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SUMMARY
Chrofnatid aberrations were induced in Vicia faba root
‘n"ieriot:ém cells by 31, 92,and 117 rads of 7~ mesons at the
péok of the 'de'pthﬂ—dose diétrib_ufion. The irradi.a.tiOn'v'v'a.‘s
' 'cai-i'ied out under both aerobic and anoxic conditions. The
ylelds of various types of aberrations were obtained in cells
at 4- hour 1ntervals up ‘to 24 hours after irradiation. An
oxygen enhancement ratio of'1.8Awas found. in cells irradi-
oted at '1.:he peak of the depth-dose distribution the aberrations
were not distributed among cells according to random expecta-
tioné 'I‘oo many cells had no aberratlons a.nd too many had
muitiple aberrat;ons. This is a reflection of the way in whlch
energy is dissipated when a m meson stops and producesl »

stars in the medium.

Work done under the ausplces of the U. S. Atom1c Energy Commlsslon :
and the American Cancer Society. ' :



| I Introductmn
e mesons dep051t the:r energy 1n an unusua.l way The fractmn
of the dose dep051ted at the entrance of a ™ meson beam is relat1ve1y h
) small and has a low LET '(0 3 keV/p), s1m1lar t'o that of conventmnal .
radiat’ionsv At the peak of the depth dose d1str1but10n, however, be-
cause of star forma.tmn, the LET spectrum is very broad, covermg a
range of 0 2 keV/u to 1000 keV/p Here, nearly 25 per cent of the dose
is from events wzth an LET value greater than about 20 keV /i (Curt1s
and._RaJn 1965). Because of the unusual charactenstlcs of W~ mesons,
there‘i's'g'reat interest in their potential as a radiotherapeut_ic tool. |
(Fowler and Perkms 1961 Fowler 1965 R1chman et al. 1966, Rajn-
v‘and Rlchman 1969) Consequently, in »ordevr to define the radiobiological
) ef.fects’:ovf ™ mesons, a series of experiments has been -‘condu-cted at the
184 inch synchroeycl'otron‘ at Berkeleyt The reduction of root growth
1n_\[_1_c_§;a_ gméprsed to T"— .mesons at the peak of their depth-dose
distribution was reported earlier' (Raju-et al. 1970). This paper sum-
maﬂri‘z'es.i the re_suits of a thological analysjs of the chromosome ab-_
'e“rrations_induced in root tips exposed to ™ me sons:
| 2 Materlal and Methods
| V1c1a faba seeds (Sutton s Longpod) were germmated in runnmg
w.ater, grown 1n vermlcuhte and then transfe rred to an aerated water
tank mamtamed at 19°C The detalls of the phys1cal character1st1cs of
the ™ meson bea.m, the 1rrad1at10n conflguratlon,and the ™ meson
» dos;metry hav,e been descr1bed_ear11er (Raju et al. 1970). Ten—_day-_oid

} primary roots of Vicia‘faha were arranged in speci_al Lucite boxes



_through which air or N, was bubbled to maintain the roots in either

aerobic or'a;noxic conditions. The boxes were positioned in the

| meson beam at the peak of the depth-dose distribution and doses of 31,

92, and 117 rads were glven at a dose rate of 30 rads/hr Also, some -
root t1ps were given an exposure of 95 rads at the beam _entrance.
After eXposure, the bean roots were returned to the growth tank

and rknaivntained at 19°C. To-collect cells in metaphase where aberra-

tions could be scored, the root tips were given a 4 hour treatment

in an aerated 0.05 per cent solution of colchicine and then k
fixed \_:i_n.Ford"s fixative at 4 hour intervals from 4 to 24
hours after irradiation. Five root tips were fixed for each time.

Permanent sl1des were made of each root tip by the Feulgen squash -

' method (see Wolff 1964 for details) Only chromatid aberrations were

observed They were c1a351f1ed as chromatid deletions, isochromatid -
deletions ) '-ekchanges, and tri-radials.
3. Results and Discussion

: The frequencies of various aberrations obtained at different fixation
times after exposure under aerobic conditions are given in table I and

plotted. in figure 1. The frequencies obtained under anoxic conditions

‘are given'ih table II and plotted in figure 2. ~As rhay be seen in the

figures, the yield of chromatid aberrations varies with fixation time.

This is a manifestation of the differential stage sensitivity of cells
d‘istribut_ed'-in S and GZ_o_f the cell cycle cioupled'with radiation-induced

mitotic delays and reversions (Wolff 1968). Such patterne are quite

common and have been observed for Vicia faba root tip cells exposed

to 14 MeV neutrons (Savage ‘1.'968).




The var1ab111ty w1th ﬁxatmn time made it d1ff1cult to obtaln a |
.mean1ngful comparlson of effects at any one fu:a,tlon Consequently
it \;as neces sary to obtaln the mean aberratlon y1e1d over the entire
perlod of f1xat10n. ‘ The values are glven in tabl-e_ IiI and plotted in
f1gure 3 "’I‘h‘e:cu'rves were fit to the eodation_ Y _='"k',‘D‘n, ahd the values of
the exponents are also presented (flgure 3). | | :

The data _shown in flgure 3 show that'at the peak of the depth.-do‘se
distrihutioo for 1f_ mesons, sithple chromatid break:.s "'and tri-radials
increase 11nearly with dose, _whereas exchanges are formed 1argely
w1th two hit Kinetics and increase as the 1.7 poﬁrer of the dose. Iso-
chromat1d deletlons 1ncreese as an 1ntermed1ate power of- the dose
W1th dens ely 1on1z1ng radiations, exchanges.would be expected to be
one- h1t and increase 11near1y w1th dose. The shape of the curve for ex-
".changes shows that even at the peak of the depth -dose d1str1but10n of
w” mesons a 51gn1f1cant fractmn of the dose dep051ted is of low LET
ThlS is'in conformlty w1th the physncal characterlstlcs of plons Since
tri- radlels are a form of exchange, they too would be expected to in-
) creese_ .w1th_ the same dose k1ne_t1cs as did stmple_ exchangee. We be-
| _ lieve the reason they did ‘knot'.ies' that the yiepld_ys of ‘tri-ira;__dia"ls were ‘ve’ry
low, uh‘de’r IWhi'ch c'onditions one-track events usoally p'redoniinatevin.
the formatlon of two break events (Abrahamson et al 1971) |

It was found that root tips exposed under anoxic condltmnvs‘and
| _tvra_.'n‘sf_erted._to 'colchic_ih_e immediately had very fevy: cells in'mitosi_s if
the t1me 1n hitr'o'gep, W"as ’3:._ho_u1v;vs or more. For the longest exposdre
t1mes1n nitrogen there appeare'd to b‘ev a mitotic‘ delay of about 12 hours
s1nceno c".eljls_i. w'e',r'e found in ‘division at the .'4 hour a;_nd"8 hourjfixati__o_ns |

(table II).



‘v

B ,' A.lthough the dose delivered by n” mesons at the region where they
stop and produce starb is expressed as 31, 92,and 117 rads, it should

be noted that these are doses measured on a macroscopic scale by

" means of 1on_1zat10n chambers. Actually the dose will not be distributed

rendomly, ‘and on a microscopic level the local dose will be much higher.
Since_'thi"s is the case, it e.eemed.probable that the chromatid aberrations
would not be distrib.uted‘ randon‘rﬂy among the cells scored. Table IV

-m’

contains the fits of the data to the Poisson formula of e e mr/r! ,

where m is the mean number of aberrations per cell and r indicates

whether a cell has 0, 1, 2, 3 etc. aberrations. Although chromatid
aberrations indu‘ced'by bs-pa,rsely ionizing radiations do fit a Poisson
diatribution (Lea 1946), t}te eberfations produced by w~ mesons at the

peak of the depth -dose dzstnbutmn do not. It was observed that too

vmany cells ‘had no aberrations or multiple aberrations, as m1ght be ex-

pected from the fact that the e‘ne‘r‘gy deposited by m stars is highly

localized and is of high LET. ' For the doses used, not as many cells

: would be hit by these star events as when the dose is distributed ran-

domly_.. Furthermore when the étar is produced; enough energy is de-
poeited in the small volume of a. cell to ‘ceuse multiple chfomosome
brv‘e.a.ks.b ' In contfaet, the abbert‘ations produced.by the pion beam etvits-
entrance, where the energy d1ss1pat10n is random, do fit a Poisson

d1stribut1on

. 3 1 Oxygen Enhancement Ratio (OER)

The low dose rate of 30 rads/hr obtalned from the synchrocyclotron ‘v

_nece\s_s_l_tated exposure times up to 4 hours to ach1eve,the doses used in

the experiments. Root tips remaining in a nitrogen atmosphere for



such times showed a mitotic delay For an accurate comparison (over

- comparable parts of the cell cycle) of 1nd1v1dua1 types of aberratmns

1n aeroblc a.nd anox1c cond1t10ns, fixation t1mes beyond 24 hours are
necessar)vr. after exposures in mtrogen Nevertheless, ‘the rat1o of the
aberratlon frequenc1es produced by a g1ven dose in air and nltrogen at
a s1ng1e fixation t1me has often been used as-an 1ndex of the 1nﬂuence of
oxygen (Larsson and thlman 1960) If a s1m11ar p_rocedure is followed
with thes(e data and a compar1son made of the initial peak values for
‘chromatid deletions for 92 and 117 rads, a value of 1.7 to 1.9 is obtained
’f__orth’e.. OER A comparison of the initia'llpeak values of fl.sochro’rnatidb
.dele‘tion-s for the same two do’ses. leads to the same value ofv‘1.8..- Al-
though the value of 1. 8 obtamed is not as rlgorous as could be obtamed
if whole curves: could be compared, it is relatwely 1ndependent of dose
rate.’ ‘The OER['obtalned from growthimeasurements is dependent on’
dose r'at'e ‘and had a value of 1.35 (Raju et al. 1970)." This ualue in-
v'c.r'eia‘sed to 1. 5 (Raju et al. 1970) when the root'ti'ps were exposed at

S a very low temperature (4°C), under which conditions the OER for root

growth becomes relat1ve1y independent of dose rate.

3.2 Relatlve Bmlog1ca1 Effectiveness (RBE)

N The present expe rlments were not des1gned to obtaln the relatlve
*b1olog1ca1 effectlveness of T mesons  Nevertheless, a rough compar1—-.'
son of -the ylelds of ™ meson 1ndu‘ced chromatid- deleti.ons observed in our
expenments could be made w1th X- ray induced chromatld deletmns ob-v
served by others and w1th the data obtalned for the 7 mesons at the en-
.-trar‘lce’ of the'beam, Chromatid delenons were chosen for the compari-

son because they increase linearly with dose.



At .6 hq#fs after irr_adiétion the chromatid deletions produceci by a
d‘o's_e_'of”3‘1 rads of 1~ mesons is 0.07/c‘é11.‘ The equival.ent yield is
found after a dose of 95 rads of 250 kV X-rays (Revell 1966). There-
favr'e_-theﬂ RBE is approximétély 3.

The mean chromatid deletion frequency fo; the entire period of
fixation is 0.047/ce11 for root tips exp'oseci at the entrance of the pion
beam. ’I;heb,c'orresponding' dose of T~ mesons at the peak of the depth-
dose diétribﬁtior‘a‘ is 25 rads. Thus .’a value of 3.8 is obtained for the
bioloéicai effectiveness of 77 me séns at the peak When compared with
those at the entrance. |
4.. COnchsions ' ' _

The LET spectrum of ™ mesons at the peak of the depth dose dis -
tr1but10n 1s very broad, coverlng a range of 0.2 keV/p. to 1000 keV /p.
Nea‘rly 25 per cent of the dose is due to events greater than abogt 20
| kgV/}L in LET.. ' Hehce, 'from_physi'c‘al'consider_‘a,t;ions one would expect
aberrations ‘characteristic of both low- and high-LET radiationé. "Thus
the exi_ste.nce of cells with multiple ab-e_rrations'and the nonrandom
disfﬁbution of aberrations arhong cells from root tips expoéed at the
»peak of the depth -dose d1str1but10n are 1nd1cat1ve of the h1gh LET
components, whereas the nonl1near1ty in the shape of the dose-response
- curves and a relatively high OER of 1..8 could be partially att_ributed to

the effect of the low-LET components.
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:'Frequencies of various types of aberrations produced under

TABLE 1

aerobic conditions

1

™ meson

Number

Is ochro;

Tri-

dose '-Fix'ation ~of cells Chromatid matid Chrofnatid .
(rad's’) time - scored breaks breaks exchanges radials
31 = 4 99 8 5 0 0
(Peak) 8 99 7 14 2 5

16 38 1 1 1 0
20 104 5 1 5
24 105 4 1 0
92 4 98 37 52 6 7
(Peak) - 8 105 22 42 6 10
| 12 99 8 24 7
16 ‘98 11 39 - 5
24 91 4 12 1 0
117 4h45' 104 45 60 11 11
(Peak) 8hd5' 102 32 71 20 14
12h45' 1143 21 50 10 9
16h45' 90 16 56 14 10
20n30' 101 11 27 8
24h30" 81 9 15 2
95.5 8 65 3 14 3 1
(Entrance) 12 118 8 . 28 4 2
L 20 102 6 19 5 0
24 ' 1 12 0 0

98
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' TABLEI . o S
FreCIuenmes of varlous types of a.berra.tlone produced under ' - o
: . anoxic cond1t1ons B I N ' o

-'Tr°'-:fnes'dn R Nurnber S Isochro- : :
- dose.  '.Fixation of cells Chromatid matid Chromat1d Tri-
- (rads) . t1me ' scored : breaks - breaks exc_hanges -radials R

34 4 . ot

(Peak) 12 99
20 92

o6 s

13

10

= W NN NNO
3ol |
=R TN
.'csm;.;o‘

92 . 4 . No cells in mitosis :

(Peak) = 8 110 . 24 25

S 12 9 8 . 27
16 - 103 11 26
20 400 17 38

N -
W o NN

147 . 4h45' No cells in mitosis | | | |
_(P_eé,k), : _ 8h45_' No cells in‘mito‘sis o o 5 ’
o 12h40' 100 23 19 32 |
. 16h40' 102 17 . 41 3
| 20n40' 104 13 37 1
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' TABLE III

Mean aberration yields per cell produced under
aerobic conditions of exposure ’

m~ meson Number v ‘ . _ -
~dose - of cells Chromatid Isochromatid Chromatid Tri-
(rads) scored ‘breaks : breaks exchanges radials
< 31 445 0.056 0.074. 0.011 0.022
E' 92 491 - 0.167 0.34 _ 0.051 0.067
TH17 591 0.23 - 0.47 0.11 0.088
95,5 381 0.047  0.49 0.031 10.008
(Eﬁ_tranc’e ) ' ' | ‘
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"TABLE IV

’Number of cells containing 0 1,.2, 3 . a.nd 4

or more aberratmns'

T meson

'~ dose
'_"(r‘ads)'v )

Aber’ratiohs per cell

0 1 2 3. S 4 X% Test.

31

Pea-k-.

‘447

95.5

’ _(Ehtravxi_é.ve)

Observed 389 44 8 3

Expected  240.5 216.2 97.2 29.4 7.9 o'

Observed 294 73 11 1 2 X
Expected ~ 288.5 80.2 11.2 1 - 0.1

o)

13.8

inou i
[AY)

Expected 378 61.9 51 0.3 0

N

Observed 291 123, 55 16 6 20.7

Expected  263.2 164.4 51.2 10.6 1.86

'-o:sx T B X
Ao

Observed 298 161 71 36 25 X°=73.4
| | X

AN

=}
Y non
o

0.6

0.001

0.001 -

0.001
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FIGURE CAPTIONS
Fig: Variation of the frequencies of différénf_clé.sséé of chromatid :

aberrations with fixation time after exposure to ™ mesons at the
o _ R |

peakof the 'd:éptﬁld‘os-g disti:r'ibﬁtivc;n"u‘hdvér 'aeIrObi“_c co‘ﬁd_it’ions.

e,

é_).. 'vc}jl)_r‘o_matid' gaps, b) chfomatid deletions, '_c) Viso'chr.om'atid’ : S
d‘e-leiti‘ohsi,.'v d) . eichanges and e)v tri-radials. 31 rads A, 92

<

’ r'é;ds O, 117 rads @

- Fig. :2} ' Variation of the frequencies of different classes bf-chrdmatid

v"ab'e_'rrvati_ons with fixation time aftef exposure to T mesons 'ﬁt thé |
peak Qf_the dépth—dése di'strib.ution' under anoxic conditions.
a) c.hi'omatidv"dele'tions, b) isochromatid deletions, c)-‘ ex;:hanges
a‘_nd‘f‘ d) tr__i—radi_als..‘ | 31 'fa;d's A, 92 rads o, 11'_'7v"radvs ... | !
Fig. 3 "Mean aberration yield per"cell_as‘ a function of 17- ﬁlé soh dOS.e; _i

- _a-)' ._chrofn'ati'd deletions, b) isochromatid c_l'elétions', c) exché.ng’es ) o

d), -:trjv-'rvadials and e) éll aberrations;
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