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) Measurements of the relative biollogical effectiveness (RBE) and of the
oxygen enhancement ratio (OER) of m~ mesons have in the pest been lrestricted
to onbly e few 'rediosensitive systems because .of' the limited intensity available. -
Redueﬁon of root growfh in Vicia faba (Raju et al., 1970) and indﬁetien of
heteroallelic reversions in diploid yeast (Raju et al., 1971) were s'vtudied
earlier'fo obtain the RBE and OER of Tr_'mesons at the peak of the depth-dose
distribution, although measﬁrefnents using mammalian cell system.sfwould
have Been more relevant for an evaluatien'of possible advantages ‘of 17_ mesons
in the radiotherapy of cancer.

The use of mammalian cell systems, when long ho;rs of exposeres are
requi;ed, is beset with the problem of rendering the cells sufficiently hypoxic
withoi_it depriving the cells of the required aneount of moisture. With high
inteneities of_radiation, the exposure times are short and the cells can be
made 'severely hypoxic by completely removing the growth medium and passing
nitro'gen‘over the cells for 5 to 10 minutes. The present con.xr'nuni»vc.etvion de-

scribes experiments using impairment of the capacity for clone formation by
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cultured cells of human k1dney origin (T- 1 cells) to measure the RBE of
mesons relatlve to 60Co Yy rays and the OER of T mesons and of 6 Co Yy rays,
at relatively low dose rates necessitated by the limited yield of w mesons

from the cyclotron used. - ‘ : v ' a

Material and-Methods

Primarily eells of human kidney origin (T-1) were used in this investi-
gation;.v The culture media, the preparation of cell suspensions, and the
growth conditiohs.have been described previously (Barendsen, 1960; Todd,
'1.964)7 _ D.e,tails of the 7~ meson irradiation fecility at .the 184 -inch gynchroy-
c.:yclo'trbn ,end tlle dlosimetric details have also been described eerlier
(Raju et al.’, 1970).

A first sev.fies of preliminary measurements was made during a 4 -month
stay by one of us (G. W. B. ) at Berkeley. Cells from an overnight culture
were plated onto 35-mm Falcon plastic dishes, 2.days prior to e#poéure.

Tlie cell_s were ‘made hypoxic by ci‘rculating oxygen-free growth medium over
the cells attached to the dishes during T -meson exposures. The dose rate
of m_ vfnesone a‘.t‘the peak of the depth-dose distribution was 0.5 rad/minute.
ln the second series’of measurements, the dose rete of T fn_’esons' Was
increased to 1 rad/minute by focu81ng the beam to the smallest area
(2X3 cm) poss1ble.w1th the ex1st1ng magnets. The cells were plated onto 35-
mm plastic dishes from an overnight culture. While plating, care w_as taken
to corlfine the cells to about 1 cm in the central part.of the dish. Aftl_er
platirig_; the cells were incubated at 37°C for a period of about 24 hou—l{s. Just
priorv'to 1r_¥meeon exposures the growth medium was removed from the
dishes and tWo layers of thin sterile gauze were placed over the cells. A
drop ofplmé_phé.te -buffered medium (L-15) supplemented with fvetal calf eerum,

L~glutamine, ‘and van.tibiotics was added to the gauze, th\is-leaving- a thin layer

(L
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of growth medium in contact with the cells in the dish. The dishes were
fitted in Lucite boxes, through which moist air or nitrogen at 30°C was

passed. This téchnique kept the cells sufficiently moist for at least 8 hours.

The plating e_ffiéiéncy of unirradiated cells was found to be 60% and did not

differ significantly from that of cells kept in standard conditions.
From experiments done with 6OCo Yy rays, it was found that a nit%‘ogen |
pregassing time of 1.5 hours was adequate for making the cells sufficiently

hypoxic to obtain the maximum OER obtainable with this system. With w~

" mesons, irradiation times were 1 to 4.5 hours in air and 2 to 6.5 hours in

nitro»g_evn. A slét of controls, which were kept in identical boxes and‘ thfough
which air or nitrogen was p&ssed for the same duration as above, was us‘.eAd
for comparis'pn. |

.Aftér_exposure, the cells were removed frorﬁ the dishes by trypsinization,
and _a.cell count was made with a Coulter counter. Suitable dilutions were
then made s.tvj that there would be about 100 clonogenic cells in each dish. |
Tén 35;rr;m. dishes were plated for each dose, ékqept for the highest dose,
in which case only 5 to 6 dishes could be inoculated. After 12 to 14. days,
the éeilé were stained with 1% methylene blue and dried. All c_lone:s‘ bcon—
tainir_ljgb more than 30 cells were counted and the percent survival wa'.vs obtained
by co_miaarison with the plating efficiency of unirr.adiated controls. Another
humg.n éell line (Chang liver) was also used in a similangway.

.By 'us'e of the same setup and procedure, T-1 cells were exposed to
60

Co y rays from a 150-Ci source at a dose rate of 240 R/hr such that the

exposure times were approximately the same as those of 1 mesons.



4.

Resuits
Figure 1 "s‘hvdws the survival .cu'rvves‘obtained for irrédjations .o'f.'T-i cells

with 6000 Y .ray‘s,gfbr aerobic apd hypoxic conditions. The OER at thé 50%
survival level was found to be 2.6 and at the 10% survival level 2.3".' - |

| Fi_guré 2 1s a ,plpt of the'percént survival 5; a function of‘the dose ob-
'tained with exposureé of.Tfi celis to m rﬁes‘Oné. . Tl.nevfi'g_ure contains data
ébtainéd from both series bf.-expé"riments. "~ The valge for the RBE for oxXy -
genafed-cells at 10% survivallwa's”found; to be 2.4. The OER af 1'0% survi§a1
Wa,vs 1.5. Fig\iré 3 shows the survival curves for Chang liver cells exposed
to m mesons. It can be seen that there is no significant difference between

the survival curves for the two cell lines.

Discussion

The cﬁrves presentéd in the figurues were drawn by eye. _th .caﬁ. be seen
| that, in spi.te. qf the significant difference in the techniques employed in t_ixe
two sei‘ies of ‘ex.perimen‘ts. with T-1 cells exposed to " rriésons”und_ef hypoxic
cdnditibns,_, thé results are in fair agreément. : | |

I;t can be seen from the figures that the survivai curves appear »t‘o bend
contin'uousbl}vr downwards. This might be caused partly by an accumulétion of
cells in a relafivel}/lr sensitive phasé of the cell cyc;le and partly bir accumula-
tion of damége from 1oW—LET components of the energy déposited. .,Similar
results 'vhavwe been reported by exposing an asynchronous population ;>£ HeLa
cells to y rays at 30 rads/hr, in which case the curve was best.fivtt_ed by a
two—pha.se cuf%re_ (Hall, 1969). | |

- From Fig. 2, the value of the OER appears to be dose de- :

pendent. At 50% s_urviva.l, the value of the OER is 1.9,. Wheréés at 1'0%
survival it is 15 _The same tren_d haé bveen‘ observed with the values of OER

calculated at various survival levels byv using a best-fit computer pro'gra.m to
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rads/min of 14-MeV neutrons and at 16 rads/hr of

e

perform a least-squareé analysis on our exp'erimentai data (Curtis, 1971).
Hall and Cavanagh (1967) have shown, from measurements of OER made
with seédlings of Vicia faba at different dose rates 0.vK rays, that the OER

decreases when the dose rate is reduced. A similar result of lowering of

| the OER with dose rate has been obtained by Hall and Bedford (1966) and

Berry (1968) with mammalian cells in vitro and in vivo. However, the situa- .
tion with neutrons, was sﬁggested to be different. Expos.ui‘es at 30 to 50

252'Cf fission neutrons

yielded the same OER value of about 1.66 (Hall, 1969). For m mesons at

the peak of the depth dose distribution, the LET spectrum is 'versr broad, and
similar to that of 14-MeV neutrons except that the LET distribution of m~
mesons extéﬁds to lower values (Curtis and Raju, 1965). The survival curves
in Figs. 2 and 3 display a small shoulder, ‘which may be due to accumulation

of cells in a sensitive phasé or to induction of a small contribution of sub-

lethal damage.

Roof—grow‘th sutdies by Raju et al. (1970) on Vicia faba gave a value of
1.5 fdr fhe OER»of T mesons at a temperature at which the vaiue is considered
to be ‘re.lati‘ve.lyzindependent of dose fate (Hall and Cavanagh, 1967). Stfict
compari-‘soh- between the results obtaiﬁed with the bean root system and those
obtainé_d with the mammalian cell system is not possible, since in the root-
growt_h studies the OER wé.s relatively independent of the dosé level, whereas
for T-1 cells the value of OER depends on the dose level at which it ié con-
sidere&. However, both the systems display a similar trend in reduction in
the OER below that for °°Co Y rays.

| | Summary
Cﬁltured.éells of human kidney origin (T -1 cells) have been used to mea-

sure the oxygen—enhancement ratio of T mesons at the peak of the depfh-dose



distribution, and the b1ologlca1 effectiveness of m~ mesons was compared w1th '

that of 6OCo Yy rays. The OER appears to be dose dependent, and has values
of 1.:9’and 1.5 at survival levels of 50% and 10% respectively. The relative
‘biological effeéti;reness of 7~ mesons was found to be between 2.2 and 2.4 for
oxygenated ceils. The OER of ,60Co Y raysA (240 R/hr) was 2.6 and 23 mea-

sured at 50% and _10% survival respectively. Similar measurements with

Chang liver cells yielded identical values for the OER of T mesons.
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FIGURE CAPTIONS
Fig. 1. _Surv.ival. curves for T-1 celfis expoéed to 60C.o Yy rays under aerobic
a..nd_hyi)'oxiév‘conditions. | " ..
Fig. .20’_ Survival curves for T-4 cells exposed to ™ mesons at the peak of the
‘dept1'1>-bdoée' distribution uhdéf aeArobic and hypoxié conditions. The figure
' 'als§ lshows}t-he data obtained by circulating medium over the c.ells.
F1g 3. Sﬁfvival curves for Chang liver cells: éxp:osed to ™ mesons at the -

péé.k of the depth-dbse distribution under aerobic and hypoxic conditions.
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