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(HIL.\.G) e.t. 1.;ho University of C:1lifo:t·nia (c.rid sc .. :0 tir;le lr::t.or 
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'l'.Jith an e::tension into the bca:E pip.:).. The bcc:.I;l dcfinin.:; 

exten:3icn of the 

e._,~·-.-.e·z·.:~_,iop 'o.L·"' t-.n'o ':··:··,"'··"1 .• 1 r.-.~ .. ~·ari .. r,_·v_- c·~_,-,.•,,. __ ---·-e '-o'-'1 joc~~--:1 ,--'"-'-.,·-­_, __ - • - ., ::...... - :..:..:. '---'-J. ·1<-•- • .i:J,::.'r ·:;cc- u vi .J. _ .:.l.vl;· ,· . .-..tz...~: .• l! 

to t.~1r:~ bc<lm direction. This field served to prevent any 

c~am·J,;)r~ ancl also to prevent. sccond.:u.,y clectro::1s produced 

sz.ch ··;ith 9 Al foils of calib::·::tted t.hicknec;s -c.Y:d one ble.::J: 

to be plc:.,~ed in the beam po:Gl1 

also 

1~; ~- vA .. , :~ 
4wJ.:..,..;_;-,..:__:.·.., 

hole to ci.llo•..-i the beam to Lll 5 -...-:.:.cGls 

bv reDote co~trol f~on 
" 

Precautions 1:mre takon in the o c::3lg:r1 to r.:rJ<.:e tte lc:J.lc:::.c;o c1.:,~:·:cent, 

could kept electric2.lly irw'-·.l.::..ted 

of the setup as woll 

·,.: ... !. ... - h;..r 

't : .~ ... .., ,; ,.,_­

.. .;.... "·-~··' 

- . 2;' t_:::· Ct c~,"~-~-.Y~ 
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2o Ioniz~tion Ch~tfu2rGo 
-------~---------------

~· P-o,,.. .... .;c1• 1 .,· .... 1-.r .p,..,, •• '.:'l •.• .,..,..,c·u·,,.-:-. OJ,...· 'o·: ol o·c··~ "~1 
• '-4-- V.J... Vt.J..U-1. j ..a. \,.1.:.., \;J-~;~vv - ~· _I_ -- ~...J..t.,~ 

need eroso £o~ a ssrsitiva detector which could be 

co.libl""'D.tcd ir:depc~1d011tl:,r 
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;lt.:.j. 
---;·----·-
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. . . ~, 

' . .J i 
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W is ths energy ~n cv per icn p~ir for 
.· .. ' 

.. 
:rro::1 t-he 

' r'l anu ._. 
m 

correction :':'::cct~8J:' r:n.ist be 

-> .­.lo.I..J 

., 
in t,a:; ac·::.ual S2 .. nple is USed to cictGl'l~1j_n,:;: S ;:l ., 
and \I as 

t-o· ~-·;... '"'"'e i)f' ;·;-rotonrc: or" -!-he s:-1~· 0 "' 7 01 0 ,...~ -1·--.y ( l r;) v V .. >v.:.:> - .-- ~ ~ - V-- . ·•·'- V ~- 1...-.l.v ,_C.. 0 

avera~c d~se rateso 
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rr.e:tars, ~:-.1d ciisplny.cd on rccor~(jer c:;.~:.r·ts. 

n:t:·::Eux-err<:nt s .. . . 

ta:~ 0:1 as e cn.1.n.l 
.l 

colle:c·~c-1~ 
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absorber ~hickncsscs loss than 

iCJ.!1S 

~: c"'.l"'·· .. ":")' w::····- .... Jl· (~'!~) "l .. ~'"""-,. ... ,..,. .. .,,...,i,....(" ... . ~ .... .-.-.; ·!.L0 .h ... t.l~..s.1 .. ::J c ..... o0 ..'..L'"""\ otllt. v .\.v.~o..i ..._,t""-1 'J" .... \,) J.ac •. ·f 
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5 .. 2 l!.Gt· 

S:J.t .. I~r·isir1; ~ Sil~CC io:1::; . . 
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than th~t of the £astc2t elcc~rc~s in the at~~s of ~he 
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of the ef£ccti7e 
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mate::-ial lt11C· C0~1DO~~~i~~ 0~ \ l. •·l ..:>..Llt-VJ.:. - taken 

for :3or:LC:;. cor.r:n.only used heavy ions of cne:"r:;y 10 I ~cv / w::.u .. 

of 

the :listed heavy ions c..r·c lens tho.n one millimeter, lrhich 

limi·; tho typ0s o.f biolo.'_;ical u:.tcrinls ·which conveniently 

...... ~ . , .). 1 !·".... ., . ~ :'I '"! .. • ..1. • .:..L ·.;ne c:.;:cerna ... ctrauo.y cup 1:ras rep.J.aceo. oy an lon::..zc.:~c.lon 

cs a function of the thicknes:; of ·the abo.sr'bc::::'s introduced ii::. 

h e-::'VV ... ~ ,/ could be expressed as 

total .::u·JoD.nt of cncr:~y d:l.ssipc,:t.ed per p.::lr'Gicle pen." unit trc..ck 

t.o tissue equivalent mat:::ricl., For loti velocitie~:; of· tl·~e 

uhich mc.kcs 

of tho c:;.rves inaccurat~e .. - . 
s.no~·;:...-.:. ::..;:;. 

' the area u.ndcn" Llus·t, GCJ11al tl:c 

enei'DY ~ 

for the peak reeionsG 
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For the detailed .::unlysi~: of t::;::: dependence of bio-

logical effects on thc S)a-tial distribution of icniz.::t~ior:.s .and 

9 • 

tee too crude, fa-s-i-t-i.-c:-l-C::-l-~c.J~:.,.:s-::-'t-2·-l'Vl.c~t-c2-to~<:~:::---~:::~::-:.:.::.~-~=i·t:r··· 

., . Some authors have therefore proposed 

rrethods :Lor cc:tlcul2.tion. of thE' distribution o.f the entire 

family of electrons sct; in r,·;ot.ion in the biolo,:;ical objec·~~ 

The appli-:ation of' such a metY.od in the case of' l1cavy ion::. 

~ill be discussed herco 

ioni3~tions and excitations alon3 its trackc 

A ;-.·I10lc spectrum of elcG-

t:::·ons of all crwrgies up to a characteristic. na:.>::L:u:::.s. voTn<J 

'.Jill ::::.lso be set in rwt.ion as the result of th0 ~·'r:ii:;2/X 

intc:r.J.ction o.f the hca~.-y ion lJith the absorbin::; ;:::sdir::r:o 

1'his .spec·:;rum. is usually referred to as the J.nit:t::'d 02. ... 

Bohr i ;J dir:;tr-·ibution lm1 (10 ). : 

{G) 

dH ::-.s tlw rala ti ve ' nt.'[T!DCl ... of electrons -.- .~1 •""'\ 

(,•.J. ... ·-

c:~n bo elcctr~n is ~ivon by .. :'\ '· 
V.i:..·.; 

.-·· 

. 
c2 G2 

rp 2m { ,.,) ("'' 
J,.. .~,~ "' ... ,. = • I J 

.i..Ll.<..·-~ 0 1 [:}'--



"-~her-e f3 is t~he velocity of thE! hca-..ry ion :colat,ive to that of 

light, and m
0 

is the rest sass of the clcctrona 

Fro:1 Eqso (6) <;.ncl (7) it can be concluded tlio.t the 

initial electron distribution is si::nilar for all typos o:? 

'!- • .t:> 1 , . ..... "1· 1 .. f>r.> • t• _,_ .wavy l.O~lS 0.1. equa Ve..LOC!l. ~Yo LlC 0~1 y ClJ..L.i cx·cnce J.S l13.v 

Sor.:c of the i!1itial electrons '!dill be sc:;t in Dotio~'1 

Electx·on3, · uhich a;;ain electrons &nd ~o o~ 

. •. 

h .f .!1 •· -. n - . • • L e targc v Gtteor:y· J.s use a 1. or c.o·.:.crmJ..nc;.tJ..Ol1S of 

cnert,;ies ~·.rill crea~ce di.fl'ex·c:nt ionization dons:i:t.ie s, 2:. (.,~tc-dlod 

analysis of the I~T depe~d~nco of a biolocicnl effect vill rc-

te transferred to 

/" 

this definition of j .,...,.....,_ .... _ 

0 ... ..t.u,:';;,) 

[eparate encrr.,y contribution clo not exceed lOCl '2-'v o For 
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be (-r:lcu' ,:,~·ea' ·'-'rom i·'no c•·'-ou:·y·'!l·1c·· .c. .. ..J...c .... v .J. Jt .. v--· vV ""'--• .:.;.> 

LET can 

coll:isic:::;s, given by Bc~cho ( 8;. 9) and recently refined by 

Ster~beLrer (96) : 

dm 
{-~-) 

cl.:: ?= = 

I') '? 
_ 2 T.10 cc:..p.... P 2 . r:) 

(1!1 'i r:J - 1:> - ,(j , 
--c.. f.., ,.., '-) 
.L \..i.-p 100 ev 

.· n
0 

· :i.s the number o:f 

clcn~ity correct.ion, I is the n.:::aJ.:. c:x:cit~tional potcn";.:;ial of 

the biological mocliu:il (65 ev) 

~md still COUY1.ted 

t . .,. .... r t 1 a'l'ct·"-1 1""+~--.... - ·--1~--:o- .. e E:n J..l:'e L~~- -spec ra 0 .• _vu.v..l.I.'H; " ~vJ.- tl1e 

celt a rays b:;-· delta ro.:ystt is :.ncludcd. '.lhe one :·::-::tllod. ( 28, 

'l'thich t.ho to co.rlicr, ca:1 bG 

cerivod)" The other app~oach, developed by 

cno:c g_y ( 
rrp 
J.118 

~";-1n 

l.J:.o..:,l' 

can be . . 1 , . ' 
G~rcct y aer1vea 

_.-·· 

( P) u 

r.'-."' t'.t1CC11 "'- r •• '-.' !"ly 'o~ e C1Ual-},~ 'U:.. n ::-t, 1 -1 n i" ... ril" O'' ~ ,..,lc.., ,_ .. ; :·---I ~, .,,~--, -~ .: " • ., -:- -; -"\ 'l ,., • - - ~ \,.:;,; ~- .:; ,J-- -....o~,. .J..... .... \....o. U lJ •- V I i._:.. ...;_ ... .- 1,,--- 4...~. _; .... ..;....,-- \._.: L.... \,.j ·- ~ ..,. .. ·,_.t (i 

In the p::ccsmrt. 

in calculation of tho LET-onercy 0pect.ra of so:::::: ~w~.:.-~'·y io:1s ol' 
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different. cmcr::;y: 

In order to take account; qu:J.nt,itntivcly of thG cntiz·c 

history o:i energy dissip<:l.tion be follmred. in c.otail stc.:~tinc 

• tT t' • • t • r 1 ., l ~ .._. .., ' • 1 '!;-;~ n ne :z.n:z. J.d .. cJ.eccro;-! :.,pecvrurn ..... n.a us:z.n.:; ,cno1m cress 
. . 

scctior:c. for CJ.~ ,..,.,.. .. r..,...o'"-"', .,,-,J--.... o·r . ..; ;1·:-.e·,-.':'c··-~o • ..,.,., ·;·.,., +1'1.; c:: T·J~~r v ..... v• .... \,;.;.1..'~,\,.,;;V..:.. - ..... -· vv..s..t.:..a. v_J.. .L4V0 · ........... v ...... ~L..: ,; c.. ... .; 

of 

t~10 ·iTarious ldnctic encrcy ran~;cs. 

quan't~:":.ty e.::m. be c::tlculo.tcd from the follm-:i~12; cci~.w.tio~1, G.lso 

Bcthe (10) : 

~ ci. '.r ) 
· l-;;~ ~. o~·al = 
~ t· v·· 

·{.., ,..2) + · .. ..L-p + ~ (1 •. 1/~02)2} 

2)-l r, G .nc ;J ---J>.. 

(9) 

E is the :relative kinetic enorgy of the electron, Hi:.ilc t:.1:) 

ot.he:c !~ar.::-nctcrs lw.vc bce::-t gi ve:1 

Equntions ( 8) nnd ( 9) c.rc bc-:.:;h b:J..scd 0 , ... 
~1 

do net hold for cner_zies bclovr a .fm; kc-v, nor j_[; any oth:: z· t.:wq::.."y 



•. 
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v:::.lid in "chis rc.:::;iono. Burch 

o.f lu:-r 

obta:l11. 

of -:lwse oxpcrimental dc.ta rosL.:..lts in considG1"'a1lly lc.r:;er LE? 

ticn.:L 

is lo~:ical to regard the LLT distrib'J.tioa of '"'- he;:::::Jy ion c.s 

e.xccc;c:in[; 100 cv: ( a_nd cotmted as d;.1lt2. -.c·E~ys) is 

eouc::..:~ 
H 

ions of c·~,_;~-, -...rcl.:~c-:Jv'-Yo 
"':;.. . ,l - -'- Fro~ this and the for3-

ccJ..r..g cq'.l . .:itions ( 5) t:u:d (7) it ce.n be conclude;d t;hc:c 11.por:.. 

all hcnv~· ions of: C:::.Lual velocity 

,...o,.,c··-~,"1 (.}-~ c"'--..,.!hut"'on •J.:_ <..;; ''·· <... ..._,;.:) l..d • ..i..U •'-

2 
z ' 

... , ............. 

.. l..'-...'.l..J.0 
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in co.ch 

di~t::-ibut:Lons for ions of E, ib, 

a mc~;hod 

is 

in the track core o:f .... _....,, ....... ,.. .. 
• :..<J ... ~~ 0 

IIIo 

' !' r. '"~,+}1 n ...... of• J'.:in tJ·~c:·:'O.t i (~r~. }.. lJc r:.-:::~~~- T=i~ ~- c:Yl. of· T)·~~r: T:;(·· ···-··· .. ~-: --~- ~- ~ c; l:J c. 
..::..:..!!....~~~~·.:.,_:._ -~ -- :zw_ •- ~~-....- .. -.~ ,. --~' ......:.•• ... 'Ol..___.,.~.~ ... ~...,_.........._.......-......~._.-.-

ol 

L .... '("i ~ .I l. 
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.. 
ciccCJ.:':i.bed bJ 

equat.ion 

f { J.,:~T) (.., ~, T 
... 

E (LET} = 
'l1::::(J ...... -~----.........,._-.. __ 

J..'=l·~~--
.Lac;~.;·. 

(10) 

-\ 
/ -
T==O 

the 

.liJilJ . be 

. (',n c·r: ;~t~--i n I··c'"i'"O·'- r.t· ·i c r, j - ...... -· ..... _..,_ J..J ....... v~v..&. \.4....-

.. 

t,.rnr:s 
~ . ........_ ................ 
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1. Exnoncntial Dosc-"C.f.fcct Curves .. __ __.. ____ .__·-----~---------~------------'-

th.::.::. an 0xpo:1e::1tial rele.tio?Iship exists be·:=.vicc~ Jc,ho f:rn.ction 

of ·~ells survivins (S) c:md the dosG (D) dcliYcrcd: 

The 1'uctor D!, "'>:hich determines the slope oi" ·tho dosc~·~fi'cct~ 

cur"iTc rc;Jrescnts a meD.sure of the radioscnsit~ivity of" the 

part;icular effect under investication. From Eqo {ll), it. :.s 

see::1 the:;; 

a -~ 1/D37 
( 

., r. \ 
J..C-j 

1/ o.. If' the n
37 

is. e:.:}:re:::.~~ed in tcrrc.s of' m .. u~:b2::c of' bc;:.-.1.:-.:cd.ing 

par;:.iclc3 per unit c.ru,'l, :Chen a: rcp:ccs~mts tho sen:.:;it,ivi't.y 

ina=~ivu~ion cross section (72). If the n37 is exp~osscd in 

te ?'.._;·~· •• :'< o..~..::> t~e a'noun .... o.!" c··ne·r(··y r:-'o·"'·o.,..1··ea· "'"·-··)•~·~"'""'·"u·~ .·?o-·"' l.·,..,, ..•. ,-., .. C·"' 
4o _, J..~ LJ. t., .L .. ·.;, .... t r.._) ..r..V ~ t.-""1 ............ ·.,)~,:}\J .L ..... .,:.J,I ...... IUL..~.!...:. '"-' 

then a represents the 

'l'hc lo.saritffiic doso-cffcc~ curve is ofte:1 ass·:..:.::.~.:::l tc , .::.; 

the s~nplcst. relationship to interpret (35}o I~ i~dic&tc= 

~he injury to 

cell pop:1lc.tion l"'esult oi .. t11~ actio11 of· a 
-~. 

in~ [Jart:,:icle 0 Iio1·:o>:-,rGr, a 'T,r;o:rcl :Ji .. ~·TJ..r~!1il1£; 1~1ClY be r:~ol .. ·t.ii1.t.;:·4:.:, c:~JG 

this poi:1t : 

Dit,·:;rich (33) has E:ho-;.·rcd nv-~thcr.:;:tic.:-!.lly t)Jat it is possible 
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to •:!onbinG 4- 11 tvm-hit 11 curves of different si::;;od tar.:;ets in 

such a -..·:ay that by appro:;riate adju.stmcnts of the parameters, 

the resultant curve so closely rese:/ibles an exponential curve 

ove::- many decades, tha.t it "t;'J'Ould be difficult to distin;.::;uish 

oxp<~rimeatnlly r:::-om the latter •. Z
• (~_,..,, 

:U:'il::er J.J.~ J has recently 

rev:LG~Ied the potentialities and limitatio;."ls oi' -~ar2:ct. thcorot-

ical conclusions based on dosc-e;ffcct;. curveso 

In cases vJhere 1o,sc..ritmic stu-vi val ctt.rvos apply, the 

rad:Loser1:3it.i -vi ties of the biolo:--;ical system in question~ to 

dii'_[\~rcnJ_; ionizing. ra6.ia t.icns, nrc usually con~ parcel dir.::ctly 

by '.l3in~: Eq·. (12) c 

As .far as the present author 1G10'IiJ, no case has been 

2-o S:i..r~L0id Dose-Ef.fcct Curves c ------------------------------
.§.c 3ha:;)c3 of· Survival Cur-res Independent of I2'.l' a 

Mos~ dose-effect cu.rvcs nro o.f -::.he 

no 

lozical ~ffect is produced 1.ir:.til a ccrtr.an c.no'-1:.1-t. oi' lat::~j,y;~ 

effect lns accurr.ulated()o In many st-:.H.l:LGs of the rclr.t.ivo 

sensitivity of a biolog~cal ~ystG~ to different types o~ 

of the J./~T of t.he rad:i..atio:ns :::tudicd .. 

for inst:tnce by 'l'obias (100) in a study of inhibition of colo:1y 
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i'orr~ation of diploid ye.:;.st, cx;,oscd t~o l90 I·icv O.outerons, 

;.'00 1 y· ' t 1 ' . . . 1 _ ·:v .. ~-·rays, anu o a pna p.::1:;o-c~c es o Under such conditionsJ 

-che <lose-effect, curve observed for r;.ny racliatioa c:o~n be t:r·ans-

.ferJ•ed irtto that. f't::>r a standard or reference radiat,ion, by 

r::uli;iplyins the dose scale by ~?. constarr:;, chare.ctcris"~ic :fm .... 

-:;o as do~;e reductio:! factos, usins for instance the X-r<:.:.y 

curve as reference o Unde:;." su·:h conc.iitions ·the relat:!.vc ::c<J.clio-

do :;o roauction 

]~o o:f LET o .. 

As poi:;.ted out by Zirkle {117) it ., ..... ,, ,.,.z-
...L·..:.;:L ...... V 

of the d,_,se-e.ffect cu:;:vcs o 

'i:here survival Ct.TVC.:: 

·.,_·.:..· 

c~n tc & f~nc~ion of 
., ..... 

·-
.... 

·~· 

·;:,C:.."'J'C"...1S, -----
..... . 
~: J'U£1\:J. as 

Zirkle ~ p.lo (114) studied tho ir.hib:i.tion of germ tube 



3r, - .) 

They observed exponential 

doso-ei'fect curves -;·:hen using <llpha rays \:ith ar ... LD
50 

of 

19000 rep, ~:h8rcas 1:-ra.ys led ·~o siu;~oid survi ~~r::::.l cur-,.res 1'.rith 

.,... .. . 
Rec(mtly, Hut~ chins en and :Z:?..ster (52), usin.c; tho Yale 

40 ]•lev Eo-ions and 160 r-:~cv 0-ions, <:~nd also ·bo Co 60 y-~-~J..',;'S" 
{1 

rJ.'he:{ ShCHGd very clearly tlEl.JG t.hc pronouacc;d si::raoid su:cv:i::.·e,l 

c1rr··n3 ol>~~erved after exposure to co60 ~-rz...ys hc::.d a n.=:rro::;-\,-e:c 

-:: sl:1)ul·dc:.~!t in tl1e cc~Sc c·f Ilc-i·:tl1.S, c.:.11d that ·;.:,11~:..s 't.;o..s ·co:;:~~le:tolj-~ 

<:m.s .four!.d.. A sb.1ilar trend has been four..d fo:-..-- the ~::rYi '..ral of' 

the-:: cloJl•) fon:1in;:; abilit.y of mar.:::;alian cells {He La SJ), cy 

re5·.1ltecl in aln-:ost ider:.tical 

37~~ survival dose on the exponential. portion. o:f tho cw. ... -;rc:~ 

corr-·asponding to abou:t 115 rads o For carbon ions a.:.::d hsc.::.vicz· 

t:nw exponential ~u..:rvi val cu::t'Y8G 

1/:0re .f01.L"'ld, ~::it. h. a 37~~ su:cvi vul dose of a.bou~G 100 racs .for· 

G-ions" 

111wnever the shape of tr,G dose-effect curve o:f <~ sy:;,t.(::rJ. 

of thG r~lativz :cadiosc:nsiti-.;·ity 

to diffarent. tyr:.eS O} ioniziw.:- :C;.l;_~iJ.tions CCil:!nOt. CG CZf.i ... ·~SSCd . .._, . 
' 

as a co··1•::+ ')n-<· n••r.\1-v:-.-.rw c·-i llC ~ 'G1"1i"' ..,.; J! b"" rie0"""'~ :.. . . ...-. -;-;·:,::;en "· ~- "' ~ VV00.- V U~li&..-._.l. ~.;._... ~ • \.:) t • ..L _...._ '""" U ,l .......,._ ... ~·.\: .. _.,J ......,..i.. 1.t,.. s-..~.t~ .. 

su::vi-val level at 1·;hich the ccmparison is mu.de" ':i:'l18 follu,::i.r::~ 



discussion ,::ill thcrefor0 co:a~;j_dcl" only .cases -.:-here the ;):Cine 

of the surviv<ll curves is indc~~l..?:adon.t of the 1:81, of the radia.-

t.ions usod" 

lo Intraductiono ...... ___ , ___________ _. 

Fro::-. the earlies~c d.:::.ys of racJiD.tion bioloc.r it r:o.s be:cn 

post~lat~d that there e~dst e:wcn"'ci-:.1 sites in the ceJ.ls 

nust remcin intact if the coll is to mG.ir..tain its Lo:c~;:aJ. 

ou·t Fherc: the induced cffect~"J tlre expl::.insd as 1::oin::; Gi.1l1E8d by 

t.i.·Jo 

.. 
In the e:x:ten~ive i::'l7csti~::.tions of Fm:e:7.•;:; :;-;: . .<LQ 

·~ --·~ 

(73 r7A 7)- ?oC) on the· r~~~l~+.-L·o~ C~~ec~~ 0~ ~r~~~ ~D~~~~ ~~ • :1 '1''. ' ~- .>.u,.cl.v. .l. _.L . t...~ - '-'- -'--·-~ •. ,_.n.J.>. .- •. ~ •..;..L 

:3o r~::-1\[!.t~·lGr:t:u~m. ':;hc;re re.diat~i .. :>~~l· incltlccd r&.dic~::_s 11~:~.;~2! rn:.~~c:1 
- --- f1 

.lOY'!.'.·.·.',·0'" }_-~ __ f'e tl.ffi""'"' +l·::Jn -in ~-1''C ,.r,-:- c~-,:.,te -1"- ~~,~ ,,·"·"''"' .,,oc,c··ii-.ir• .- J..i.. .... #... _ . ~ .. ) \I:.!C.-- -.!..- v...... ,.v.JJ uv,_ ' ....~.v J..!..c...4. .. ~ L.. ............ ~ _;;-~ \.J._,·.-:...;-'"' 

·::.o ::>ort out different types of re2.ction patterns~ I:>::;th th~: 

.. 

''~]·l ... • ...... ,.. d .. -:.c·c ,....,..• t'"' -!:>' 1 ..::":":.~.~0 lv .. 7'\:lr;_., · .Lu Uv.:.>:t.On nc J. c .. l.:.!..cu-'- n injury ~ill th~rcforc tc 
.., .. . ., , 

O.J.J(.!..·~-~ (~(l 

and the oxyccn independent~ 

A d·~ta:i.led discussion of tl;.o ·t"::o and 



a track se,sncnt of length 1:tn has been c;i von by I-Im.-mrd-Flo.ndc:rs 

I::1, the follo-:rin_s a brief rc-v:;L.c'.·; of SOii;e of' the r::~i~: 

be raade to apply this type of ns.th-~;:~~1.tical ~or:1~:.~lat~ion to 

. Iio .. ir3.rd--Flar .. d.crs {43) di£2·:t,iT;.C .... Lli::311es t:~7o ·typss of ro.di~tiv11 
· ;essential 

cic::.:::uged; :nolecu;:J..es, deno"ced R, <:D:·~d nil 0 Tl':s f'irst one is 'di~ch-

out effect upon cell sux·vival u:;,lc::::;s cx:r.gcn re;::.cts '1.-:ith i'c. 

-i<:• convn·,..,-'-,....,a' ..... 0 a- P"'r"""1'10'n'· ~11'1 l~·th:·:1 f'Q'"':"l T. • ..... .J J. ........... i,. lt~ ..., t;.;: ~. •• (.~ ....... u (..1.. u c;; ~"'-- ...Lo 4 ... 1 • ..r....il • 

let!:-..c.:l inju:::r-j L.., .. 
-!.. 

1-: r· ' 
\.!...,.:) ). 

out its hiolo,~~ic2.l funct.ions : 

effect. ) ... {14.) 

' 
:r.;o[:::.t~tll&tcd 

'\:rith 'che characteristic:::; 

----7 ! - ,.... .. \ 

\ J.)) 

lf.n muy 1:n induced in m3ny \:rays" 

int,~::-act::_on of t1-m or mort~ rad:!.cals may result in lethal 



•. 

. • 

·.,, i 

·,.. 

i~jury 
J1.:6::·z~{GcC:·KY~i:::>~·:J8-::·:J.·~d;:::~::. t.=-i ... c.:·.1o·,;:.··~ 

such 

-----'::-> PH J,. ... 

r;:;.diation vJ'ith 

:1 :ccsu.lt, of r·cactio:a.s 

(16) 

.~ 

il'l1it> ira};J __ ies t:1a:t; B.·· ca11 bz TJ:~L:ctl ~-·.1 ~-:o par·t]_y at ·t}:.G o::po1.18e 

of n·;. 
T-·-.... :... 

per u:1it tr<:;c}: 

Co·-,,,.·'"""''- .~.·t··:- 1 -;­
..... ~l.J ._,\...~ ~~ ..... - .. lv~-./ 

of 



_____ _;,, ............. ~ 

a) Cons~ruct hypotcti~&l 

···r .. o~-.,,~,:1.· ., .; ~y o~" 
~:) . •. i~."u .L.:...v .J. 

~:~1e:c. jc}:.c: -:-_~(~;:~:·1 ---
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~ ........... ,_ ... ~ • .._i_'lo,J •-.il..:.;~-(-.t..:~:; v-::··...:. by 

"0,e~-.~ ... ·,··"'· •"".~.Y'"i :1----! ,··--"~~'--~-· ~~1. ~-- ~ -~ ·-·; ,. -~:"'., ... ~-~n·-~-,--:--·,-
J_ .... ;.;:;....., .... _- _ _ --- "'"·~~ u_ • ... -v.~~ . .:.. .J 
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' -.. I .. ~ .• -... 

--.r :...--- . / i . ;;· l.::~~__:.:_:. ____ _ 

-, .... 
~! ... -1 

t ~1.~..-..c 
~ •.. ~ ..... J 

-., :·• 
-~ .. _; +o n 

v -J' e:-:ccpt 

O .p 
-~ 

··~-" .~·J.'"~:_:o:.-.~~-~~-;~~-}_j:t:~:r i\;~: C?:r1 ·;_~.:-l_~ ... - ~ ,.: 1 -.,:)C-:.j:· • ,1--:· :I.o~1:.s:.~.:~~:!_~J:!.s :1_~--- t.h:; 
~~-- ...... -- ,"VP''<'oo;""'-····-- ...... -·-------.··-·--'V .. ,., .... -- ...... ,..,. ___ ... __ ~·-~-----------·-------·-.. -- .... ,. 
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., "" _LV) 

;'Ji: 

tl1c 

..r- ..... ..,... 
.L vJ . 

o.f io::::_z2.-

·cioJ1:J pc~.-- t: ... ~·~c1-:: SC:J~~c::~/ .J_.:.:::J..:~t1.::. ~i-~n, c~~!l be c~ .... ~L~':;J_l~::·~.!:·..:lo 

__ r·" i "'=, ) + p ( ..... =,,_,( \ L .s. '".) ...... .. ,__1 -' 
- ' I \ 

~:-.) ·r. l' ''-:..'i.) 

is 

i·Ti th di:L~'ercn:t. e:Lficicncy., 

The distribution funct:io:1:> B 10 

(/..) = _:_ ;; 

()~18 :: 

:: (,., .. ,-,·) 
-.~ J,J.~Jl -· P{u=n-1) 

of a sensitivity function '.:~lll bo 

{17 .... _ ~ 

(18) 
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ext J~J.si v,;ly used e:spcci3.lly 

A rsLati~e to that ·of a ~~diation o io obt~insJ fr~n Eq~(lO) ·: 

pre-5.:L ct.::on::::: 

> {f(LE·:n 
'--c:· 
------------~·-q~~~---~~~­'1' 
~-·· '":.• •r 
!. '·'··-'·-· ... 

( -~ ( LP"' '; J.. '.1.1L 

on the 

(19) 

I~_:1~:L~ ; :1 t. :~-! 'n. o.!~- t ll G J.· .. LC .. ~; -:_;_c: ::' o :e1·:1 j~ :~l :.~ /\ l.<I_ J .. :i t ~r- c;}_.. ~~~\., .. l }3 :.:~ c -~: ... ~. ~ci (.· ~~·:1 ~: ~':(:; 
--..--·~i"•""'"-••- .. -----CIAI.--..• ... -'t'CI ____ .., .. ..:,y.~- ..... .- ....... - .. -------~-·----r .. --~- ... ..,-...: .. --•· ...... __ .. _.;. .. .,.~~t.....r-
_;::r;!) ~c;d ~~l1 D~--~-r St(.-:_t-_,e · (: .. :"'1(. 5_lJ. I~L~~~-~-.-:~~- c::-:--rt, ~~1-:(Ytl·l o ... -~~---·~--·--------------~··-~L ........ ~.-- ......... -..... 4 _______ .....,.. 

-----· 

37' 



,.J 

so lon~ [t3 

0 

! ~ 
i: ! 

abo'..lt 5 
,, 
,;1, . 

.:· .. , Ol." 

<.?..l:;out 10· ... \ 1-·::rcrr 2.llo;;;~·LrlCC! 1-~ .. GG r:;:c1a ·:f'or t.}.te : ... ~c::.cl:i:..~l S})i:.,:;().d c:f 

. t::e io.:1i~J.tions .. 

clir:lells i 011 of 

., ,,.. ··~ -"····., ;'""': 
/""-~.:.. :_;._._; 

I~.--.) 
\).) ' 

... "' ... 
'.·

7 ~L t.ll J..D.. (~ 

·~·-- ....... -... }·) ... , .. c,-..:· ... -l.)<) ..... ,· -,lr"" -l- ~jt""', ~-~-·;:·f_-.:~~·i-._~._··,·.·.c~_,..._!_, .. ~S-~ Oil"l ........... -~c-~·--··_-._--1 ~.-"·_·.::~ .. ,-_r.,_·.··-·" .. 'v'_-",· (~>7-- ·_;"_-.~'-~~~·-.··.··~·-··_.-.·-. ~-.:..!.~ .. -· ..... ....J.,j VJ;;. ... ~~--.,._..,:; V••Y ~ ---\..1 - ~--- .... __ _. __ .... J.., -. ~ ---....,. 

r~-f"-u 
--.; 



... 

-,. 

' . I'· ;t·/<'/ ' . · . 
. ·----· ·~--··· .... -~,. 

... 42 

t··-·:o conditions : In 

In nutrient brcth s~spcnsicno 

l .. s . ' ' ll1Cl~.COO. 

t~ "'.~,·c.' ··---~ ? 

2 em , 

ior~:3 j_n :·lois.t [!ll'"'" 01~ i~.!. Lir;ist -~·T 0 -~.t.-,·o9-r~h.~~:r .. es6 
L. 

/ 

of ths 
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Fr~l inspec~ion of Figo 13 it is seen that a GOOd cor-

i~dircct ~ctio~ or i- .,, ... ~ ... - ·r" - ...... 
"'-~- "-......... ~) ..... it...,..,J.. 

~ 

~'7ll2SC; 35 i~ J~c:J:..~c~c~r;~n (U.l r~r:tis:lrtte 

(50. ' ; 

i11 I-~~~--- .:~.:cl 0~;-rlt,~ .. osr:l-.;.c:r(;s ~ ___ ....,,_ __ . _____ ·;..;;;-------··-«)of---

' in tho i~~ctivation by ionizi.rr: r~~i~tic~so 

--~ v.L 

be COV:?:rCd 

{ ll 0) ~.-., "' -- . (, .. _; 

"t· ..... - .. 
~ .... _,. ' 

place by 

._t··~·- r·:. =~· _r\ r..._., "· >. ' •• ~·=. ]·_+_ -i ,_,r_~ i-.\.r t,..., 1-.... r.'l ,'1 r."\ f"' 1 l" .,... ·'i' ..... ,... ... . ~; J. 1.--; ..!l~.~ .-. •,u''{ • .... ·i ... ·-~ -~ -- ";; 
·-- -V -- - V...l.. - ..,...J '-' ..., . ..,. -~ ""'_._. .o.-'. .... .!.J.U •• ...... >J...,.r, "' •.• \ •• •..:.. '-'~.-~:.- ......... ~ ~;. .;...J ____ .J.. 0 
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certD.in. very desirable featm.'·GD o Sy vm:·yinc the:· moifiture 

the \rater la":TQY' (',;'l ~-0"' o·r '-h~ J ... .. ........ _ ..., .!..J v ....... 

cell::; cc:.:: be adjusted ·t;o be so thin ·chat 

··v·"'o·.~.~-. 0_'"'.· ·t-n'e n'c:--.~r-:y. p.'"';---J.."''u·-~iclr-... _ (-~1:(".1'."':,·-.J..·'n-~ .·1<:! cau .... ~r' .-1 ... -,..,.,..,~~-.,....r·· ··1--l.. . v -w· ... .:l - __ v .• -::.._~ ..__ -..0 · ....... d:.:U -.t.J. j:J~V.u.t.:.:VJ..t.l.GJ..!·~ 

ito Uhe:: flushinr; the bomb.s.rcbc::.1t chc::.nhor> lJith 02 gc~s C::" 

tior.. in tho cell layGr 1·z::::.s :l:'O<dily .:lChic·;red, d1.1.c to the frco 

acc~ss to the flushinG g2seso 

.; ~.., 
"'--L SOElC 

chloride solution0 

:Cl1is conclusio11 v;2..s nlso c:>J:l-

a very :r·ep::o-

fraction cf: 

~I' he 

scnsitiv:Lty is plotted z.~) the ~·ec_ipr:::.cal of ti:.c: 

dose, and expressed in -1 "('" ~, -
_,..;.\...!. 0 

U11.clc~ 

Tho ssnsi~ivity u~dor aerobic con~itions a~p2~r2 to ~e 

up to 

For He-ions of' LET 
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l'he :findin.z of v.n o::yr;cn effcc·~ oven for as derisely 

ionizin.:; radiation as 130 Lev Ile-ions vms at. first. r.::.ther 

puzzling.. Ec~::ever, further tests shm·;od that tho mac;ni tucle 

of tho 0,,-ci'J.oct at h:i..r~h LET dapondod nero upon t:;ho vcloc:i:c:r 
L. 

Cf t ~P b·o·nl:·~ra·~,1~ ·o~~~~c1n 
14.- .~.L ~(,;:- ~· ~ ..... ~.- \,: al.. _.,..,. ' r2.thcr tho.n upon its actt.:.al L7.'l'" 

This is s:-w\:·m in '.i'ablc 

Fron Table VII it is seen that as the ener.:::-.Y oi' 

ions is rGcluccd 0 ~n J. -

2-e~Iacc cec~cascs too, and for lo9 

Ee-icn.s the oxy.c;en enhancc:-:lcnti :C:J.tio is loss than 1 olo = ><~O::iC 

offE c:t is associat~ed ~.-Jith the de~1::;ely ionized t:c.:.ci: core o1' 

c:r the h(:avy ion tro.ck core o 

t.~:.r~o, .. l~;b. ~~::c; 1;oir1t s, ~1~~~~:.: ~!~~~~;..:. 
e:(peei~ed · 

l- o :£::;~{.::~~ f'c:'"' I~e-ior1s of ::::-:.. :=::~s~r 

-~--. 

hi::;h 
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:fl.. n d·i ... ,0. 
L ........... i.., no oxy.::;en Po nlpha pa:c·ticles used 

It c;:-:.:.1 thorc.fore be CC1"lCludod that~ the radioscn~~itivity ob-

T::> f'.l·:ilit.atc the r:m"Gual co:npariscn ~~nd the detailed analys5.s 

of equal velocitv should be - . " 

used o Tl".:.:ls 't'jas not t~e ca::;e in t.hc present invosti:;atio::1:> and 

obt.:d.:.lt~d under thnt condition .. 

ticz~L ClL""TGS b.::.sed ·o!1 the track secr:-:E:mt theor-y outlinod ;,e;~'.i:."lier 

( 18) , \:itl:. v.)= 1 ;1 u = 5 &n( the s2:.e 

used for 
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in 10 c . 
:LS used, e:r;:ploy~:,1;Z the sr;msit:Lvity function cal-

culatcd fro:n i~q .. (18) liith v-J:= Oo63 and u = 5 and . tho s.s.r.-1e 

::;cm;:'_tivity paran~etcrs &s used to i'it. t:1c ano:::ic dat:.J., tho 

,, o1 J· c.l· c·' ,..,,:-c . <:" 11c!·r"' .. :) . -.,__ L<.- v ~... -. .. J,. 14. in o1;-tained o 

dopcmde:-:::e of the upon the velocity of the 

c:~:ccpt for 

It m.?.q be tha:t. for :JJ.ch h.ir-:h 

. 
hey(lnd :.<~.at is t~:r.l.".18d th·~ trc-td~ co:ce of the hc;~:vy icY'.:.., c.L-hc 

·-w-
/.: .;:::'(.2 ~~::..··~--~ radioser:.,:;:it;i vit,y of no rn1c?.:L ---

'-.. • .("'.) T.., • ,. .,.. ., Q . ' 
.£:.91-")<~·:t-EJ:~:£ a.i.. ccr ~::-:pos:_trs· 2n ll~~- axJ.rl ·2 -a"'c::lc?r;~:_c::·c;s, c:tl1Ci 
C.._.,....._._.,.. __ •''""~eoi»----CI)!!I•-O--UO----...:t----(!G .. •-"------·--...:--.. ... ___ e.od_..~-.,------~~ 

•. 

( ' 0'"·~-.; n.~~ T,d ~--h •'!l-rr><'::•rc>l D ~hy·' '"''·'c· -i ~-~ l .l~J.t... ~ ...... -\.;. l;<._ v... _\,..\ j• ...,,. ._ ... ' L\.l. \..'. '-V-i.Q 

----------------------------------

Effect.s obser-ved on scc:::::r;los e:::;-::osecl in c~:cy stats 2nc~ hi5:)1 

vo..c1n:~;1 h::. ve alnmst pel"" dc:2ini t.:i.on 

c.ffcci~s()o C "v' · .. ""':·,v·- ("\_·,-·:.-~ .... ~ 0·1"1 t·_ ,_,if:~ ,-,·;-._' · ... :'.· T~ ,'·") .---l , •• , .--: 
• ,__.. -- ll .... v - ~ ...... -- ... .~....~ ... ~.:.-....... ~ 

ri'he Ob""'"'r'Vat~ 011 t 1 1<)~· ,-,v;:r~·r ~") __ ..._. "--V J.. J.c..;, . .l VJ••Ji._)__. __ incroascs the radioGcn8it~vi~y 

of cells~ end the r::ubsequ.cnt C>1:<:;crv.::;"c:Lon that it v.lso nffoc'Gc~ 
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the ;3cnsi·:jivity of ·dried biolo.:ic,:?.l r.w.tcrial. hav·a been .. GcJ:cn 

as a·:lditionnl evidence for the ir::::;orta::lCB o.f the indirec·c 

effe.:::·c.s.. Althouch mu.cl1 e::? tnG controversy probably sts:ns f'roa 

lack of: ;:,,_ .. cciso dcf'ini tio:as, it. h"'s focu:::cd -'chG at.tcntio:n upon 

undorst;andin~ of lil1ich is 

of f·l:.1dC1,1~:c;11inl i~~1porttt11Cc 

dehydration en the r3dioscnsitivity 

,.. ,.f.... t '. , . 1 t , .._, ..... 1 , • • oi en· 1. e::."Gn DJ..O_.._oc;~ca !:.>ys· .cr;:n :w.vc t..rler·c.r ore ocen suo JCCted 

sensitivity of l::~ploi_d y-east. 

1/-·- ~~ .. '') l. I -~-· ,.,, ..• ,~-
-..., ',;,. _..I .. J'-1-..:;,. 

variJby o~ solutionso 

A fc.'.J years a.c;o So.ycz et 0 ·? .... 

~_.~ •·•, r.", v ... ~-........ 

·,., 

thcsa stuCi~s and also to 

inc~u.:ie ·t!.le ano::::ic state..,. 
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Sacdtnrc•'vccs C·21"'CVJ_s:!..cs, a~ a function of· the LET of the 

various ::cadia tions used. Pre1:.::::inary results have been 

Tho cells 1::ere cult,m .... ed on Po~Gat;o Dc::t.rosc Asar (Difco} 

nt roo:n ·t-emperature fo: ... t 1:Io v7t;)cl\:s., 'fhe day prior to an 

cent:;:·ifu.~:ation in 1/15 I~~ KH2Po4 and suspm:.ded in the GX'iC 

buf:fcr at. a final conc::ntration of' 8.,106 cells/mlo 'I'his 

rattu~ until its use,and res~lted in a cell population, 

: . ani.for.r:1 in r2riiosGn~:l.~ivityo 

yes~st ... ·c:-ctrc:ct 

1'."hi<~}: 1trcre able to for:.~ .tt•icro-·::olonias .":).f 10 or ;'Y .. crc cells 

\ 

by i~llis :::1ethod t:ave the s.s.me r·::~c1ioscnc:;iti vi t}r as t:1L·c o1::tai::.ecl 

by eo:.mt::.ng visible colonies 0 

., · lc ~ t' ' · · t · · t l' l;_y..re o S.:."lO'NS 11e rac.J..c:::en~n 2 Vl y 

of <iny y:::dnt of 

found that the [:lyccrcl trcat.:L·::rit provided .:li.'l ad.diti021<1l }')l"C-
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teet ion cor;lpc.::r:;;d to the ::::.:no:..:ic lcv<:d cf cells exposed in the 

pho::: rhatc buffer also t:.h:cottc;hcn.'.t the entire LE'l' ran:3o o On 

the ct,hcr hnnd, a~ cxy~-:;c:.1 e.ffoGt 1:ms found \'."hen the cells 

\rcrE! exp;)Sod in the pho::.:phat.o buffer., 

As seen fron t.he fiSl.lrc the radiosensitivity under 

r1oo ~-~e· -.r .··rn-lc···2 ""'n-1 ! l.·:.-'v :·~ .1... .l.1.!. .o:.w. u 

but the :position of. the peak on tho LET sc<::.lc is dif.f'Grcn·co 

.Ln the presence of oxy,~en, on the·· other har.:d i ·the response 

that 

<:..no::::.. c conditions, \·:hils in b3. :::terin no ~co.k iJ.olS C.PIJ3.:."ent. 

all., 

cur"iCS ~o the radiosensitj_vitic·s o1x:erved 1.:md,:;::. .. t:1a difi'cron:IJ 

The radiosensitivities of yeast cells exposed in 6 N 

dependence of th8 

.... 
-fl. _, 

k = l!~. ::c 10 · rad - o 

ti vi ty o.f cells exposed. suc;x~1dcd in tLe pho:-:. r·:. .,_tc.: 1:n..'.:fi.'c::· 

. ' 

functio:;,, P (n=lO) , but the ·seTs:. ti vity parc:::.2::t.cr . 
l.S 

by a factor of ~bout 1,9~ 



.. 
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The L .,..,''·""'.!. ' a.. ..., ...... , _ aepon cnco o~ vn~ 'l"udiosensi ti vit~:r ol' the ce;lls 

d 4 ., , 4 ... ~-"' • . exp()30 ~n pn.ospil3.vC OU1.1. er l.n at:::o.sphero 
-

.fi t:~c~d on tv.ro difforc:::t; ass-..unptions : If use is m~ck o!: tho 

. t . . t "' t. 1 1 . , ./":' T'1,. (; r'l )' ·7· .... -'- ...... .san:~:L ·:_~_v:.. ·y ~unc l.On CQ cu_.:.rcc:;. J:roJ:l t.q ....... o , .-. ..L-..1. ... 

-~hi:;; sen~>itivity function docs 1:..ot. .:~pp;:·oach tllC'! .scnr~ral trend 

uut llS . [l 1 -n_ .... P-_l."'r ri ::-.""c-... ; "'t ·j (''•'1 ~ ...... j ....... ....., ..... } l. -l"" - .. ~ ....... 

If~ on tho other hane, usa is c3de o£ the distributio~ 

In vie:u 0 ,":' -i- !""n 
-- v .... J.-

::xn-·t~_cl~:: velocity, :tn .:1clditio.n to the actual LT~?:; e:.s ~:li ~ e::.1s secl 

of the :c-<.tdiosensiti vity o:f haploid yo:ist ~ for different corl-
--~ .· . 

/-~~ t~-J~~--- /' ;~i Jit,:Lc)r1S -~~tuclie(lo 
.::.:--~.~-::-:..> 

·oar(;\l 1:it~h t}1c radioSGfl.Si ti vi ty of the cells e~:-')os::d in 

·.-~ . .)·.·1 0 •,') : ...... ,,_,~~~ i··. :--~ 1 ..... ., ".L.!"tf"c~...., , 1 n r,_l ~ ...,_ .·:1 Y'p'""': ;:i rl"" ~- ~, ~ •· ·--~'- uv. - - , .. 1 . .. J. • ..•. -----~, v .• '-' clycerol tr~~t~2nt 

but is f .., c-·'­
- ~,... .. .:..;L, 

Lii''~' rc"'no··1"''"' J,...J ..L io,} J: ;. """' \;;o o·i' t:1e V9.rious effects s tudiGd cc.n 

be dc:~:;crj_bcd. on the basis of the track se:;r:w:·tt analysis Q 
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.. ..,._ ... __ .,. __________ _.. ___ .,.. ________ ..... ___ ... _____ ..,.. _______ ..,.. ________ _ 

·• 
c2r:.!"(,-is1- e after E:,:r..,osure in 0"-at:::.:os-~hcre .. 
----------- .... t..:.. .... ··--··------·---.... ------... -.. ------ ... ·-------------~~ 

I t , f ,. 1' . ' .... . n ~ s ·uay o · o:;.p OJ.G yeas v zy;::o·.~cs forrr,ec'J by conjuzc::~ ica 

of one X-irradiatod 2nd one u:~:Lrrruliated haploid cell, I-To:cti::-ael"' 

. ,__ ~. . . . 1 ' 1 1 • • • 1- . 
syr;m:;cs~ sucll as cav:t.s:t.on ae ay~ aonorm.::. c.J.vJ.slons; six: J.J.~1,:, 

and c~cath.. He defined the dr..:~;J.C:G responsible for inac:ti vn:cion 

resulted ti.;ofolc1 cf.fE::ctive dose 

the zygc~~e curvi va.l cu:cvo a It is note-:·Jorthy tllat th.is co:c>rGs-

pon·iJ closely to the oxyzon sensitization ;aund for haploid 

yea.:rt cell surviv.::tl test-eel by inhibition of colo21~i for::ntion, 

as Xil~s·;:. invostir.;ated by Dircc r~nd 'j_'obias · (11), and disc:u.sssd 

in Jnore detail in the previous sactiono In a later invcstisa-

t .· · O·r··1 ~,-' ~-~o-.....-·-· .,.,..,.... (o'C') .LO 1 ,·.c. ..:.~.ta 1· .... vl1li0.L .; also reported on x~ray induced 

dominant lcthals in diploid 

.. that fer the? haploid douinant lcthals, althou,r::~1 haploid yc:l:::'C 

cells ar~ more radiosensitive t~an the diploi~ yc&sto 

of 

O..l.·" '·' 111.. c11 h .... vc· 'o·e·.-.11 rc-··•)·'"'-." .... ·""c1 J. ;-. ~ .. · 1·~ "'~--,...."':! c~--·1 ... C4 v .:. .. J •. V·._. A. ·-~·- ..... l)Q 'J- c ... u (65)" 

of induction of dominc.nt leth~.1s in hG.ploid ycc-~st :.:-ill t:.: 



'hav:l not previously been publisiied.., 

Cells o£ the cel.~Gvir.ic~e 

a·e~t·-~~~~a· ,_rQ_?Q_~2 V ,·_;.l.A.t.c.V'._. \-.rere ht'T1JCntcd i:'l""O:rl. 21~- ru-se old cultures 

(VT.·p:o}· ·d· - ' .•• "1"" -~~ · ~1 resuspenctea ln alEtl ~ea ~.-ru. t01 ... o 

par~d b:-;. puttint:c aliquots 

ially cu~ non nutri Ye ac:J.r blocl::s o .AftcJ."' exposure t.o variow::; 

surface o.f previously pl'E:)D.recl 'JT.PD .:::;ar blocks adhG:cint, to 

res·~spended in distilled water vGrc then streaked alan~ the 

sm.·.fa.cc of the YEFD block, a1:mrl- 2 nm fro::::1 th': irrc~cliatcd 

From 50 to 

opp:::>site streaks, usi:ng a [;lns;"> nic::'OjcccUe to dre-e ·t.he cells 

""-40 -1 • '""' 1 or. 1 or moro ceJ.. s O"J~ ~o 1rsc;. -r.rrorc~ c:.J~)~ltcd · as 

- ~~ ·~· ~ 

~, 

.... ··:.. ..... ,?, ,' 
- ~-·. ---.! 

· s~o··. 7 -, ~ ~--. -1,.1· r 17 _J. , .... .. t...... .__j.. 0 

for· ·::111 t.hc rc:.dia tions used G 



.. 

I 
. ··) 

,;.-- /• ... 
'- -;, .. & 

--f--~--- .. 

.. 

ctU."VG ca:-1 be cortvcrtcC. L:to th.::~t obt::.il'lcd •::ith r:.ny othe;. .... ra.dia-

t:i.on. by Emltiplyinc its dose ;;cale by a constant i'actor, char-

[<.ctc.··ist:Lc for each type of r~tc"\iations. 

T'C'l.'Ot:i.vc radiosensitivitY c.::.n be discus;:;ed in tormn o:J: dose 
--- oJ 

redt: ctio:1 factors, or QS the l'Cciprocal of the dose :L .. cqu.i:rcd 

t · .. _c:,.,d ,_· '1 -;:?.; r:t" 18 ... j1"'""'...., ~'-' • -'-..1.(>• , .- • ...;..<;:. 

fjcnt cd in terms of the :L~cc:;..pr:oG<:::l /of the 37~~ survival close., 

:~· . d-1 c.:;.;:p:cc:sseu :r.n ra ~ 

C . ,(:> .,. on:r_:o.rJ..son O.i l' :r..r.;s. 16 and 18 reveals that the radio-

Den~ :i.ti vi ty of haploid yeast cells as rr function of t:·~e L'::~~, 

SD...:."TTO 

o.f c·clony forr.:ation (Fis. 16) or tecteC. by inc:.uction of 

of C.c.r::i:rF:::nt lethals as a f 1;nct:.on. of' expos·urc to difi'erc~1t 

for these ti·JO effects. In J.nck of ::r~o:i."C dat<1 :fo:-- the 8.no:·:ic 

~;tat.o, o.:-:.e r::ight. guess that, these ·t;oo ·u.ill shm: t.1~G c;~::-.r.H.: 

~~cr:.c~ral t-rend as that for inJl:~bit.iml of colony i'or::::::t.:lon E:::.lcr 

The solid curve shovm in Fie; .. 13 is th8 l"C:~:ult of c:;. "c~.:'.?.ck 

,~0'1(••· ~-nt lr 1:1 ~~ t1 1. o-5 r"'a'-l a ~.~ .L ~o.) 1...~-C). - • _.I~'"G £:. V ....-

,. -~ 
_-.;:, 
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?he ill'~ dependence oi' tho inC.uct.ion. of domin<.:.n:t letLals 

unc18r anoxic co::diticns may -thus be predicted to be the; rcsul·t 

·of 10 ·o:c r.10ro ionizations in 40 Afj-:: , 1.-;it;h the s0s~:e rclntiva 

scnsi"vivity co.:1stant as alTeady u~;cd for tilG oxyn:or,o.ted ccn-

I 

fc):;_' E:xposm"'c :to radio.. tions o."~"' lo~'i I~T:T in a nitro zen at.r:.o spD.e::-.::, 

1~ IntroducGiono ---... ------- .. __ _...., ... __ _ 

scn.:dtivity of' dried enzyL',cs, 

car-ried out on 

60 Co , 

prG '::.on.s, ch:::::.t,:;;r6ns ~ and alphn pnrt.ic1cs, r:a:t:·tiaulo.rily by Le:J. 

o1 

..(. .. ; ......... ·'­
·v .. .:.~4·"'u 



,-0 
)0 

... 
cl::tai.::~ed fron ~·Jorthin.cton I:ioche:[dcc.l Cc:;. ... poraticn c-,.:nd. the !~rmo'J.l"' 

L ~.;~,...,-._~_J .. ~ri '"s·) 
c.;._ .. _ 'I....; .......... vv -~- . 

in. a descicator. After ..1bo1..:t ~i6 ltrso of 

prE:nsu::ce, 

ch~m;E: of optical dcn::;ity a"~ 260 m;ct of a DIJJi-::::olution upo:n 

'· ·· ... t" ""'" -~,.. ~ ~· ···1od -1c·,., .......... .;~-.c:~· ·o· --···.~.,:.tul·..~..·;-.'7': {~..>:::-';L r~'il:~::.~1;·: ·l!l ""Cl... 1:e "!.~. .. z~, .... j.~ .. , o. ~ilc v.1 v. ~~J vJ.. .._.....,~u .:/ v _ .,., ... 

Tbe. ·t;r;psin activity,. if not- ct~hs:r·:,:isc specified, v;~;.s .. 

e i·),-. rl r.:. c .oc ('· ~... 'U r:•0'1 ··.-, ·i- --j ·1• o· Hi ·'-11 t.11e 
......... -.;.· \;':i:.)v .. _, '.J.""' J. J~ ... ...._. .... __ l_b '"-'"' ... _. ... 
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2.. Ef:ficic:~~cv rx~r Unit. E::12r'"cY !~b~>or:JC:do --·--- ... ·--·-... ---.;..-~- ... ---·------- ... ..uo---··~ .. ----

r.:_,.:~ i~~ticms u::::od. dmm t.o about ))~ :_"'ccainii.l.C enzj'1:Iatic acti7ity .. 

-'-'! ... ~-'­
lt#..JV-\.1 i'or all 3 

* 

idoG. t~r1~1t~ tllo 5.i1.J.cti vatiic·n can be 
' 
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3 "'j":'\..f."'_':"~ "' • :":\" ,.-.- -~ I"r··._; ... ,... ~, .... 1 .. ~ "(f' "Dr.-....,,J,.. -. ., , _ 
Qo. JJJ.....L..!.. I.. .. J..c .. .;.1._~f 1!,: ... •. )~._),o;•..J'..:' .• ~,. \...·...!.: ... (~ • ..1 f.i.i l.'lL.-l.\_;(t ....... -----·------ .... --- .... -·~---~-·· .... __ ....., ______ .,.. __ 

As discussed earlier, an:.ly~is of inacti v.o.:cion data in 

terns of· the efficiency for ir~activation per bo.:.Ttbnrding particle 

.frequent1y been used, and is corr: .. ::1only ref' erred to as the 

inat::tivation cross ~ection (72) o It is clcter:::r5_ned f'ro:m the 

exponcnt5.al dose-cffe(;t 

n/n
0 

· -vn = e ~ (20) 

"::he::-·3 n/n0 is tho fraction of the enz;,rmat.ic act~:'L vi ty reG~ci:-:iTJ..g 
0 

aftt;::.. ... a dose of D particles/ c.:1'- .bavc .. bc;sn del:l..-·..r:;rsd to. t?-18 

.:;an~:?le., (}is tho rD.diation in:: .. ctiv<:ttion cross oectio:.J..G 

stu .. d:Lcs by Lea (58) and by Pollc:.1~d .£!: al" (72} led to tl:..3 

';rr1e:.:-<~r:.s ionizc.tion.s occurring out side the molGculc <:..::: 'Ke2.l as · 

·0xc:L·~~tions nay bG resardcd a::; ine.ffcctivc i~ t.l1e 

pro :::.:!sscs.. On these ~ssunptions th..e relatio::;:sD.ip 

ina·::·;;ive:i;ion cross section and 'chc ioniz~tion density oi' ·t!~;J 

rad:laticas used t·ras reported to be \72) : 

,.---- . 
If 

lj 0~ 
the inactivntion cross section corrcspondi~~ 

, • . r·Er,··. 
l1~[;:.1 J...J_ .. ' cross sccticn of 

tho ''t;ar::ett~, "t'llncn, for cnzynco in ge:ner.1..l 1·1a3 reported to 



be-tho entire molecule" r'y ·.:tc· .; , •. ~ ~ l ~- .... l'-' raliiations 

cicter:r.in:~tion o£ both ::ize ant. ::;hape have boe:.1 reported. by 

z;-any autl·~orso Cr..c oi' t~hc dif.ticultics met in b:mductint; Gu.ch 

sir:1oult~:.ne-:::u.sly i.·:cll cief'incd LET, llhich are 
. . . ---

.. • • .L. • ,., (. 

l~c-ccr:~~na l.J.On o:.. ~-i 
0 

... iriacti va"c5.o:1 

t:r.tc:. cov::red e. very ~:ride r:tncc 

en~ oft~~ ~~~l~c~~ ~ ;. .... _ --j;'-- .....t..V nsnunptio1~s of Eqo(2l} is that 

t.racl: o:I: 

'.
-,'.-'I''.'(,' .... v· l-.~·.r ,_, •• J.r ~-.}:"" l. O'll. ,.,.! ""'~ ""•ri"].. ~~l ~ '·'Y•O.' for· t-. 1~0<:'(:· c·.,,-.,... • ..,r::~~ ... ....,~ 

..L. .,. ...,. o.~•-v J. LJ.,... ....... b ~:--'._.., v ---""' (.;;~.... -•J. "".,- -·c ...... .....~.~..~.'""""' ........ ..L j' 

•·an ·-,,. .. ;, .. :.,co -~ c·nl.· ···"~t-: c-:---s -:--.-···· ...., 1~- "'\,..._\... ..... ... ~- ........ .._._ c:.. ... i\...4 

·,, 

obs 3I'VCCl inactivation 

.,. rel ...,.~-l.• V"'l·r lc··r 't :-:-•.• "'n:l· ~o--cc---.~-!-l~r 
t..A.V """' ) •• -"'--. CA.:,. • L~ V.U.V J 

.,... - l ; 1 (7"') .. '. . - ~ ' l · '"')' ...,-.... c· :.., .... "' "' CO"C ,-,u,.•e .... , .. ~~-.- .L·'''"' 0 ,,.,. -r-·, "''"Y ..1. '- ..- l.J...L J • ._.::..!.::. ~0 c..... J.i - \.4 \..1 .. ~-- ~ J ...... ._ .;.;) U'-" V(..4 • "-< is 

l:i.kely t,o be 17 an ovcroscidatlc-n by a fo.ctor of 2 
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the inactivation cross scctior.s of the 

3 em;:yncs studied, plo·~ted as n funetion of the· to~:al stcp.~:)ing 

u:3ed •. u Fc-ion of 
+- • . • • 

SvC'PP:t.nc :rm:-er aocu-c "5 ... ,, •. -1 2 . . ' /'"­'+ !.1\.t •· CY f,?l! em J.. 0 rno:-ce "'C110.r~ o) 

.l· •• _.;,._,_.:: •• .-... • ~c' ,., ..... ~, • ...,"-1..~!" "'<"" "'I"O"·o·l o·" ~-·r·'·'"'·l c--·'·c-r·.,.,-~ .. ·-o "' ....... ,... ..... ,-:- .... ,.·. ~~L....... ct~' ~~-LVvV -~ v ~~> '-4. J.:-' l.t ~ J.. __ t,~,../V.;::_ ~--\..· ~.~./.:-·..;~::.~ ·;_,-'·_;·,i;·:...:~.!. ..:! .. )I...J~.\.1 

; "' f.\"" c'- ·•· ,_,. .·1 ••• - c·'· -· . r ... ~ -~ on ..-.-~,- .. ~-
. ..,t_ ... _ .. J....:... L·' Vl!,_., ._!.lc.:. 0~-'· •.:•.v.i. .:..- \..l. ..... L::v-

ths1~fore forced to conclude that provided the si~rle ona ~~~ 

't·.nr.:.: __ :c.·i·. +l·e·OJ.'"'T h.,-.·'rc . ..L.r.-1,; O,, ...... JJ...ll•-:\0 c'"~'~O'·f•':> ..;.~·.r·lJ..'nc ·:·c' 1·.\,,;c·,·,.-, ,,.~..,,.. ,. __ ~· - V... .J •.J.&. __ c,; ....... ,J J"-"'-V • ......... '-4. .._..._,_ II""""'~ '-"'.=."..t.' . ...,,..._1 ""' ~ V!.l.\._,.o,. "" ~~~.J.. ~~ 

()~ ~~ f 0 l) J..·n.~o a~cord ·- l ~ .1. .• : .... 1 ~ \ L- . v - "-

C:imE~i:sior:s. -J''.v·en· ·.:L· l~ ..-.: -, 1 ~- 'r-"' ·~ '"" '"",·,.,, n·'- i r. '"" - .. - t. ... J.. ..... L-.LV l_..,_l.i,,i .... :.,...l,l.L.'L-- ......... ..; 

dctc::::·tr:.int.tion - . bo .1:--1.~:;_ 

r:-1~~·,,-,·l-:-->.rc·OlU.r-l·.r "'rl~ . .,.-.··· U'."""·····!-..,..:;-1 r'"'lt-:· .,... .. , .. r ['"' .. :~!.~:"_· · .. · .. ·:.-.• ·:_(_-. '· ,..,-_,~_, ~-.,.;·') .... ..L ........ ·-·---J~---. ....J J ~ ·-) ·--~·-\..4 "-~, ......... __ ._ ...... _ f-' • .......... ../ ....,..1..._;__ - '- ..--

- ·- ,J,,_ •. ;- t·ryo..r-. or> c'v ......... c,. ...... ;.-,,"""'+~ -1..ll tr!L.~..J j};J._ \..L ..--..:,-•:..t...L.:~\:J.-.U,>., 

21 c- '·, OT·•<-........... .. .. ~ .. ) 
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inactivation ti~ta • In order to per-

• 
.,_•llJ."i'., '-o ~-.lle notl10d C .. U''','(.~<·••r.··d ·o~~ ~0ll''~'•j•1 ,-,l~<1 r'f•r;.r>~lil·:c:o"' ( 0 /.) _ lJ l...l ~•·"' .:.J '->-..J\:,;.:.-. l,v J u ...... J.._J. v ..... v. .&..~ol"'..v '"· ..,_.,_•~· .L.i. _;~~ ... ) 

t.i !TCJU[;l1 t :--. .,.. exn:·-r-'i r-1"'Pt,.., 1 .. _ _.. --~ .... ,.~- .............. r..l...-!- pointso 

1·rith 

dnl~-:.:1 ra'\r cor::::'ection -;.::.se:d in c:·lJ.c·u.J.ation of tho , ~ 

C·o-~·~..,.c ... .;on (7?) ..l.. ... \.,;: t....... ..... .._ G) 

•. 

t,i1C or·rsnsons 

•. 4 

1) An enzyme mole'culc 1: hit/' b~r a heavy ion may l')e unabl8 to 
:~ 

.. t. 
~Or1.G.:L ~C~1S transfers su.ffi·::!ient 

:."'ature a:i.ong the track of a VEJry deEsely io:1izing pn:ct.icJ.:::: 

lik1~ly to be quite high., A deeper insi61t into the actual 



S<:L-:iples at, 

·~v~·i,.,.,'oln {10 ,,.,} .:. ~01. •• ..!..~~ . '-'• .:;; , I.-...; c.rrd ::~ I1iore dct.:tiled 3 ~udy is pl:nmed • 

2) The clia.":":eter of the hemry ion track core is not suffi-

•:!ie111~ly ~>mall. compared to that o:f the enzyme molecules. 

:iiolt:~culc may trc.:lG~cr cr..ou;l1 e.r:citation en'?.r[;.f t.o the moJe--

r··u.l· " 1-.o -i "'" c+ ~ .,,....,i·.,-.. .; t ,_,l. 1· 'ho~ •·r -:-!.,"' c•.; .,-.·,oul~- "UCO" ,.. 0" C'' .,..l.'C· ""C ·:') 
- •.... ""' ...-.&. .. v.. '-'-"- ""'""'""""·~ ..... ' •· ....,.;..1. uv v ..... ._ ....,..~.,.,u. vc..... ~.A..::.> - \....:...L · J.- ~.;.... 

In spite of' all the uncertc:.inties involved in the 

present ~ypc of analysis, at least it demonstrates that 

au-it.-:-:. a larc:e fraction o.f th<.o obse1~ved effec·c i;;:; due to ~~ ~ ·:.- ~ 

' 1· r:-' ·ys , · e · s a ' f r · '- ,...,. · cc ·ca _ 1·;n · n use l.. ra ae o .:i. as"G, neav y lO~s o 

-Given the molecular t'."eir;ht of the targe·~ ;:nole.culE::, 

one can deduce empirically the correction required to obtain 

a reason-=1blc correlatio;:1 bct;,-.·ee~1 the ioniz&t,icn density <::.1c:t<O:: 

the trac-~< core of the radiatjo::.1G used and the :r;olccular dir1::;~1-

sions ac~ordine to Eqc(2l)o ~he introduction of a corract~cu 

o£ this required rnagnit11dcu tc~cver, would c2ll for addition~l 

assu"rtpt::_:ms on top of the mar~y~ alre~dy Involved.o 

For these reasons it is the O?inion of the prcs<.:,nt 

author t~hat. the usc o:L he~v;r ions ill this type of cx:r·or·i:::·.:·::.-cs 

Ctrc quite illusoric as t.ools for dct.crr;linc:.tion of _!:r:rr:c<:; 

f,h8:~':!s <:lncl ver'r uni"Glia1)le fc>r detcr~c1i11at.ioi1 oi· t.t:_:~'~:c·t si5.":·~S. 
_ ..... _ . J ------ ---
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1. T~J:£·0r:~ts of i\{.~~:1iJ:tl;.re~3 o:f ~7()rc::lr\!1 S-:ibs·~:~~rLC;C~o 
---··-.------..,.--------~ ---.... ----- -·-----·---..-------- ... ~-

1'hc analysis o.f the in2.cti vation data of haavy ions, 

~vhc J:nm-m di:t~wnsions of the enzym.e molecules. 

int•;)l"'p:L'eted. to wean that under .££Tt;:;.in conditions int~0r-

moll~Glllar encr.:::;y transfer proc,~sses are of ii:qortanct:: in 

ra<i:Laticn inactivation of prot:;ins e:x:r·oscd in t.he dry st'.<TGe, 

3.S :L::; "t·w::_l knoHn. to be the cas0 1-:hcn prot~:·ins in sol-;..:t,ior~s 

arc expc.;,;ed o ·This interpretation is r:ot nG:·; o 

Gh.::-c::-1csby (1} have dc:aonstra'crd p:rotcct;ion ac:ain~~t di:r0c~ 

act:L·)il c~~ ionizing radi[:.ti6n on polyr:te:rs, t:h(m <.:.rc;-:-,.::..tic :r·J.ncs 

ar-e iJ.tte.<;hcd to ·the n:.::tin chain of the pclyr::8r ;;-;o1cc1.:;.le q Fvid-

sol.L:ls h::w been ro_r:.ortcd by .i,Ior··:;~2.n and 

fou.::1d that the radiat,:i.on resistance of catal<lsc uc..s incr~:::sod 

(18) ~fm.:.:1d varin:tions of' the rac~io sc::1si ti vty c::: dry cnzy-., 12 s 

has stu::~:ied effects of -;;~ricn.1.s inert, f'oreiQ1 ::ubsts.~-::ce~, on the 

radiose.:!sitivity of trypsin and lycozyr:-;.c, cxpcscd ·in th:; c::;:~y-

suc~!1 as (19, 2oL. 

II,., ·~ol'"CUl".,.. el1"'.,.,'""'T ; 11•-, ......... .., ........ ~ .-.--,... .~... C ... u~ ~ l!J.. .._:,.; .- i.JV.L. t_,.\.,U_v .. .!.V 
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pat.t·;)r:lso In othGr lJOrd:J, it s1wulcl cm:ccivably_be possible 

to fi::1d types of foreign molecules lrhich, -v:lwn mixed vrit.h t.he 

enzy:::~:J, could cause ens 'Jf thn follovrinr; intcr.'lctions: 

a) incrcc:tsc th.9 radioser:.Ditivity o£ the enz;;rrne, 

b) decrease tho se:1siti vi ty .of the cnz:rr::e, 

c} r. o~ ~·.1ter..~.~ero t.·.r_:~-~~. t~- -aa·~o--rl~~~,·~rl·~y o~ ... v..... :.::: .. -· ~.~\;; ... ,.I....L ;;;~..: ..:J.J...v--v v' .... 

Figure 22 

to illusJcr·a~e the 3 patt~erYl.s rc;:ferrcd to ·~bove f::Jr t.he par·cic-

t:la:c· case of ·i;rypsin exposed to 115 -' . ;..;,sv c2.roo:n io:as o J.'he in-

rele.tive 

n·llZ":r:·11 e - 71- i•.J':->•- ..L-"'O'll"~tl ..L'" 0 r .;,....r.;-~l..,Cr.> t 1 ·1~,.;- ·~·;1,.-.,e, '-"" j!.•l 0 ..L.V • c·<\..:> L , A_ v .J-J...:.~oJvU- .._ L ....... ,., J. -"'-''•J•-' ,. 

''""ll'• 1 l y -c:· ,-:-.-:-e c~J- ~v =-<-'-i '-•-'·- ._.L..L ·'-'-'- \:-o 

th<; first type 

usinr: dext::-,:m. ;:~olccules 
'-' 

also i'o::c these 

:_CJ.lS·) shc~m in Fis .. 22, 

As an example of an i~tcr3ction of the second typs 

is 

. 1 , . . ' 
fJllla.CJC!.11.) e ClCCl~2.::tSeO. 'CilC 1 ... -, -· -· Q<"'(•"'· ~-~ -· -: , .. > J-y o.r· t.,.....·ypc··' ,., e,:.:..,\,..J.._ • .;._J ... , .. ·~· .. V~ • ...:.-V -~ ..L · V..J....tr..L$ 
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"" th h' , -­Ol. e ~gncs~, concentrations of rioose c:nd 0 ·? ·-
. 1 d . , ~ . t• . . -p~na:;ya:r~o e use ~n tne prescm<.. ~nvcs ~ga.t~on, :;t1e respective 

' 

by a 

As an eX[lfJple of ar:. interaction of the: ·tJ:~x·d ty~~c ( 'i'yprz,. ·c), i: 

22 shov.:.n the inc:.ctivatton cross section of 

a f\r:1ction of the co:r~ccr!tl·ation of' cysteine (HCl). i.Jnde:r th<::; 

corditio:1s used in this e:;:periiJ.cnt ., no Dl-onoun::;·.~d <Jrot~ectin.''-" ... . .... .... . -
or s ansi .. ;i~ing cf'fect uc::s . .found. Prelimin2ry c:-:·;.perj.r,;ent.s 

in.di:::atc::i, hm;cve:-c, that Hhilc cysteine did no~ pr-ot.:::;ct. the 

ionizin.; radiation, it did appc:1r to be able to prc·~..-cnt tho 

quo~rt,i01'lable. Thus, 11.ttlcr and ltobins (21} usL1g 

2.. diffc::r-i3nt c:~c>-say techn:i.que, found cysteine to ~;:co·c;:: ::t i:!Y <.'. 

factor o:!:· 4 (11 ::: 35), and Brnnr:ls (18), usin2: doutorons i'::r..::.:.:cl 

r.i'hcse studies o.f c.ffcct:S· of va:c--ious adr.i.i:x::.ures ~ shou 

Cle.:o_-... _1 y ·:- -r "'t •- .,... e ..... -:- c' ~ o <-"l'-·1"'.; ~-J.· v.:. + '·" o ·"' c'r·y ~ VA4.~ v...... J. t..:4 .. .J.. v ... J, d..L.V ..1-\JJ ... ) ... enz~.rrr_3s C[:.~l bG 

. thos'3 observ0d .for the p-x--c enzyrnes.. It sho~·::: ·t,h~~t, a pri:-.-,ary 
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of a rat:her 

the .fcrc:i.zn ;:1clc culc3 h::.d to l·o tt:3ocl to U';!COVC2.~ the cf'f'c~ cts co 

.. 
It doe:.=> ~ot seen: unrcQso:;.c-ble to 2s~:m::1e th2t conduction of 

ic:r .. is 

o.n. :LlpO:Lt~nt ccntributin:; factor in this procc;;;s. 

2 e ZJ'fE ct~ of' Tc:··1perature c.lurini"J" Irradiation .. ________________ ... _..,.._ ____________________________ _ 

Th<::t the temperature of dried c:nz~i!r:C s=: .. r::o:l.ns during the 

t . . . . ,. t• 
e::-:pt);.;urG o J..oraz:Ln.::; rac:La :tons narl:edly influc:ncc:s t.~1e in-· 

act:Lvc:.tion procef.oscs, t·;c:s ~:;hmm by Dctlm; (85) and by Pollard 

ct 3:-_:ho (?l). Se:tlO\"·i stu.dicd the radioscnsi't.~ivity of dried 

:sc;.r:-:·)les of catala.ce c.::posed to deutci.."'ons <~nd photons ( )\ = 

:;ain;,; tln"ough 3 diffe~eEt plat·saus.. This Has taken "Go ncc:c..:::;. 

the~~~ c.t lm·J tc:r:roeratures 0::1e CJ•-u-~rter of the moi(;cu_lo 'cJas in.-

G.:ltal.:tse molecule by the ::;ur;counding J;lo.tcrial ;.,.' ~'l1wn co..t.:-.tlt::.so 
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Has exponod to deuterons at r-::>CL'l tcnp0raturc, t~l1e radio ... 

thaii ohsorvcd at. liquid nitr03(m tcr.-,pcraturco Fo:."' photcn 

e:cpo::m.rc { A.-~ 2537 A) th(~ cor:::-esponding ratio vras found to 

at 'r:u·io:.t.s temperature's to C-ion::>, the prc::.;cnt o.utho:.-- i'u:.md 

.:1. .s;;Klll cliffc:ccnce bett.rcen tlw radio.sc.r~.si ti vit.y at rooi.'il. tempe-

rat1L'e cotupared. to tht~t obs.::rveci at liquid ni'c:::·ogcn :.cr:1p0-

ra:C:1::--e ( :1.9) ., A similar response ll~.n a2.so .found :.n . ' '"Gr1C cc~se 

of 1:rsoz:.rrnc exposed to oxygen ions, as illu::-:trat.cc"t in Fig .. 23, 
~~ -. 

It·)· ..... ) 
-:--------

tCE!:?::::rature dependence of the inacti vntion proco::;cc::::;, ut. 

lea 3t~ up to roo:-a t.enperv:r.ure o 

S}E_J..ck (87) has recently c~.trried cu."G a ~v·e;_7 

. -. . .. . - . .. 
i:i:L·cn ·cnc Kl!1d. 

pcrj:1ission of Dro Shalek 

.-

rcso.lts •Jbtained uith ~-rays nad curve :3 1:;i·ti1 

r. 6J ' b ... ·~·· ' . ... vo aata were o talnea Wl0U aose ra~es ~rom 

1.-:hCr:'G:lS -::-.he electron data.vwre obtained \·:it:l 

curve Go 

sensitivity by about a ractm:· of 4- 1·.ras found c.1fter exposure 
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tO EllCCtrOn:J c:::.nd to x-rays 't'!hCU the !:W.mple ter,:[;GrD.tlli"'C l"'OSC 

£'rom 77° K to room temperature.. '.L'he present h0ri.vy ion data 

':re bascc on a single experiment, and. consider.:lble err·ors 

nay be ir:.vol vcd. Nevsrti1cles:3 it illus-;;.ratcs clearly that 

i~hc te.::npcrature dependence of the radiosensitivity is intir:...o 

nte~.y cor ... nectod v:i th the LE'2 o:c the radiations used, at lc3.s·~ 

up to room te:·:1per<1.ture. In the case of lysczy1ne (&nd also o:'Z 

t!7psin {19), .fer 'Hhich dn.ta a:.~e not shm·m hm .. E: j , tihe r<J.dio-

:;en"!~ ..... ;otdtl be desirabJ.e in ord<::r to develop more c:c:L"L1ite 

::_(_1u.:~s about, the r:~.ecrw.nis:11S involvedo The indic;:..tion ·;:.hn.t the 

:,:'ac:.occr:~:it.ivity o.f lysozyme on~y 

. . 0 
·,·pr'''""''r;'l-: .. ,·,r""' hr·l O'·l 0 C ·-·--·-~.!\. . ..., -u ...... ~ u'-"_._ • ' 

...... , u1' :·J- ~ or1 cot·•, a' "'al~-:·l~r JJ. ''P.L., -.. ·i-1·. ~ t ·:·1'1e >.C .. 1"G'"·Y'-;·,...c ,, l o·n::.-

.J,..l..A •.-~ .... V..i.. ... ' ... ~ .. - v .; .... J v ...... ~ ...., V 1!.~.1." --~ ... v ... Ut: c .... ..._ J. :._J 

·:-.·l·o·1 .. J.cl. - .. n,···,rc.~-.Lc.C!c• the eo·•r·-ole t~·J."""''C'"a~·.urr.. - ; "-.. . .Jt;.' ._.~v . .,. ...,CA.".... - '"'1..1 _. ~ Co For s~arsely icniz-

£~c1~ 

,::ot<~:U.ed 0tud:,r of the r<::~ciioscnsitivity as a fu:1ct:i.on cf 

L'!S ·.:iJ.l be ncccs2ury .. Such a 

t-o ·rcry densely ionizirl[: radi&~. tion:::; o 
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3; Oxvrr,en Effect. 
------~----------

As i'irst shol:n by Alexander .(2), c;_ry p~cpara~ions o.f 

enzYJrrcs do c:-:i1ibit ~n incrcecsed radioser.sitivi'cy vrhcn exposed 

unde:;-- a~F::-opric.tc conditions in dry oxy,sen atmosphere to 

a:tmo :;:J1erc~. This cffc ct hc.s bc8n ::;t.u.c'lied. i\:rthcr by .:;ome 

"'"t~·,-..·-.co flO o.u. ·' .IJ.. v \• .I' 71ic . o::::y~cn e.ffec'l~ is stro:0.;:;1y · 

dependent upon the tc:npern.turo .-1:' -,~·1·-· o· l. r·r•) ·'i ,,.,.. -; 0'1 .... {, .....__ -~ .. v .._ ... .._,,_c. .. v ...... .... 

't:1es·~ fac~~ors has .:J.lso been st~dicd by Shalek (37) in the :!r.se 

o.f l:rzozy:Jc., 'I' able XIII ;:;hm'ls some of his .ficu:--cs o 

The oxy,:;::en effect in the dry st..s.te ay>pcC'..rs to depe;.1d. c::: 

of fnctorso D···e,.; ··l·~n'1 ~--·r ~ .L ...L....u...~. ..t..J. ....... ..~. ~ 

0 -·y··:>·~ e•"'.-~-"ec~- '"'-~ ~o1u1d .. • · •. G .... .~.. ~ - v .... ~ .J. - Uith hich energy 

eJ.. .• ~J..r-6~-:-_ ...,1., .. , .-.r,r.car C~U·"'""C1 ,__"'T ·"·l"t:'l -rc.•-r..>·ce· 0;"" ._ _ 1J. t..... C.A.J: .. l-'""' , -. ._..IW- 4. lJJ \.1 i- ·jJ VUVJ..l .._ 

r-
d -'.:·&:/~ 

cient enr:::~"'gy to travel out of the heavy ion track core. 

!! '""f.J:' ... . f ~· L>-o ~- .LeCL.S 0 'D.de 
w--------------~-

tion vollL':;o 0f hc!.!o:_:;lobin ·uas a fu:::.ction. of "-:.~-,~- pH o.:· the 

of_ 5 res:1lted in an ir:,.;:,ctiv.:.tic:'1 volu..-:~c 4 ,:- (· ... , .. 
Lli l ~--~;..:. 

fo:u...."l.:l if it \\·ere dissolved at ;:H 7 .. 
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''He h:1vc .found th.ot l:oth lysozyme ai!d t, ""'"'•') <::.; ~1 -~".r1·l""·n .... .1 .l. ..... -..c.. ... ,. v 4 x..; pre-

tratcd i:1 phosphate: buffers of vu.rious pH and t!1en su.,o,jected. 

tc dense]_y ionizing r<.;.diG.tions, shm-rcd Yariatio:-ls i:n racliation 

scnr>i.tiv:3.-ty. t'ith constnnt pH the rndicscnsit.ivity 't·:us .found 

to b. r:> ' 7C .. ,,.,,lc1"'nt "' 1 .--o en .. ,.-;.,,.., nc1 -~.,...::ty of 4-n··"' n'1c~-,,-...,i·o 'r· .;·.-•,....,. .. ~- ...... -.!.''"'• ,..:.; l. <\.;..v' H~<;; ....... :.......... •• l;,t ... ..:. ••• u~.-"lq .-.;;.. .>LL.J.\:.'.L 0 

t':i.lson (J.C7) h~s rcportccl on the influence o~ tl:e pii of tl:G 

enz~ncs ~~1ich have been exposed to ioni~inc r2diations not 

r,:;::-o :-ted 'by Au~enstinc ( 5) on X-r&y and t..nr studies of' t:rypsi~:-1.. 

i::1 :-: )lutions., In the present s tu.dy it l'~as fl')U..!ld that tl:~ :radio-

-: ., .. ~t·:r (>"' --)10,,-l· n r· ""'-" • .r ' -t.·... .; 1 u 

hi~hcr~ 
'-J 

ethyl estero 

...... -
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shm·rn th.c-.:~ the radiosensitivity depends on sevel"al .factors 
. -

incb1din:::; LE'l', admixt~ures of foreien substances, pH of the 

r:..edLun from "t·,rhich the Silll1ples arc prG:rx:tred and the bui'fer in .. 
_ v:-hich irradiated S[Ullplcs are resuspended, assay method, tcrnpe-

ratur.e du::-ing exposure and- the presence of o.:-.--ygen during 

exposure., The data suppor·t tho idea that lli"'lcler appropriate 

condition3, migration of energy takes place betHeen. adjacent. 

molecules depending· upon properties of the enzyme and th8 

surro-:.21~dL1g moleculeso 

It is felt that the question of p<lrtially d;:;_.":!ac;c)d mole-

cules uhi~h subsequently may l::e completed inactivated by 

rola t i vely small amounts of energy, •;-;arrant s mcro thorouc::1 

considcr.:::;iono This 1·:a.s hiz;hli.:;hted by the temper&tu::;:·e dcponcl-

6:1c0 of L1e inactivation processes and by the depenc"!.2~ce 

t:O.e r·aciio::;ensiti vity upon the assay methods used as 1.-.rcll 

other po~~-(; irradiation treatments (75 )~. 'rhe stress e:·:pe::."'iG11CGd 

by enzymes during drying to obtain thin filr:1s o:1 bor.:bo.rdc:mrc 

disks is o:f particular in.po:::"t2.11cc in this 

for :1 substantic-.1 part of the vu.riability oi' tl:e radioserL::::t·civ.i"'Gy 

generally f'olL"1.d in radiation inactivation of dried enzj;·r::e:8 c. 

rhe presented. track se.')D.cr..t analysis of the radioscnsiti ~~ri·~y 

of dried, crystalline enzyrn.es ·t-then accou.nt \'!ClS taken of the 

entire L;::,r-energy spectral distribution!:> of the vario·:~~s rc-:.c.:Lc~-

tions, in:iicated that a supera.bundancy of ionizatic::1s arG i":::::::·;:_:·:;d 

if sinsle ionizations are sc~~rated by shorter 

about 10 -~fJ:;J o .----·· 
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:r-;~ hc..!3 been knm·m for mc.ny ycc..rs that· the spc..tin.l di::;tr::.b-u-

ti.Jn c):~ enorgy transfers, l':iG.:tsured as LE1', is anong tho i'?la::y 

n -!... , • t .a.. • , + L t' -Pf • • 'II " • h. • • • J.ClCt_.o::•3 'W1:LC-~.1 COn~o~rJ.ou,.e vO l1C D; . . J.C.l.Cacy oy \'JiU.C :l.OL1l:ZlrlG 

-. • "'.f' t' • . 1 . . 1 l"D.,._;ltl.t:LOnS O.l..d)C' OJ.O O[,J.Cll n1at. 8~in.~s .• 

'-,:ell d.t~firwd. conditions on. the r;;.dioEcn:3iti vit.y of D. ·v·· :' -1" 4 ~.1· ,,... ---. ·r-' 
.• :. .... ..&.t._ . ._,J V.....:. 

cnoxic~ con6.itions o 

cff~i clc~J.c:ies 

;_ y :·;h.L:h t~:c variou3 effects arr~ induced as a i'u:-:.ctic:~ ~)f r-:·~;l:' 

-'.··. r:.•_,,-.-:. ::..·.J-. !'=:Q 1t.'Cr:>l1 ..... ,·:::or, lc., b-- <"",-,a' en .... , •t) 1:1~rno'· <,r.~·- .·, C"'l '" .. ,, ... ', ... .-.·.-.. ·l "'' .. ,_.., ''······ -i .... ~ '~---·""" , - _ ~ __ , --·~vv i,..-'1 :i J _.-' IJJ. • .;;;v- '-" '"'-··'--••4<-'··•-'-'--•""ll. ,, .. - ... ~-•-

lo~;s. t.Lan :1. ionizations in the ~~rack :::er:wcnto 
' --

...... 

" ·1r· ... ,,. c·: ·i c:'· r.: 'ou·:- ~on(':! re· ·-:.ul· .... -f n<"' J".':r·or .. ·l \..-~'·•~.J:J .......... ,.,.v .J.. ..,J..L.. ,;.;) •- ~ ...... u - tyrc.s 

~.'he L~~T dependency of tbc .i'ollmdnr:; effects L:.;;::., bcc:1. ~:.:.-~.>··· 
. . 

J:;cted to :tnvcstieation in the p:r·o:::;c:n.t paper: 
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J.) · Inhibition of the plaquc-fo:rl;lins abilit,y of. ·~-1 betctcrio-

rhnc;a cxpo~1ed in dry state und i11 nutrient. broth ::us pension • 

. . 

'·) '· Inhibition of the colcny-i'o:.."min;:; .:::.bility of :;;~·:i :''(; J.l.1. f.,- ~.--:r:i 

; 

::.; ) Inhibition of the colony-.fo::-ming ability o.f hnploid yc£'.G't 

ce:Lls :1 exposed both under ano:r.ia and in tho prNJ<:::nce of o:cyccn $ 

.;nd. t.ho rnc:ioprotection provided by glycm:·ol trc:.:tmcnt. 

Inciuction oi: dor.1in&."1t lethnl::; in haploid ycc.st cell:J 

·:ondit.:Lor'.s ~ 

~'lt(; m::.iil l'Csu..lts oi· the rrc:;;cnt invcst;icition ' :r .. :.y co 

1~ro alternative rclationchips· between rcl~tivc biolo~ic3l 

0i'fic::i.c:ncy (REE) anG. LET t-icrc foand: 

1) Tho RBF decrca.::.;cs v:ith incrcn.f.dnc; LET over the cntil"C I:~.::·-

.,...,_,,,., "·t·u~Hed .... ~ .. J.J.:..:.)v -•. ) \.-... ..,1... o 

'l'his 1·:-u~ found to be the car;e for inhibition of 
' 

ability of bacteria cx;;o!:cd in 

'·:~-.·C:.· .;":" .. , J'1Ut~_.·-i P.,...,.-,1-. b'rot}l ~U<::""'1-'-"r.·,r:-lon~ .L-n. th-l t"J l"t'··c··"' C"'~(> •. ,,,., , •. ,~r·r··~r.~ ~4 _ .....__ • -- "'""' ~ - - _. -...1.. - ' ..J.·~.J Ctt V - . .:.;;. . ..;\.:..; t.~ ....... ~.:.:~ ·...:.:~,...:,.; ... vv 

·:~::-~.nsfc r v.tn. i:1d:trect actio1.1 + ~t,.,,,... 
._,u ... \.;1..) place by ~omo 
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f'o"~'"' ~.}j"' l. ·~';·; ·., .• 4 .l.. on of' ... h~ coi o·r-"·-·r, .... ,,.,.l,, ~~ 
- .._ -- t.:;; .&.....,.. ...... .., • .t.V - l/ .. t:; \ -·-.. .. LJ •'"" - ... ~ .......... ._-.i 

;::b:~lit;y oi' b~cter.:tu exposed in 

~ ,. .... ., ~-~ 
_. .• •I.:, "*•' 

~.n ox~n;cm C!.fi'cct, 

·~ 
,·' •.··· --~ .... - ·-

... _ ... :. ·-~- '-~· · .. - ...... 

~.:: ~-· ... -_:.-

..... -
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2e~~3 of Davie (31). 

1 >lo J_\:,:~i c:;}_l 

of 

- '"[7 -

Ji 3-t,~~ibl.t.t.:J .. Cl12, 

r• ........... - ... 
~i.. \..1~ .!.~~ 

i: ..:. l.,.. .•• -·-

V-~! .. :.. :J 

\," :: .. 111 .. ::; GV ( i ") ..:,_(_ 
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Ol 
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FIG. l.l!-6> rl'hc radiosensitivity of ~hir~cll2 sonnc:t exposed in 

o2 .J.tmosphcre and in n2 atr..;ospherE! respectively, as a functio:1 

of ·~r!e LET .o::.: the raoiatim:s.. The:· curves are calculated o.cco::·d- . 

ins to track se:::;r::cnt hypothc~.>is .. (See· tc:, ... l.). 
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l.1 _l ~~. 0 0 'l'h::: :radiosel1Sitivity as a function of LST of' b:~plci(l 
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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. M~kes 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 discl~sed 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 tha~ 
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. 






