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'c rcntmlly from the latter. Zimmer (112) has recently

"

-5 -

to c,mbine L “Lho-zit“ curves of diffcrent sized targets in

sucih a way Lnac by rovri Le_adjustments of the p&rametérs;

overr many deca es, tn“t it would be difficult to aistinguish

<
-

e cwed the noteﬂt¢ l ties and limitatiocns of tarses theorose—
ical colcl"°1ons based on dose-cfiecct curves.

In cases whe*o logeritmic survival curves apply, the

€
radioseﬁsitivities of the biolosical system in guestion, to

&

Falka PNy om S 3 3 3 1 A P TS S P - . v ' i3, . )
.L.LG..‘."GL.’.J-\.' lOl’llle‘xs_._',»I"ci’J‘.lc;u.LGuo,- are usually compared directly

‘As far as the present author know, no case has beeun
reported of change of & dose-cirect curve Ifrom the exponuntial

e 5 D e 1T e i cn ey TIN oY o 2 i e -
typz for readlations of low LEY Towards the sizmoid tyre lor

ae Shape of Survival Curves Independent of LiT.

Most dose~effect curves arce of the "31qm“id” tyoe, with
an initizl flat portion indicatins that no obsarvable bio-
lozical 2ffect is produced urtil a coertain amouas of labend

N

effesct hias accumulatede In uaaj SuluLCC of the relative

sensitivity of a biological jJuGﬁ to diffcrent Lypss of
ionizinﬁ radiations it has been found thot the

survival curve remaings approximately unchanzed irrespective
of the LiET of the radiations ctudied. This wes pnolinted ouh

] mn

for 1nst1nce by Tobias (100) in a °uhdy of inhibiticn of colom:



s a

ulgg'o

fornmtion ol diuloid yeast, exposed to 190 Hev UCU“”TOHS,

A 4

200 v A«raya, and to albnu pa TClCleSo- Under smpn conditions,

The dos~~elloct curve obscrve& for zny radiation can be Trans-

4

ferred into that for a stendard or reference r dlu tiom, DY

nultiplying the dose scale by a coastans, chara cterl tic for

%0 as dose reduction factos, using for instance the Xe-roy

Uad p T i —~ 1 e .

ncer sucn conultions the relative radic-

',?&C' ions can be discussed im terms of . dose roduction

ke Shape of Survivel Curves

&s pointed out oy Zirkle (117) it is

i - da L4 - v e ' —~ kY .
Shal, in —ost systems, Lid does not ceem

however, where survival curve: were found

type for radiation of low LET, but chanz

-2

ationeg of sufficicentis hich LW
[SRUNRS 2N I SUTIICcLem Ay 015 LUl,

o
[

- - (a)
LTruy exponential ior

5

-~
(8

)

13 . 4. N . a4 Ea i - N . N A TV P4 - o
Mat, the shape of the dose-cflivct curve con Le o funchion of

v

o “rm N 1 ~a oA s e e gan A e L Y s .
the LET was probably first dercnzirated by Gilzs (437 in a
- Yy v - ooom : ST ey e -
study of chromosome ab err at¢o 18 of Tral nolue Svapleten
~ te 5 T A S 4= o -, N e 4 g < ~ PO N Eal

et ale (G4) din a study of compirative lethal zntion of
nrolong. and alvhs rtarticles 31 drvy soeres. of SRR
¥ 0115, a GLllaz TardlcCles S0 Qry So0ree Ci 2L

-

) 4o emde Y - e - U R, Dy
sarrcus, as vested by macrosconic cclony {formation, found

GIADO ontial survival curves fo» protens .and alihas,.but a
. oyt Pl - Fay ey
sigrioid dose-girfect curve I Ll-ravsS,

Zirkle et al. (114) studied the inhibition of germ tube
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v

energy r3q ircnvntu‘ln terms cf
a rack sesment of length 4% has been given by Howard-IFlconders
(48)° in the Iol¢o"1p~ a brief review of soue of the main

>

points of his formulation will he ;t ded and attempts wil

,»...1

-

-

‘be made to anply this tw¥ps of “*L‘cna‘ C'l formilation o

describe the LILT ueﬁcn"cnﬁo cflsome tiolg al flects,
dowrard-TFlanders (ﬂu) ai Ciﬁ"uludﬁ" +wo bjuvu oi radiccion

/essentlal
Y

ve 7 -y AR I - ) I
ed) molecules, denoved R and R The first one is withe

(\
t
.-J
(IO

out affe t upon cell survival unless cxyzZen reicts with 1ite

Upcn reac icns with oxyzen he pocitulates that the latent injury
is converted to a perpanent and lethal form.Ll :
I - o - -
R* = 0, > lethal injury L. . (13

. Y
‘/' 3
reacs ir a different vay end maintain its ability to carry
cut its hiolozicel functions @
-t “ ~
R > Eq ( Yo .observed effect ). (14)

pi TaENe T S iyreeer T 7y
R" = Lethzl indury I, L35 )
(a8
‘3“ 3 4 * -~ i [t ‘ 2 ° . gt
R nay te 1nduced in many wayse. -fhus 1t is phat Lil

atv~act;on of two or more radicals may result in - lethal
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- present uypv of analysis, at ]u~Ct it demonstrates that

02

& reasor able correlu ioa DQUnCCu the ionlzation d 13"t} alony

(S

of this required magnitude; kov over, would call fo

-~ 64_.....

x
s )

rmechaniens iAVOlfCQ mey be obvained by exnosiqr SampleS-at v

difilerent tcmeeratureu to VurlbUa heavy 1oag with successive

1u“fais of Arrhenius plots,. vo“.e DI cljuinarf cata

»

o
)

v.r

available (19, 20) angd & more detailed uuu’y iz planned.

2) 't'e dia ":ter of the heavy ion trﬁck core is not suffi-

ciently nmull compared to that of the enzyne molecules,

0

~\ i - ~ e - AP - o > =
34 “the r»ascaze of o he vy icen sufficiently no2ar an cazyus
) - 4+ ~ ~hy e I - . . - :
molecule may transler enough excitation energy to the mole-
R A S ST S SR OR IS : PR, . A
cul: to inactivate it, without the simculitancous ozcurrencs
‘\v 1 . ! b )
. R U | P P A " N > R A,
of in ilenisation, a mechanisnm wilch one may expect to becone
L""J

v~ T3 2y TX
more iiltely Lthe ,1°r the LE

In syite of all the uwacersainties involved in the.

~

te a larze fraction of the observed effect is duc to

Feto

0

- delta rays, when usce is made of fast, hkeavy iouse

Given uhO molecular weight of the ta“"*' molecule,

one  car deduce empirically the corrccetion required to obialn

the track core of the radiztiens used and the

sions according‘to'qu(El); The i:trodlct¢L“ of a corrocticn

ssu*ut;ons on top of the ma f alre 10y involvad,

bor“these reasons it is tne'oplnion of the present

author that the use of heavy ions in this type of exryerinonis
are quite illusoric as tools for determination of Larrmel

shares and very unreliable for detcrmination of Larnet sizes.
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The;énalYSis 6f Lhe:'n activation dat :of n
~iscusse bo e s;uu ted l“““‘ fiation tur"‘t i:és‘than
~The knomn olﬂeﬂu¢ons of the enzyrm cvmolecules.vvxhis may. be

ntw“ réted tO'mean that under'ggytéin conditions inter-
molecular enersy vrang for procasses are'of importancé in
raéiztion infctiVation of protoins exvosed in the dry state,

as is well knovmn to h“ the cass vhen proteins in solutions

are expcsede 'This interpretaticn is not ncw, ‘ﬂchh“rﬁw and’

wwslesby \l) nave demonstrated proteCtion against direct
action of ionizing radiation'dn polyiers, when arcnatic rings

are atteched to the Lair chain of the pelyner wolecule, Fvide

&
~ o~ oy 1“ Horme cnd Ginoza Ay Tl ey T e
reooreca DY Lorgen an ALNCoa \GY je | Lar £480
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found that the radiation re sistance of catalass was inerzased

by tae adaitvion of g lut tr; raamns et &le.({17) aund Drscns

. - 1 -4 3 ey e D s e preaes o~

the racicsensitiviy & Gry ongiviss
.y gl N L gt 3 Aie PN LS xS vy g "
wita admixtures of some. inert meterials. The vreseant auithor

45 . .
such as ¢ ~-ions (19, 2C).
If molecular energy interactions play a rolie iroracistion
inacsivation of dry enzymes, it veould be cxpectsod thot JilTerent.
kindé of molecules when mixed with the eﬂzyﬁ:

LAl 3

differe’a efficiencies for interferrinz vith
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patterans. Ia other wor'g,}it‘shquld conccivably be possible

1

to find +ypes of ;or01gn molecules which, when mixed with the

. (D

enzyies, could cause cng of the following intorlctlon“'

'2)  increase the radiosensitivity of the eazyne,
b) decfeasevthe sensitivity of the cngyme,y .

¢} not interfere with the radioscnsitivity of

Figure 22 wows the effect of some CONDCEHiu, chncsen only

to illustrate tne 3 patterns reierr ed to above Tor the parvice-
vlar case of ©trypsin exposed to 115 Iiev carbon ionse . The in-

on iz piotied es a functicn of the

relzgive conbcut1LUAon o1 the Torelipsn m LCC Le in aixtuxre

“witio the enzyme., ' It was found for instanc ce Lh:u PFWJUC,

T PR I W X I P T T SRR 1 - N e e o
factese and raffinose all increased the radicoconcitivity of
Cammpyer -2 [ TP P dem Tnm e s e,
trypein, and on & olar basis proved Lo be &y ou*‘JuclJ
- P Ra) hnd i e \ L1 O R I T SpTa IR. |
aquilly =iTective, IFigure 22 presents the results cbtbalazd
. T e et 1 . - . . ) . P e - .
csins rivose, illustrating the first type of iateraction
] . .
(Type a), ntioned above,
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41 eXpPerluenesS uUsSinly aeXolan moiccules OL OV Jlol&lldial
e e o
velidint everages, & similar relaticnchip was Tound te apnly

N e T ey - B S I o ey
~acules, bub on a moiar basis they were

‘1lso shoeim in Fig. 22

AS an exanpie of an interaction of

sne effect of wdnicgurces of the cyaiiine ¢y, pinc-

\,O T " 2ice ernu
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It Jces not seom uAreaso “lee to assumc that concuction of
heas from the very dene cl” jonizecd track of the neavy icn is

an Laportant conL¢1bu 1n factor in this FTOCC3S,

2 &Iffects of Temperature durins Irraciation,

| e St W e P v e A B G e S S ok et e S St e Vo G50 -t S u-..—n—--—o“—....—--——-—u-umm—.-

Thet the tempera tur° of Lrved CRZYIe S“ﬂClQS_duTi-“ the

)

nizing rania 1005 markedly influence

-
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ci
[98)
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188
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axposure to io

—
v

“activation processes, was shown by Setlow (85) and by Follard

ot sl (71). Sctl v studied the ruﬂlo°cn sitivity of dried
samales of catalace expesed to deuterons and photons ( ) =

37 A) as a function of the temperaturs of tie samvles during

&

. - B . A N T U SR SN
the cxposure. Winen evresed t0 deutercns, the inactivation

cross scetion was found to dncrease with incrocasing temperatura,

~

TOINng througn 3 Jlf¢0f01u plutVQUSc This wasg taken To moan

that ot ilow cwacrutur one c.“Ate of the molecule was ifie
ac‘ixatndy at intermed ic

“she 1hole nole

Y 3

A% even higher temperatures, inzctivation cross sections

-~ HEZE

v-ln.C.l WG

c‘l’

- : . R Ty PO K R [P
30 closec Lhcrmal inactivasion mi~ht be sulflcicnt for ifn-
pade 2 e 40 S ] ~ et o - - £ 1 PRRT A N * »
abt¢fatlon, or it could arisce from an indircct cffect on the
P S 4) - 4 A s am ; ., . 177 - S o
zatalase molecule DJ the surrounding moterialy  VWhen catalaoso
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was exposed to deubterons at rocm temperature, the radioc.

rature com

whereas the electron data were obtaineé withh tulscd radinticn
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sensitlvity vas found-to_be more than 1.5 times higher than .

. thets obso“rcd ab liquid ﬁlLrO”t _tcmperature, Tor photen

exposure { X = 2537 A) the corrwsponding ratio was found to

he about 308. ;
'In'a'study of the radiosensitivitvvof_““*vs:n GA,Q:;&

2t rarious teﬁbcratureé to C-ions, the present author found

a small_differencexbetﬁcen the r&diésonsitivicf_“t rooi Lompaee

pared to that Qbservad ai liquid nitrogdn Lenpe-

rature (19)e A similar rCSponsc'ﬁas_als found in tho case

of'lysozymé expoced £0 oexXygen ions, as illustrated in Fige 23

curv2 C, Togethar with the studies by Setlcw, this suziested

“h

has the higher the LET of the radiatvions, thz smallicr Uhe

»

1

lependence of the inactivation procesccs, ot

leass up to room vemperavure

stuly of he radi
atmoasphere to Co' j”rqu and electrong. Witn the kind
periaission of D, Shaleu these previcus unnurlisnsd resuliis

are precented in Fig. 23 (curves A and Bj, tozether with the
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ratz is juite similar to that used in the hoavy ion beonmbard-

ments, ©he results of which cre sheam in curve G

]

adiasensltlvlty of lysozyme showed very litils tecuncraturs

cepend 2nce for C~ions {(curve C), an increase of the radice

LY

sensitivity by about a factor of 4 was found after exposura
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‘nay be involved., RNevertheless

e n““tlv Ly appears to increase smoothly with incircacing
Cratires, without any indication of platezus, as in.

of catalese, referred to above.‘ A repeat of the latier experi-

. 70 -

Tos¢e

(
L

to electrons and to y-rays when the aample Lemvv ature

Irom 770 h to room temperaturs. -The present heavy ion deta

- -

are bascd on a’single-experlment, and considerable ervors

-1e

t illusirates clearly,thatv’

the cedpcrature ucfendcnco of the radiosensitivity is intime

ate¢j cennected vit h the LLTY of the radiations used, at leasst
up to room‘temperatures In the case of lysczyme (and also o:

“vp sin - (10), for hnlch data are not shown herel, the radio-

e .
1 g teape-

nent; aoumu be ueulruoxe in ordrr to uovclon nore cdofinite

“deas about the mechanisas inwvolved, The indication that the

o

raclosensitivity of lysczyme depenas oniy litile on the sample

i

. O . L R . - .. :
cemnorature below O G, when expesed Lo censely ionizing

.

rauia“‘on, could partly imply that Ghe temperature elony the

o

wraclh of the aeavy ion becomes sufficiently

tion, rersardless the sample temperature., For

ing radiations the local energy concentration

the uétua tenipe rature of uae serple may become decisive Ior
inabtivationo vIn order to }u*@ti size such MLCuwn¢v;3 a
actailed study o thc ;culOSQHQLL ivity as a functbion cf the
ampie toemperature duvring exposure Lo radiations of diffcrent
INT <111 be necesszary. Such a2 study, as mentionad eorlicr,
ighe also throw mere ll ght on the reasens ror thz rathon

largovinuctivation cross sectiong observed Lor onzyiu

Lo f.ry densely Lonlzlng radiations,
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and matucally enough upzon the dose ratc._

feoun

e

3s__Bxyzen Iifect.

of

5]

irst shown by Alexander {2), dry preparacion

enzvines ¢o- exnibit an increesed radiosonsitivi“y vhen exposed

ricte conditicns in dry oxyzen utmo””Hcre to

radiations of low LET, as compared to thﬂt_;ound in d1+y nitrogen

atmosphera. This efiect hias been studied further by some

_ _ L o T |
author (19,_21, 51, &6, 07). TiHe oxygen effect is strongly

dependent unon the temperatuve cof the samples during irradiastion

‘taese fachors has also been studicd by Shalek (87) in the cos

cf lysozyue, Table XIII shows soume of his Tigures.
The oxyzen hi‘lccu in the dry state anpears to depend on

o< Pl --T‘ ~r ol ol - - ~ T e .- «rt 23 bl
a variety of facters., Fr e¢1m¢nurf investigations yrith X-rays

)

for instance, indicated that. samples dried frowm solutions cone

certain admixbures 1may slov varlo“° Jo:rccu oi or”;?n

sensititesion.  This is also oouerert frem the work of Futler

and 3obins (21) on trypsin., Vhen slow heavy ions are used, no

oxygea eitect is found. Uith hiwh energy heavy ions a suail
o - ~ .f“ ‘ -~ SRR
effect mey aprear, sed by the presence of o -rays of cwiile

T od

cient ensrgy to trave el Odt cf Lhc heﬂvy ion tracit core,

4o Effects of ph,

e e Tvs G G Ten Aub -y W e O W T w0 KR €

It wes found by Applevaxa {4) baac cile rallation Anociivioe

tion voliwuc of hemoslobin was a function of (e pH of the .xdiluxn

in which the samples were dissclved after irradiction, & 1l

of 5 reszulted in an iractivaticn volume i times larger than that

£
e

£ t were dissolved at =H 7.
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sbownithat the radios Lhuit vity deccﬂdo on several factoro
1nclad1n~ LET, adm1xtures of foreign substanceu, pH of the

h)

mediuam from wh ich the samples are prepared and the bumxer in
wilch irradiated san9¢cu are rcuuurondca, assay method, tempe-
.rature dh*lng exposure and the prcseﬁcc of oxyzen during

exposureg ”he data support Lhe 1dca that under ap SSaeksy

s
6]
. c—‘-
o

conditions, migration of energy takes piace between adjacenﬁ

‘moletuleS'depending'upon properties of the enzyme and thf

surrau&dllr molecules,

It is clt uh&t the question of partially dima
~cules which suoucquently may bc comple sed inactivated by
relat1fely small amounts 01 energy, wvarrants mers ihorousa

his was nlﬁhll"nted by the temrerature depend-

o
@]
s}
2
e
2.
W
"3
}J
O
l-—-]

cace of the inactivation processes and by the cepencdence o

tae radiosensitivity upon the assay methods used as well as

other post irradiaticn treatments (75)e The stress experienced
by nZmes during dry1n~ to outaln thin lluu cn bermbarduent
disks is f ?u;thUlaf imporgance in thi respect, and accounis

for 2 sub ataﬁtlml part of the varlabLllty of the radic

generally found in radiation inactivation of dried enzymes.

The presented track segmert analysis of the radicsensitivity

tions, indicated that a supercbundancy of ionizaticns ars fozood
, ’ , .

£ single ionizations are separa ted by °horter distances Than

about 10 A{jQ

[
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It hes been knowm for many years th&t the spatial distribue

~tion of encrgy trawvfers,ucasurad as LET, is amons the many
factors wnich contr 1o¢*e to tno of ficiency by MJLCh ioaizing

. o~

gy A e g FORK ~ m s - . - S
radlanions &afl ecL 01010 czical materials, The main purzose of {ho

CESENT WOrk, pe*formc‘ with the Beriieley lHeavy Ion Lincar

L2 awda T s PR PR 1 3 A Fhaln - e T an
cifferent wiclogical systems ovir a much wider LUT ranma than

rizherto used in radiobiolOgica *avco“'qationsa. The cmphocic
A3 L, el placcu on 1ndu0u10n of effects which depond cxdonontlially

vpon Lie. ooso, hout do e rate effects vhen induced uador
snoxXice con ditions,
Aotenpbs to analyze the cxperimenta

y-which the various effccts are induced

tave @lso teen made, based cn two hypothe

21y rﬂoposed by loward-Flanders. According to

~independent compoaent of the radiation injuyry is aszsuscd

£

o a1 - sy ¥ 2 X . 4 #3 P -puw ~
20 be the result of n or iffe) ofc} ’onmLat*ons, wicreas the oxXy i

cependent component of the injury is asswsed to ke the result of

;.-

i

¢ss than n ionizations in the urbck cermente

. 2 .o A g L e e . L de 2
C&aﬂtxtrtAJe expre alOﬁu 0L the two mecnunisng &s o funcoion

A S Ay e ey e} £ &~ R4 Y. Yo o wmte Yy ensrey Fa e

¢f the measn number of ionizationy in the uI’g..C.'{ SOLICNT DAVIZ el

kol

R P « -} ‘. oy a3 re % = e 4o 7 L T,
LaTned [S{FIP :urtuenuore u}xC WS Ol these Tunetions ~os ooon

A .

IR - 4 ] 1 U B S
wicguszced in comblnu’= n with the calculaved complesx LUT woirlo

-~

RSy distributions resulting from different typez of heovy iono

ing thin samples,

o

ct

nonctra
“he LUT dependency of the {followilng effects hio boen ovize

*

jacted to investigation in the prezont paper:
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1

1) Inhibitiocn of the plaque-f{omaing abili oy of. ”~ bacterio~

rhage expoted in dry state &nd in nubrient broth suspension.

. .

2} Inhibition of thc colony»forming ability of Shirella son-nd

e oaod un'er anoxla “nd in the prescnce of OXysine
%) Inhidibiticn of Lhe colony«T04m1n” ability of naploid yecost

cells, exposed both under ano: iq and in the Drc"*pce of NyLons -

end the raczop tection provided by ﬂlyce ol tro<“ne

o

4y Incuction of dominant lethsls in haploid veast cezlis cxposed

UnGoe avrc*ﬂc Canu¢t1010

£) Incctivation of dried enzymes under a varlet" of ewveorinantal

cconditions,

Phe moin results of the present investigation moy
fzed as follows:

7o alternative relationszips botrﬂc1 relative tiolosical

,

¢fficicney (REE) and IET were found:

1} The REE decreases :i z-zacrnaalng LT; over the entire LiT.

1

Tris was found to be tho case for inhibition of the colonye

forndng; ability of bacteria exposed in Oba wtnosrlicre, for inncihe-

ivation of ezzymes pogoa in vacwn, and for inhibition of the

PP AT P
3 -~ . v 3
'Q L/.'.’?\ :‘.'..’.4. viGuiian

lcouc-Lora“nx ability of 7 1 bactorio; phage exrorcd
cnd dn nutrient broth gugren 1onal In this_latt ».case Lhe Tresches

¢ nutrient broth seens to iucLeuue the uzvturcc over vhich cerorpy

”

[
=5 fe

3

Lrinsfer via indirect ac “*on telos place %y SOMe
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‘This report was prepared as an account: of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa- .

"ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. ' '

As used in the above, "person acting on behalf of the

" Commission" includes any employee or contractor of the Com-"-

mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








