSH cells was borax:
Na:B:;07.10H-0 supplied by Hayashi Pure Chemicals Company, Osaka. Borax was
dissolved in distilled water. The number of cuttings used for each treatment
group varied between 20 to 26. After removal of the oldest flower buds (2-4),
the 1% concentrated borax solution (20 ul) was applied directly into the
inflorescence.

Irradiation of Tradescantia plants with mixed thermal-fast neutrons from
Cf-252 source was done at KAERIL Total activity of the isotopic source applied
was “5x10°'Ci, giving the dose rate of fast neutrons at the 1m distance about
19.3 mSv/h in case of irradiation in the air. Normal and pretreated with borax
cuttings were placed in the plastic bags containing approximately about 100 m¢
of distilled water. For various doses plastic bags with cuttings were situated at
the various distances from the source (0.33, 050, 060 m). The time of
irradiation was 3 hours 15 minutes. Irradiations were performed 48 hours after
borax pretreatment. In case of X-rays plants were irradiated in the air and in
case of ®°Cf neutrons they were immersed in distilled water. After irradiation
cuttings were transfered into the growth chamber for further cultivation in
aerated Hoagland's solution (6x dilution) with 18-h day at 21+1C and
appropriate humidity [47].

3. Results and discussion

The purpose of this part of the project is to determine relative biological
effectiveness for inducing gene and lethal mutations in TSH assay by a series
of exposures to X-rays and different doses and various energy neutrons from
®ICf source. The range of neutron energies proposed for studies is extremely

interesting part of the LET spectrum for data on biological response because of
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importance of those energies for clinical applications of neutron capture.

In this pilot studies the preliminary data for dose-response curves (for
normal and boronated cells) were provided. Chemical concentrations, radiation
doses and conditions, number of analyzed hairs and cells are presented in Tables
1 and 2. The mean values of mutation frequencies (PF, SPF, STF) were
calculated for days 10-th to 20-th of scoring period and these values were used
for graphic presentation of the data. Figs. 1-3 present time dependent
development of mutation rates induced by various exposures of X-rays and
neutrons without and with borax pretreatment, respectively. Fig. 4 and 5 show
exposure dependent relationship of the mean values of gene and lethal mutation
frequencies induced by X-rays and californium neutrons in TSH cells. Fig. 5
present a simulation of linear dose-response relationship for the gene mutations
induced in TSH cells with an assumption that neutron dose increases linearly
with decreasing distance from the source. There is a linear dose dependence in
the effect induced by neutrons and a slight increase due to borax pretreatment
in low doses observed. Visible enhancement in gene mutation frequencies due
to pretreatment with borax was observed in cells irradiated with various doses
and none of a such enhancement in case of lethal mutations.

The effectiveness of neutrons in relation to X-rays in the induction of
various abnormalities in Tradesaantia stamen hair cells of two clones
heterozygous for the flower color were assessed previously [46]. Dose response
relationships for various endpoints (gene and lethal mutations and cell cycle
alterations) in somatic cells of Tradescantia clone-4430 plants (T-4430) were
established for X-rays, 56 MeV neutrons from U-120 cyclotron in Krakow and
fission neutrons from Reactor Center in Petten, Holland. In case of fission
neutron comparison studies, neutron and X-ray irradiations were performed
simultaneously in Petten. '

Dose response relationship for the mutation induction in Tradescantia
according to the molecular theory of radiation action [52] is described as

follows:

M = {l-expl-q(aD + BD*1lexpl-(s+p}aD + BD] [46]
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where:

M = mutation frequency

D = radiation dose in Gy,

a,B = probabilities per unit dose and square unit that DNA double
strand breaks (dsb) are induced in one or two simultaneous
energy depositions respectively,

q = probability that the radiation induced DNA dsb lead to a specific

mutation,

s = probability that the induced DNA dsb lead to the suppression of a

specific mutation, _

p = probability that the DNA dsb lead to cell reproductive death.

In the low dose region the values of s, p and B are close to zero and
relative biological effectiveness approaches to its maximum value that means
[RBE = a,/ay]. Our earlier obtained experimental data for radiation induced
gene mutations in Tradesaantia clone 4430 was used to plot the dose-response
curves and to calculate the values of alpha coefficient and relative biological
effectiveness (RBE). On the base of our former results we can estimate that
fission neutrons are more than twice as effective as 56 MeV neutrons for gene
mutation induction in both Tradescantia clones. The RBE values for T-02 clone
do not differ statistically -significant from those for T-4430 clone, so we could
conclude that radiosensitivity of these two clones is similar. Irradiation of
Tradescantia clone-02 plants with the mixed flux of thermal and fast neutrons
from the ®°Cf source in Krakow resulted in the time of exposure dependent
response relationship both in case of gene and lethal mutations. Tradescantia
clone-4430 is known as the clone that is very sensitive to chemicals. Irradiation
of Tradescantia clone-4430 plants with the mixed flux of thermal and fast
neutrons from the *’Cf source in Taejon resulted in the weak time of exposure
dependent response relationship both in case of gene and lethal mutations and
only a slight enhancement in biological effect due to boron-ion pretreatment.
These results proved still promising from the clinical point of view of BNCT in
spite that we could only find a slight enhancement in biological efficacy of B2t
radiation by boron neutron capture, which was partly cuased by sparse data.
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This experiment was done on a pilot scale without any assurance of the
possible data fluctuations invoked by the slight difference in thickness and
arrangement of inflorescence samples and of water introduced for thermalization
of neutrons during irradiation. Further study on such physical factors mentioned
above will make it possible to measure precisely the enhancement in biological
efficacy by boron neutron capture.

Although, presented results from the pilot experiment with B2Cf source in
KAERI are only preliminary data, with not sufficient statistics yet, but they
demonstrate that joint studies are possible and improvement of the precision in
irradiation and plant transport conditions may give a promising tool for

comparative studies of biological effectiveness of radiation sources.

4. Conclusion

The effectiveness of neutrons in the induction of various abnormalities in the
Tradescantia stamen hair (TSH) normal or boronated cells of the clone
heterozygous for the flower color was assessed. Dose response relationships for
various endpoints (gene and lethal mutations and cell cycle alterations) in
somatic cells of Tradescantia plants clone 4430 (T-4430), were established for
mixed fast and thermal neutrons from isotopic source of B2Cf source. The
effectiveness of neutrons in relation to X-rays in the induction of various
abnormalities in the Tradescantia stamen hair cells of the clone heterozygous for
the flower color was assessed. Dose response relationships for various endpoints
in somatic cells of T-4430 and clone 02, were established previously for X-rays,
and 5.6 MeV neutrons from U-120 cyclotron in Krakow [46]. This was a pilot
experiment to check if it is possible to establish the RBE values for B2t
irradiated TSH cells, with and without boron ion preatreatment, in conditions of

mutual Taejon-Krakow experiment.
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Table 1. Distances, exposures conditions and doses applied in irradiations with

neutrons from californium-252 source

Distance Dose equivalent Irradiation time Dose Remarks
[m] [mSv] [min] [Gy]
033 6.3 19 0.018
050 6.3 195 0.008
0.60 6.3 1% 0.006

Table 2. Biological effects measured in Tradescantia clone T-4430 after

irradiation with californium-252 neutrons

Dose [Gy] | “B [ppm] NOH PF/100 hairs = SD | LMF/100 hairs * SD

0 - 47296 0.35 nd

0.006 - 4170 0.3%0.2 1.7£1.2

0.008 - 1107 0.8+0.5 nd

0.018 - 382 0.8+04 0.5+04

0.006 240 2760 0.7£0.3 49%17

0.008 240 9895 0.8+04 23%13

0.018 240 3297 1.0£04 09£0.7
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Table 3. Biological effects measured in Tradescantia clone T-4430 after X-ray

irradiation
Dose (Gy) NOH PF/100 hairs = SD LMF/100 hairs = SD
0 47,296 0.35 nd
0.3 4,494 1.7x0.7 48*16
0.5 6,638 24x08 32*+14

* nd = not detected

Table 4. Values of a coefficient and RBE estimated from the dose-response

curves for gene mutations

Type of radiation| ° B[ppm] a pf a2 LMF RBE pr RBE | wr
neutrons - 0.28 * 56 nd
neutrons 240 0.38 * 79 nd
X-rays - 0.05 *

* Too few points to be analyzed.
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Fig. 1. Daily changes of gene mutation frequencies in stamen hairs of the

Tradescantia irradiated with neutrons from *°Cf source.
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Fig. 2. Daily changes of gene mutation frequencies in stamen hairs of the
Tradescantia irradiated with neutrons from *’Cf source after borax

pretreatment.
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Fig. 3. Dose-response relationship for gene mutation frequencies in stamen

hairs of the Tradescantia by different experimental schemes.
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Fig. 4. Dose-response relationship for lethal mutation frequencies in stamen
hairs of the Tradescantia by different experimental schemes.
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the Tradesaantia by neutrons(N), X-rays(X) and borax+neutrons(BN).
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(Section II. Relative biological efficiency of californium-252 neutrons in the
induction of gene and lethal mutations in TSH cells normal and

enriched with boron compound)

1. Introduction

For the investigation of the mechanisms by which effects of ionizing
radiation in living cells are initiated, an important consideration is the
comparison of responses caused by this radiation which differs with regard to
their ionization density. Part of the difficulty lies in the different mechanisms of
energy loss of neutrons of various energies. This is not a particularly serious
problem for mono-energetic beams of a high energy neutrons, which lose most
of their energy through the production of recoil protons in elastic collisions with
hydrogen nuclei. It becomes serious, though, for the broad spectra of fast
neutron energies produced by nuclear reactors, and is a big problem for thermal
neutrons which lose their energy through capturev reactions with various
elements ([53,54]. Particular importance is the micro—distribution of high
cross—-section trace elements, especially boron. Recently a tendency is observed
to apply low energy neutrons for cancer radiotherapy based on the neﬁtron
capture reaction [5556]. Atoms of boron-10 react with thermal neutrons and
then give rise to a particles and lithium nuclei. This reaction is used in boron
neutron capture therapy (BNCT). A cross section for this reaction with thermal
neutrons is one of the highest known, so that is why fission neutrons are the
most interesting for BNCT therapy. A similar spectrum of neutron energy to
fission neutrons has the source of Californium-252, so these neutrons are taken
for studies. A

In radiobiological investigations, plant system based on Tr}adesamti’c.z’ cells
(TSH-cells assay) is well known model system used in our studies on bioldgic'al
effects of ionizing radiation [14,16,46,50,57-60], and in environmental monitoring

as well [57,58]. However, reported earlier by Spérrow and Underbrink values of
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the RBE for various energy neutrons are one of the highest known [61,62], and
detected for the energy of neutrons somehow lower than expected on the base
of the RBE neutrons energy dependence [54]. The purpose of this work was to
determine biological effectiveness of neutrons in the induction of gene and lethal
mutations in Trad-SH-cells. Series of exposures to neutrons from an isotopic
source of Califomium-252 in the relation to X-rays were the sources of
radiation. Special attention was also paid to check whether any enhancement in
effects caused by pretreatment with boron containing chemicals could be
observed.

2. Material and methods

Tradescantia is a member of Commelinaceae family. It has several unique
features which cause that it is a very good object for radiobiological
experiments [57]. Heterozygous for the color of flower Tradescantia plants (.e.
clone 02 or 4430) are known as the most radiosensitive plant assay Trad-SH
[61,63]. Stamen hair cells can be easily mutated from normal blue color to pink.
A relatively short experimental period is required for experiments with this
assay. Usually induced mutations are scored during days 11 through 15 after
irradiation, because these days, due to highest rate of the cells being irradiated
in the most radiosensitive part of the cell cycle, show usually the highest
frequency of pink cells that are expression of gene mutation [5,57). Following
irradiation, each young inflorence may result in several flowers in the period of
expression of mutations. Each flower bears about 300 stamen hairs, and each
stamen hair consists about 20 cells that are progeny of the irradiated cell. So,
each flower picked up from irradiated influence and scored during scoring period
gives the independent repetition of the distribution of mutation rate in the
populations of 300 cells. Each from irradiated cuttings gives the repetition of
another set of cell population irradiated under the same experimental conditions.
In general, it allows gathering enough data to be statistically significant even in
a véry “low dose of radiation region [56). The sensitivities of Tradescantia

stamen hair cells have almost the same range of sensitivity level as mammalian
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cells [59]). While other eukaryotic systems may also mutate at these low doses,
Tradescantia has a distinct advantage because hundreds of thousands of stamen

hairs can be scored easily and quickly.

2-1. Biological assay

Irradiated cuttings were taken from the 7Tradesaantia plantation in
Radiobiology Department of Korean Atomic Energy Research Institute in Taejon.
This plantation has grown from a young shoots received by vitro culture
propagation of meristems of T-4430 that as the stock plants had been cultivated
in the Department of Radiation and Environmental Biology of the Institute of
Nuclear Physics in Krakéw [1657]. Plants in KAERI were grown under
greenhouse conditions where in most of the year natural climate conditions were
similar to the conditions described elsewhere [57,61]. On average twenty-five
cuttings per dose were exposed to radiation, not earlier than twenty-four hours
after cutting to avoid the storage effect [50].

After irradiation the cuttings were cultivated in the growth chamber at 18
-21C with the 18-h daylight period and 90% of the relative humidity. The
Hoglands solution was changed about every four days. Flowers were harvested
at their full blooming, normally early in the morning on each day and stored in
a refrigerator until scoring.

Examinations of mutations were done with the use of stereomicroscope (x25).
Stamen hairs were carefully removed from the flowers with forceps and placed
on the slide glass upon that a proper amount of mineral oil was spread. Scoring

was done to find out the mutated cells for determination of:

PF, SPF - gene mutations frequencies characterized by numerous adjacent
pink cells or single pink cell in the hair and each of them was
counted as one gene mutation event,

LMF - lethal mutations frequencies characterized by stunted hair (defined as
a hair in upper third part of stamen containing less than 17 or 12
cells in Trad - 4430 and Trad-02 respectively),

PAF - potential apoptotic cells frequencies characterized by colorless ahd
dwarfed cells hair ends that in Trad-SH. cells are indicators of
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cellular death.

Fig. 6 shows examples of the time dependent development of mutation rates,
detected in Trad-SH, after various exposures. To avoid missing the highest
values in mutation frequencies mutation events were scored from day 7-th to
19-th. The mean values of mutation frequency calculated for the scoring period
and expressed as the number of mutations in 100 hairs were used as a measure

of the mutation effect caused by the exposure.

2-2. Irradiation of Tradescantia plants

Irradiations of Tradescantia clone T-4430 cuttings with neutrons from
®2Cf were done at KAERI, Taejon, Korea. The average energy (2.02 MeV) of
bared neutrons from *’Cf has varied 177 - 146 MeV at the 05 m till 1 m
distance from the source, respectively [63]. The total activity of the isotopic
source applied was “3.5 GBq, giving the dose equivalent rate of fast neutrons at
the 1 m distance of about 0.5 mGy/h in the case of irradiation in air. Several
groups of cuttings were situated at various distances from the source (various
dose rates) and irradiated for the same period of 18h. Irradiation in various
distances between samples and B2Cf source have resulted in absorbed doses
shown in Table 5, that were estimated on the base of the neutron flux
distributions in the air [63,64]. In the case of reference radiation the cuttings
were irradiated with Phillips Ind.X-ray machine (150 kV, 10 mA), within the
dose range 0-05 Gy.

2-3. Chemical pretreatment

The purpose of chemical pretreatment was to introduce the boron ions
into target cells, and to study whether nuclear reaction of boron neutron capture
can enhance the biological efficiency of neutrons in the TSH-cells enriched with
boron ions. Each inflorescence (70.12~0.15 ml of volume) from a group of plants
designed for chemical pretreatment was injected one day before irradiation with
20 pf of boron containing chemical. Borax (NazB4O7- 10H;O) supplied by
Hayashi Pure Chemical Company, Osaka, in a 1% solution (240 ppm of B-10)
was applied as a chemical introducing boron-10 ions. Assuming an even

distribution of the solvent in the inflorence it should approximately result in 40
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ppm of the maximal final concentration in a target cell.

3. Results

Doses of radiation applied and frequency of flowers in bloom after exposures
is shown in the Table 5. In the standard period of mutation scoring (between
11th-16th day) it is visible lower efficiency of blooming after X-ray irradiation.
Fig. 6 shows examples of time dependent development of induced mutation
rates. In the standard conditions, in the days between 11-15 and 15-19 day after
exposures appear thé highest mutation rates in cases of gene and lethal
mutation frequencies respectively. There is seen certain delay in the period with
the highest mutation rates. In response to that scoring period was extended to
days from 10th until 19th after irradiation. In the Table 5 is also shown a
number of stamen hairs (NoH) analyzed for the presence of mutation events.
The NoH value reflects number of cells that had been irradiated and their
progenies were analyzed.

Table 6 shows results of the averages from the biological effects fréquenéies
evaluated for the whole scoring period, for the values obtained in the céses of
gene (PF and SPF) and lethal (LMF and APF) mutation frequencies induced in
this studies by irradiation with neutrons. Table 7, again shows average values,
from the whole scoring period, observed for gene (PF and SPF) and lethal
(LMF and APF) mutation frequencies induced by irradiation Tradescantia with
X-rays. Fig. 7a shows dose response relationships fof the induction of gene
mutations, by X-rays in normal cells and by neutrons in normal of pretreated
with borax cells, that were evaluated as average responses ineasured in the
standard period (11-15 day). Fig. 7b shows the same in the cases of resbon_ses
evaluated as the averages from the whole scoring periods. Dose resf)onse
relationships drawn after irradiation with californium neutrons or with 4X—ra3./s
were similar for both scoring periods. A similar comparison‘ between results
estimated in case of single cell mutation frequencies is shown on Fig. 8a and 8b
for two scoring periods respectively. In both cases of gene mutation frequencies

(PF and SPF) similar dose dependent increases were observed that resulted in
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better description of the neutrons dose response curve by a polynomial fit, with
tendency to express saturation level, and linear-quadratic relationship for
X-rays. The _ values presented on the figures are linear factors in equations
describing relationship evaluated on the base of the least square best fits, the
correlation coefficients for two types of fits are also shown on the figure.
Saturation, observed for mutation frequencies at higher doses of the neutron
dose-response curves, are more visible in cases of dose-response curves

obtained for plants pretreated with borax.

In general, lethal mutation events are expressed later than gene mutations, so
there was no difference between measurements in standard and extended scoring
periods, so why Fig. 9 presents only one set of dose-response curves. Again
there are presented dose response relationships observed in plants (normal and
boron pretreated) irradiated with neutrons and normal plants irradiated with
X-rays. Although results seem to show more scattered values in the case of

lethal frequencies, though parameters describing fit goodness are still very high.

Fig. 10 presents dose-response curves for the inductioﬁ by X-rays and
neutrons the hair ends that are consist of colorless dwarfed cells. In Trad-SH
cells assay those cells are indicators of cellular death and were used for the
determination of potential apoptotic cells frequencies (APF). There are also much
greater than in case of gene mutation frequencies differences in the slopes of
dose-response curves fitted for plants normal and pretreated with borax solution
in both cases LMF and APF. This is known that exposure to radiations might
be blocking to some extent the cell cycle. In Trad-SH assay the single pink cell
is supposed to present mutation induced in the post DNA synthesis stage [57],
so if the ratio between SPF and PF has not changed, this would suggest that
distribution of cells in various cell stages had not been affected by radiation
exposure. In order to check whether experimental conditions during the X-rays
or neutrons exposures have not altered differently the cellular cycles,
significance of difference in theirs ratios between single pink cells and all pink
mutational events was investigated. Table 8 shows mean values of the cellular
cycle factor (CCF= SPF/PF) estimated for various radiation treatments. There is
no significant difference between those cell cycle factors in the populations of

cells under the study.
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4. Discussion

A fairly comprehensive overview on mathematical modeling of biological
responses is given by J. Kiefer [65]. Although, according to editors, it was
difficult to cover all the aspects in this field, they present modeling of many
aspects crucial for cellular and therapeutical radiobiology, starting from cellular
radiation action, through the role of energy distributions of charged particles in
the mutagenic radiation action, and relative biological effectiveness. One of the
models quoted there is of the great values to our studies because describes the
dose response relationship on the example of the Tradescantia cells [52). The
dose-response relationship for the induction of mutation in Tradescantia is
according the molecular theory of radiation action described as

follows:
M = {1 - exp [-q (D + BD]} expl-(s + p)( 2D +BD%] (1)

where:
M - mutation frequency,
D - radiation dose in Gy,

@, B - probabilities per unit dose and square unit that DNA double strand
breaks (dsb) are induced in one or two simultaneous energy

depositions respectively,
q - probability that the radiation induced DNA dsb lead to a specific mutation,

p - probability that the radiation induced DNA dsb lead to cell reproductive
death.

s - probability that the induced DNA dsb lead to the suppression of a specific

mutation.

At low dose ranges and rates, multiple-break effect yields from low LET

radiation became small, and values of s, p and b in the equation (1) were so
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close to zero, that the dose-effect curves became linear. On other hand, when
cellular processes are altered, the probability of killing, suppression and
consequently expression of mutations might be changed and this will result in
alteration of values for p, q, and s. Fig. 10 and 11 display how alteration of the
probability that radiation induced DNA dsb leads to specific mutation (q), or its
suppression and cell kKilling (s+p) modifies Tradesaantia dose-response curves.
Dose response relationships presented there are obtained by computer simulation
of the alteration in values of s, q, p, parameters that had been fitted from our
experimental data to the equation (1).

Biological efficiencies relative to X-rays are changing with the dose, or in
other way with the level of biological effect at which efficiencies of radiation
are compared. However, at very low dose rates the RBE values for neutrons
compared to X or 7 -rays should become independent of dose and should
eventually reach some limiting, largest value defined as RBEn.x = @/ ax [52],
where @, and ax are the linear factor in the equation describing the
dose—fesponse relationship. Estimates of maximal values of RBE of
Californium-252 neutrons in the induction of gene and lethal mutations in
Tradescantia, made on the base of our results are shown in the Table 8. The
values of RBEmax estimated from the whole scoring period for the induction of
gene mutations by Cf-252 neutrons is slightly higher than values reported for
this source previously by Cebulska-Wasilewska et al [16]. Results reported by
Cebulska-Wasilewska previously [16] were obtained in two independent
experiments and were almost the same 5.6 and 5.8 respectively, comparing the
value 7.1 of RBE presented in this section. Both values (5.6 and 5.8) were
obtained after an alteration of post-exposure condition due to transportation to
laboratory in Poland, that was the same for X-ray and neutrons irradiated
plants, and apparently have not affected the estimate of relative biological
efficiency. Slightly higher value of RBE =7 might be explain by difference in the
post exposure repair conditions. As it is seen form figures 6 and 7, it seems
that slopes are more affected by the change of parameter q than s+p. It
suggests that variation in the experimental conditions may alter probability of
the expression of the specific mutations, and in a consequence RBE. In the

results presented in this section the higher value of RBE evaluated from the
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period 11-15 should be excluded as is due to different change in the time
dependent development (Fig. 6) of the gene mutations induction observed after
X-rays and the neutrons beam under the study. The highest PF values induced
by X-rays are out of scoring period 11-15, and that affects RBE. Studies by
Kim et al. [5] also have shown that change in the photoperiod alters the

average values of average pink mutation frequency induced by X-rays.

According to Bewley if a single ionization at a vital spot were all was
needed to inactivate the cell, the more spread out the distribution of ionizations
the more effective would be radiation. For high LET, the RBE would then fall
steadily with rising LET value [53,54]. Although, obtained RBEmax value is
higher than reported by Cebulska-Wasilewska [16], though it seems to be in
good agreement with the expectation based on dependence of the biological
efficiency on neutrons energy. The valuated RBE value is higher than the RBE
= 4 and reported for more energetic neutrons (5.6 MeV) (Cebulska-Wasilewska
et al [16]v and lower than values reported for most effective energies. Using
somatic mutation test in the stamen hair of Tradescantia flowers Davies and
Bateman (quoted after Bender [53]) determined the relative effectiveness of 0.65
MeV fast neutrons from the 3H (p,n) 3He reaction as compared with X-rays.
At the arbitrary level of 15 mutations per flower, the RBE‘ was about 17.5.
Davies and Bateman calculated the maximum RBE to be about 40 (for chronic
exposures, where the low LET dose-square component would be minimized.
RBE value for pink mutation frequency reported by Underbrink, Sparrow [61]
was 11.97 for 0.43 MeV neutrons and 250 kV X-rays.

Comparison between biological effects observed in two groups of plants
(untreated or pretreated with a borax solution, and irradiated for the same time
and at the same distance from the californium source) showed a slight increase
in the gene mutation frequency in pretreated plants. An increase was observed
only in the scoring period 11-15 and was statistically insignificant. However, in
cases of lethal mutation frequencies RBE are much higher in case of plants
pretreated with borax. The RBE values estimated from the comparison of
parameters estimated from dose-response curves were almost five times higher
and depending on the biological end-point. Significant alterations in RBE values
were observed after pretreatment with 40 ppm of B-10 from borax from 5 to
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345 in case of lethal mutations. Such a high increase in efficiency in lethality
might be explained by experimental conditions slightly altered the neutron
spectrum, suggesting that losing energy by neutrons inside the sample
pre-exposed to boron containing solvent significantly increased the probability of
neutron capture and elevated value of lethal damage. It might also be explained
by alteration of repair process due to affected cellular environment by infusion
of borax into target cells. The last one is also highly probable, as according to
molecular theory of radiation biology this process will be associated with an
alteration of maximal value in a peak for gene mutation frequency. This could
be seen in the modeling of the dose response curve presented on fig. 1la and b,
and our dose-response curves presented on fig. 7 and 8. The simulation shown
on fig. 11b explains why we cannot see the change in gene mutation frequency
due to pretreatment with boron-10 ion. The much higher lethality changes dose
response curve, however the slope remains the same.

Comparison of the results from various independent studies presented in this
section confirms the existing possibility of influence of external conditions on
individual response. This has the particular sense in radiobiology and
environmental monitoring [57,63]. Our investigations showed that in each
environmental survey it is essential need to see the broadest possible spectrum
of biological end-points, and to do in some extent a standardization of the
response. Summing up, among plant systems Tradescantia is a very important
object to use in environmental monitoring as well as in the studies of the
lonizing radiation influence on the cells. The aim of this section was to
determine the radiobiological efficiency of %*Cf neutrons, and to test how
experimental conditions particularly presence of boron-10 ions in the cell can
influence the biological response. Presented results showed statistically
significant increases in the biological efficacy to induce lethal effects of radiation
from the ®°Cf source in samples pretreated with boron-containing chemicals, and
almost no difference in mutagenic potency. Although the results showed the
tendency that was expected, farther studies are needed on the concentrations of
boron-10 in the target cells to reach definitive conclusions.
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5. Conclusion

The effectiveness of neutrons from a Californium-252 source in the induction
of various abnormalities in the Tradesaantia clone 4430 stamen hair cells
(TSH-assay) were studied. Special attention was paid to check whether any
enhancement is visible in effects caused by process of boron neutron capture in
the cells enriched with boron ions. Inflorescences, normal or pretreated with
chemicals containing boron, were irradiated in the air with neutrons from a
252Cf source at KAERI, Taejon, Korea. Following the culturing according to
standard procedures screening of gene and lethal mutations in somatic cells of
stamen hairs have been done, and dose response relationships were plotted. To
estimate the relative biological effectiveness (RBE) of the beam under the study,
numbers of Tradescantia inflorescence without chemical pretreatment were
irradiated with various doses of X-rays. The ranges of radiation doses used for
neutrons were 0 - 1.0 Gy and for X-rays 0 - 0.5 Gy. A visible increase in a
maximal RBE values was observed in present studies, which for the induction
of gene mutations were estimated as 11.1 comparing the value 56 in the studies
reported earlier. Presented results showed an increase, statistically significant, in
biological efficiency of radiation from the 252Cf source in samples pretreated
with boron containing chemicals. Inflorescence pretreated with borax responded
to neutrons differently. Although, for the induction of gene mutations no
significant difference was observed, though, in case of cell lethality the values of
RBE have changed from 55 to 34.7 and from 1.6 to 5.6 for two various lethal
end points respectively. Comparison was done of two independent experimental
studies on alteration of dose-response curves due to changes in the

post-exposure treatment of the cuttings.
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Table 5. Average values from the whole scoring period of the biological effects
average values of frequencies of mutation detected in the whole scoring
period (PF, SPF, LMF, CDF — pink, single pink, lethal and colorless
frequency, respectively) measured in Tradescantia clone T-4430 after
irradiation with Californium-252 neutrons

Dose B-10 a y y y y
Gy) (ppm) NoH"|PFX10°*S.E.|SPF X 10°+SE.|LMF X 10°+SE.|CDF X 10°+ S E.
0 - 8670| 0.32%0.07 0.03%0.02 0.26%+0.13 0.00
0.01 - 7968 | 0.84%0.13 0.47£0.10 1.23£0.38 0.13+0.03
0.03 - 6844\ 2.40%£0.26 1.14+0.18 1.13£031 0.76%+0.10
0.05 - 7899 471035 223+0.21 271+047 0.383%+0.08
0.10 - 8576 553%0.40 2.61%0.49 3.90+0.78 057%0.10
0.20 - 8112 10.17+0.45 5.13+0.47 8.79%1.06 1.46%+0.19
0 40 2759 0.28*0.14 0.06x0.04 0.00 0.00
0.01 40 6576| 1.72%£0.19 0.73%0.13 482+1.41 0.30%0.08
0.03 40 6106| 2.84%£0.36 1.71%£0.25 8241225 0.41+0.09
0.05 40 4569 | 4.31%+0.62 2.11+0.28 7.80+1.74 0.56%0.10
0.10 40  |4466| 4611048 2.55%0.30 30.63+7.46 2.72+0.47
0.20 40 2640 7.06%062 3261047 21.22+6.72 3.61+0.52

® NoH is a number of stamen hairs analyzed for the presence of mutation events.
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Table 6. Average values from the whole scoring period for the biological effects
measured in Tradescantia clone T-4430 after X-ray irradiation®

Dose " y y .

Gy) NoH PFX10°+S.E. SPF><10 *+SE. |[LMFX10°£SE.|CDFX10°+SE.
0 8670 032 £ 0.07 0.03 = 0.02 026 = 013 0.00

0.1 4300 1.36 = 031 063 = 0.17 0.69 = 032 0.06 * 0.02
0.3 4640 388 = 048 1.88 * 0.36 0.83 = 036 0.32 + 007
0.5 5865 703 = 0.4 302 = 024 298 £ 066 027 £ 0.06

? Abbrebiations are used as in the Table 5.
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Table 7. Average values of cell cycle factor (CCF = SPF/PF) and significance
(P) of differences between average values of cell cycle factors
evaluated after exposures to X-rays and californium

Treatment CCFxS.D. Sum of squares P
X-rays 0.40£0.30 81
®Ct 0.44%0.29 18.3 0.4565
“B + ®Cf 042%0.33 183 | 0.4565




exposure to “°Cf neutrons

Table 8. Values of maximal relative biological efficiencies (RBE) estimated for
various biological end-points induced in Tradescantia 4430 clone after

Treatment @ PF RBEpr RBEspr RBErr RBEcpr
X-rays 959+0.1 - - - -
2t 6831178 | 72x194 51 6.2 16
B + ®°Cf 59.24+174 | 62+186 58 343 56

—43—




22
Y

0 | T-4430 S
s - neutrons, 0.2 Gy ','1 N
X-ays, 0.5 Gy : 4
16 ;
,' RAATIC)
14 :
' ~A— PF(n)

-5~ PF(X)

b - - APF()

Gene and lethal mutation frequency x100

Day after irradiation

Fig. 6. Time dependent development of gene mutation frequencies
(PF) in T-4430 irradiated with neutrons and X-rays.
Coefficients @, and ax are presented respectively to each

dose-response curves are estimated from best fits of those

dose-response curves.
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Tradescantia 4430 (scoring period 11-15)
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Fig. 7.- Gene mutation frequencies (PF) in T-4430 cells irradiated with

X-rays and with neutrons after or without borax pretreatment

; average values from the scoring period 11-15th day.

-Coefficients @, and ax are presented respectively to each dose
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Tradescantia 4430 (scoring period 11-15)
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Fig. 9. Single cell gene mutation frequencies (SPF) in T-4430 cells
irradiated with X-rays and with neutrons after or without
borax pretreatment ; average values from the scoring period
11~15th day. Coefficients @, and ax are presented
respectively to each dose-response curves are estimated from

best fits of those dose-response curves.
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Fig. 10. Single cell gene mutation frequencies (SPF) in T-4430 cells
irradiated with X-rays and with neutrons after or without
borax pretreatment ; average values from the whole period.
Coefficients @, and @x are presented respectively to each
dose-response curves are estimated from best fits of those

dose-response curves.
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Fig. 11. Lethal mutation frequencies (LF) in T-4430 cells irradiated
with X-rays and with neutrons after or without borax

pretreatment. Coefficients a@n, and a@x are presented
respectively to each dose-response curves are estimated from

best fits of those dose-response curves.
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Fig. 12. Potential lethal mutation (apoptotic cells) frequencies (APF)
in T-4430 cells irradiated with X-rays and with neutrons
after or without borax pretreatment. Coefficients @, and a4
are presented respectively to each dose-response curves are

estimated from best fits of those dose-response curves.
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Fig. 13. Simulation of alteration of the probability that radiation

induced DNA dsb lead to suppression of a specific mutation
(s), or killing.
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Fig. 14. Simulation of alteration of the probability that radiation

induced DNA dsb lead to suppression of a specific mutation
(s), or killing.
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(Section II. Effect of pesticide on radiation-induced mutations in TSH cells)

1. Introduction

Tonizing radiation can induce physical, chemical and biological changes in
organisms, Which results in various damage. The fact that radiation-induced
damage can be modified by several factors is of great interest in that it is
directly related to the protection of human beings. Physical factors can modify
the radioresponse of organisms are the kind of rad_ia_t_ions, irradiation types,
environmental conditions of irradiation. Such biological factors as species,
individual, age, metabolism and nutrition can also be modification factors. In
addition, various chemicals and natural compounds. have beerr known as
radioprotectors or radiosensitizers that are abplicable to nuclear medicine or
radiation therapy. When the result of interaction between two factors is greater
than the sum of the effects of individual factors, it is called synergism [69].

Agricultural pesticides are being widely used for eradicafion of Dbacteria,
insects and the other organisms harmful to crops. The reason why
organophosphorous insecticides have been widely used is thelr high selectlve
toxicity. The insecticide such as parathion can also give rise to damage to
human beings. The impurity and its metabolite of the insecticide are more toxic
than the insecticide itself {77,81].

Tradesazntza 4430 clone is a 1nterspec1f1c hybnd whose ﬂower color is
heterozygous (blue dominant, pink recesswe) If the plant is exposed to mutagen
promutagen or ionizing radiation during the development of 1ts 1nﬂorescence
distinct type of various gene and lethal mutations m the stamen ha1r cells can
easily be detected. Accordingly Tradescantia stamen ha1r (TSH) assay has been

a good tool for mutation study in many countries [71,73,81]. Many studles using
TSH bioindicators have been carried out for botanical rnonitoring of

environmental radiation [8], dose-response of neutrons and its RBE sfudy [671,

—~53—



and studies on the effect of environmental factors on radiation-induced
mutations [8].
The present study was designed to experimentally elucidate the combined

effect of pesticide with ionizing radiation using TSH bioindicators.

2. Materials and methods

2-1. Experimental plants
Tradescantia 4430 clone was used as experimental plants. The healthy
plants grown in the pots were taken into the laboratory for acclimation 24 hours

before the experiment. Each experimental group composed of more than 20 pots.

2-2. Treatment of pesticide
Pesticide was commercially available parathion (Cheil Chemical Co.,
made in 1997). The parathion was diluted to 1 mg/ £, which is recommended for
agricultural purpose. The solution was sprayed evenly over the inflorescence.

Irradiation was done 24 hours after the treatment of parathion.

2-3. Irradiation
The plants were exposed in the air to 0.3, 05 10 and 20 Gy of
gamma ray from the ®Co source (source strength 150 TBq, Panoramic
Irradiator, Atomic Energy of Canada Ltd.).

2-4. Culture of the plants
After irradiation the plants in the pots were moved into the growth
chamber and Hoagland’s No. 2 solution (1/6 diluted) was supplied every three
days as a fertilizer [70]. The experimental group irradiated only with gamma
ray(CT) and the group irradiated after pretreatment of parathion (Pa+7) were
cultured under the same condition (14 light, 20T, relative humidity 809,
irradiance 293 1 E/m’/sec).

2-5. Scoring of mutations
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Examinations of mutations were done under the stereomicroscope (x25).

Stamen hairs were carefully removed from the flowers with forceps and placed

on the slide glass upon that a proper amount of mineral oil was spread. Scoring
was done to find out the mutated cells for determination of:

PF, SPF - gene mutations frequencies characterized by numerous adjacent

pink cells or single pink cell in the hair and each of them was

counted as one gene mutation event,

LMF - lethal mutations frequencies characterized by stunted hair (defined as
a hair in upper third part of stamen containing less than 17 cells in
T-4430). '

Mutation frequencies were calculated from the pooled date during the peak

interval and expressed as pink mutations/100 hairs.

3. Result and discussion

Pink mutation frequency did not change with time after pesticide spray (Fig.
15). This result means that the recommended concentration of parathion does
not cause an increase in mutation events. In all irradiated groups, pink mutation
frequencies started to increase seven days after irradiation and reached
maximum values 9 to 11 days after irradiation (Figs. 16-18). The maximum
value of pink mutation frequency of CT group was much higher than that of
Pa+y group (Fig. 16). From the pooled data during the peak interval (7~11
days after irradiation), pink mutation frequency for each radiation dose was
calculated. The pink mutation frequencies showed a linear dose-response
relationship (Fig. 19). e, the increase coefficient of pink mutation (slope of the
dose-response curve), is 599 in CT group. In contrast, ¢ in Pa+7y group is
3.43. This result means that the pretreatment of parathion supressed the
radiation-induced pink mutations by 43%.

The dose-response relationship for the induction of gene mutations in
Tradescantia can be well explained by the molecular theory of radiation action
described by Chadwick and Leenhouts (1980) [52]. The dose-response

relationship, however, in the range of low dose is generally linear. Accordingly
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1t can be expressed by the simple linear equation as follow;

where,

M = mutation frequency,

2 = mutations induced by unit dose,
D = radiation dose (Gy),

bo = spontaneous mutation frequency.

Thé above equation can be easily applied when data from the experiments
are not sufficient because it give rise to a minimal decrease in the degree of
freedom of data. Taken into consideration the fact that the present experiment
was carried out with low radiation doses, the application of the linear equation
to explain the dose-response relationship is valid [7].

There have been many reports on the synergistic interaction between two or
more stimuli which are unfavorable to the biological systems [68,69,72,76,78,79].
Titenko-Holland et al. (1997) reported the possible protection by the low
concentration of marathion rather than damage in the micronucleus assay on the
human lymphocytes [83]. Furthermore none or little effect of methyl parathion in
the induction of mutation was also reported by Sobti et al. (1982, [80]) and
Kaur & Grover (1983, [75]). Kas'yanenko & Koroleva (1979) reported that
chemical mutagen like ethylenimine and pesticides such as granosan, sevin,
captan, and morotsin could increase the cell sensitivity [74]. '

The result of this study showed the decrease in the induction of mutations
in TSH cells due to the pretreatment of pesticide. If the kind of stimuli is the
same, the adaptive response is possible. Ionizing radiation and pesticide are
definitely different stimuli on the biological system. However, the reduced
mutation frequency seemed like the result of adaptive response or radioprotection
due to the pretreatment of pesticide. It should be further investigated the
mechanism of the effect of parathion pretreatment. The result of this experiment
is of great importance since it provides the clue for the pesticide effect on the

radiation-induced mutations.
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4, Abstract

To investigate the combined effect of radiation and pesticide on Tradescantia
somatic cell mutations, potted plants of Tradescantia 4430 on which parathion
had been sprayed evenly 24 hours before irradiation. Radiation doses were 0.3,
05 10 and 20 Gy of gamma-ray. The plants irradiated only with the
gamma-ray radiation were used as control groups(CT). Pink mutation frequency
increased linearly proportional to the radiation dose and the peak interval of
elevated mutation frequencies appeared during 7~11 days after irradiation in
both CT and Pa+7y groups. The slope of dose-response curve in CT was
5.99(r*=0.988), while it was 3.43(r’=0981) in Pa+7. It seemed that parathion
pretreatment had a protective effect against radiation-induced cell damages since
it decreased the slope value by 43%. It is suggested that an adaptive response
or radiomodification could be induced in irradiated stamen hair pells by parathion

pretreatment.
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(Section IV Interaction of radiation with pesticide on DNA damage in human
peripheral blood lymphocytes)

1. Introduction

Agricultural pesticides are being widely used for eradication of bacteria,
insects and the other organisms harmful to crops. The organophosphorous
pesticides such as parathion and marathion have high toxicity on insects and are
also toxic to human beings. The impurity and its metabolite of the insecticide
are more toxic than the insecticide itself [77,82]. The toxicity of the insecticide
can be one of causes of environmental or agricultural disaster since the use of
insecticide tends to increase year by year.

Radiation effects in biological systems is closely related to free radicals
which cause damage in DNA or macromolecules [88]. Radiation-induced DNA
damage can be changed by various physico-chemical factors [60,86]. Physical
factors can modify the radioresponse of organisms are the kind of radiations,
irradiation  types, environmental conditions of irradiation. Such biological factors
as species, individual, age, metabolism and nutrition can also be niodification
factors. In addition, various chemicals and natural compounds have been known
as radioprotectors or radiosensitizers that are applicable to nuclear medicine or
radiation therapy. When the result of interaction between two factors is greater
than the sum of the effects of individual factor, it is called synergism [88,90].

Comet assay, known as a single cell gel electrophoresis (SCGE), was
introduced by Ostling and Johanson (1984) at first and named after the
appearance of comet [18]. This assay is considered to be a sensitive
methodology for monitoring of genotoxic effects [93,94]). The use of this assay
has been greatly increased in many fields [18,20,83,84).
~ Above all, the alkaline single-cell gel electrophoresis assay has been used as
a powerful and sensitive technique for detecting different types of DNA
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-damages, ranging from DNA single-strand breaks to alkali-labile lesions, in
individual eukaryotic cells [20,28,89]. The comets, consisting of heads and tails,
reflect the types of DNA damages and the degree of DNA strand breaks. The
advantage of the comet assay is that it doesn’t require massive amount of cells
and that the detection of 'damége in an individual cells can be made in the very
quick and efficient way.

This study aimed to assess the cytotoxicity of pesticide and to analyse the
combined effects of pesticide with ionizing radiation on the human blood

lymphocytes by using the single cell gel electrophoresis.

2. Materials and methods

2-1. Isolation of lymphocytes

Human peripheral ‘blood samples were obtained from a healthy male
donor (28 years old). Lymphocytes were isolated by mixing 100 gf of
heparinized blood and 200 g of RPMI 1640 (Sigma) medium with 10% fetal
bovine serum (FBS) and kept on ice. Two hundreds microliters of Histopaque
1077 (Pharmacia) was underlaid 300 ©f RPMI ‘1640 diluted blood. The blood cells
were centrifuged at 400 X g for 4 min at 4C. The obtained ficoll layer was
washed in 1 ml cold phosphate buffered saline (PBS, pH 7.4). Viability of cells

after isolation, determined using the trypan blue exclusion was =98%.

2-2. Treatment of pesticide
Pesticide was commercially available parathion (Cheil Chemical Co.,
made in 1997). The parathion was diluted to 1, 5, and 10 mg/ £. The isolated
lymphocytes were treated with the parathion solution for 10 minutes at 4C.

2-3. Irradiation
" Irradiation was done at 4C with various doses o, 1, and 2 Gy) of
gamma ray from ®Co source (dose rate: 20.1 c¢Gy/min., source strength: 150
TBq, Panoramic Irradiator, Atomic Energy of Canada Ltd.) at Korea Atomic
Energy Research Institute (KAERI). Under the same condition of ®Co ‘source,
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the normal isolated lymphocytes without pesticide pretreatment were irradiated

with the same range of doses.

2-4. Comet assay

The comet assay was performed as described by -Singh et al. (1988)
with minor modifications [20]). All steps were carried out on ice to avoid
repairing of damaged cell DNA and under dim light to prevent the occurrence of
additional DNA damage. Two hundred microliters of 1% normal melting point
agarose (NMA) diluted in distilled water was added at 50C to fully frosted
microscope slides, and kept for 10 min at room temperature to dry. The
coverslips were removed. As a second layer, 100 x£ of 0.75% low melting point
agarose (LMA) was added together with 1-2 X 10° suspended cells and covered
with a coverslip. The slides were kept cold for 10 min at 4°C. After removal of
the coverslips, 100 ¢ of 0.75% LMA was added as a third layer and then the
slides were again covered with coverslips, kept for 10 min at 4T and removed
the coverslips. The slides were immersed in a jar containing cold lysing solution
(25 M NaCl, 100 mM EDTA, 10 mM Tris, 1% Triton X-100 and 10% DMSO
were added fresh). The slides were kept at 4C for at least 1 hr. After the lysis,
the slides were placed on a horizontal electrophoresis chamber. The unit was
filled with a freshly made alkaline electrophoresis buffer (300 mM NaOH and 1
mM EDTA, pH 13.0) to a level of 0.25 cm above the slides. The cells were
exposed to alkali for 20 min to allow for DNA unwinding and expression of
alkali-labile sites. For the DNA electrophoresis an electric current of 25 V (0.75
V/cm) and 300 mA was applied for 20 min. After electrophoresis, the slides
were placed horizontally and some drip of neutralization buffer (0.4 M Tris, pH
7.4) was added to remove the excess alkali. Finally, 50x¢ ethidium bromide (20
pg/ml) was added to each slide, covered with a coverslip, kept in a humidified
box. DNA damage was identified using the image analyzing system Kinetics
(Version 4.0). The images of 50 randomly selected cells (25 cells. from each .of
two replicate slides) were analyzed from each group from a fluorescence
microscope (Olympus BX50) equipped with an excitation filter of 5157560 nm
and a barrier filter of 550 nm.
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3. Result and discussion

Assessment of DNA damages in lymphocytes is regarded as the typical way
of cellular damage detection [84]. The level of DNA strand breaks of normal
cells are morphologically different from that of damaged cells in the comet
assay. Normal cells show the round shaped nucleoid. In contrast, the comet of
damaged cells consists of head and tail [86,89]. In case of the dead cells, their
comets are distinct and are called as apoptotic comets (Fig. 20).

The length of the comet tail can be simply used as indication of the level of
DNA damages. The tail length, however, can lead to an overestimation of DNA
damage when a small fractions of damaged DNA forms an abnormally long tail.
To avoid such a shortcoming, we used the tail moment value instead of the

simple tail length. The tail moment is defined as the following equation.

Tail Moment = | tail mean - head mean | x tail % DNA / 100 ---——-- (1)
where,
tail mean is the average intensity of fluorescence staining in tail,

head mean is the average intensity of fluorescence staining in head.

The lymphocytes pretreated only with PBS were exposed to gamma-radiation
doses from O to 2 Gy. The tail moment value in the comet assay reflects the
level of DNA damages. As can be seen in Fig. 21, the increases in the tail
moments clearly indicate the dose-response relationship of cellular DNA damage
with radiation dose. The tail moment of unirradiated cotrol cells was 2.9%0.28
while it was 4.1%0.67, 99%0.81, and 159*1.73 in 0.1, 0.5, and 2.0 Gy irradiated
group, respectively.

- Fig. 22 shows the result of SCGE assay on lymphocytes treated with
parathion for 10 minutes. The level of DNA damage, expressed as the tail
moment, increased with the concentration of parathion. Higher concentrations of
parathion induced significant damages in lymphocyte DNA.

When treated with the concentration of 1 mg/¢, the recommended
concentration for agricultural use, DNA damage was slightly higher than that of
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untreated control cells but the difference is statistically not significant. However
synergistic effect on DNA damage in synergistic effect in the lymphocytes
irradiated with 2.0 Gy of gamma-ray after pretreatment of 1 mg/£ parathion.
As shown in Fig. 23, the tail moment was 1503227 in 2.0 Gy irradiated cells,
and 53*1.13 in 1 mg/{ parathion treated cells while it significantly increased
upto 21.3%2.17 in the lymphocytes irradiated with 2.0 Gy of gamma-ray after
pretreatment of 1 mg/# parathion (p<0.01). This implies that even the
recommended concentration of parathion can induce high DNA damage when
interact synergistically with the other factor like ionizing radiation. From the fig.
24 we can easily notice the synergistic effect of pesticide with gamma-radiation.
The result indicates that the synergistic interaction should be taken into
consideration for biological or environmental risk assessment.

The taill moment in unirradiated lymphocytes normally ranges 2~3. The
value of the present study was in the normal range. The lower limit of
detection for ionizing radiation was differently reported. Singh et al. (1995)
reported it as 0.001 Gy for gamma-radiation [92]. Plappert (1995) reported 0.01
Gy of the lower limit of X-ray detection [91]. As we can know from the lower
limit of radiation detection, the comet assay is a reliable method for assessing
radiation damage in the lymphocytes and for analyzing the level of synergistic

interaction between two different factors.

4. Abstract

Agricultural pesticides may cause certain biological risks since they are
widely used to eradicate pests. Agricultural disasters may arise even from the
possibility of their synergistic interaction with other harmful enviromnetal
factors. The effect of pesticide on radiation-induced DNA damage in human
blood lymphocytes was evaluated by the single cell gel electrophoresis (SCGE)
assay. The lymphocytes, with or without pretreatment of the pesticide, were
exposed to 0~2.0 Gy of ®Co gamma ray. Significantly increased tail moment,
which was a marker of DNA strand breaks in SCGE assay, showed an

excellent dose-response relationship. The present study confirms that the
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pesticide has the cytotoxic effect on lymphocytes and that it shows the
synergistic interaction with radiation on DNA damage as well. The results may

have a role of providing biological information necessary for the prevention of
agricultural disaster.
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Fig. 20. Appearance of typical DNA comets. The unirradiated comet is

shown in (A), the irradiated comet in (B), and the apoptotic

comet in (C).
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Fig. 21. Dose-response relationship of DNA damage in human
lymphocytes exposed to 7 -ray doses from 0 to 2.0 Gy.
Error bars represent the standard error of the mean

among 50 cells (25 cells per each slide).
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(Section V. Radiomodifying effect of boron and gadolinium compounds in human

peripheral blood lymphocytes)

1. Introduction

Comet assay, known as a single cell gel electrophoresis (SCGE), was
introduced by Ostling and Johanson (1984) at first and named after the
appearance of Comet [18]. This assay is considered to be a sensitive
methodology for monitoring of genotoxic effects [93,94]. Above all, the alkaline
single—cell gel electrophoresis assay has been used as a powerful and sensitive
technique for detecting different types of DNA damages, ranging from DNA
single-strand breaks to alkali-labile lesions, in individual eukaryotic cells
[20,2889]. The comets, consisting of heads and tails, reflect the types of DNA
damages and the degree of DNA strand breaks.

The clinical application of treating brain tumors with boron neutron capture
therapy (BNCT) is very encouraging. Also, ’Gd is one of the nuclides that
hold interesting properties of being a neutron capture therapy agent [102]. For
neutron capture therapy (NCT), neutron beams often have a considerable portion
of gamma rays and fast neutrons having high energies in the range of several
MeV [100,103]. Gamma ray as one of the beam contaminants can cause
considerable damage to normal tissues even if such tissues do not contain high
10 B concentrations. The present study was designed to study the modifying
effect of boron and gadolinium compounds on the biological efficacy of
gamma-ray in human lymphocytes using the comet assay to support the
fundamental understanding of neutron capture therapy. Besides the neutron
capture reactions, the treatment of the two chemicals can also give rise to
radiomodifying effects in various biological systems irradiated with sparsely
ionizing radiation. Such a modification of radioresponse in biological systéms is

an interesting phenomenon from the radiobiological point of view. In the present
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study, with an application of the comet assay we examined the effect of boron
and gadolinium compounds on the lymphocyte DNA damages induced by

gamma-ray, one of the therapeutic neutron beam contaminants.

2. Materials and Methods

2-1. Isolation of lymphocytes

Human peripheral blood samples were obtained from a healthy male
donor (28 years old). Lymphocytes were isolated by mixing 100 uxf of
heparinized blood and 200 ¢ of RPMI 1640 (Sigma) medium with 10% foetal
bovine serum (FBS) and kept on ice. Two hundreds microliters of Histopaque
1077 (Pharmacia) was underlaid 300 z£ RPMI 1640 diluted blood. The blood cells
were centrifuged at 400 X g for 4 min at 4C. The obtained ficoll layer was
washed in 1 ml cold phosphate buffered saline (PBS, pH 7.4). Viability of cells
after isolation, determined using the trypan blue exclusion was =98%.

2-2. Chemical treatment and Irradiation

Isolated lymphocytes were treated with various concentrations (07250
nM) of boron (Borax; Na;B4O; - 10H20 supplied by Hayashi Pure Chemical Co.,
Osaka) and gadolinium (Gd-DTPA; as Magnevist supplied by Schering, Berlin)
compounds for 10 min at 4C, and then irradiated at 4C with various doses (0,
1, 2 and 4 Gy) of gamma ray from ®Co source (dose rate: 20.1 cGy/min., source
strength: 150 TBq, Panoramic Irradiator, Atomic Energy of Canada Ltd.) at
Korea Atomic Energy Research Institute (KAERI). Under the same condition of
60Co source, the normal isolated lymphocytes without chemical pretreatment

were irradiated with the same range of doses.

2-3. Comet assay |
The comet assay was performed as described by Singh et al (1983)
with minor modifications [20]. All steps were carried out on ice to avoid
repairing of damaged cell DNA and under dim light to prevent the occurrence of
additional DNA damage. Two hundred microliters of 1% normal melting point
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agarose (NMA) diluted in distilled water was added at 50C to fully frosted
microscqpe slides, and kept for 10 min at room temperature to dry. The
coverslips were removed. As a second layer, 100 £ of 0.75% low melting point
agarose (LMA) was added together with 1-2X10° suspended cells and covered
with a coverslip. The slides were kept cold for 10 min at 4°C. After removal of
the coverslips, 100 ¢ of 0.75% LMA was added as a third layer and then the
slides were again covered with coverslips, kept for 10 min at 4C and removed
the coverslips. The slides were immersed in a jar containing cold lysing solution
(25 M NaCl, 100 mM EDTA, 10 mM Tris, 1% Triton X-100 and 10% DMSO
were added fresh). The slides were kept at 4C for at least 1 hr. After the lysis,
the slides were placed on a horizontal electrophoresis chamber. The unit was
filled with a freshly made alkaline electrophoresis buffer (300 mM NaOH and 1
mM EDTA, pH 13.0) to a level of 0.25 cm above the slides. The cells were
exposed to alkali for 20 min to allow for DNA unwinding and expression of
alkali-labile sites. For the DNA electrophoresis an electric current of 25 V (0.75
V/cm) and 300 mA was applied for 20 min. After electrophoresis, the slides
were placed horizontally and some drip of neutralization buffer (0.4 M Tris, pH
7.4) was added to remove the excess alkali. Finally, 504¢ ethidium bromide (20
rg/ml) was added to each slide, covered with a coverslip, kept in a humidified
box. DNA damage was identified using the image analyzing system Kinetics
(Versioh 4.0). The images of 50 randomly selected cells (25 cells from each of
two replicate slides) were analyzed from each group from a fluorescence
microscope (Olympus BX50) equipped with an excitation filter of 5157560 nm
and a barrier filter of 590 nm.

2-4. Statistical analysis
The significance of the difference was statistically evaluated by the

non-parametric Mann-Whitney U-test (Instat, GraphPad software) in the effects

between the experimental and the control groups.

3. Results
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The results of this study showed the  radiomodifying effects of boron and
gadolinium compounds in human lymphocytes irradiated with gamma-ray using

the comet assay.

3-1. Effect of gamma-radiation
The. lymphocytes pretreated only with PBS were exposed . to
gamma-radiation doses from O to 4 Gy. The tail moment value in the comet
assay reflects the level of DNA damages. As can be seen in Fig. .25 and Fig.
26, the increases in the tail moments . clearly indicate the dose-response

relationship of cellular DNA damage with radiation dose.

3-2. Effect of boron compound (Borax)

The results of this study indicated that both boron and gadolinium
compounds had genotoxic effects on human lymphocytes in vitro (Fig. 25 and
Fig. 26). Borax is previously known as cytotoxic agent [98]. However we found
that borax had genotoxic effects as well. The radiation-induced DNA damages
in boron-pretreated cells are shown in Fig. 25. The tail moments were increased
by the treatment of boron compound in non-irradiated cells. However, -the
pretreatment of the boron compound resulted in decreased tail moments after
irradiation. The higher concentration (250 nM) of boron was more efficient in

decreasing DNA damages than the lower concentration.

3-3. Effect of gadolinium compound (Gd-DTPA)

The lymphocytes pretreated with 250 nM Gd-DTPA were found
inappropriate for the comet assay because of its cytotoXicity. Thus the effects of
50 nM Gd-DTPA on human lymphocytes is shown in Fig. 26. The treatment of
Gd-DTPA caused a significant increase in DNA damages not only in the
non-irradiated control but also in the irradiated groups. The dose-response
relationship of DNA damages was linear in the dose range 0 to 2 Gy. DNA
damages in the Gd-DTPA pretreated cells were increased by more than 50 % at
a dose of 4 Gy.

3-4. Effect of the mixture of boron and gadolinium compounds
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The damages in DNA of lymphocytes pretreated with a mixture (1:1) of
boron and gadolinium compounds were also evaluated by means of comparing
the difference between the experimental groups (Fig. 27). The mixtures were the
50 or 250 nM of boron compound mixed with the same volume of 50 nM of
gadolinium compound. The mixture caused a definite increase in the tail moment
values in all the groups. The increase in the tail moments was somehow related
with the concentration of boron compound in the mixture in both non-irradiated
and irradiated groups. Higher concentration of boron compound in the mixture
made a role in a decrease of DNA damages. This result also confirmed the
decrease in radiosensitivity of lymphocyte DNA due to the pretreatment of boron
compound. In addition, both type of the mixtures had the radiomodifying effects
on the lymphocytes, by which the decrease in DNA damages appeared in a

boron concentration-dependent manner.

4, Discussion

" Recently, the use of the comet assay, which has many advantages for
genotoxicity studies, has been increasing [93,101]. It appears to be sensitive
enough for the detection of DNA damages induced by a low dose of radiation
[9497]. It was also shown that DNA damages detected by SCGE assay are
directly related to the chromosomal damage in following mitosis [85,95]. Ionizing
radiation is known to induce a variety of cellular responses. It is also well
known that ionizing radiation causes DNA damages, inducing predominantly
single-strand breaks, double-strand breaks, alkali-labile sites, and oxidized
purines and pyrimidines [96].

The objective of the present experiment was to study the modification effect
of boron and gadolinium compounds on gamma-ray-induced DNA damages
using the comet assay. The results indicate that the radiomodifying effect of
sodium borate (Borax) is different from those of other boron compounds, such
as sodium borocaptate-">B (BSH) and boronophenylalanine-'°B (BPA) and so on

[99]. Though this study revealed that the pretreatment of sodium borate caused
a decrease in radiosensitivity of lymphocyte DNA to gamma ray, the detailed



mechanisms of radiomodification by boron compounds remain to be further
elucidated. It is also of interest to note that, DAC-1, one of boron neutron
capture agents did not affect the biological efficacy of gamma-ray [104].

G_d-DTPA is widely used to enhance the contrast of magnetic resonance
imaging. And the element of gadolinium gathers a lot of attention since it has a
high neutron capture cross section. The present study was encouraged by the
possibility of the gadolinium compound as being an NCT agent. A high
concentration of Gd-DTPA proved highly cytotoxic to the lymphocytes. The
cells treated with 250 nM Gd-DTPA were not suitable for further evaluation.
On the other hand, addition of 50 nM of the compound led to a significant
increase in the DNA damage of lymphocytes in terms of tail moment (Fig. 26).
The tail moment values of the lymphocytes treated with Gd-DTPA before 7
~irradiation were higher than those of the cells irradiated with gamma-ray
without any pretreatment. However, the increase in the tail moment values was
not dose-dependent. The increase in DNA damage seen after the addition of
Gd-DTPA may indicate the production of hydroxyl radicals, as increasing of
sister chromatid exchange (SCE) in the presence of Gd-DTPA [105,106]). Fig. 27
shows the effect of the mixture of Gd-DTPA and borax on the damage in
lymphocyte DNA.

Of the two concentrations of the boron compound, the higher one was more
effective to reduce radiation-induced damage. The result indicates that the boron
compound plays a major role in reducing the DNA damages due to gamma-ray
irradiation in a cellular level. However, it is very difficult to explain such a
radioprotective action of the boron compound. The possible mechanisms of
radioprotective action may be summarized as follows: 1) radical scavenging
action, 2) induction of increased repair ability, 3) changes in oxygen tension
(competition with oxygen), 4) protection against direct action of radiation. It is
considered that the radiomodification effect comes from either the free radical
scavenging action of the boron compound or the  direct action of
sodium—containing compounds.

A great potential of NCT lies in the fact that physiological differences
between healthy and tumor cells can be utilized to enhance the delivered dose to
tumor cells selectively. This is achieved by adrrﬁnisteriﬁg, prior to the radiation

—79—



treatment, a boron or gadolinium compound that can selectively accumulate or
be retained in the desired target cells. Subsequently, the organ containing the
tumor is irradiated with neutrons. °B and 157Gd, by virtue of their high neutron
capture cross section, will give rise to two densely ionizing particles through the
neutron capture reaction. For an effective BNCT, the B must be selectively
delivered to and distributed in the target tumor cells. The tumor region is then
irradiated with low-energy epithermal neutrons because thermal neutrons lack
the capability of penetration into tissues. The low-energy neutron beams
currently used for BNCT are produced using nuclear reactors even if neutron
beams contain. high-energy contaminants. It is apparent from our data that the
boron compound could reduce the DNA damage induced by gamma-radiation,
one of beam contaminants of therapeutic beams from a nuclear reactor. To our
knowledge, the present study is the first demonstration of the modifying effect
of boron and gadolinium compounds on the biological efficacy of gamma-ray in
human lymphocytes by means of the comet assay. Therefore, the present results
may support the fundamental understanding of neutron capture therapy.
Although the mechanisms by which those compounds affect radiation responses

are not clearly defined, possible explanations that are amenable to further study

do exist.

5. Abstract

The modification of radioresponse in human lymphocytes pretreated with
boron or gadolinium compound was studied by assessing the DNA damage
using the single cell gel electrophoresis (SCGE), the comet assay. The
lymphocytes from the human peripheral blood were irradiated with 0, 1, 2 and 4
Gy of gamma rays from a 60Co isotopic source without or with pretreatment of
boron or gadolinium compound for 10 minutes at 4C. Following the processes
such as slide preparation, cell lysing, unwinding and electrophoresis,
neutralization, staining, and analytic steps, gel electrophoresis was performed.
The results show that pretreatment with boron compound (50 nM or 250 nM of
10B) is effective in reducing the radiosensitivity of the lymphocyte DNA. On
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the other hand, pretreatment with gadolinium compound (50 nM) led to a
dose-dependent increase in the radiosensitivity, which was the most prominent
with a dose of 4 Gy. (P<0.001). Furthermore, when the lymphocytes were
pretreated with a mixture (1:1) of boron (250 nM) and gadolinium (50 nM)

compounds, the reduced radiosensitivity was also observed.
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Pretreatment of Gd-DTPA
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26. Effect of gadolinium compound (Gd-DTPA) on
radiation-induced DNA damage. Bars indicate the standard
error of the mean with duplicated measurements in each.
Values significantly different from that of the control are
given as: *P<0.05, and ***P<0.001.
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Fig. 27. Effect of the mixture of boron and gadolinium compounds on
radiation-induced DNA damage. The concentration of
gadolinium compound was limited to 50 nM. Bars indicate the
standard error of the mean with duplicated measurements in
each. Values significantly different between those of the

experimental groups are given as: *P<0.05.
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(Section VI. Mathematical description of synergistic interactions)

1. Introduction

The assessment of potential significance of synergistic interaction of
combined action of two inactivating agents is an important problem. Despite the
potential importance of interactions between different agents, there is little
information regarding regularities and mechanisms of action of ultraviolet (uv)
light and hyperthermia. Several lines of evidence show that UV light exhibits
synergistic interaction between UV light of different energies [107], with ionizing
radiation [108-110], various chemical agents [111,112] and hyperthermia
[113-115). It was shown [115] that, at any fixed UV light intensity, the
synergistic effect occurred within the given temperature interval. It means that
the optimal temperature providing thelhighest synergistic effect may be indicate
inside of this interval for every fluence rate examined. It is of significance that
the temperature range synergistically interacting with UV light has been
removed towards lower temperature values with an decreasing fluence rate
[115]. Similar results have been obtained for yeast cells exposed to ionizing
radiation and hyperthermia [116]. Taken these data as a whole, one may
conclude, that, in principle, synergistic interaction may take place between low
intensities of UV or ionizing radiations and relatively low temperatures. In
relation to essential value of this conclusion it is of actual task to understand
the reason and mechanism of such a regularity. But at first it would be of
interest to obtain an additional experimental demonstration of this conclusion.

Earlier a simple mathematical model of simultaneous combined action of
ionizing radiation and hyperthermia has been proposed [117]. The model predicts
the dependence of synergistic interaction of the ratio of lethal lesions produced
by every agent used, as well as the maximal value of the synergistic effect,
conditions at which the maximal interactive effect can be achieved, and the

dependence of synergistic effect on dose rate. The model was tested for



thermoradiation action to various unicellular organisms including yeast cells.
Thus, it would be also of interest to accommodate this model for description,
optimization and prognosis the results obtained for simultaneous action of UV
light and hyperthermia. '

Therefore, the main purposes of this study were as follows: (a) to obtain
new experimental data confirming the dependence of synergistic interaction of
ultraviolet light and hyperthermia on fluence rate; (b) to suggest a new
mathematical model for combined action of UV light and hyperthermia; (d) to
test the validity of the model proposed.

2. Materials and methods

A wild-type diploid yeast of S. cerevisiae (strains T1 and XS800) were used
in these experiments. Before irradiation, the cells were incubated for 3-5 days at
30C on a full nutrient agar layer. The cells were irradiated with germicidal
lamps that emitted predominantly UV light of wavelength 254 nm (far-UV
radiation) at fluence rates of at 0.15 and 1.5 W/m® for T1! strain either 0.25 and
15 W/m® for XS800 strain under ambient conditions at different temperatures
(47.5~575°C), which were adjusted within 0.2 °C. The source of far-UV light
at 254 nm was a low pressure mercury vapour lamp with an integral filter that
provided more than 95% of the emitted radiation at 254 nm. Variation of the
intensity was achieved by means of calibrated metal wire nets. The fluence
rates at 254 nm were measured using a calibrated General Electrical germicidal
meter. .

It should be noted that, in all our combined experiments, both modalities
were applied simultaneously. This means that the durations of the UV’ light
irradiation and heat exposure were identical, and might be determined as the
ratio of the UV dose (J/m®) to the fluence rate (W/m?). The duration of heat
incubation alone at different temperatures was varied to reduce cell survival to
about 10% or less.

The following heating method was used. 0.1 ml of cell suspension at room
temperature (about 1.5X10° cells) was placed into 14 ml of sterile water
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preheated to a required temperature in a water bath. For the simultaneous
thermal and UV light treatment, the time interval between introduction of the
cells into the preheated water and the beginning of exposure was about 0.1 min,
which was significantly less than the total treatment time. This means that the
durations of UV light and heat exposure were identical. At the end of the
treatment, the samples were rapidly cooled to room temperature. A known
number of cells were then plated such that 150~200 colonies per dish would
form after 5-7 days of incubation at 30°C. To avoid photoreactivation, UV
exposure, dilution and other procedures were performed under red ambient light,

while post-irradiation incubation was carried out under dark conditions.

3. Experimental results

Fig. 28 provides a typical example of the basic experimental data observed in
this investigation. Here, survival curves were obtained for S. cerevisiae diploid
yeast cells (strain T1) after heat treatment (50.0°C) alone (curve 1), and
exposure to UV light (254 nm) at 1.5 W/m® and room temperature (curve 2). An
experimental curve was also obtained after simultaneous action of both
modalities (curve 4). Curve 3 represents a hypothetical curve that would be
obtained if inactivation by the combined heat and UV light was completely
additive. These types of survival curves described above and depicted in Fig. 28
were obtained for every temperature, fluence rate and strain investigated. They
are not presented here and used to calculate the synergistic enhancement ratio.

To estimate quantitatively the effect of combined action of both modalities,
we used the synergistic enhancement ratio k = D2/Dl1 (Fig. 28). In other
words, k is defined as the ratio of the calculated UV light dose (assuming an
additive effect of UV light and hyperthermia), D2, to the UV light dose, DI,
observed from the experimental survival curve for the simultaneous action of
UV light and hyperthermia at a fixed level of survival. In our case this
parameter was calculated for 10% survival. Results of three to five experiments
were used to calculate interexperiment standard errors.

It was shown in our previous publication [119] that, for simultaneous action
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of ionizing radiation and hyperthermia on S. cerevisiae, the thermal enhancement
ratio increases indefinitely with increasing exposure temperature, while the
synergistic enhancement ratio first increases, then reaches a maximum, which is
followed by a decrease. In other words, a specific temperature which maximizes
the synergistic effect may be found. This is why, in this section, we have also
used the synergistic enhancement ratio. Pooled results of 3~5 experiments were
used to calculate the mean number of these parameters and their statistical
errors.

This parameter is depicted in Fig. 29 (strain T1) and in Fig. 30 (strain
XS800) as functions of the exposure temperature and fluence rate. It is evident
from these data that, for the simultaneous action of heat and UV light (254 nm),
both the temperature and fluence rate affect the synergy. As can be seen, for a
given intensity, there is a specific temperature that maximizes the synergistic
effect. This implies that the synergistic interaction between hyperthermia and
UV light is observed only within a certain temperature range. For temperatures
below this range, killing of cells was mainly determined by UV light exposure,
while, for temperatures above this range, killing of cells was caused by heat.
Any deviation of the temperature from the optimal value results in a decrease in
synergism. It is clear from the data presented that the fluence rate is also a
very important parameter. From these findings, it can be inferred that the
temperature at which UV light is delivered should be decreased to obtain the
maximum synergistic effect with decreasing fluence rate. Indeed, for both yeast
strains studied (Figs. 29, 30) for fluence rate 1.5 W/m’ the highest synergistic
effect was obtained under 55C. The reduction of UV light fluence rate down to
0.15 W/m® for T1 cells (Fig. 29) and to 0.25 W/m’ for XS800 cells (Fig. 30)
resulted in the necessity to reduce exposure temperature down to 50 and 52.5°C
respectively to retain the greatest synergistic enhancement ratio. These results
seem to be related to the fact that, if the fluence rate decreases, then the lethal
UV dose is delivered for a longer time, so that the duration of heat incubation
increases and could explain the lower temperature that should be applied to the
cells to provide the greatest synergistic interaction. All the above described

regularities are intrinsic to both strains studied.
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4. Analytical approach

Synergism is defined as the combined interaction of two agents that exceeds
the additive sum of their indiVidual effects. On this definition, it might be
reasonable to assume that some additional lethal lesions are produced during
combined action. Our analytical approach is based on the supposition that the
additional lethal lesions are arisen from the interaction of sublesions induced by
both agents. These sublesions are non-lethal when each agent is applied
separately. We assume that one sublesion produced by UV light interacts with
one sublesion from heat exposure to produce one additional lethal lesion. It
would seem probable to suppose that the number of sublesions was directly
proportional to the number of lethal lesions. Let pI and pZ be the number
of sublesions that occur for- one lethal lesion induced by UV light and
hyperthermia respectively. Let NI and N2 be the mean numbers of lethal
lesions in a cell produced by these agents. A number of additional lesions - N3
arising from the interaction of UV light and hyperthermia sublesions may be

written as

N3 = min (pINI1; p2N2} ————- e ittt 1)

Here, min{pIN1; p2N2} is a minimal value from two variable quantities:
pIN1 and p2N2., which are the mean number of sublesions produced by UV
light and hyperthermia respectively. In other words, this value is the mean
number of additional lethal lesions per cell arising from the interaction between
the UV light and the hyperthermia and accounting for the synergism. Thus, the
model describes the vield of lethal lesions per cell as a function of UV light
(N1), hyperthermia (N2), and interaction (min{plN1; p2N2}) lethal lesions. Then

the synergistic enhancement ratio k may be expressed as

k = (NI + N2 + N3)/(NI + N2) -—=-m--—mmm——m——m—m—m=m—————— 2)
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The corresponding number of lethal lesions can be calculated [118] as

where S is the surviving fraction.
If the observed biological effect is mainly induced by heat (pINI < p2N2)
then taking into account Egs. (1-3), the parameter pl can be expressed as

pl = (kI = 1)(I + N2/NI) ====m=mmmmmmmm e @

where kl is the value of synergistic enhancement ratio observed in
experiments performed in this condition. On the contrary, if the observed
biological effect is mainly induced by UV light, we have

p2 = (k2 - 1)1 + N1/N2) ~—=————mm e e (5)
where k2 is the experimental value of the synergistic enhancement ratio
observed for the condition p2N2 < PINI. We can easily show that under
condition

PINI = p2NZ === o e (6)

the greatest synergistic enhancement ratio will be attained, which value is given
by

kmax = 1 + [pIp2/(pl + p2)] ———=———=—==—mm e )]
Thus, based on Egs. (4) and (5) and experimental data of kI and k2, we

can estimate the basic model parameters pl and p2 and then predict the
value of the synergistic enhancement ratio for any NI and N2 [Eq. (2)], the
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highest value of the synergistic enhancement ratio [Eq. (7)], and condition [Eq.
(6)] under which it can be achieved.

5. Comparison of experimental results with model predictions

The purpose of this Section is to assess the value of the model in describing
experimental results obtained. Using the foregoing equations and the results
described, we calculated the dependence of synergistic enhancement ratio kK on
the ratio N2/NI for T1 (Fig. 31) and XS800 (Fig. 32) strains. The solid lines in
these Figures are the prediction from our model [Eq. (2)], open circles denote
experimental values of k obtained for lower fluence rates of UV light while
closed ones for 1.5 W/m® The errors in k values were calculated from
interexperimental variation. Predicted values of k were estimated with pl =
15 and p2 = 0.77 for T1 strain and pl = 092 and p2 = 162 for XS800
strain. These values were evaluated by means of Equations (4) and (5), and the
value of kI and k2 which have been derived from real experiments. The
important aspect of these data is that there appears to be a sharp dependence of
synergistic effect on the ratio NZ2/NI1. The maximal values of the synergistic
enhancement ratios predicted by Eaq. (7) (kmax = 151 and 159 for T1 and
XS800 strains respectively) are expected in accord with Eq. (6) at N2/NI = 1.95
(strain T1, Fig. 31) and N2/N1 = 057 (strain XS800, Fig. 32). The synergistic
effect appears to decline with a deviation of the ratio NZ/NI from the optimal
value. One can also see that experimental results are comparable to the
predicted values of the synergistic effect. The degree of synergistic interaction
was found to be dependént on the ratio of lethal damages (N2/NI1) induced by
both agents applied. "

Another important aspect of the synergistic interaction of simultaneous
application of UV light and hyperthermia is the dependence of synergy effect on
UV light fluence rate which was obtained in our earlier work [115] and has
been confirmed in this study. It would be of interest to verify the ability of the
analytical approach proposed to describe and interpret the dependence of
synergistic effect on UV light fluence rate.
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Two significant consequences are ensued from Eq. (6). First of all, it follows
the dependence of synergistic effect on intensity of agents applied. Indeed, Eq.
(6) shows that the greatest synergistic effect will be achieved after equal
numbers of sublesions induced by both UV light (pINI) and hyperthermia
(P2N2). The lower fluence rate is, the larger will be the time needed to achieve
NI1. The same is true for the number of sublesions produced by UV light
(pINI). As soon as both modalities were applied simultaneously, the number of
heat lethal lesions (NZ) and, consequently, the number of sublesions (p2N2)
would be increased. Hence, to fulfii Eq. (6), p2N2 must be decreased by
reduction of the temperature at which the UV light illumination is delivered.
Hence, the model qualitatively explains the dependence of synergy effect on UV
light fluence rate, i.e. the necessity to reduce exposure temperature with fluence
rate decreasing to obtain the maximal synergistic effect.

The second important consequence followed from Eq. (6) is concerned with
the dependence of the synergistic enhancement ratio on the ratio of lethal effects
NZ/NI produced by every agent. It follows from Egs. (6) and (7) that the
position of the highest synergism on N2/Nl1 ‘axis and its value has not to be
dependent on intensity of modalities used for combined action. Really, if the
values of pl and pZ stayed unchanged with fluence rate (that was observed
for our case), then in accordance with Eq. (6) the ratio of N2/NI, providing the
highest synergistic effect, should also stay unchanged. It means that alteration
of both agents intensities should be compassed in such a manner to keep this
ratio constant and equal to the ratio of pl/p2. In such a case, in accord with
Egs. (1) and (2), the relationship between the synergistic enhancement ratio k
and the ratio N2/NI also shouldnt be dependent on the UV light fluence rate,
that it was observed in our experiments (Figs. 31, 32). It implies that the model
considered is able to describe and predict quantitatively the synergistic
interaction of simultaneous action of UV light and hyperthermia on yeast cell

inactivation.

6. Concluding remarks



New additional experimental data related with the dependence of synergistic
interaction of simultaneous action of UV light (wavelength 254 nm) and
hyperthermia on UV light intensity are presented in this section for yeast cells,
the simplest model of eukaryotic cells. The most important data was that the
synergistic interaction between both modalities was observed only within a
definite range of high temperature. For other temperatures the effect was only
additive. Hence, there is a specific temperature that maximizes the synergy. Any
change in the number of lethal damages induced by UV light or heat resulting
in a decreasing or an increasing the ratio of NZ/NI - from optimal value was
shown to cause the reduction of the synergistic interaction. The dependence of
synergistic effect of UV light fluence rate was also demonstrated.

The other interesting new results of this work concern the mathematical
model which has been proposed to explain the experimental data of synergistic
interaction of UV light and hyperthermia for yeast cells. The model is based on
the supposition that synergism takes place due to the additional lethal lesions
arising from the interaction of non-lethal sublesions induced by both agents.
These sublesions are considered noneffective after each agent taken alone. The
model predicts the dependence of synergistic interaction of the ratio of lethal
lesions produced by every agent applied, the greatest value of the synergistic
effect as well as the conditions under which it can be achieved and the
dependence of synergistic effect on UV light fluence rate. These predictions of
the model have been tested for simultaneous combined action of UV light and
heat (45~575C) for two strains of wild-type diploid yeast cells of
Saccharomyces cerevisiae. The model is not concerned with the molecular nature
of sublesions, and the mechanisms of their interaction remain to be elucidated.
In spite of the approximation used in this simplified model, it is evident from
the data presented that a good agreement appears to exist between theoretical
and experimental results.

It is worth to note that the identical model was used to describe the
dependence of synergistic effect on the ratio of N2/NI for various unicellular
organisms irradiated with ionizing radiation at high temperatures [117] as well
as for yeast cells undergoing to combined action of ultrasound and hyperthermia

[119]. Taking this data and the results of this Work as a whole, we may

—03 -



conclude that different biological systems exposed simultaneously by various
physical factors can be analyzed by the same model. It suggests a general
validity of the model for the description, prognosis and optimization of

synergistic interaction of two harmful agents.

7. Abstract

A new mathematical model for synergistic interaction of lesions produced by
ultraviolet (UV) light and high temperature has been proposed. The model
suggests that synergism is expected from the additional lethal lesion arising
from the interaction of sublesions induced by both agents. These sublesions are
considered noneffective after each agent taken alone. The model predicts the
dependence of synergistic interaction of the ratio of lethal lesions produced by
every agent applied, the greatest value of the synergistic effect as well as the
conditions under which it can be achieved, and the dependence of synergistic
effect on UV light fluence rate. These predictions of the model have been tested
for simultaneous combined action of UV light (wavelength 254 nm) and heat (4
5~575T) on two strains of wild-type diploid yeast cells of Saccharomyces

cerevisiae. The theory appears to be appropriate and the conclusions valid.
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Fig. 28. Survival curves of S. cerevisiae diploid yeast cells (strain
T1): 1, heat treatment (50.0 °C) alone; 2, UV light (254 nm) at
15 W/m2 and room temperature (20 °C); 3, calculated curve
for independent action of UV light (15 W/m® and high
temperature (50.0 °C); 4, experimental curve after simultaneous
action of these modalities. Error bars represent the standard

error of the mean.
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Fig. 29. The dependence of the synergistic enhancement ratio (k) upon
the exposure temperature and fluence rate (1, 0.15 W/m® ; 2,
1.5 W/m® for S. cerevisiae diploid yeast cells (strain T1).
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Fig. 30. The dependence of the synergistic enhancement ratio (k) upon
the exposure temperature and fluence rate (1, 0.25 W/m? ; 2,
15 W/m? for S. cerevisiae diploid yeast cells (strain XS800).
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Fig. 31. The dependence of the synergistic enhancement ratio (k) as a
function of ratio NZ/NI for S. cerevisiae diploid yeast cells
(strain T1) exposed by UV light at various intensities (open
circle, 0.15 W/m?% closed circles, 1.5 W/m? and temperature.
Solid line theoretically predicted dependence; circles

experimental data. Error bars show inter-experimental errors.
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Fig. 32. The dependence of the synergistic enhancement ratio (k) as a
function of ratio NZ2/N1 for S. cerevisiae diploid yeast cells
(strain XS800) exposed by UV light at various intensities
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temperature. Solid line  theoretically predicted dependence;
circles experimental data. Error bars show inter-experimental
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(Section VII. General regularities of synergistic interactions)

1. Introduction

It 1s well known fact that interactions can take place between hyperthermia
and other numerous physical and chemical agents found in modern life. A
number of biological objects can ‘be inactivated more strongly by various
physical and chemical agents applied together with hyperthermia compared with
normal conditions. Some of these combinations lead to a synergistic interaction
when the final observed effects ére greater than the addition of the effects from
separate exposures to the indi“vidual inactivating agents. Heat is known to be
extensively utilized to enhance cell inactivation induced by ionizing radiation
[128,132,133,140,141], ultraviolet light [113,114,133,134), ultrasound [119,126,127]
and the majority of chemical agents [123,129,132,143].

The problem of the synergistic interaction of hyperthermia with various
physical and chemical agents is very important both from theoretical and
practical points of view. Theoretically, it may shed light on the mechanism of
synergy. In practice, an improvement in combined therapy of cancer or a variety
of sterilization methods may be expected. To elucidate the mechanism of
synergy, it is of interest to reveal common patterns of synergistic effects
displayed independently on the agents applied, the end point registered and
biological test systems. Using the results of many publications
[123,128,132,135,140,141}, it is easily recognized that the degree of synergistic
effect appears  to .be influenced by many factors such as cell line,
thermotolerance, recovery and repair, phase of cell cycle, temperature, exposure
time, dose, intensity of the physical factors, concentration of the chemical
agents, and treatment sequence. The greatest synergistic interaction was
observed for the simultaneous treatment of hyperthermia with another factor
used in combination. The intervals between the exposures may affect the degree

of synergy, it being known that increasing the time between successive
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treatment of hyperthermia and another inactivating agent results in decreasing
their synergistic interaction.-

Despite . the potential importance of synergistic interaction, information
regarding other new common regularities of synergistic interaction of
hyperthermia with various physical and chemical inactivating agents was largely
missing. To reveal some new general rules describing the response of various
unicellular organisms to the combined action of hyperthermia with another
inactivating agent, in this section, synergistic interaction of the simultaneous
action of hyperthermia with ionizing radiation, ultraviolet light, ultrasound and
some chemical agents has been analysed using the experimental data presented
here for bacterial and yeast cells. To check the universality of the rules
obtained, the results published by others for viruses, bacterial spores and

cultured mammalian cells were involved.

2. Matenals and methods

2-1. Strains and cultivation conditions

The following yeast strains were used in the experiments:
Saccharomyces cerevisiae (two diploid strains, XS800 and T4), Endomyces
magnusii (diploid). Yeast cells were incubated before irradiation for 3~5 days at
30C on a complete nutrient agar layer to a stationary phase. The cells were
then washed with distilled water and resuspended to make a stock solution. The
repair-proficient bacterial strain Escherichia coli B/r was also used in the
present investigation. Before treatment, bacterial cells were grown in YEP broth
(yeast extract - 1%, glucose — 1%, peptone - 1%, NaCl -1%) at 37C -during 18
h of incubation. Final suspensions prepared in this manner contained

approximately 10% cells per m¢ for bacterial and 10° cells per m{ for yeast cells.

2-2. Trradiation with ionizing radiation
Aliquots with 10° yeast cells/m¢ in a glass tube were exposed ‘to graded
doses of 7 -radiation. The ®Co source was a Gammacell 220 (Atomic Energy of

Canada Ltd.). The 7 -ray dose-rate, estimated by ferrous sulphate dosimetry
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and by a Siemens ionization chamber, was 10 Gy/min. The electron beam from
a 25 MeV pulsed linear accelerator was also used in these experiments. The
pulse duration at half peak output was 2-7 s and the pulse repetition rate was
at 50 Hz, the average dose rates were 5, 10, 25 and 250 Gy/min as determined
by ferrous sulphate dosimetry. Dosimetric control of the accelerator was

performed immediately before the irradiation procedure.

2-3. UV light exposure

The cells were irradiated with germicidal lamps that emitted
predominantly UV light of wavelength 254 nm (far-UV radiation) at fluence
rates of 0.033, 0.15, 0.25, 1.5 W/m?® at different temperatures (47.5~57.5 °C). The
source of far~UV light at 254 nm was a low pressure mercury vapour lamp
with an integral filter that provided more than 95% of the emitted radiation at
254 nm. Variation of the intensity was achieved by means of calibrated metal
wire nets. The fluence rates at 254 nm were measured using a calibrated
General Electrical germicidal meter. To avoid photoreactivation, UV exposure,
dilution and other procedures were performed under red ambient light, while

post-irradiation incubation was carried out under dark conditions.

2-4. Sonication

A continuous mode of sonication was accomplished by a 20 kHz
ultrasonic unit (Fisher sonic dismembrator Model 300). The diameter of the
ultrasonic transducer was 15 mm. The ultrasonic dose rates were 0.05 and 0.2
W/cm®. This ultrasonic intensity was measured by the calorimetric method. To
estimate the effect induced by ultrasound alone, the following method was used:
0.1 m¢ of cell suspension (10® cells/mf) at room temperature was put into 99 m¢
of sterile water which was placed into a metal vessel constructed together with
the transducer. To determine the effect induced by ultrasound alone, the

absorbed ultrasound heat was completely removed by cooling with water.
2-5. Heat treatment applied alone or combined with other agents

- Hyperthermia was given in a water bath where a desired temperature
+0.1 °C was maintained by a constant temperature circulator. The exposed cell
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suspension was adjusted to pH 7.4. For the simultaneous action of hyperthermia
and other physical or chemical agents, the time interval between the introduction
of the cells into the preheated water and the beginning of exposure was about
0.1~0.3 min, which was significantly less than the total treatment time. At the
end of the treatment, the samples were rapidly cooled to room temperature. This
meant that the duration of physical agent treatment and heat exposure were
identical. A known number of cells were then plated such that 150~200 colonies
per dish would form by the surviving yeast cells after 5~7 days of incubation
at 30 °C and 50~100 colonies by bacterial cells after 24 hrs of incubation at 30
°C. All experimental series were ' repeated 3~5X. The linear regression
calculation based on the multi-target single-hit mathematical model was used to
fit the survival curves. The details were described elsewhere [115,116,119,131].

3. Results

3-1. The thermal enhancement ratio and the synergistic enhancement ratio

Fig. 33 exhibits some examples of the basic experimental data used in
this investigation. Here, survival curves were obtained for diploid yeast cells of
different species and bacterial cells after heat treatment alone (curve 1) or after
exposure with another inactivating agent applied alone at room temperature
(curve 2). Curve 3 represents the theoretical survival curves that would be
expected by the simultaneous combined action of both modalities if their
inactivation action was completely additive. Curve 4 shows the real survival
curves obtained experimentally after the simultaneous action of heat and another
inactivating agent. In all cases, the experimental curves go below the survival
curves predicted for the case of both agents produce their effect without
interaction. This means that a synergistic interaction takes place. These four
types of survival curves depicted in Fig. 33 have been obtained in this section
for every temperature, intensity of physical factors, concentration of chemical
agents and cell kind investigated. They are not presented here and were used to
evaluate the effectiveness of the interaction.

To estimate quantitatively the sensitization action of hyperthermia, one can
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employ (for example, [139]) the thermal enhancement ratio (TER) defined as the
ratio t3/t1 (Fig. 33), ie. TER is defined by the ratio of dose (or exposure
duration) required to give a specified level of damage induced by the applied
inactivating agent without heat to the dose required to give the same level of
damage produced by the same agent used together with heat. This ratio
indicates an increase of cell sensitivity by high temperature. However, it does
not reflect the kind of interaction (whether it was antagonistic, independent or
synergistic). In some cases, for practical and theoretical reasons, it is of great
importance to provide information concerning the interaction. Hence, it would be
of interest to estimate quantitatively the synergy on the dependence of
environmental conditions including the temperature under which the treatment
occurred. In this section, to calculate the synergistic effect we used the
synergistic enhancement ratio (k) suggested earlier [133,134] and defined as the
ratio of the exposure time expected for an additive effect of both modalities to
that observed from the experimental survival curve for the simultaneous action
of hyperthermia and another inactivating factor. This parameter should be
estimated for a fixed level of survival, for example for 10% survival, k = t2/t1
(Fig, 33). For purely exponential survival curves, k does not depend on the
surviving level,

Both these parameters are plotted in Fig. 34 against the exposure
temperature for the simultaneous action of hyperthermia with various
inactivating agent and cell systems. The remarkable feature of Fig. 34 is that
the thermal enhancement ratio (curve 1) increases permanently with increasing
exposure temperature, while the synergistic enhancement ratio (curve 2)
increases at first, then reaches a maximum, which is followed by a decrease.
This pattern was observed independently of the agent (ionizing radiation, UV
light, ultrasound, and zinc sulfate) and the cell line (yeast or bacterial cells)
used in this investigation. Noteworthy is the fact that such a dependence of the
synergistic effect on the temperature under which the exposure occurred was
also obtained for the combined action of ionizing radiation and heat on
bacteriophage [142], bacterial spores Bacillus subtilis var. niger [124,137), as
well as for cultured mammalian cells subjected to the simultaneous treatment of

hyperthermia with some chemical inactivating agents [130]. This implies that,
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irrespective of the biological object investigated, the synergistic interaction
between hyperthermia and other inactivating agents is observed only within a
certain temperature range. For temperatures below this range, cell killing is only
additive and was predominantly induced by the physical factor or the chemical
agent combined with heat. On the contrary, for temperatures above this range,
cell killing was caused mainly by heat and is also only additive. Hence, one can
conclude that for a given intensity of physical factors or concentration of
chemical agents there would be a specific temperature that maximizes the
synergistic interaction. Any deviation of the acting temperature from the optimal
value results in a decrease of synergism. Therefore, it can be supposed that for
any fixed temperature there should be a specific intensity of the agent applied
that maximizes the synergistic effect. It would then be of interest to examine
the relationship between the acting temperature and the intensity of the physical
factors or the concentration of the chemical agents, the combined action of

which provides a definite synergy or its highest value.

3-2. Dose rate and synergistic interaction of hyperthermia with ionizing
radiation '

A detailed study of the dependence of synergism of a simultaneous
thermoradiation exposure on the ionizing radiation dose rate was performed
using the simplest model of eukaryotic cells - diploid yeast cells of
Saccharomyces cerevisiae of the wild type (XS800 strain) exposed at the
stationary growth stage simultaneously to ionizing radiation (25 MeV electron)
and hyperthermia. Some results of these studies were published earlier
[116,136,144]. The final results of these studies are summarized in Fig. 35 where
the experimentally obtained dependencies of the synergistic enhancement ratio on
temperature at which the cell irradiation occurred are depicted for all the used
dose rates. The presented data suggest the following conclusions. First, for each
of the studied dose rates there is a certain range of temperatures synergistically
enhancing the effect of ionizing radiation as well as a temperature at which the
effect of synergism is maximal. Second, the effect of synergism depends both on
the temperature at which the irradiation occurs and on the dose rate of ionizing

radiation. For example, with a dose rate of 250 Gy/min (curve 4) the highest
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synergistic enhancement ratio is observed at 54C. A decrease in the dose rate
to 25 (curve 3), 10 (curve 2), and 5 (curve 1) Gy/min leads to the fact that the
temperatures at which synergism will be maximal become lower and equal 52.5,
50.0, 480TC. Thus, with decreasing dose rate the temperatures at which
irradiation occurs should be lowered in order to achieve the greatest synergistic
interaction. In relation with the cardinal importance of this conclusion it seems
of interest to analyze the data on the relationship between the synergism of the

other harmful physical and chemical environmental factors and their intensities.

3-3. Fluence rate and synergistic interaction of hyperthermia with UV light

A wide set of survival curves for two diploid strains (XS800 and T1) of
Saccharomyces cerevisiae yeast cells of the wild type exposed at the stationary
growth stage simultaneously to 254 nm UV light and hyperthermia. Some
results of these studies were published earlier for different fluence rates and
temperatures [115,136,145]. The final results of these studies are summarized in
Fig. 36 which demonstrates the dependence of the synergistic enhancement ratio
on the temperature at which irradiation occurred and on the intensity of UV
radiation. It follows from these data that synergism is determined both by the
temperature and fluence rate of UV light. Similar to the simultaneous exposure
to ionizing radiation and hyperthermia, for every constant fluence rate of UV
radiation there is a certain range of temperatures synergistically enhancing the
effect of this factor as well as a temperature at which the synergistic
interaction is the highest. For temperatures below this range, the interaction of
both agents is only additive and cell killing was mainly determined by UV light
exposure. For temperatures above this range, cell killing is additive again and is
predominantly caused by heat. It can also be inferred from these data that with
a decrease in the UV light fluence rate the temperature of the exposed cell
suspension should be lowered in order to provide the highest synergistic effect.
It can be supposed on this basis that, for any fixed temperature, there should be
a specific UV light fluence rate that maximizes the synergistic effect, and any
deviation of the UV light intensity from the optimal value would result in a

decrease in synergy.
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3-4. Ultrasound intensity and synergistic interaction of hyperthermia with
ultrasound
Diploid Saccharomyces cerevisiae yeast cells (strain XS800) were
subjected to the simultaneous action of 20 kHz ultrasound and hyperthermia.
Yeast cells were sonicated at intensities of 0.05 and 0.20 W/cm® at temperatures
ranging from 44C to 545C. A part of the results has already been published
[119]. New results on the relationship between synergism, eprsure temperature
and ultrasound intensity are presented in Fig. 37. It is obvious that for both
intensities there is an optimal temperature at which the synergistic interaction of
the agents is maximal. In particular, at the ultrasound intensity of 0.20 W/cm?® a
maximal synergistic enhancement ratio was achieved at 525C whereas to
provide the highest synergism at the ultrasound intensity of 0.05 W/em® the
temperature should be reduced down to 47T. This means that as the ultrasound
intensity decreased, the temperature at which the ultrasound treatment of the
cells occurred should be diminished to provide the highest synergistic interaction.
Thus we may infer that the conclusions made for the above-described
combination of physical factors are also true for the simultaneous action of

ultrasound and hyperthermia.

3-5. Concentration of chemical agents and their synergistic interaction with
hyperthermia
Since chemical reactions in general are accelerated by increasing
temperature, one would expect that the rate of cell injury by chemical agents
would also be accelerated at elevated temperatures. Temperature dependence in
the cytotoxicity of the chemical agents as well as the synergistic interaction of
the combined action of hyperthermia with a number of chemical environmental
pollutions or therapeutic agents have been reported [129,130,143]. It would be of
interest to analyze the dependence of synergism on the intensity of some
chemical agents. The treatment duration may be considered as an analog of the
chemical agent dose while the concentration of preparation may serve as a
measure of its intensity.
Johnson and Pavelec (1973) obtained the relationship between temperature
and the cytotoxicity of tris(1-aziridinyl)-phosphine sulﬁde (thio-TEPA) in vitro
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with the inactivation of clone-forming hamster cells [129]. Cells were exposed to
thio-TEPA in 2 concentrations, 5 and 10 g/m{ at various temperatures. The
effect of various concentrations of cis-diamminedichroloplatinum (II) (cis-DDP)
and hyperthermia on cultured Chinese hamster ovary (CHO) cells was
investigated by Urano et al. (1990, [143]). In both these reports, a precise and
useful relationship between temperature and cytotoxic effect was defined, and in
addition, the thermodynamic characteristics of the main chemical reactions
involved in the cytotoxicity of the agents have been published. However, the
authors of the cited works did not estimate the dependence of synergism on the
concentration (intensity) of the drugs. Using their data, including extrapolation
which was made for higher temperatures [129], we have -calculated the
relationship between the concentration of drugs, treatment temperatures and the
synergistic enhancement ratio. The results of the calculations are given in Fig.
38A for thio-TEPA and in Fig. 38B for cis-DDP. It can be seen that with a
decrease in concentration of both drugs the exposure temperature should also be

decreased to display the highest synergistic interaction.

4. Discussion

In this section, synergistic interaction of the simultaneous action of
hyperthermia with ionizing radiation, ultraviolet light, ultrasound and some
chemical agents has been analysed using the experimental data obtained by
authors with bacterial and yeast cells and published by others for cultured
mammalian cells. Some universal rules in the responses of various cellular
systems to the combined action of hyperthermia with another inactivating agent
were revealed. The existence of a definite temperature range inside which the
synergistic interaction of both modalities is observed was demonstrated. The
remarkable feature of this interaction is that at first the synergistic effect
increases with increasing exposure temperature, then reaches a maximum, which
is followed by a decrease. For temperatures below this temperature range, the
synergistic effect was not observed and cell killing was mainly determined by

the damages induced by the physical or chemical factor employed in combination
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with hyperthermia. For temperatures above this temperature range, the
synergistic effect was also not observed, but cell killing was chiefly. caused by
hyperthermia.

The temperature range strengthening the effect of ionizing radiation has been
varied with different cell systems and shifted toward lower temperatures for
temperature-sensitive cell lines. As it has been already pointed out [117,135],
this range was about 95~105C for thermoresistant bacterial spores Bacillus
subtilis, 50~60°C for bacterial cells, 45~55C for yeast cells, and 40~45TC for
cultured mammalian cells whose sensitivity to hyperthermia is the greatest.
Inside the temperature range, synergistically increasing the effect of the
inactivating agents, a specific temperature which maximizes the interactive effect
may be found. In other words, there is a definite ratio of damages produced by
agents employed in combination that would ensure the greatest synergistic
effect. Any deviation of this ratio from- the optimal one resulted in a decrease in
synergism. ,

The data presented in this section clearly indicate that the intensity of the
physical factor or the concentration of the chemical agent may serve as. a
determinant of synergy. It was demonstrated for yeast cells that, with a
decreasing dose rate of ionizing radiation to obtain the maximum synergistic
effect, the temperature at which the radiation is delivered should be diminished.
To justify the acceptability of this conclusion to other biological objects we have
analyzed the experimental data published by other authors. Inactivation of
attenuated poliovirus [125] and T4 bacteriophage [142] were dependent on both
dose rate (1.32 and 5.1 Gy/min) and exposure temperature. It has been shown
for Bacillus subtilis spores that for a given temperature (95 or 105°C) there is a
specific dose rate which maximizes the rate of inactivation [137,138]): For this
cell system, a .temperature- and dose rate—dependent model was sﬁgges_ted for
the Kkinetics of cellular response to simultaneous. treatment with ionizing radiation
and temperature [122]. For mammalian cells the temperatures increasing the
effect of ionizing radiation shifted toward lower temperatures with a decrease of
dose rate [120,121]. Our calculations showed [136] that the value of synergism
was the highest for bacterial spores (kmax = 2.2) but was intermediate for

bacteriophage (k = 1.3) and cultured mammalian cells (k.= 2.2). This was .due to



the fact that for last cell systems the highest synergistic effect was not
obtained for all dose rates used in the experiments. However, the main
conclusion of the present work was also valid for these objects. To preserve the
same level of synergy, the exposure temperature should be lowered with
diminishing of dose rate of ionizing radiation. Consequently, the data for yeast
cells presented here are consistent with those described for cells of various
origin and thus demonstrate that with decreasing dose rate the temperatures at
which irradiation occurs should be lowered in order to provide the greatest or
some a definite level of synergy.

For diploid yeast cells, the synergistic interaction of the simultaneous action
of 254 nm ultraviolet light or 20 kHz ultrasound with hyperthermia was also
studied. It was shown that, at any fixed UV light or ultrasound intensity, the
synergistic effect occurred within a certain temperature interval. For other
temperatures, the effect was only additive. The optimal temperature to achieve
the greatest synergistic effect may be shown for every infensity of these
physical factors. The correlation between the optimal temperature that
maximized the synergy and UV light or ultrasound intensity was estimated: this
temperature shifted towards lower temperature values with a decreasing
intensity of the acting physical factor. These data are in complete agreement
with the discussed set of data demonstrating the importance of dose rate for the
synergistic interaction of ionizing radiation and hyperthermia.

Using the experimental data published by others for the simultaneous action
of hyperthermia and various concentration of thio-TEPA [129] or cis-DDP [143]
on cultured mammalian cells, it was demonstrated that with a decrease in
concentration of both drugs the exposure temperature should also be decreased
to achieve the highest synergistic interaction. Admitting the concentration of the
chemical agent may be considered as an analog of the intensity of the
inactivating factor, we may conclude that these data agree with the whole
complex of the above discussed results evidencing the importance of the
intensity of the acting agents for their synergistic interaction.

Taking all these data obtained for the simultaneous treatment of
hyperthermia with ionizing radiation, ultraviolet light, ultrasound and some
chemical drugs on various cell systems as a whole, one can conclude that the
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intensity of the physical factor or the concentration of the chemical agent may
be considered as a determinant of synergy. It was shown that the lesser
intensity of one of the agent applied, the lesser temperature under which the
treatment occurred should be used to obtain the highest value of synergism.
These results seem to be related to the fact that, if the intensity decreases, then
the effective lethal dose is delivered over a long time, so that the duration of
heat incubation increases, which could explain the lower temperature that should
be applied to the cells. In other words, for a short duration of interaction,
relatively higher intensities of both agents should be used to provide the
greatest synergistic interaction. In contrast, for a long duration, relatively smaller
intensities must be used. Besides being of interest for interpretation of the
mechanism of synergistic interaction, these results may be important in diverse
practical applications. Although all these data were obtained at temperatures far
beyond the physiological range, it is not excluded, in principle, that for even
physiological temperatures of homeothermal animals and man there could be
exist optimal intensities of existing natural or man-made background of ionizing
radiation, UV light, ultrasound or concentrations of chemical pollutants providing

the highest synergistic interaction and thereby increasing their biological effects.

5. Abstract

Synergistic interaction of the simultaneous action of hyperthermia with
ionizing radiation, ultraviolet light, ultrasound and some chemical agents has
been analysed using experimental data obtained by authors with bacterial and
yeast cells and published by others for viruses, bacterial spores and cultured
mammalian cells. Some general non-trivial rules in responses of these cellular
systems to the combined action of hyperthermia with one of the other
inactivating agents were revealed. For every constant intensity or concentration,
there was a specific temperature that maximizes the synergistic interaction of
hyperthermia with another agent employed. Any deviation of temperature from
the optimal one resulted in a reduction of the synergy. The intensity of the
physical factors or the concentration of chemical agent strongly influenced the
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synergy- the lesser intensity of the agent applied, the lesser temperature under
which the treatment occurred should be used to obtain the highest or some

definite value of synergism.
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Fig. 33. Survival curves of diploid yeast cells (A - Endomyces
magnusii, B, C Saccharomyces cerevisiae, strain XS800) and
bacterial Escherichia coli B/r cells exposed to various
agents. Curve 1 - heat treatment alone (A - 40T, B - 52,
5C, C - 48C, D - 40TC); curve 2 another inactivating agent
applied alone at room temperature (A -7 ~ray, 10 Gy/min, B
- 254 nm UV light, 0,25 W/m® C - 20 kHz ultrasound, 0,05
W/cm® D - 0,01 M zinc sulfate); curve 3 - calculated effect
for the independent action of the agents used; curve 4 -
experimental surviving curves after the simultaneous action
of the agenté used. Error bars show iriter—experiménfal

standard errors.
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Fig. 34. The dependence of the thermal enhancement ratio TER (curve
1) and synergistic enhancement ratio k (curve 2) upon
exposure temperature after the simultaneous action of high
temperature and another inactivating agent (A - 25 MeV
electron radiation, 25 Gy/min, B - 254 nm UV light, 0,25
W/m?, C - 20 kHz ultrasound, 0,05 W/cm® D - 001 M zinc
sulfate) on Saccharomyces cerevisiae diploid yeast cells, strain
XS800 (A, B, C) and Escherichia coli bacterial cells, strain B/r
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(D). Error bars show inter-experimental standard errors.
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Fig. 35. The dependence of the synergistic enhancement ratio (k) upon
exposure temperature and the dose rate of 25 MeV electron
radiation (1 - 5, 2 - 10, 3 - 25 4 - 250 Gy/min) for
Saccharomyces cerevisiae diploid yeast cells (strain XS800).

Error bars show inter-experimental standard errors.
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Fig. 36. The dependence of the synergistic enhancement ratio (k) upon
exposure temperature and the fluence rate of ultraviolet light
(254 nm). A: curve 1 - 0033, 2 - 025, 3 - 15 W/m% B:
curve 1 - 015, 2 - 15 W/m® for Saccharomyces cerevisiae
diploid yeast cells, strains XS800 (A) and T1 (B). Error bars

show inter-experimental standard errors.
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Fig. 37. The dependence of the synergistic enhancement ratio (k) upon
exposure temperature and ultrasonic (20 kHz) intensity (1 -
005 2 - 02 W/cm® for Saccharomyces cerevisiae diploid
yeast cells (strain XS800). Error bars show inter-experimental
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Fig. 38. The dependence of the synergistic enhancement ratio (k) upon
exposure temperature and concentration of thio-TEPA (A:
curve 1 5 g/mf, curve 2 10 g/m¢) and cis-DDP (B: curve 1
3 M, curve 2 6 M) for Chinese hamster cells.
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(Section VIII. Determinant of synergistic interaction between radiation, heat and

chemicals in cell killing)

ABSTRACT

Experimental data obtained for simultaneous action of ionizing radiation
with different physical or chemical agents on various cellular systems evidence
that the lesser the intensity of physical factor or the concentration of chemical
agents, the smaller the temperature that has to be used to provide the highest
or a definite level of synergistic interaction. On this basis, it is inferred that the
synergism may take place at small intensities of harmful environmental factors
existing in the biosphere. Hence, the assessment of health or environmental
risks should take into account the synergistic interaction between harmful

agents.

1. Introduction

Combined exposures are an ‘essential feature of modern life. It is well known
that almost all physical and a wide array of chemical harmful agents, both
natural and man made, are capable of interacting with each other in a
synergistic manner when the final biological effect exceeds the sum of individual
effects produced by interacting agents. Therefore any risk assessment must
consider the question whether combined effects will influence the health
outcome. Of all possible situations of combined actions, long term exposure of
living objects to low levels of the agents widely presented in the nature is
especially important. However, the assessment of potential significance of
synergistic interaction between adverse environmental factors acting together at
the level of intensity and concentration found in biosphere is still an intriguing

and unresolved prbblem. Real experiments with low intensities found in

-119-



environmental and occupational settings is prone to large uncertainties. ‘A
feasible approach to this problem is to analyze the dependence of the 'efficiency
of synergistic interaction on the intensity of agents used. Hypothetically, some
possibilities could be realized. The case when synergism is decreasing with
intensities of deleterious agents applied is unimportant. The same is true for the
situation when a decrease in the intensity of one factor should be accompanied
by an increase in the intensity of another to retain their synergistic interaction
at the same level. The only possibility }Would be of great importance: if the
lesser intensity of one of the agents is applied, then the smaller intensity of
another agent should be employed for the display of the highest or a definite
level of synergy. In such a case, it would be expected that even at low
intensity environmental agents may, in principle, interact with each other in a
synergistic manner and thereby to enhance their harmful action. In this section,
we present conclusive evidence confirming the last opportunity for various

cellular systems and various a

2. Mateﬁals and methods

Zygosaccharomyces bailii haploid and Saccharomyces cerevisiae diploid
(strain XS800) and haploid (strain S288C) yeast cells were used in the
experiments. Yeast cells were incubated before irradiation for 3~5 days at 30TC
on a complete nutrient agar layer to a stationary phase. Aliquots with 106 yeast
cells/m¢ were exposed to various physical agents applied alone or combined with
hyperthermia. We used a ®*Co source Gammacell 220, Atomic Energy of Canada
Ltd. The 7 -ray dose-rate, estimated by a Siemens ionization chamber, was 10
Gy/min. The electron beam from a 25 MeV pulsed linear accelerator was also
used in these experiments. The pulse duration at half peak oﬁtput was 2.7 s and
the pulse repetition rate was at 50 Hz, the average dose rates were 5, 10, 25
and 250 Gy/min as determined by ferrous sulphate dosimetry.

For ultraviolet (UV) irradiation, the cells were exposed with germicidal lamps
that emitted predominantly UV light of Wavelength 254 nm. Variation of the

intensity was achieved by means of calibrated metal wire nets. The fluence
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rates were measured using a calibrated General Electrical germicidal meter. To
avoid photoreactivation, UV exposure, dilution and cell plating were performed
under red ambient light, while post-irradiation incubation was carried out under
dark conditions.

Ultrasound (20 kHz) was generated by a Fisher sonic -dismembrator (Model
300). The ultrasonic dose rates were 0.05 and 0.2 W/cm® which was measured
by the calorimetric method. To determine the effect induced by ultrasound alone,
the absorbed ultrasound heat was completely removed by cooling with water.

Experiments on the simultaneous action of high temperature and other agents
were performed as follows. The ‘special dish and tube containing 1.4 (for UV
light irradiation) or 9.9 (for ionizing radiation and ultrasound exposures) ml of
sterile water was preheated to a specified temperature which was maintained
with an accuracy of 0.2TC. Cell suspension was added immediately before
irradiation or sonication (an 0.1-ml aliquot containing 1.5x107 cells for UV-light
and 108 cells for ionizing radiation and ultrasound exposures). For the
simultaneous action of hyperthermia and other physical or chemical agents, the
time interval between the introduction of the cells into the preheated water and
the beginning of exposure was about 0.1~0.3 min, which was significantly less
than the total treatment time. At the end of the treatment, the samples were
rapidly cooled to room temperature, and, hence, the exposure to high temperature
and another physical agent lasted for the same period of time. Thereafter, cell
suspension was diluted to a necessary concentration and plated onto the
standard nutrient medium to determine the cell survival by the method of
macrocolonies. All experimental series were repeated 3~5 times. The details
were described elsewhereA [115,116,133,134,146].

3. Results
It is now generally accepted that the highest synergistic interaction is
observed under the simultaneous action of harmful agents. The increasing -in the

interval between exposure results in a diminution of synergy. That is why in

this work we analyse only simultaneous application of agents. Cell killing is the
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main end-point envisaged. Fig. 39 provides an example of the basic experimental
data used in this investigation. To estimate quantitatively the sensitization action
of hyperthermia, one can apply the thermal enhancement ratio [139] defined as
the ratio D3/D1 or t3/t1 (Fig. 39). This ratio indicates an increase of cell
radiosensitivity by high temperature. However, it does not reflect the kind of
interaction (whether it was independent or synergistic). To calculate the
synergistic effect we used the synergistic enhancement ratio (k), defined as the
ratio of the calculated radiation dose (assuming an additive effect of radiation
and hyperthermia) to that observed from the experimental survival curve for the
simultaneous action of radiation (or other agents employed) and hyperthermia at
a fixed level of survival. For example for 1% survival, k = D2/D1 = t2/tl (Fig.
39). For exponential survival curves, this parameter is independent of the
survival level for which it is calculated. For sigmoidal survival curves, the
synergistic enhancement ratio was calculated for 10% survival Both these
parameters are plotted in Fig. 40 against the irradiation temperature for XS800
diploid (Fig. 40a) and S288C haploid (Fig. 40b) Saccharomyces cerevisiae yeast
cells simultaneously exposed to *Co 7 -ray (10 Gy/min) and high temperature.
The noticeable feature of Fig. 40 is that the thermal enhancement ratio (curve
1) increases indefinitely with increasing exposure temperature, while the
synergistic enhancement ratio (curve 2) at first increases, then reaches a
maximum, which is followed by a decrease. This implies that the synergistic
interaction between hyperthermia and ionizing radiation is observed only within
a certain temperature range. Noteworthy is the fact that such a dependence of
synergistic effect on temperature under which the exposure was occurred was
also obtained upon the simultaneous combination of hyperthermia with UV light
[90,115], ultrasound [134,146] and some chemical inactivating agents [130,147).
Hence, one can conclude that for a given intensity of physical factors or
concentration of chemical agents there would be a specific temperature that
maximizes the synergistic interaction. Any deviation of the acting temperature
from optimal value results in a decrease of synergism. One more important
conclusion can be made from the results presented in Fig. 40. One can see that
the effectiveness of synergistic interaction was smaller for haploid cells than for

diploid ones. It is in agreement with the well known fact that the mechanism of
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synergy is related with cell ability to repair radiation damage [120,121] while
repair of DNA double strand breaks requires two homologous DNA duplexes
[148].

To evidence the importance of synergistic effects at low intensity of
inactivating agents, we analysed the dependence of synergistic interaction on the
intensity of physical factors or on the concentration of chemical agents applied
in combination with hyperthermia. Using survival curves data published for
simultaneous action of hyperthermia and ionizing radiation on bacteriophage
[142]), bacterial spores [137,138], yeast [161,133] and mammalian cultured cells
[120,121], we were able to calculate the synergistic enhancement ratio for
various cell systems and irradiation condition. It allowed us to establish the
correlation between the dose rate and the exposure temperature, which both
provide maximum or other arbitrary levels of synergistic interaction (Fig. 41).
Open circles denote the results of our calculations based on experimental results
published in the cited papers. The value of synergism was the highest for
bacterial spores (Kma = 2.2), diploid yeast cells (kmax = 1.7) and was intermediate
for bacteriophage (k = 1.3) and cultured mammalian cell (k = 22). This was
due to the fact that for last cell systems the highest synergistic effect was not
obtained for all dose rates used in the experiments. One can see that linear
relationships are found between these values for various cellular objects. This
means the general importance of the dose rate of ionizing radiation in the
manifestation of synergistic interaction. It can be inferred that the temperature
at which ionizing radiation is delivered should be diminished to obtain the
maximum or a definite synergistic effect with dose rate decreasing and vice
versa.

To check this regularity for other inactivating agents, the data on
simultaneous effect of hyperthermia combined with UV light [90,115] or
ultrasound [134,146] on diploid vyeast («cells, as well as with
tris(1-aziridinil)-phosphine sulfide (thio-TEPA) [129] and
cis-diamminedichloroplatinum (II) (cis-DDP) [143] on cultured mammalian cells
were involved. The last two set of data include the relationship between
exposure temperature, concentration, and rate of cell inactivation for chemical

agents used in clinical chemotherapy. Hence, they have no direct attitude toward
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environmental harmful agents and they used here to demonstrate that the
concentration of chemical agents is also .important for their synergistic
interaction with heat. Using data published in the above cited works, we could
obtain the relétionships between the intensity of physical factors or the
concentration of chemical agents with the exposure temperature which both
provide the greatest synergy (Fig. 42). Here again, open circles denote the
results of our calculations based on the survival curve data published earlier.
The value of the synergistic enhancement ratio was about 1.6 for UV light, 2.5
for ultrasound, 25 for thio-TEPA and 32 for cis-DDP combined with
hyperthermia. In all cases, at a smaller intensity of the physical factor or
concentration of the chemical agents, it was required to reduce the acting

temperature to preserve the highest synergistic effect.

4. Discussion

The experimental data presented in this section and obtained by authors
with yeast cells and -published by other authors with cultured mammalian cells
after simultaneous action of heat and various physical and chemical agents
revealed two remarkable features. First of all, for any constant intensity of
physical agent or concentration of chemical compounds there is an optimal
temperature at which their synergistic interaction shows the highest
effectiveness. In other words, there exists a definite temperature range inside
which the synergistic interaction takes place.

The second relevant feature, followed from the data presented in this section
is the evidence of the importance of synergistic effects at low intensity of
acting agents. Experimental results obtained for the simultaneous treatment of
hyperthermia with ionizing radiation, ultraviolet light, ultrasound and some
chemical drugs on various cell systems clearly indicate that the intensity of the
physical factor or the concentration of chemical agent predestines the
effectiveneés of their synergistic interaction with heat. One can conclude
therefore that time factor may be considered as a determinant of synergy. It

was shown that the lesser intensity of one of the agent applied, the lesser
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temperature under which the treatment occurred should be used to provide the
highest or a specified level of synergism. These results seem to be related to
the fact that, if the intensity decreases, ‘then the effective lethal dose is
delivered over a long time, so that the duration of heat incubation increases,
which could explain the lower temperature that should be af)pliéd to the cells.
Taking all these data as a whole, one can conclude that for a long duration
of interaction, which are important for problems of health physics, small
intensities of deleterious environmental factors may synergistically interact with
each other either with environmental heat or physiological temperatures of
homoiothermal animals and man. Hence, the assessment | of health or
environmental risks from numerous natural and man-made agents at the level of
intensities or concentrations found in environmental and occupational settings

should take into account the synergistic interaction between harmful agents.

5. Conclusions

It can be therefore concluded that (i) the exposure rate of environmental
agents is an important relevant determinant of synergy, and that (ii) there
perhaps may be exist a common rule among the objects tested and agents
employed in this work: the lesser intensity of one of the agent applied, the
smaller temperature has to be used to provide the highest or a definite level of
synergistic interaction. It can be inferred that, in principle, the synergistic effect
may take place between small intensities of harmful environmental factors
existing in the biosphere and environrnéntal heat and/or body temperature of
homeothermal animals and man. This inference can have important bearing on
the possible outcome of combined exposure, the risk assessment and
disaster-prevention after action of numerous deleterious agents existing in

comtemporary life.
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Fig. 39. Survival curves of Zygosaccharomyces bailii haploid yeast cell. Curve
1 - heat treatment (45TC) alone; curve 2 - 7 -radiation at about 10
Gy/min and room temperature; curve 3 - calculated curve for
independent action of ionizing radiation and heat, curve 4 -
experimental curve after simultaneous thermoradiation action.
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Fig. 40. Thermal enhancement ratio (TER) (curve 1) and synergistic
enhancement ratio (k) (curve 2) of Saccharomyces cerevisiae
diploid (a, strain XS800) and haploid (b, strain S288C) as a
function of temperature during exposure of 7 -ray at 10

Gy/min.
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Fig. 41. Correlation of dose rate and exposure temperature providing the same
synergistic interaction under simultaneous thermoradiation action: a -
bacterial spores (Bacillus subtilis); b - diploid yeast cells
(Saccharomyces cerevisiae, XS800); ¢ - bacteriophage (T4); d - cultured
mammalian cells (Chinese hamster cells). The original survival curve
data were partly obtained by authors and the publications. The
calculated values of synergism were about 2.2 for bacterial spores, 1.7
for yeast cells, 1.3 for bacteriophage, 2.2 for cultured mammalian cells.
The total doses were about 5000 Gy for bacterial spores, 1000 Gy for
yeast cells, 500 for bacteriophage, and 10 Gy for cultured mammalian
cells.
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Fig. 42. Correlation of exposure temperature with UV light fluence rate (a),
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(cis-DDP) (d) providing the highest synergistic interaction under their
simultaneous action on yeast cells (a, b) and cultured mammalian cells
(c, d). The original survival curve data were partly obtained by authors
and were taken from the publications. The calculated values of
synergism were about 16 for UV light, 25 for ultrasound, 25 for
thio-TEPA, and 3.2 for cis-DDP combined with hyperthermia.
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