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" INTRODUCTION

The exact roles played by oxyge# and by water in affecting the
sénsitivity of Biological systems to dgmage by ionizing radiation 1is
of fundamental importance. As a thorough‘unders;apdiﬁg of_thése two
factors is needed to evaluate the rei;tive';mportance‘of diréct and
indirect actioh, they have Peen extensively sfudied in many systems.
(1,2) ‘

In 1958, Wood énd Rosenbé;g repﬁr;éd the use §flhypettonicAsolur
tipns ﬁo control thé water content.of.hapléid yeast ce1185(3,4) They .
*  found that cells suspendéd in concen;rated'solutions"(l M to 6.9'§)
of glycerol,'giucose, ethanél; or methanol Qere less senéitive to -
‘.inactivationlby X rays ﬁhgn_;ells.suSpended in ﬁ/}s‘phosfhaCe buffer.,

;'Furthermpre, the'degrge of protécgion was found to be é function of
.i the solute concentrafion,-and;in éa;t or totally additive with the
* protection resulting from anoxia.. | |

Burnett et al. had found much earLier that such compounds pro-

" tect Escherichia coli B/i'against X rays (5), and Markovich report~
ed experfﬁénts with E.'COliQKfIZ (A\) in which protection by glycerol

was not additive with that due to anoxia (6). More recently Dewey

has studied glycerol’p:otectioﬂ'pf the baétérium Serratia macescens
~and found the effeqt_to be independéﬂtaof and additivelwith protection
Afrom anoxia (75.' o

Sayeg et gl.; using ¢yclot:on-acce1efated helium and carbon ions
and bolonium—ZlOza particies,hméaﬁureé the :édiosensitivity of hap-

‘‘loid yeast over & broad range of linear energy,transfer.(s).
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They found thac the sensitivity passed through a maximum as the LET was
increased and then dropped abruptly with the most densely ionizing radi-
ations. Sayeg et al. also cslculated the inactivation cross section-from their
data and.found that it tended toward alconstant value at the.hdghest

.values of LET. We studied as a function of LET the separate and combined

effects on the radiosensitivity of haploid Saccharomyces cerevisiae of

(a) treatment, during irradiation, with 6 ﬁ glycerol,'end (b) anoxia.
Different LET ualues were obtained by using tne Berkeley heavy-ion linear
accelerator (Hilac); which has been used.successfullf to accelerate s.

. variety of densely ionizing neavy-ion beams ac-dose rates adequate for

larger-scale studies of these various effects((g).

EXPERIMENTAL PROCEDURE

. Biological Materials and Methods L " -

A strain of haploid Saccharomyces cerevisiae designated $288C (10) was
*." cultured for 2 weeks on potato dextrose agar (Difco) at room temperature.

. The day prior to an experiment the‘cells were hervested washed three

¢ times by centrifugation in M/15 KHPO4, and. suspended in the same buffer

s

j'-'.‘at: a’ final concentration of 8x106 cells/ml. This suspension was kept on

a wrlsc action shaker at room - temperature.} This method results in a cell
' p0pu1atlon which is suitably uniform in radiosensitivity. There is no
.clunping, and less than 0.1% of the cells,are,budding (11).

The range in tissue of the heeviest ions used in the experiments,
.'neon ions, is less than 0.3 mm., and the ionization density increases
very rapidly as the end of the range is approached Accurate dosimetry

 and uniform exposure therefore require that the cells be exposed to the

/ |

_beam in a monolayer.  This requirement and the further necessity for

P
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being able to vary both the atmosphere and the solution to which the cells

. are exposed are conveniently.satisfied by a method described both by Powers

(12) and by Hutchinson (13), which has been slightly modified (14); Just

prior to the irradiation an «aliquot of the above suspension was diluted -

7'with either glycerol or phosphate buffer. Samples of these suspensions:

were plpetted onto the surface of a 13-mm-diameter membrane filter (Milli-

pore, type H A) previously cemented at the edges to a disk of blotting

paper .of the same diameter. The suspending solution was rapidly absorb-

~ ed into the blotting baper pad, leaving the cells in the required mohoj

layer on the surface of the filter. The pad was then moistened with:the

same solution (Fig. 1). Because of the high porosity of the filter the

cells remained in contact with the solution, but the thickness of the

N layer of solution covering the'cells was negiigible.

The chamber used for exposing samples to the heavy ions in control-

led atmosphere accommodates ten samples on an aluminum disk which can

be rotated from the outside. (15) This makes it poasible to change the

sample to be exposedfwithout Opening the chamber. Control samples were

'.placed in the chamber with each load.‘ The chamber was flushed with

moist air or with moist NZ ‘which had been.passed over hot copper turnings

to remove-6xygen.. When Ny was esedvthe'chamber was flushed for at least

- 10 minutes before'irradiatioh;; In a Cypical load five samples were ex-:
* posed to glycerol during irradiation and five to Buffer, with appropriate
N controls included in the chamber. One such load was exposed in an air at-

-mosphere and one in Nz atmoaphere with each beam. This made possible the

determination of.survival curves under these four sets of conditions with

two or three different beams .in a sing Tun, using the same yeast suspen-

BN .
) . Lo ) . S .
LA T . . .
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Immediately after irradiation of a load each sample was resuspended

" in 0;5 ml of M/15 KHzPoé'and spread on yeast-extract (Difco) dextrose agar

l in a'petri plate. After incubation for 24 hours at room teﬁperature, sur-

: vival.Was scored hy microscopic_counts of single cells and'microcolonies.

; Cellslthat Qere_able'toAforn microcolonies of ten or more cells were scored
':as viable{ /Comparison experimentslshowed that this criterion gave lower
absolute sensitivities than, but the same relative values as, those obtain-v
, ed by counting visible colonies.» The_same methods were‘used to measure
survival vith SO-kv X rays. | . | |

Radiation‘SOurces

For most of this work the Berkeley heavy-ion linear accelerator (Hilac)
’ was.used. The Hilac accelerates ions up through atomic number 18 to energies
of 10.4t .2 Mev per nucleon.; For these studies beams of helium, boron,

carbon, and neon were used ‘with a pulse-repetition -rate of either 15 or 20

.per second, The pulse duration was 2 milliseconds. The accelerated ions,.

: ‘jwith the exception of the very heaviest, are stripped of all electrons upon

= passing through-matter.' In addition to the Hilac beams, perons from the
".Crocker Laboratorf/oo inch cyclotron were also used._ With this variety of
:radiations a LET’range exceeding two orders of magnitude was obtained. ‘Ex-
B periments/yere also carried out using unfiltered X rays from a beryllium—
. window tube (Machlett OEG-60) operated at 50 kv- and 25 ma. The dose rate
':at the position of the cells was about 250 r/sec. |
Doses for the heavy ions were measured with a very thin ionization
'“chamber Situated a few millimeters ahead of the sample. The current from
this chambexr was integrated through precision condenSers by a:battery-
powered electrometer with negative feedback’wﬂhxdetailed discussion of the
heavy-ion_dosimetry has heen given blerustad et gl. (15) Calculated LET -

distributions for these beams have een reported by Fluke et al. (16) and
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by Brustad (17). For our analysis D rays are defined as secondary electrons
ejected with energies greater than the § -ray: threshold, which in 'accordance
with previous work (17) is set equal to 100 ev. LET refers to the amount of =.~ .y °
" energy lostiper unit track length of an‘ionizing particle in energy transfers .
. below the o-ray.threshold. Tne term "stopping poner," %ﬁ ; on the other

hend,‘means the Eg&gi‘emount of energy lost per unitltrack length of an

. ionizing particle.

'fgﬁ Calibration of the 50-kv X-ray tube is discussed by Mortimer (18).

RESULTS
Typical Surnival curves obtained by using 50 kv X rays and neon ions
are shown in Fig. 2, The curves are normalized for 1007, survival at zero
‘dose. ‘Viability of unirradiated controls included 1n the chamber with each
.load varied between 50% and 987% and was most often around’ 90%. Viability
-of unirradiated control samples in glycerol generally ran a few per cent
.,ilower than for those in buffer. S |
Survival data for all experiments ‘were fitted to’ exponential relation-
. ships of the,formf L T ‘;. |
. S w e_...qp: ‘ : EE 1
-"where S ii/the fraction of cells able to form a microcolony of ten or more .
cells after receiving a doae D expressed in rad. The perameter o is. a meas-
ﬂ;j ure of the sensitivity.of the cells andlispequal to the reciprocallof the
" 37% survival dose. . - - | ‘
The oxygen enhancenent effect observed when cells were irradiated with"
d50 kv X-rays in the presence of glycerol (Fig. 2A) was previously reported
i o by Rosenberg (é), wngvjﬁed 200 kv X-rays. The apparent absence of an oxygen
'enhancement effect in the'presence'of glycerol when'charged'perticle beams

L |
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were used for irradiation.is surprising. ’The effect was absent even with low

LET protons (aee table I). .This difference may'reflect the greater localized

dose rate along the trach of the heavy charged particles. It seems possible

-'that glycerol in the cell might impede the diffusion of oxygen enough that

. localized anoxia results in the vicinity of the densely ionized track.

Figure 3 shows the radiosensitivity of cells exposed in air to 10l-Mev

carbon ions, as:a function of the concentration of glycerol. As seen from the

‘_graph, with.increasing glycerol'concentration.the'protecting effect approaches

. a saturation value. Unless otherwise Specified, a glvcerol concentration of

6 M was used throughout this investigation.

| Figure 4 shows the relationship between radiosensitLVLty and time of

. exposure to 6 M glycerol before irradiation. In this experiment the cells

v°.ﬂwere applied to.the,filter'in approximately.b.OZ ml- of buffer. The pad sup-
'porting the filter was saturated with glvcerol solution, which immediately
_wet the cells. After an interval which was varied from 2 seconds to 2 hours

-t‘the cells were irradiated with 50- kv X rays. The dose rate was adJusted by

’ varying the distancé between theisamplea and the X-ray tube so that the time

" of exposure vas‘reducedvto alfew seconds. Each of:the six sensitivities

.plotted is hased on a aeparate dose-effect curve with at least three points.

" The absolute magnitude of the sensitivities in this particular experiment

. differs from the othera described in this paper. This is due to the use of

-a different method for assaying survival " It was expedient for this experi-
;i:ment to use the ‘more conventional method of dilution plating, in which the
'criterion for viability is formation of a visible colony on yeast extract-
_~dextrose agar. : ( o |
As seen fromﬂEing4 ‘the full protective effect of the glycerol treat-

ment was not achieved until-the cells had been exposed to the. solution for
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.

10 minutes. Osmotic shrinking of these cells, however, is virtually com-
_ipleted within 2 minutes. This was measured by centrifuging a cell suspension
in a henatocrit tube before and after addition of glycerol. The cells initially .
. ghrank to about 65% of their original volume and then gradually swelled -

back to that,voiume duringvthe‘following 65 hours.r No cell multiplication
occurred during this ti@e.

fatle I summarizes the present expetinental talues of a,vdetermined'
under narious experimental.conditions and,for'different radiations. When a

. value was measured more than pnce the resnltsfwere averaged for brevity in
'-reporting. The standard deviations from.these means are tabulated as error
"t intervals. Where no error intervai is given the point was measuted only once.

An alternative.felationship which is useful in analyzing survival data
‘f: is obtained by.expressing the dose as f,'the'number»of particles per square
-»centimeter,incidentfon.the‘samnle,. The survival curve 1; then of the form
| S=e -, o (2)
.;‘Where o is the effective cross sectionﬁfor inactivation;‘ From the value of
ain rad-l, the quantity c, in cm2 per particle may be calculated from (19)
o o= 1. 602 X 10 (afo s . ; Ceee ' (3)
_f%herelgg is given in units of Mev g ? cng' ) |
| In Fig. 5 the, sensitivitycx is plotted against the stopping power, %E,
for each particle on 1og-10g scales, and Fig. 6 is a similar plot of the cross
section o N with the‘line of constant RBE shown for comparison.

Both the protection which results from anoxia and that due‘to.the glycerol
treatment are effective over.the,entxre‘range of LET stud%ed,.even where the in-
activation cross section'has apparently reached.a maximum. It does not . appear
(Fig. 6) thafvﬁnf magnitude of either of these effects would decrease at even

. hxgher LET}s . The two effects are qualitatively and quantitatively dlffer-

P
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ent,:hoﬁever. The oxygen effect is clearly a function of LET, being ap-
'preciably smallervwithhthe more densely ionizing particles. Further, the
magnith@e of'the“oxygen‘effect at high values of LET is sufficiently small
'that it may hossibly be entirel&IaCCOunted for by‘theAdelta ray component
. .of the heavy ion tracks (17). The glycerol effect, on the other hand,
.appears to be ihdepéndent of LET‘and therefore not as easily explained.
vaecause ofvapparent lack‘ef an exygen effect with glycerol, discussed above,
', it is'probably safer to compare'the data obtained anaerobically,,with and
withodt glycerol. Under these conditions we find that 6 M glycerol reduces
l-the inactivatlon Cross sectzon by about 404 throughout the entire range

;of LET studied.

| DISCUSSION
Ho&ard-Flanders recehtly.suggestee a mathematical'method to describe
relationships between observed radiosensitivities and the ionization den-
uzsity (ZQ)...This methoa ;s_based on'the assumption thet the-lethal damage
“results from a ptpeeSS ihvolving two of'more'stepe.' The first step is a
'direct.intereetien betﬁeen:the ;onizinglfadietien ahd'some critical hole-'
”'f'eules'in the cell. “fhe iﬁteraCtion leaves'this'molecule in a reactive
.excited state. - There is a chance that this excited molecule will return
’_to its hormal state;'tn.which case no damage reSults. Oxygen,_zf present,
'competesawlth-this reve:se reaction,:resulting in an'irreversible lethai
damage'as‘the secohd-stepvof'the procese.h Alternetively, the secondary>
‘irreversible'step can'he the combined}reshlt of several additional ionizations
in the region immediately surrounding the ihjufed molecule. Thievcould
 ocecur independehtiy of the ﬁresence of oxygen,'IIn other wo;ds,.the lethal

damage under anoxic conditions is assumedvto‘be the -result of n or more
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.ionizations within the track segment'of length_t, whereas the oxygen~-depen-
'vdent component of the injury.is assumed to be produced by singlerionizations,
 according to a first-order approximation, in'which all ionizations in the
track segment t are equaliy effective up to n-1,

For a detailed.analysis aecordingtto‘this.theory, it is necessary to
- know |
y - (a) the total LET-energy speetralidistributions in the sample material
i of all the various radiations used, - |
(b) the probability peyhnit eneréy absorbed of having a certain number
of ionisations in a track segment ofilength t,_mnen the mean number in t is
known. - - |
_ . Such calculations have been performed and their usefulness in describing
the LET}dependence of radiobiological effects discussed (17).
| The curves in Fig. 7 have been calculeted according to this method.

It will suffice to note>tnat“the various curve'§§§2g§ shown (and their dis-
: placement along the abscissa)-are determined by combining the approprlate

,:probability function (b) with the corresponding distributions in' (a). The
_:displacement of these curves along the ordinate axis is given by a factor--
the sensitivity parameter k --characteristic for the system studled |
* Table II shows.the various parameters used in this track-segment analy-
:'sis. o _

The.radiosenSitivities of ceils exposed in 6 M glycerol both in the
presence ‘of oxygen and under anoxia, depend in the same way on.the LET of
':the radiations without any oxygen effect for the particle radiations used,
-The injury can be described as the result of 10 or more ionizations formed
within a track segment of length about 70 X , with a sensitivity parameter

~of 14 x 10 é rad 1 '
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The LET’dependence of the radiosensitivity of cells exposed in phos-
phete buffer suSpension under anoxia also showed the seme general trend.

_In Fig. 7 these experimental points are fitted by assuming the injury to be
the result of 10 or more ionizations within 70 X with‘a sensitivity factor
'of‘26'x'1074, Or 1.9 times as high as after giycerol_treatment.

In-other words, it'has been demonstrated thatlthe glycerol treatment
:described_here results»in a radioprotection, which is‘essentially independent
of LET. here,.perhaps; is an additional‘test that can be applied to any |
proposed,model'for radiobiological action..‘It is of‘particular interest to
ask whether this‘effect might be more reasonahly explained on the basis of

'modification of direct action of the radiation on some semsitive site in the
.cell, or on the basis of indirect action. It is worth noting that in ~our
, h'analysis we haue considered the effects of'the entire LET-energy distribution
. of the various radietions,'and the result;does‘not depend on'any'é-ray
~correction. | - |
- Our analjsis describes fairiyAwell the LETﬂdependence of the radio-~
'sensitivities-of;oeils“exposed in gl&deroltsolution, irrespective of gas-
,; etmosphere_during irradiation. _The agreementlforrcells exposed in phos-
phate buffer.under anoxia is not a good at the highest LEfL
Calculations based on the proposed model to flt the observed sensi-
tiVities in phosphate buffer in air atmosphere, however, led to a curve which
_ did not even approach the general trend of the experimental poxnts. This
. discrepancy demonstrates clearly the insufficiency of the model
a pOSSlble though not very attractive solution is to'introduce another
parameter W, which allows the oxygen-dependent mechanisms to operate with
:_Only a fraction of the efficiency of the oxygen-independent mechanisms (17).

- The curve marked "airrbuffer" is thus calculated by assuming that the oxy-
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gen—dependent'part of the injuty 1s the result of one to nine ionizations
within 70 & , withpy = 0.2.

An underlying,assumption of the Howard-Flanders theory is that in-
. creasing LET leads to saturation of the effects., Thus, if this theory is
. true, one would conclude that 10 or more ions in a track length of 70 X
are effectlve_over a cross section of 8 x 10 -9 cm2 when the cells are ir-

radiated anoxically in‘buffer; but thatﬂin the presence of glycerol the same

. number of ions in that same track length is effective only over a cross

' sect;on of about 5 x 10 cmz. There are some ions, then, that pass through
the cross—sectional area which aredeffective in the presence of buffer but
: ineffective when glycerol is present. ‘However; any mechanism that deals
~with a direct hit as the primary effect should result in the eame-cross
'd eection for very high LET;'regardless of theipreeence ofuadmodifier.,
| The only parameter iu this enalysis which reflects the glycerol effect
is the "sensitivity factor" k. The physical significénce ofbthis parameter
;ﬂ is not explicitly defined in'HowardaFlanders'XQ%gf:17), as indeed his model
: -does not‘predict tﬁg aﬁsolute eensitivity, Eut ratherﬂonly the relative
‘VsenSltiVICY as influenced by LET and oxygen concentration. 'It is therefore
) of interest to examine our results for a possible physical interpretation
of the magnltude of the sensitivxty of this particular system.
| Before considerlng such interpretatlon it may be instructlve to review
'vbriefly the accumulated evidence agaznst the interpretation that glycerol
.protects by :emoving‘the.bulk water from the cell, . -~
A, We,found that the onset of protection after immersiou.in,glycerol'
occurted much later than the removal bf celiuiar water, as reflected in the
change of packed cell volume. It appears tuat,_at least in part, the protec-

tion is telated'to'the'actual presence of glycerol in the cell.
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. B. Rosenberg has reported X-ray studies on yeast using, not only
glyceroljbut also methanol, ethanoi,-sucrose, and potassium chloride 4).
;Markovich, working with the lysogenic bacterigl system E. coli K-12 ( xj,
measured the»x-ray proteceing ability of a.numbe; of water-soluable organic
~compounds;.including,'in addition to those used by Rosenberg; mannitol and
" acetone (6). All these compounds with the, exception of KCl and acetone,
were foend to have a similar protective effect. Those tested thh yeast gave
the same degree qf protection on a molae b:éie. ‘Although-all these agents
. can be considered to thy&rate the cell, the mode of ac;#on'differs. Those
which enfer the celi'slowiy (compared witﬁ ;hejrate at which water leaves) -
shrink the cellfinitiallyﬂ dthers (methanolhand ethanol) do not cause ap=- -
;preciable shrinking., It 1is of possible interest Eo observe that of these
compounds, the‘ones‘which étotect_ere elso'thoseiwhich contain OH groups.
C. Wood reeently‘reporeed thet desiceeted yeasts Baye'about‘the same

.f:‘sensitivity'to Xfrays{es yeast suspended in.weter (21).

- D. Webb and Power§~(22) found‘efglycerolvp¥OCection effect for spores

; e o ' :
of Bacillus megatherium, exposed to X rays. ' Desiccation of these spores,

" however, makes them more'eensitive, just the opposite effect from glycerol.

Theee/observeeions,:hohever;'do support theiideakthatvwhile net all_#he
- cellular water is radiobiologically active, a small fraction of it is in-
" volved. The watef'moe; generellyeiﬁplicated'is:the bound water, or'water‘of
. :crystailization“é§soeiatedwith'criﬁicaI.proﬁeins'and’nucleic acids. ‘It is

‘thls water whxch would not be removed by osmosis or by gentle deSLccation
and which might play a paramount role in energy—transfer processes in the
vimmediate vicinity of these molecules.: This would ‘also be consistenc_w1th
the negative:;esults”opfa{néd by Rosenberg with KC1 and the poeitive results

 wich'aicoho1s“and sugaré."This'ihterpreﬁation would be'eoneistent with pro-
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tection at very high LET, since it has been shown that intermolecular
energy-transfer processes contribute significantly to 1nactivation of dried
proteins by heavy ions (14). | |

An aiternatite eiplanetion, then, would be thatkat‘least psrt of the
significant primary interaction is with moletules external to the critical -

molecules in question (23) We may consider the.curves'in.Fig. 6 to be of

[
~

the general form ) ‘ _
.‘ o (LET) = F(LET) %

where o(LET)vis the observed inactivation cross section at‘any.particular
- LET and F(LET) is an efficiency function enelogous to the curves in Fig. 7.
The limiting cross section, Op ; charecterizes the,sensitiﬁity of the system
: and is thereby enalogous tO»the "sensitivity'factorﬂ.k. Comparing the curves
obtained in the absence of oxygen, with and'without’glycerol, then, it is
evident thetAthe'fnnctiOn F(LET) is not affected by gljcerolg‘vThe two curves
~¢an be made to coincide byvsimply mnltiplying 06 of the glycerol curve by
1.75. fhe fact.itself thatob can-he modified:by glycerol suggests that the
physicalhsignificenceiof'this;quantity cennot‘be.thet it_represents the physi-
‘ cal dimensions;of sdmehcritical target iﬁ the cell. While the dimensions
of critical"moleéularhéroupings‘sre of ohvious inportence; it appears that
- a substantial part ofzéévis related to the_distsncevover whichvintermolecnlar.
energy transfer processes are effective. It would then appear that gljcerol'
and related substances exert their protectxve effect by inhlbiting some of
these processest.j |

Independent evidence supporting this interpretation has been presented
by Webb (24), who has reported that ”the dependence of x-ray sensitivxty on

"1 glycerol concentrationvis;fitted well by the Langmuir adsorption isotherm

LA I
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equation." 6n this basis.he suggeéts that glycerol acts by competing with
water for.adsorption sites at the surface of macromolecules. |

.Tﬁis iqterpretation suggests a need_for experiments designed.to elﬁqi-
date the'foie of water in energy transfer processes in macromolecular systems

and the role of these in cellular radiobiology.

SUMMARY -

The radiosensitivity of haploid yeast (Saccharomyces éerévisiae) has been -

5 . - - : s1 2 - -1 -2
measured over the range of LET from 20 Mev g .cm to 5500 Mev g cm under
four sets of conditions:

(a) aif atmosphere in buffer solution,

(b) N, atmosphere in buffer solution,

2 .
(g) air étmosphere'in'é'ﬁ glycerol séluﬁion,
.(d) N2 atmosphgre,in 6 M glycerol golution.' | '
Tréaﬁmentiﬁith 64& glycerol was fo&'hd to protect céllSvi;radiated in-
‘;tlanoxia by an édditioﬁ#l_factoribf.gbout;l.Q:Chroughout‘the range of LETV
‘studied. . Expefi@enfs déé;gned:to studf;the‘kine;ics of this effect.were per-
~formed. The ma#imum proté;tiyg éffect“wés nbt.séeé until the cells had been
Hexposed'to glyceroi_fo;'#ﬁout lé minutes, whereas the water was apparently
'removed"mﬁéh faster.’ Tﬁeafésuits are discussed in relation to current models
g.of radiobiélogical ;ctioﬁ.a Afcomparisoﬁtis madé with resglﬁs;reported by
other expérimehtgré;'.f"’ |
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Table

I. Sensitivities of haploid yeast to heavy ions under various conditions.

Radiation

- 50-kv x;:ayg‘
il-Mev groténs
39-Mav He ions
-.30-M;v H; ions
98-Mev Buidn;
’84-Mev B'ioﬁs
ldl-Mév C‘ion;

142-Mev Né ions

. dE |
Stopping power, In
. . X

. - -1
Reciprocal of 37% survival dose (10 4 rad )

(Mev cmZ/g) | Air-buffer
a0 T 154 01
4"5 N7 .
182 137 ¥ .12
610 1._ 1.86 T .20
1250 2.78
aes 2,74
1850 27t 4
5500 120 % 15

. 1.6

No-buffer

0.79

0.78

_0?73 L
Ys

2.35

2.1 f:.s

0.9

Alr-glycerol
- 0.63
" 0.39
0.42 T .11
iQo t
1.34
-;1.2'f .1

0.57

ﬁz;glycerol

0.46

0.47

1.32

1.17

0.56

- 0.87-

*.

0.40

1+

.16

AL

*1e 39 ‘Louuey ‘¥ °J



Table II. Parameters used in the track-segment analysis in this study.’

‘Medium in which & Gas present Number of Track Sensitivity W
- cells were exposed during the ionizations length t parameter '
' : ' exposure per trach segment (A/P ) K(rad'l)
of length t - ]
6 gbglycefol - :, | __.Nzi b iq\or more 69 14 X 10-4
6 M glycerol o  7' Aif_ 10 or more 69 14 ){'10.4
i . o et ) ’ : . . - ) . -4
POa-buffer - Ny 10 or more 69 26 X 10
. . . . ‘ - . o ) .- . -4 ’
POy -buffer - .- ... Air l1to9 - 69 26 X 10 ' 0.20
s

-8’[-

*1e 39 ‘Louuey °Y °I1



1.

10.

11.

~18- . T+ R. Manney, et al.

REFERENCES '
T. H. Wood, Cellular Radiobiology, 4nn. Revs. Nuclear Sci. 8, 343-386
(1958). o _' |
| o _ . .
L. H. Gray, Cellular Radiobiology, Radiation Research Suppl. 1, 73-101

(1959) .
\

- T. H. Wood, Inhibition of Cell Division, Radiation Research Suppl. 1,

332-346 (1959). o | BEE ~

A. M. Rosenberg, Certain Aspects of the Role of Cellular.Water in X-ray
Inactivation of Yeast, Thesis, UniverSLty of Pennsylvania, 1958.

W. T. Burnett,,cc. E. Stapleton, M. C.-Morse, and A. Hollaender, Reduction

of X-ray Sensitivity of Escherichia coliB/r b&'Sulphydryl Compounds,

. Alcohols, Glycols, and Sodium Hydrosulphite, Proc, Soc. Exptl; Biol. Med.

77, 636 (1951).»

H. Marcovich, 1957. Etude radiobiologicue du systéme lysogene d'Escheri-
chia coii K 12 (Tﬂése), Faculté des Sciences, Université de Paris.

D. L. Dewey, Effects of Glycerlne on the X-ray SensltiVLty of_Serratia
marcescens Na;nre 187, 1008 1010 (1960) '

J. A. Sayeg, A,_C. Birge» C,YA. Beam, and C.,A. Tobias, The Effects of
AcceieratedlCarbon'Nnclei and Other'Radiations on the Scryival.of Haploid
Yeast.,II. Bioiogical Experiments; Radiation Researchilo' 449-461 (1959).
T. R. Manney, T. Brustad J Barr, and C. A. Tobias, Effects of Dehydration
and Anoxia on Yeast RadiosenSLtiVLty to Densely Ionizxng Particles (Abstract),
Radiation Research 12, 455 (1960)

Robert K.vMortimer (Lawrence Radiation Laberatory),'personai communication.
T. H. Wood, Reproduciciiity of X-ray»Survival Qurﬁes for Yeast Cells,

Proc. Soc. Expt. Biol. Med. 84, 446-452 (1953).

s e



-20- T. R. Manney, et al.

A

12. g, L. Powers and C. F. Ehret, Inactivation by X rays of Dry Spores of

" Bacillus megaterium on MlllipOfé‘Filteré, Bacteriol. Proc. 53rd Gen. Mtg.,
SAB, San Franciscp,_l953f. - r

13. F. Hutcninson, A. Preston, and B. Vogel, Radiation Sensitivity of Enzymes
in Wet and in Dry Yeast Cells, Radiation Research Z; 465-472 (1957).

14, T.'Brustad,'Molecularvand Cellular Effects‘of Fast Charged Particleg,

 Radiation Research'l§,139e158.(1961); o |

15. Tor‘Brustad; Piero Arlotti, and_Jonn Lyman, Experimental Setup and Dosim-
etry for Investigating Bilological Effects of bensely Ioniaing Radiations,’
UCRL-9454, Oct. 1960, |

16. D. J. Fluke, T;‘Brustad, and A. CT‘Birge; inactivation of Drybf-l Bac~-

teriopnagelby Hellum Ions,'Carboanons;iand Oxygen lons: Comparison of

Effects for Tracks of Various Ion Density; Radiation-ResearCh 13,

788-808 (1960).' o | -

. 17. T. Brustad Heavy Ioné and Some Aspects of Their Use in Molecular Blology,

Advances in Biol. and Med. Phys. 8, (in press)

' l8._ Robert K.‘Mortlmer, Cytological and Envxronmental Factors Related to

| : ‘the Effects of Radlations on Yeast Cells (Ph D. Thesis), University of

'California, Berkeley, 1953. »

: 19. T. Brustad Study of the Radiosensitivity of Dry Preparations of Lysozyme,
Trypsin, -and Deoxyribonuclease Exposed to Accelerated Nyclei of Hydrogen,
Helium, CarBon;.Qxygen,'and Neon, Radiation Research, Suppl. 2, 65-74
(1960) | M

20. P. Howard—Flanders, Physical and Chemical Mechanisms in the InJury of

Cells by Ionizing Radlations, ‘Advances in Biol., Med. Phys. 6, 553-603

(1959). -

L. . . R
P - i %



21.

22.

23.

24 L

-21- T. R. Manney, et al.

T. H. Wood and Samuel Randolph, Dependence of X-ray Semsitivity of Yeast
on Cellular Water Content (Abstréct), Radiation Research 14, 518 (1961).
Webb, R. B. and E. L, Powers,'Water; glycerol and oxygen as factors in

: v b _

radiation sensitivity of bacterial spores, (Abstract), Radiation Research,

© 14, 515, (1961).

R. E. Zirkle énd C. A. Toblas, Effects of Ploidy and Linear Energy
Transfer on Radiobiological Survival Curves,vAréh; Biochem. Biophys. 46,
282-306 (1953).

Webb, R, B., Evidence for an adsorption mechanism for protection agéinst

damage from X rays, (Abstracts), Biophysical Society Sixth Apnual Meeting,

Feb. 14-16, 1962, Abstract FF6.



-22- . T. R. Manney, et al.

FIGURE LEGENDS

Fig. l. Schematic diagraﬁ illustrating procedure used to control atmosphere
. And‘solﬁtioﬁ to which yeast were exposed 'during irradiation with heavy
ions. |
Fig. 2. The effects of anoxia and 6 M giycerol on the survival of haploid
‘yeast as a function of absorbed dése for two radiations: ‘(A) 50-kv
X rays, and (B} 142-Mev neon nuclgi.. The curves are nbrmalized for
100 % survival at zero dose. Error'intervais are standard deviations.
Fig. 3. Radiosensitivit&, as a function of time in 6 M glycerol before ir-

radiation, of haploid Saccharomyces cerevisiae exposed in air to

101-Mev carbon nuclei.
Fig. 4. Radiosensitivity, as a function of time in 6 M glycerol before ir-

' radiation, of haploid Saccharomyces cerevisiae exposed in air to 50-kv

X rays.

, . dE
Fig. 5. The radiosensitivity, as a function of the stopping power, E;,.for

the various radiations used, of haploid Saccharomyces cerevisiae

under various conditions.

" “Fig. 6. The cross'section-forvinhibitiqn of microcolony, formation of haploid

%ééécharomyéeé éerévisiae exposed’to heavyvions under various condi-
tioms. Tﬁeiconﬁihﬁqus lines éreime;ely drawn to connect the experi-
mental points.,’ | |
Fig.l7. Coﬁparisoniofhgpeprécical curves Calcp;gted By t;ackféegment method

" from the datafihATable I. See diécussioﬁ'fgr details.
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FOOTNOTES .

- This study is based on work performed under contracts with the U.S.

Atomic Energy Commission. ~

Present address: Norsk Hydro's Institute for Cancer Research, The Nor-

wegian Radium Héspital, Oslo, Norway.
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