Presented at M. D. Anderson
Sympos ium, Houston

Feb. 27 - March 2, 1979

(in press).

Oxygen-Dependent Sensitizatidn of Irradiated Cells

2
David Ewing] and E. L. Powers

]Department of Radiation Therapy and Nuclear Medicine
Hahnemann Medical College and Hospital
"Philadelphia, Pennsylvania 19102

AzLaboratory of Radiation Biolpgy'.‘

University of Texas. - MASTER

Austin, Texas 78712

NOTICE

This report was prepared as an account of work
sponsored by the United States Govemment, Nejthor the
United States nor the United States Department of
Energy, nor any of their employees, nor any of their

b or their employees, makes |
any warranty, express or implied, or assumes any legal i
liability or resp ility for the y, compl l
or usefulness of any infx ion, product or
process disclosed, or represents that its use would not

infringe privately owned rights. A

. —

_66-3y6¥ : o
E\,‘K’é,s 053‘1— Zb

QXYY TN G YT Ay e m 65 e s ee e e vy ey .
SRR bt N N N TTET” TR
DL(‘,&: R R T I N A R AN x&yﬁﬁ‘m




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



Ewing and Powers
Page 1

INTRODUCT ION

Observations that oxygen increases the response of cells.ex-
posed to jonizing radiation can be traced back to the beginning
of this century. The earliest'of these seems to have been madé
by Schwartz (1909), although he did not intefpret his results in
terms of different oxygen concentrations. Investigatiqns by Ho]-
thusén (1921) with Ascaris eggs, by Petry (1921) with seeds, by
‘Crabtree and Cramer (1933) with a transplantable murine carcinoma,
and by Mottram (1935) withbrats are among those having special im--
portance. However, the studies begun in the 1950's by L. H. Gray
and his colleagues clearly represent a mileétone in radiation bi-
ology. Gray's 1961 review is an excellent survey 6f information
to that timé.

When Gray surveyed the liﬁerature, clear evidence already
shdwed that in very dry biological systems, for example bacteri-.
al spores (Powers et al. 1960), more than one kind of oxygen-
dependent sensitizing proceés existed. Recent work with cells
irradiated in ;uspension (Alper 1963, Tallentire et al. 1972, She-
noy et al. f975, Ewing and Powers 1976) has confirmed this 20-
year-old observation: oxygen operates in more than one way iﬁ
affectfng the radiation sensitivity of the cell. |

Oxygen sensitizes all cells to irradiation., Its effects

have been studied with many experimental techniques and with many
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different organisms.v Perhaps in part because of this diversity,
definitive studies do not show whether oxygen sensitizes all or-
ganisms through identical chemical pathways. Some experimental
“information supporté‘this assumption; other dafa contradict it.
Tﬁe survey below will examine the chemical mechanisms involved in

oxygen-dependent sensitizations of cells irradiated in suspension.
SENSITIZATIQN BY DIFFERENT 02 CONCENTRATIONS

The effects of varying'OZ‘coﬁcentrations have been studied
in several cellular systems by a number of authors. Most of the
early studies recognized a dépendehce of radiation sensitivity
‘upon 02 concenpration that increases po'a plateau very. sharply
with no microstructure in the response. The studies on Bacillus
megaterium spores (Tallentire et al. 1972, Ewing and Powers 1976)
demonstrated the important fact that there is an intermediate
region of sensitivity in which there is a plateau at low [02] at
approximately half the sensitivity of the plateau seen at high
[02]. These observations are commented on extensively below.
Hére we note that while previous authors have not demonstrated
this intermediate effect in their studies, their reéults are in-
deed.consistent with those two sets of experiments. In Figure 1
we have normalized the radiation sensitivity within several sys-

tems and have plotted the degree to which different [02] sensitize
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within the maximal 02 effect. Note that the two spore studies are
central Qith the Ewing and Powers_(1976) study demonstrating a
smooth relationship between [021 and radiation sensitivity. As
pointed out Previously, the Manchester spofe studies .are consis-
tent with the Austin studies, except thét tHe pléfeau occurs at

a different level, this being explained, perhaps, by the differ-

ence between 60Co gamma rays and 50 kVp X-rays. The remarkable

aspect of Figure 1 is that two different vegetative bacteria and

" two sets of experiments on V79 mammalian cells are consistent with

the response demonstrated by the bacterial spores. So, while

there may be differences in absolute sensitivity among the variety

of systems, the 02 effect, When looked at as in Figure 1, is truly

the same in the several systems, perhaps indicating a unity in the
mechanisms involved in the 02 effect, whether they be observed in
mammalian célls or.bacferial spores. Indeed, in the host recent
observations on hamster cells (Millar et al. 1979), iﬁdica;ed as
open‘séuares on Figure 1, the presence of a plateau at low [02] is
acknowledged. The difference between the spore and the mammalian
cells.in this instance is that the plateau appears at concentra-
tions of 02 a factor of 10 below those at which the platéau ap-
pears in the spbre system.

The relative amount of sensitization seen at a particular

02 concentration is very nearly independent of cell type or the

suspending medium at the time of irradiation. This indicates to
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us that the intensive investigations in bacterial systems, whether
spores or vegetative cells, are proper models for construction of

experiments in mammalian cells to search for similar effects.

SEPARATION OF OZ—DEPENDENT DAMAGE INTO .COMPONENTS

Bacterial Spore Studies

The first recognition of oxygen's having more than one kind
of action was made in a dried system. Using dried bacterial
spores, Powers et al. (1960) showed that oxygen's sensitization
could be experimentally resolved into at least two major classes
of . damage. In their experiments, thg exchange of gases took sev-
eral minutes, and, based on this reference time-scale, they estab--
lished these definitions: (a) Class | damage is indépenaent of
oxygen; its magnitude is the same whether or not 02 is present;

(b) Class 11 damage is oxygen-dependent and short-lived; ft can be
observed only when oxygen is present during irradiation; and (c)
Class 111 damage, the ''post-irradiation" Oz-effect, is produced
‘during either oxic or anoxic exposures; however, the development
of this kind of damage is very‘slow in this dry biological system.
There is good evidence that the kind of damage designated as Class
- 111 involves a reaction between 02 and a radiation-induced cellu-
lar radical (Powers 1966).

fallentireland Powers (1963) later showed that intracellular

water protects against both kinds of oxygen-dependent damage.
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Spores irradiated in suspension or under saturated water vapor con-

ditions show no Class 11l and only a reduced amount of Class ||

damage; under these conditions 02 introduced a few minutes after
anoxic irradiation dfd not increase the sensitivity. Tallentire
and Powers did propose, however, that two kinds of oxygen-dependent
damage probably operate in the irradiated wet spore. The review
article by Powers and Tallentire (1968) summarizes the work with
dried.bio]ogical systems.

Recent work has made it very clear that organfsms irradiated in
suspension do indeed show more than one kind of oxygen-dependent dam-
age. Using 60Coy-réys,Tal]entire et al. (1972) found eVidence for at
least two components of oxygen-dependent damage in bacterial spores.

Latér experiments with 50 kVp X-rays showedlfhat the sensitiza--
tion of sporés by oxygen could be separated into. at feast three com-
ponents (Ewing and Powers 1976) that are Oz-concentratibn dependenf.
These results'are illustrated in Figure 2. t-Butanol is‘an effec- .
tive scavenger of OH radicals and‘the oxygen-dependent damage re-
‘moved with this alcohol preseﬁt is designated as the “'OH'compon-
ent.'"" Two othér components of damage ,are‘designated as the ''low-
02” and ”high-Oz“ components, to emphasize that different concentra-
tions of oxygen can produce different kinds of damage (Ewing 1978a).

An important difference has not yet been resolved between the
spore experiments with 50 kVp X-rays (Ewing and Powers 1976) and

those with 60Co y-rays, noted just above (Tallentire et al. 1972).
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In both sets of data, the changes in response Qccuf over very sim-
ilar oxygen concentrations, just as they do for most organisms

(cf. Figure 1). Furthermore, the changes themselves are qualita-
tively the same: as the [02] is raised, the responses increase,
reach a plateau, then increase again to a maximum value. However,
with y-rays, the plateau occurs when about 30% of the maximum sen-
sitization has been reached (cf. Figure L4, Tallentire etlal._l972).

With 50 kVp X-rays, the plateau comes at 70%. The basis for this

~ discrepancy is not known, although differences. other than photon

energy exist between the two sets of experiments; e.g., the y-ray"
Work was in phosphate buffer wheréas the X-ray experiments used
water-suspended spores. This ”water-versus-bﬁffer“ question would
not be important when y-rays are used (Tallentire, private commun-
ication, quoted in Ewing 1975), but it would be important with 50
kVp X-rays (Ewing 1975).
Recent work with bacterial spores and l,h-diazabicyclo[Z.Z.Z]-»

octane (DABCO), a quencher of singlet oxygen (0; ]Ag), suggests

that an additional fourth component of damage may now have been

recognized (Barber and Centilli, unpublished). Over a range of
oxygen concentrations, DABCO has a protective éffect which is ad-
ditive to that seen through OH radical removal; this suggests a
component of sensitization involving singlet 02,‘although the re-
sults of further experiments are needed for confirmation.

The oxygen-dependent sensitization of bacterial spores can
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also be resolved into.time components if the radiation dose is de-
livered in a very brief interval. With pulsed techniques.thﬁt al-
lowed examination of incidents in very short times after irradia-
tion, Weiss and his colleagues (Weiss and McDonald 1976, Weiss and
Santomasso 1977, Jones and Weiss 1977) noted that in wet sbores,
as in dry spores, 02 delivered to sporés after anoxi§ irraA?agion
can increase”sehsitivity.' Complementary wbrk'by Tallentire and .
his colleagues (Tallentire et al. 1977, Stratford ét al. 1977)
showéd that aftgr anoxic irradiation of spores in suspension, the

decay of the pofentiallyllethal species can.be resolved into two

tions are 9 seconds apd 120 seconds. Spores ifradiated in QZ
show' only one first-order radicél decay process (T% = hiné sec-
onds). Presumably, this is the faster of the two processes ob-
served in anoxia.

Very recent results, also by Tallenfire and his co-workers
with this same rapid-mix method (Tallentire et al.Al979), provide
additional information about these two long-lived components.
When an OH radical scavenger is present durfng anoxic irradia-
tion, the production and subsequent two-component decay.is unaf-
fected. Thus, "OH appears not to be involved in either of the
twoo2 actions. When these authors use NZO (present during ir-
radiation), the initial survival level is lowered for ''zero timé'

before 02 introduction," and it remains at the .same reduced

level even when the introduction of O2 is delayed. They sug-
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gested that "OH is able to react with the two 02-sensitive “spe-
cies“ to ""fix' damage by excluding the possibility that the radi-
cal sites could decay to a harmless stafe. Limitedidata, for
which they used an OH radical scavenger along with NZO? shqw that
the effecthf NZO'can be partially, but not completely, blocked,
We should note that according to these observations ‘OH dependent
02 sensitization operates only in the presence of NZO -= an agent
that supposedly acts only by increasing "OH yield. If that is |
the only‘aqtion, we ask whyA'OH.scavengers do not affect 02 sen-

sitization processes in the absence of N,0. The difference is

2

the removal of e;q in the N20 case and its presence in N,0 ab-

2
sence. Their experiment with acetone, supposedly removing e;q,

does not give the answer, for it is used at 1 M, a concentration

that effectively also removes all "OH (k_ + ‘OH = 6.8 x TO7
—acetone

M seconds—]).

. Although both T1aboratories whose work was cited just above

worked with B. megaterium spores, their results are not entirely

compatible. Weiss and Santomasso (1977) used a single three nano-

seconds pulse of electrons, giving a total dose of either 400 or

600 krad to spores mounted on wet membrane filters. After anoxic

irradiation, they observed the decay of an oxygen-sensitive radi-
cal having a half-life of either 10.5 seconds or 7.4 seconds re-
spectively, depending on the radiation dose they used. In con-

trast, Tallentire and his co-workers irradiated spores in suspen-
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sion with two microseconds pulses of electrons, giving a total
dose of 600 krad at about 0.8 krad/pulse. The total exposurel
could last up to two seconds. After anoxic irradiation, they ob-
served the decay of two oxygen-sensitive '‘species''. Apparently,
We}ss‘and Santomasso saw one but not both the radicals observed
by Tallentire et al. lNeither set of authors has attempted fo ex-

b]ain the difference in results.

Vegetative Bacterial Cell Studies

Although exberiments with dried vegetatiVe'bacteria showed
two classes of oxygen-dependent damage (Webb 1964), tests with
bacteria. irradiated in suspension have not. Epp and his col-
leagues, whose experiments havé been recently summarized (Epp et
al. 1976),‘u§ed a double-pulse technique with both Escherichia

" coli and Serratia marcescens. They irradiated oxygenated cells?

then, by varying the time before a second electron pulse, they

allowed different amounts of 0, to diffuse back into the cells.

2
Their analysis showed an upper limit of mlo-u seconds for the
lifetime of the radfcal which can react with 02 to cause damage.

: Howevér, they did find a discontinuity in the graph of ''decade
spacing'' (i.e. relative decrease in log fractional survival) ver-
sus interpulsé time. This ''bump' might be taken as evidence for

more than one kind of oxygen-dependent damaging process, although

this is not certain.
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Michael et al. (1973) used a gas explosion technique to de-
liver O2 at controlled times to anoxically irradiated cells. They

found a post-irradiation 0 éffect and estimated the half-life as

2

500 microseconds for the radical which reacts with 02 to cause

damage. This value is different from that obtained by Epp et al.
described just above, who also worked with vegetative bacteria.
Michael et al. did not, however, find evidence for more than one

kind of reaction ihvoiving 0 Shenoy et al. (1975) have used

2

the liquid rapid-mix method in somewhat similar studies. TEis

‘procedure, which showed two oxic sensitization components with

mammalian cells, described below, also failed to demonstrate more
than one kind of oxygen-dependent damage in wet bacteria.

This difference in the measures of radical lifetimes from the -
two experimental methqu is significant and it ﬁerits further com-
ment. _Michael ef al., irradiating under anéxfc conditions and in-

troducing 0, afterward, measured a radical half-life of &500 mi-.

2

croseconds; Epp et al., who irradiated in O2 to radiolytically

bind the dissolved 02 and thereby achieve anoxia before the second
pulse of radiation, found an upper limit to the radical lifetime
df about IO—h seconds. The upper limit to the lifetime of the

radical found by Michael et al. would be about 10x longer than

‘that found by Epp et al. (1976). We note here that the conflict

in their results could be based on the different experimental

techniques that were used. The different conditions of irradia-
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tion may not have produced the same radical populations, and the
two laboratories may not, in fact, haQe been studying the same
kind of 02-dependent damage. This suggestion is based on pub-
lished work with dried bacterial spores.' In these spore experi-
ments, Powers et al. (1960) irradiated in anoxia, as Michael et
al. did, and produced Class Il damage. When they irradiated

in 02; as Epp et al. did, they produced in spdres, both Class [!I
and Class Il kinds of 02-dependent damage. Powers énd Held
(1979) have, in fact,recalled an earlier suggestion of Ewing
“(unpublished) that may emphasize the importance of the differ-
ent ifradiation procedures these two laboratories used with veg-
etative bacteria. As they pointed out, Stratford et al. (1977),
" using wet bacterial spores, observed the post-irradiation decay
of two Oz-sen;itive radicals following anoxic exposure. However,
when fhey irradiated in 02, only one radical, the one with the
shorter half-life; was seen. In terms of pfocedure, these con-
ditions 6f irradiation duplicate Fhose of Michael (anoxic) and
Epp (oxic), and Epp did, in fact, observe a shorter radical half-
life (based on his estimate of upper limit to the radical life-
time) than did Michael. While these experiments with vegefative_
bacterié have not resolved 02-dependent damage into separate

components, it may yet be possible to do so with different ex-

perimental techniques and, perhaps, different methods of analysis.
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In Vitro Mammalian Cell Studies

In contrast to the results with vegetat%ve,bacteria, informa-
tion collected with mammalian cells, after pulsed exposures, also
shows that sensi;ization by oxygen can be reéolved ingo cohponentg.
However, the time scales for thesé effects are much sﬁorter than
those noted above for bacterial spores. This difference in radi-
cal lifetimes is a major point of conflict between those studies
with bacterial spores and these with mammalian cells. Tallentire
et al. (1977) proposed that the long lifetimes they observed might
'havé resulted frbm a relative dryness of the spore core, the pre-
sumed site for radiation-induced damage; this state of dryness:
would exist eQen though the spores were suspended in water. Thus,
we might infer that the chemical processes through which 02‘sensij
tizes are the same in both spores and mamﬁalian cells, even fhough
the.reactions themselves are considerably slower inAspores.

Using a liquid fast-flow, rapid-mix method with mammalian
cells, Shenoy et al. (1975) found that 02 -- at any concentration --
delivered two milliseconds before irradiation gave a constant amount
of sensitization. (WIth this mixing‘technique, two mil]isgconds is
the shortest possible time between O2 contact and the radiation
pulse.) Greater sensitization was obtained by allowing longer 02
contact times before irradiation. They discussed their results in

terms of ''fast' and ''slow'' Q

2 effects and suggested that the most
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plausible interpretation was that damage was produced at two sites
within the cells; the ‘'fast' versus ''slow' resolution represented
the times needed by 02 to diffuse to these different sites.

Watts et al. (1978) haye‘recentiy applied the gas-explosion

method to in vitro mammal ian cell experiments. This procedure al-_

lows a resolution of about one millisecond between 02 delivery

time and the radiation dose, whereas in the liquid rapid-mix meth- .

od, described just above, the best resolution is about three mil-
liseconds. These two methods for delivering 02 to the cells give

different results for the shortest (pre-irradiation)-o2 contact

time necessary to achieve the maximum amount of oxic sensitization.

However, in these preliminary experiments, the gas explosion tech-

nique probably also shows two post-irradiation 02 effects, just

as the liquid rapid-mix method did. Their discussion does not
focus on this point, howeyer; we infer this from our examination
of their Figure 2. ‘ |

Michaels et al., (1978) and Lfng et al. (1978) have also re-
cently studied Oz—dependent damage in mammalian cglls irradiatéd
in vifro. Using their double-pulse method, first applied to.bac-

teria (Epp et al. 1973), they found an upper limit of n three mil-

liseconds for the lifetime of the radical which can react with 02.

to cause damage. This is about 30x longer than the upper limit
found with vegetative bacteria with this same technique although,

as they pointed out, this is compatibie with the greater size of
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the mammalian cells and, logically, therefore, with fhe greater
distance 02 must dfffuse before itAcan reach the targét radicals,
presumabiy located near the cells' centers. The difference in
upper limits they saw with bacterial and mammalian celfs ddes not
méan that the lifeﬁimes of the Oz-sensitive radicals actua)ly in--
volved are different; as they diécdssed, they measured the maxi-
mum lifetime these radicals could have,.not the radical'slhalf-

life (Ling et al. 1978).

Some recent work with chemical model systems, where biologi-

cally important molecules are irradiated in‘vifro, also suggests
that 02 may have more than one action. Held and Powers (1979) and

'Powers and Held (1979) have‘extracted'wild-type DNA frpm a strain

of Bacillus subtilis, irradiated the DNA, and then measured the
loss of transforming ability in a trp recipient cell. As they
described in an earlier paper (Held et al. 1978) they again found

that 0, at high concentrations (&10-3 M) protects DNA irradiated

under. these conditions (relative to the response after anoxic ex-

posdres); They also noted that the sensitivity changes little
3

over a wide range of 02 concentrations except around 10, M, where

the sensitivity drops, and in the region around 10_6 M, where the

sensitivity peaks sharply. An important property of this. peak is
that it is removed by addition of "OH scavengers, indicating ‘OH
involvement in the 02 effect at low concentrations of 02, just as

in the wet spore experiment of Ewing and Powers (1976).
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Studies by Michaels and Hunt (1977a,b) may be.relevant to
these results with transforming DNA. They irradiated single-
stranded bolynucleotides to sfudy the reactions of Oz-at the radi-
cal‘site formed by TCH attack. Using pyrimidines (polycytidylic
acid and polyuridylic acid), they found evidence for two polynuc-
!eqtidé radicgls which react with 02 at different rates. They
prqposed that at low O2 céncentrations the absolute rate constant

is about 5.8 x 108 M-] seconds-], while at high 0 concentrations,

2

-the rate constant for the poly C-OH' + 02 reaction fs about 1.8 X
108 M_] seconds-]. Their results with purine polynucleotides
and with double-straﬁded polymers are considerably_mbre compiex
and, as they discuss, further experimental work is needed‘to
identify‘the reactiong which are occurrfng.

The studjes citgd in this section provide conclusive‘evidence
that 02 ha$ more than a single chemical pathway through whjch it
effects sensitization in several biological systems. The studies
discussed in the following section will summarize what has been

learned concerning the chemical nature of these components of

damage.

EFFECTS'ADDED CHEMICALS HAVE ON OXICVSEN51TIZATION:
PROTECTORS & 02

When water is irradiated, the three primary radiolytic prod-

ucts are the hydrated electron (e;q), the hydrogen atom.('H), and




Ewing and Powers
Page 16

the hydroxyl radfcal.('OH). Information concerning these radicals
has accumulated rapidly since the 1960's, and radiafion biologists
have tried to associate reactions of these transients with specif-=

ic biologiéal endpoints. Only the hydroxyl radical has been clear-
ly implicated in causing cell deafh after irrédiation (Johansen
and Howard-Flanders 1965, Sanner and Pihl 1969, Powers and‘Cross
1970, Chapman et al. 1975); al though,. és discussed below, thé in- ..
formation from.different organisms.suggesfs that different process-
. es may be involved. Some years ago, Adams and Dewey (1963) nbted
that chemical additives which reacted well with hydrated electrons

are generally radiation sensitizers. This observatiqn, that eaq
removal increaées the radiation sensitivity, suggests in itself
that the é;q might be playing a protec;ive role in feducing'the
amount of radiation-induced damage. .This ﬁoncept fs central to
the electron sequestration model of Powers (\972)“which deals with
mechanisms of radiation damage and the chemical basi;Afor the ac-
tions of some radiation sensitizers.

Results from studies with bacteria, bacterial spores, and
mammalian cells have led to different conclusions about the in-

volvement of "OH in damage and sensitization. This may be due, in

part, to the absence of comparative studies among the three types

of cells. Careful studies are ufgently needed before we can under-

stand how to apply information from one of these biological sys-

tems to another.
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Bacterial Spore Results

When bacterial spores are irradiated in anoxia or in high
concentrations of 02, the addition of a scavenger‘to remove‘OH
radicals does not necessarily protect (Powérslet al. 1972 and
" "Ewing 1976a). t-Butanol, for examble, will not protect spores
irradiated under either of these two condition§ (as long as no
other sensitivity-modifying agent is présent); in fa;t, high con-
centrations of t-butanol (>1 M) will increase the anoxic response
(Ewing l976a’, an observation that has not yet been explained;

Some OH radical scavengers, however, have been found which
do brotect spores irradiated either in-afr (Ewing 1975) or in
anoxia (Ewing lé?Gb). Figure 3 illusfrates‘the résults in an-
oxia. This protéction is not a simple functfon of "OH removal,
but it seems ;o be correlated with the ability of the scavenger
to form an a-carbon radical (i.e.,‘a reducing radical) after re-
action with "OH (Ewing 1976). Resﬁlts emphasize both the import-
ance of this correlation and the fact that 'OH removal itself
does not necessarily protect. CO2 is a protector (cf; Figure
3), but it does not react wftﬁ OH radicals; in fact, CO2 ié one
of the very feQ e;q scaQengérs which is not a radiafion éensi-
tizer. Formate at 2 x 10-2 M reduces the response to the mini-
mum level reached by any of the tested compounds, a decrease in

k of n20%. ‘E;Amyllalcohol at 2.8 x 1072 M and ﬁ;butanol at 9.6




Ewing and Powers
Page 18

X 10—2 M scavenge OH radicals as efficiently as that formate con-
centration, but neither of these two alcohols protecté. This is
cleaf evidence that "OH removal in itself will not invariably |
protect spores in the absence of sensitizefs.

In a set of experiments to test the importance of forming
a reducing radical, methanol (a protector) and t-amyl! alcohol
(a_non-proteétor) were used simultaneously. At seleéted cbncen;
trations, where t-amyl alcohol scavenges 'OH's more efficiently
‘ than methanol, methanol's abiljty to proteﬁt was reduced. This‘
supports the hypothesis that methanol is not itself.the protector;
instead, thé protecting agent is formed after a reaction with a
water-derived radical, in this case the "OH (Ewing 1976b).

Figure 2 shows that over a range of 02 concentrations, t-
butanol protécts.' In contrast to what was found after anoxic ir-
radiation, tests have shown that this protection in Tow 02 con- -
centrations can be specifically attributed to a simple removal
of OH radicals (Figure 4). Different additives used at the same
"OH scavenging efficiency protect equally well (Ewing 1978a).

Additives have also been tested for effects against the
low-‘and high-O2 components of damage (cf. Figure 2). The re-
sults with methanol are shown in Figuré 5; those with ethanol,
in Figure 6.

Under anoxic cohditions,vmethanol reduces the response

(Ewing 1976b). When spores are irradiated in 0.895_02 (&10_5 M
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disso]ved)} methanol removes the 0,-dependent 'OH damage (cf.

2
Figure 3). As shown in Figure 5, higher concentrations of meth-
anol tested in 0.8% 02 reduce the response further (Ewing, un-
published). But the amount of the protection. in 0.8%
02 (i.e., the -Ak) and the methanol concentrations over wh?ch
this protection occurs suggest that this i;bsimply the same'pro-
“tection seen with methanol in anoxia. From this, we conclude
that methanol does not affect the low-O2 kind of damage. Meth-
anol, tested in a}r (Ewing 1976a), first shows a reduction in
the overall responge, parallel to that -seen in anoxia; higher
methanol concentrations reduce the sensitivity even more. Thus,
methanol is able to reduce, although not eliminéte, damage at-
tributable to the high-O2 componént. |

| The results with ethanol (Figure 6) are more éomplex. Like
methanol, ethanol protects spores irradiated in anoxia, although
the amount of protection (the -Ak) is not as great as with meth-
éhol.A Again like methanol, eth;nol'does not appear to protect
against low—O2 damage, although as the ethanol concentration in-
creases above 2 M, the response rises sharply (Ewing, unpublished).
In'air, ethanol protects against the high-O2 component,.as meth-
anol does, but high ethanol cbncentratibhs agéin increase the
response. This increase seems to mirror the increase seen with
ethanol in 0.8% 02; thét is, in air‘£he tgrnabout in protection

at high ethanol concentrations is probably due to ethanol's
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unexpected ability to increase damage through the Iow-O2 com-

ponent.

Tests with ethanol have also been run at an intermediate

0., concentration. In 5.5% O2 (&8 X 10-5

2 M dissolved), the ‘OH

component is negligibly'sméll. Presumably, the low- and high-

O2 components are both operating. In increasingly higher eth-

anol concentrations, the response in 5.5% 0, is reduced; it

9
passes through a minimum, then it increases again (cf. Figure 6).

These results are qualitatively the same as those observed when

"ethanol was tested in air. However, two important .quantitative

differences are apparent. First, in 5.5% 0,, ethanol begins to-

2

protect at lower concentrations than it did when tested in air;

and, second, the maximum amount of protection (the -Ak) is great-

er in 5.5% Oziﬁhan‘it is in air. We find, in fact, that the ra-
tio of ethanol concentrations for 50% protection (air: 5.5% 02)
is 0.6 M/0.15 M = 4,0. Thfs is the same as the ratio of 0, con-
centrations used in the two tests, 0.209/0.055 = 3.8. These |
2 and ethanol are competing(for a
single damaged cellular site. A'lower 02 concentrafion corres-
pondingly reduces the ethanol concentration required for the
same level of protection; it also increases the amount of pro-
tection that is possible.

- Such a competition between ethanol and 02 (specifically the

high-O2 component in these experiments) was not found in studies
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with E. coli by Johansen and Howard-Flanders (1965). From their
experiments, tHey concluded that ethanol could interfere with

the formation'of R* (the damaged cellular site), but ethanol and
02 did not compete for reactionslat that site. This result witH
bacterial cells does not complement that found by Weiss and San-
tomasso (1977), who pulse-irradfated'sporgs suspended in water

or pure ethanol. In ethanol, they foundrno decrease in the yield
of fhe oxygéh—sensitive radical (i.e., ethanol did not interfere
with the formation of the damagéd éite), although the half-life
of the rad{cal in ethanol was considérably reduced. (No valug
was giveh’for the reduced half-life.) Whether these results in
pure ethanol (Weiss and Santomasso 1977) are compatible With
those il}ustrated in Figure 6, which show an.02-ethanol competi-
tion, is unknown. Pulse-irradiation studies at Iqwer 02 concen=s
prations would clarify this point.

Glycerol is the additive which has the greatest protective
ability in the spore system (Webb and Powers 1963,.Ewiﬂg 1975) .
At sufficiently high concentrations, glycerol protects spores
irradiated in.anoxia, and, even when irradiated in air, glycerol
reduces the response to the same brotected level seen in 100%
NZ’ With ﬁpores, no other addifive has been found which can
eliminate all oxygen-dependent damage.

From these spore results, in which radiation protectors

have been tested in anoxia and in . various 02 concentrations, we
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may make these general observations:

(M) Although OH radicals are clearly damaging under some
experimental conditions, in anoxia -- with no other sensitivity-
modifying agent present -- OH radical removal per se does not
pfotect. The same geneéélization holds true for quresbirrédi-
ated in high [02]: "OH removal in itself does not protect.

(2) However, over é limited range of O2 ﬁoncentrations
(roughly 10-6 to IO_h M), simple. "OH removal will reduce the re-
sponse. Thus, although 02 is not known to affect-the initial
yield of "OH and al though 02 and the ‘OH do not react, ‘OH dam-
age becomes ''temporarily'' important. And its occurrence re-

quires the presence of 0_ within a specific concentration range;

“u

2

at [02] >10 ' M, °OH removal no longer protects..

(3) Some additives have been found whi;h protect spores‘irPF
radiated under anoxic conditions. These agents probably function
by forming an a-carbon radical, which is the actual protector.
These agents, which can all form reducing radicéls, protect in
anoxia: formate ion, methanol, COZ’ ethano]? ally} alcohol, glyc-
erol, l-propanol, and 2-propanol. |f these agents protect in
anoxia.through'the formation of a reducing radical, a reasonable
inference is that the damage being repaired or prevented arises
through an oxidation reaction.

(4) Those agents which form a-carbon radicals and protect

in anoxia also protect against one or both the low- an’d.high-O2
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components of damage. (AI1'0H radical scavengers which‘héve been
tésted, including one sensitizer, Ewiﬁg i978, can remdve the "OH
component of oxygen-dependent damage and thereby protect.) Allyl
alcohol (Ewing; unpublished), methanol, ethanol, and glycerol all
protect against high-O2 damage; this implies, again, following the
reasoning in item (3), that an oxidation reaction is involved in
the damage from this specific component of'dxygen‘s sensifization.'
This same conclusion, that the high-O2 component probabiy involves

an oxidation reaction, has been reached through other spore stud-

ies (Simic and Powers 1974, Ewing 1978): The fact that methanol

4 and ethanol do not protect against low-O2 damage suggests that the

process leading to sensitization here does not involve an oxida-:

tion step or process.

Bacterial Vegetative Cell Results

The vegetative cefl studies most easily compared to the spore
experiments described in the preceding sectidn are those by .
Sanner and Pihl (1969) and by Johansen and Howard-Flanders (1965).
Both investigations examined possible roles-that radical scaveng-
ing agents have in reducfng the radiation sensitivity.

Sanner and Pihl (1969) used E. coli B, suspended in'distilled
water and irradiated in either liquid or frozén:states, with or
without selected additives. They found that both ethanol and
glycerol protect bacteria irradiated anoxically in liquid suspen-

sion at 0° C; a 1 M concentration of either additive will reduce
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the response to about 65% of that seen without the additivef
They also used acetone, an agent they foUnd.re]atively poor at
reducing the sensitivity of E. coli irradiated in anoxia.j In
contrast, Tallentire and Jacobs (1972), working with bacterial
spores, found that acetone was an effective radiatioh‘sensitIZer;
al though very high concentrations were required for an effect.

| Figure 7 shows their results with these and several other
compounds. They have plofted the relative sénsitiVity'against
either the 'OH scavenging efficiency (left panel) or the e;
scavenging efficiency (right panel). |If the protectién théy‘ob-
served must arise from either "OH or e;q scavenging, clearly OH
radical scaveﬁging is responsible. However, the data points.
(right panel) do not themselves establish é well-defined rela-
tionship, althougﬁ-this is not strictly required since all the
»additives may not necessarily protect fhrodgh OH radical scaQeng-
ing. Perhaps more serious is the fact that the data‘points also
show scatter around the theoretical line (shown in Figure 7), .
which wasvdrawn based on the assumption that "QH are responsfble
for 45% of the lethal damage in anoxia.

From these résults, Sanner and Pihl concluded that "OH re-
moval will protect bacteria irradiated under anoxic conditions;
they estimated that under these conditions about 50% of the total
damage arises through reactions of hydroxyl.radicals; They noted

that this estimate agrees well with conclusions from Webb's work




Ewing and Powers
Page 25

(Webb 1964). He mounted Staphylococcus aureus cells on membrane
filters and dried them; the énoxic radiation sensitivity dropped
by about 50% when the equilibrium vapor pressure was reduced to
about 1 Torr. Further drying had little gffect on the response.

However, this amount of protection, seen in either E:_coli or

Staphylococcus, is considerably greater than the protection ob-
served when bacterial spores are irradiated under similar condi-
tions. Tallentire and Powers (1963) found that drying produced
only about a 25% reduction in anoxic response. (It is important
to récal] that in both the spore and Staph. systems, drying de-
creases the radiafion sensitivity only under anoxic conditions;
.in both organisms, the two classes of'oxygen-dependént damage
increase greatly as water is removed.)

| Sanner and Pihl (1969) a]so concluded that no amount of pro-
tection, includiné that from the sulfhydryl cysteamine, was
greater than ;hat expected from “OH scavéngfng alone.

Johansen and Howard-Flanders (1965), in a slightly earlier
sthy, used E. coli B/r, irradiated in buffered saline.at Zd-SO C.
(1t is not known if the overall results would have changed if dis-
_tilled water, rather than buffer, had been used; or, aitérnatély,
if buffer, rather than water, had been used in the experiments
described by Sanner and Pihl 1969.) With bacterial spores, phoé—
phate buffer is itself a slight radiation sensitizef (Ewing 1975),

and the actions of p-nitroacetophenone in a low 0. concentration

2
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are different in water compared with buffer (Ewing 1977).

JohanSen and Howard-Fianders (1965) studfed several radia-
tion protectors in some detail. They concluded that the effects
of the sulfhydryl mercapfoethanol are two-fold: first, this agent
could interfere wifh the formation of a damaged (oxygeh-gensitiQe)
site wfthin the cell by‘scavenéiﬁg water-derived radicals; and,
second, mércaptoethanol couid protect by successfully cbmbeting
WIth‘O2 for reaction at this damaged site. Figure 8 shows their
results with five protective agenté. Cdriously, they included
nitric oxide (NO) among the proteétors. Although NO has complex
effects on radiation sensitivity, their own results clearly show
(Figure 4 of Johansen and Howard-Flanders i965) that the senSitfv4

ity at all NO concentrations is greater than that seen in its

absence, although a peak in the response may indicate two actions

of NO. This is parallel to the earlier observation of Powers et
al. (1960) that NO has two actions in the dry spore.

The method of analysis used by Johansen and Howard-Flanders
is slightly different from that of Sanner and Pihl; but, again,
if the protection the former team observed in air must arise from

‘scavenging either "OH or a combination of e;q and ‘H, the data
clearly favor an involvement of OH radicals. As was the case wfth
,tﬁe anoxic study (cf. Figure 7), the fit of the data to the ex-
bected line fs not extremely good. Johansen and Howard-Flanders,

in fact, called the fit ''reasonably good'" and suggested that
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'""uncertainties in the concentrations of the added substances with-
in the cell” might account for some of the scatter (Johansen and
-Howard-Flanders 1965). From this analysis, they concluded that

OH radicals contribute about half the lethal damage when thése
bacteria are irradiated Qnder aerobic conditions.

" These two inveSfigations with vegetative bacteria, within
themselves, provide a consistent view of the role played by OH
radicals both in O2 and in anoxia and they pfesented>ééveral
chemical models that were reasonable reflections of the state of
radiation chemical knowledge of that time.

The data from the two bacterial studies can be compared.by
plotting them on the same graph. F%guré 9 shows such a plot after
a recalculation of the aerobic data of Johansen and Howard-
Flanders (1965), without thé nitrous oxidé point, té conform to
the analysis method used‘by Sanner and Pihl (1969). More recent
values of the reaction raté constants (ﬁoss and Ross 1977) were
used, and the points have shifted somewhat from their original
positions. The liﬁe in this figure is the same as that from
Figure 7 (Sanner and Pihl 1969). The fit of the aerobic data
pojnts to the theoretical line is no worse than the fit of the

original anaerobic points.

In Vitro Mammalian Cell Results

Much of the groundwork on the oxic sensitization of mammalian

cells and on the possible roles played by OH radicals comes from
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the work of Chapman and his colleagues. They tested several radi-
ation protectors over a range of concentrations, usually up to the
limit set by toxicity of the added agent (Chépman et al. 1975).
Dimethylsuifoxide (DMSO) is one of fhe very few compounds that can
bé used at high‘concentrations in~cultures.of'mammaiian cells, and
for this reason, unfortunately, DMSO must be used in the studies _
édncerning OH radical involvement when cells are irradiated |
in vitro. Chapman and his colleagues found tﬁat DMSO can prpvide
considerable protection for cells irradiated in air; ‘DMSO also -
prbteéts anoxically irradiated cells, ;Ifhough the magnitude of
the effect is much smaller. DMSO has also been tegted in bacterial
spores (Ewing 1978), where, in contrast, it was found to‘be a very
potént radiation sensitizer. ‘Héwever, spores treated with DMSO
and then washed before irradiation in water still showed virtually

the same respbhse noted if DMSO had not been removed before irrad-

iation. Thus, this sensitization seems attributable‘to‘changes

DMSO causes in spore ”physio]ogy.“ These unidentified changes,

'whi]e clearly not toxic, seem responsible for the greatly increased

responses to irradiation, botﬁ in 02 and in anoxia, when DMSO was
present. To our knowledge, this “wéshed ouf“ experiment has not
been done with mammalian cells.

. Chapman and his co-workers (Chapman et al. 1973) have also
observed that cysteamine was, in fact, a better protector of mam-
malian cells than DMSO. Lower concentratioﬁs'of cysteamine,

tested in'O2 and inh anoxia, gave as much protection as higher
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concgntrations of DMSO; 'in addition, the maximum amount of pro-
tection, in both gasés, was greater from cysteamine; They‘con_
cluded that, like DMSO, cysteamine protected by 5cavénging “OH;
however, another radiation chémical process, perhaps repair
through hydrogen-doﬁation, is also possible wifh cysteaﬁine; This
may conflict with the resultslSanngr and Pihl 6bservéd with bac-
teria (Sanner and Pihl 1969).‘ They found that all the protection
from.cysteamine could be accounted fpr soley by ‘OH removal.

Other additives which Chapman and hié colleagues tested
showed only small abilities to pfotectAat conceﬁtrations.lower
than the limits set by toxicity. The results of their survey
(Chapman et al. 1975) are illustrated in Figure 10. (The cells
were irradiated in culture medium.) To énalyze and to test for an
involvement of OH radicals in lethal procésses, the authors impli?
citly assumed that these compounds would all protect to the same
minimum response level -- the level seen with only QMSO -- if tox-
ieity were not a limiting factor. They plot the reciprocal of the
additive concentration for 50% of the effect DMSO had against the
rate constant for "OH scavenging by the specific additive. ATHé
result, shown in the right panél of Figure IQ, is a straigh: line
haQing the expected slope of +I.Q. The relationship they observed
provided the Easis'for the conclusion that, in air, OH raaical
removai protects against 02-dependent damage. Based on these and
earlier data (Chapman et al. 1973), they estimated that for irrad-

‘fation in air about 62% of the lethal damage in mamhalian cells
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results from the actions of OH radicals. The small amount of
protection they saw when DMSO-treated cells wereAirradfated an-
oxically (cf. Figure,IO)'was attributed to OH radical removal, -
althoﬁgh anoxic experiments, like those for air shown in Figure
10, were not reported. fhe authofé estimated that in anoxia
about 30% of the damage results from the effects of OH radicals,
aﬁ estimate that seems somewhat high.

These data byvChapman and hi§ cqlleagues, Figure 10, can be
re-analyzed and compared with the results from the aerobic and
anaerobic bacterial studies, which were collected in Figure 9.
Table | shows the calculéted values for ''relative sensitivity"
aﬁd "*"OH scavenging efficien;y“ that wefe calcuiated from fhe
original mammalian cell data (Chapman et ajf.l975). Comparison'
with the bacterial ;ell data in Figure 9 shows a remarkably gobd
agreement.

These results can also be compared with those in Figure &4,
where, with bacterial spores, 'OH removal is ¢learly responsible
for the observed protection. According to Figure L, a kC of

about IOA seconds—j will achieve 50% of the maximum amount of

'protection, a scavenging efficiency almost IO5 times lower than
that needed for protection through "OH removal in the two or-

~ganisms compared in Figure 9 and Table |I. (The calculated point

for spores is ''relative sensitivity" = 0.89; "kC..,'" = 104 sec-

50%

onds-]J
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This comparison of data from spores, vegetative bacteria,
and mammalian cells raises perplexing questions and provides few
satisfactory answers. “OH removal does not.protect spores irrad-.

. iated under either anoxic or well-oxygenated conditions; however,
over an intermediate range of 02 concentrations == in spores -- |
simple “OH removal will protect. In contrast, results from sev-
eral studies indicate that "OH removal will protect végeta;ive
bacteria irradiated under either anoxic or well-oxygenated con-
ditions. The amount of protection seen with vegetative bacteria
under these two conditions seems to be a simple function of the
efficiency fof OH radical removal; equal "OH scavenging efficien-
cies will produce equal amounts of protectfon. In spores, "OH
damage is clearly oxygen-dependent (or, more generally,l“sensi-
tizer-debendent”). In spite of this apparéntly unique origfn
far an 'OH involvement, we do not understand why the "OH scaven-
ging efficiency needed to protect vegetative bacteria is about
105 times greater than that needed in spores for the same rela-
tive amount of protection.

The same conclusion regarding the importance of OH radical
removal has also been reached from studies with mammalian cells:
it seems that simple OH radical removal protects. In this case,
however, the maximum amount of protection seen in the anoxic
studies is much‘leés than that protection sean fn experiments

which used air-equilibratedicells. We do not understandJWhy
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‘these two experimental conditions would‘give similar results with
vegetative bacteria but different results‘with mammal ian cells,
especially since, in both kinds of cells, the:role played by OH
radﬁcals is believed the same. On the other hand, under aerobic.
conditions, the same OH scavenging ¢fficiency does give about

the same relative amount of prote;tidn with either vegetative
bacteria or mammalian cefls.

With the inforﬁation pfesently available from these three |
'biological systems, it appears that 02 need not sen;itize these
Acells through the same chemical pathways. However, before ac-
cepfing'this conclusion, we should carefuily re-examine the in-
fofmation on which itAis based. We should remember that theré
'have been no comparative studies‘where fhe'same additives were
rigorously tested in all three systems. This is paftly due, of |
course, to toxicify problems wigh vegetative bacteria and mammél-
.ian cells. We urgently need this kind of experimental data.

With spores, we found that various OH radical scavengers did
not always have the same effects, and consequéntly, they could
not be used interchangeably. In spite of the correlation drawn
between protection and OH radical scavenging-in both vegetative
bacteria and}mammalian cells, there is surely enouéh experimen=-

tal uncertainty to emphasize the need for additional data.
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SUMMARY

This survey has focused primarily on 0, effects in three

2
biological systems, all tested in suspension: bacterfai spores, N
vegetative ba;terial celis, and mammalian cells. We have e*am—
ined information'from these systehs which shows that Qz haé more
than one process through which it can act,-and we have looked at
the effects various protéctors have on oxygen's ability to sen-
sitize. While se]eéting from ‘among the many studies within
these guidelines, we have largely ignored the studies whiéh test
2

considerable information from these studies; but, within the

0, in combination with other radiation sensitizers. There is

intentionally limited scopelof this survey, we capnot cover this
information here.

Studies with bacterial.spores provide clear evidence that
multiple components to oxygen-dependent radiation sensitization.
exist. Studies with ﬁammalién cells also show that at least two
oxygen-dependent sgnsitization processes can be distinguiéhed,
‘al though we have not yet learnéd how to relate fhe componeﬁts
of sensitization from these two very differgnt organisms. Simi-

: in suspension
lar studies with vegetative bacteriaAhave‘not resolved oxic sen-
sitization into componehts, al though different experimental teéﬁ;

niques may yet do so. It is essential to emphasize that the ob-

servation noted almost 20 years.agd with very dry bacterial spores
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now clearly applies to mammalian cells irradiated in yitro: there
is more than one kind: of oxygen-dependent damage.

We.have examined the roles Water—derjved radicals might play
in radiation sensitivity and, specifically, in sensitization by
02.,'W¢ find that, among the primary radiolytic products, OH radi-
cals are clearly implicated in damage in all three biological
;eSt systems. However, we must exercise great care in drawing
conclusions here, since the specific roles proposed fqr OH radi-
cals ére different in these organisms.

in baéteria} spores, 'OH removal in itself does not pfotect'
in anoxia or in high concentrafions of-Oz if there is no other
sensitivity-modifying agent present. (Many‘orgahic and inofganic
sensitizers have effects which can be partially or completely re-
moved_by agentg which scavenge OH radicals.) With spofes, "OH
reﬁoval over a ]imitgd intermediate range of O2 concentrations
will, however, protect. Results of tests with those agents which.
protect in aﬁoxia and in air show that, although these agents
scavenge OH radicals, that is, in itself, not the profécting
step; instead, 'OH scavenging probably results in the formation
’of‘the actual protector.

In bacteria, results of surveys to test thg e%fects various
radical scavengers have oﬁ radiation sensitivity ana on the sensi-
tization by 02 have provided the basis for the suppogition that

‘OH removal will protect both in anoxia and.in'the presence of 02.
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Many authors have suggested that OH radicals react with a cellu-.
lar target molecule and leave a radical site; this is the sife
which can then react with 02 to cause damage. it is widely be-
lieved and often expressly stated that DNA is the likely cellu-
lar target for OH radical attack. | | |

In mammalian cells; there are sevére difficultjes’jn usfng
radical scavenging agents at the neéessary high concentrations.
Néveftheless, based on the information which can be obtained, a
reaction scheme, similar to that proposed for bacteria, has been -
suggested for Oz-dependent sensitization; again, it is expres;ly
stated that DNA ‘is the likely target for cellula; damage.

A re-analysis of the data from these‘biologicél systems sug-
" gests that these conclusions may not be as firm as we had thought.
From the results with tﬁe different kindsAof éélls, we see that
. the proposed roles‘for‘oxygen-dependent sensitization, and es-
pecially for the involvement of OH radicals, are‘not'complemen-

tary. Before we accept the conclusion that 0, operates through

2
different chemical pathways in these organisms, we should care-
fully re-examine the data on which our concjugions have been
based. |

We must femember when we use an OH radical scavehger and
observe protection that we have not proved that "OH removal is

the specific reaction responsible for the protection; neither

have we proved that OH radicals are damaging to irradiated.cells.
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These conclusions may be entirely true, but our simple observa-
tion of protection has nét estabfished them. We must also remem-
ber thaf for many years most analyses were based on the aésump-
“tion that only one kind of Oz-dependent sensitization process
exists. Clearly 02 can sensitize bacterial spdres, mammal ian
cells, and very likely bacteriai cells as well, through more than
one‘chemical or physical proéess. Opr taking the simplest case of
assuming only one effect of Oz,quilding models, and drawing éon-i
clusions may not have been as profitab}e as We.had hoped. Perhaps
it is time to-discard this simplest case in our model-building and
take a more realistic, élthough necessarily more complex, view of .

" how Oz'acts to_senéitiZe cells.
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Table |I. °OH Scavenging Efficiency for half maximal protection.

- of Chinese hamster'cells irradiated in vitro.

k ¢C
: |  RELATIVE e
AIR/ANOXIA ADDITIVE SENSITIVITY (x 107°)
Air ~ DMSO 0.7V 8.4
Air ' Iso-butanol ‘ 0.71 7.2
Air ' Ethylene glycol  0.71 11.0
Air ‘t-Butanol 0.7 6.6

Anoxia DMSO ' . 0.91 - 8.4
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Figuré 1. Radiation sensitivity.at partfcular'[OZ] relative to
the maximal sensitiQity éeen in 02 for the particular syétem.b
The symbols are'aS‘fo]lows: B. megaterium spores (AUS) -- spores
irradiafed in HZQ with 50 kVp x-rays (Ewing and Powers 1976);

V-79 -- Chinese hamster cells irradiated iﬁ culture medium with
250 kVp x-rays (Chapman et al. l97h)§,§, megéterium sporés"

(MAN) -- spore§ irfadiated in phosphate buffer With'60Co'y;rays
(Tallentire et al. 1972); Shigella -- irradiated in phosphate
buffer with 200 kVp x-rays (Howard-Flanders and Alper 1957);
Serrétia -- irradiated in buffer with 200 kVp x-rays (Dewey 1963);
V-79-753B -- Chinese hamster cells irradiated‘in culture medium.

with 60Co y-rays (Millar et al. 1979). The solid line is the

response for spores as presented by Ewing and Powers 1976.
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Figure 2. fhe radiation sensitivity of B. megateriuh spores as
a function of Qz'concentrétion (Ewing and Powers 1976). lIrradi-
ation was with 50 kVp x—rayé. Different [02] were prepared by
The

adding measured amounts of N, to a cylinder containing 0

2 2°
resulting [02] was measured with a gas chromatograph. (See

Powers and Cross 1970 for procedural details.)
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Figure 3. Anoxic radiation sensitivity of B. megaterium spores,
suspended in various concentrations of the additives noted. Ir-

radiation was wfth 50 kVp x-rays. (Reproduced from Ewing 1976b.)
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Figure 4. Changes in the radiation sensitivity of B. megaterium

spores irradiated in IO_5 M 02 with various concentrations of

several alcohols also present. The abscissa shows the ‘OH scav-
-enging efficiency, the product -of the specific alcohol concentra-

tion and the bimolecular rate constant for its reaction with 'OH.

(Reproduced from Ewing 1978a.)
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| Figure 5. Changes in the radiation sensitivity of B. megéterium
spores, irradiated in water with 50 kVp x-rays, under three ref-
erence conditions.when different conéentratiéns of methanol'(MeOH)
are ﬁresént. The lower horizontal line shows the response;jn an-
oxia with no additive present; the symbols 0 s;how the protective
effects MeOH has in anoxia (Ewing 1976b). The.middlevhorizontal

line shows the respohse from the Low-0, Component of damage; in

2
the [Oé]-uSed for these tests, MeOH has already removed the °"OH

Component of damagé (cf. Figure b4) at concentrations lower than

those shown in this figure. The symbols A show the reduction in
the response with higher [MeOH] (wang, unpublished). The upper.
horizontél line shows the response in air with no additive pfes-
ent; the symbéls[j_show the reduction fn this résponsé when Me(OH
is added at higher and-ﬁigher cpncentrations'(Ewin§'1976a). Re-

fer to the text for a discussion of these results.
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Figure 6. Changés in the radiation sensitivity of B. megaterium
spofes, irradiated in water with 50 kVp x-fays, under four.refer-
ence conditions Qhen different concentrétions'of ethanol (EtOH)‘A'
are present. The lower horfzontal line shows the response in
‘anoxia with no additive présent'; the symb_ols ® show the prdtec-
tive effects EtOH has in anoxia (Ewing 1976b). The middle hori-
zontal line shows the response from the Low-O2 Component of dam;
age; in the [02] used for these tests, EtOH has already removed.
the "OH Component of damage (cf. Figure 4) ai concentrations
lower than those shown in this Figure. The symbols A show the
effects on Fhe de-O2 Component of oxygen-dependen£ damage wHen:
different [EtOH]'é are used (Ewing, unpublished). The uppermost
horizontal lfne shows the resbonse in air with no additiVé pres-
ent; tHg symbols. B show the changes in radiation Seﬁsitivity whgﬁ
&ifferent-[EtOH]'s are~présent. Arrows pointing to the ordinate
show the response in 5.5% Oz'with no additive present and also

the response in 5.5% 02 when IO-I t-butanol is added. The symbols
0O show the changes in response when different [EtOH]'s are tested

in 5.5% 02. Refer to the text for a discussion of these results.
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Figure 7. Ability of different compounds to protect E. coli B

at o° C,as a function of their rate of interaction wifh 'OH‘(A)
and with e;q (B), respectively (Sénhér and Pihl 1969). The rela-
five~sensitivity observea in the presence of the compounds is
plotted'vefsus thé product of the protector concentration aﬁd

the respective second-order rate constants for the interaction

" of the different protectors with "OH and with e;q. The fully.

drawn curve in A is a theoretical curve calculated -as described

iﬁ the text. ‘The radiatfon'sensitivity in the absence of added
compbunds was set equal to 1. All values are Based on dose-
efféct curves. Abbfevfations: Ad, adenine; Cyt, cytosine;. EtOH,
ethénol; Form, sodium formate; Glu, giuCose;'Gly, glycerol; Glygly,

gylcylglycine; MeOH, methanol; RSH, cysteamine; Th, thymine.
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Figure 8. Protection of E; coli :B/r (Johansen and HOward*Flénder;
‘"1965). The effective concentrations of various sz§tances_in p}o-
tecting bacteria against x-ifradiatién are plottéd against data

for the reaction rates 6f these substances with hydroxyl radjcal§
(top panel) and wifh the reducing species (bottom panel). Ox*geh

at 2 x 1073

M, carbon dioxide at 7 x 10-2 M, and sodium nitrate
at 8 x 10-] M did not protect bacteria; these substances .are plot-

~ted below the intercept in both figures.
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Figure 9. A re-calcﬁlation and comparison of the effects added

OH radical scavengers have on the anoxic (Sanner .and Pihl 1969)

and aerobfc (Johansen and»Howard-Flanders 1965) radiation sensi;
tivity of E. coli. More receﬁt vaiues of the scavengers' re;é-

tion rate.cdnstants with OH radicals wére used (Ross and Ross

1977) for this comparison, and some of the data points are shift-

-ed from their original sites (cf. Figures 7 and 8). More recent

" values for'e;q scavenging (Anbar et al. 1973) were not sufficient-

ly different from those originally used to warrent our replotting

those data. As the text explains; the aerobic test with NO was

omitted from this comparison.
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Figure 10. é) The chemical radioprotection by.various "OH scaven-
gers of the multi-target fnactivation rate of air-saturated Chi-
nese hamster cells; b) The correlation between the reciprocal of
protector concentra;ion effecting 50% of the maximum radioprotec-
tion and the absolute rate consténts of ;OH with the specific

chemical protector (Chapman et al. 1975) .
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