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ABSTRACT
Cultured Chinese hamster cells (V79) were |rrad|ated wuth 145

kVp x-rays and with high linear energy transfer (LET)’ radiations at

different times in their synchronlzed cell cycle ‘The radiation effect

‘'scored was killing deflned by colony-forming ability in a six-day" growth

per|od The high LET radiations used were accelerated lons of hHe,
]2 c, ZQN , and hoA with energies near that of the full energy avar]able
at the Berkeley HILAC (10 Mev/a.m.u.). The range of LET values was

froﬁ about 2 keV/micron to 2000 keV/micron of unit density matter.

. In addition, asynchronous populations were frradfated with the above

accelerated ions and with IOB ions from the HILAC.

Synchronized cultures were obtalned by mltOtIC selectlon usnng a v
mechanical shaker. The degree of synchrony was primarlly determined
by autoradlographs of pulse labeled (3H TdR) cultures and was found to
vary from 0.5 to 0.8 in labeling index. Measurements of the cell

nucleus cross-section were made also at different times after synchro-

‘nization.

" With low LET radiations, the synchronized cultures exhibited a
variatioﬁ~in the survival -depending on the cell-cyéle time of irra-
diafion, as observed by others. The magnitude of this variation was
fodnd to be LET-dependent, decreasnng with |ncrea5|ng LET until there
was no measurable survival variation (or age-response) when radlatlons
with LET values of 200 keV/micron and higher were used.

The inactivation cross~sections determined for carbon, neon, and

.argon ion irradiation were k7, 71, and 98 (mlcrons) , respectlvely,

invariant to cell cyc]e time. The cross- sectlon measured for the cell

nucleus lncreased from about 50 to 70 (mlcrons) ‘for the usual cel]-.»

~cycle trmes of irradiation. Comparison of inactivation cross-sections

with the cross-sections of the nucleus indicates that the whole

‘nucleus is not uniformly sensitive at all cell-cycle times. The
' agé-reSponse dependence on LET can be interpreted that the same radia-

~tion damage site is involved for low and high LET radiation. The

possible application of the results to radiation’therapy'is

discussed.
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. ‘INTRODUCTION
A. _Radsatlon Biology and Radiation Therapy

| The association of radlatlon blology and radiation therapy |
began early after the discovery of radiation. In ]966 Bergonié
and Tribondeau (9) enunC|ated their "law" WhICh noted that dif=-
ferent klnds of cells in tissue were effected to a dlfferent_de-
greevwhen'irradiated with x-rays. Their " aw' rejated the dif-
ferenceé fﬁvradiosensitivity to cellular differences in bioiqgif
- cal aCtivity and they suggested that, in considerfhg radiation'
fer'therapy,'the relative sensitivity of normal and diseased tis-
- sues would be of critical importance. The association of radio-
Bfo}ogy'and radiation therapy has continued (see review, Ref. 34)-
'With‘the development of quantitative measurements, - especially wftﬁ'-
the development of techniques for quantltat|ve culturlng of mam-
malian cells.

One tool of radiation blology that is of potentlal ‘interest :
for radlatlon therapy is heavy charged particles. These radia-
tions, with a high LET* value_(that,is, densely ionizing alohé
the pertic]e track) have.been used in numerous biological studieS
including their effects on cultured mammalian cells (16,7,70,63).
Heavy charged particles have been proposed for radiation therapy.
(69) and radiatioﬁs such as fast neutrons and negative pi-mesons
have been suggested also for radiation therapy (3,26). These lat-
ter radiations produce a substantial part'of their ionizations a-
long densely ionizing tracks of secondary perticies‘and the biolbg-
ical effect of this component of the radiation dose can be more’
easnly studied dlrectly with heavy charged particles. '

’  With cultured proliferating mammalian cells, the most common-
~ly studied radiation effect is on the ability of the cells to re-

‘fproduee.indefinitely. Radiation survivors are those_capab1e of -

*LET (llnear energy transfer) is used according to the deflnltlon
of Zirkle and Tobias (83) as the total rate of energy deposition -
along the charged particle track “often designated LETw.



forming a colony of cells that reflects unlimited'prollferatiye
capacity This defnnltlon has" had ‘wide use in quantltatnve ra-'7
dlatlon bnology ‘and is reasonable in experlments related to ra-
diation therapy
Cultured prollferatlng mammalian cells significantly simplify

exper:mental |nvest|gat|ons pertinent to radiation therapy. This
s justified: | o

A (a) by the generally successful explanatlon, based on |nd|-
vndual cell k|ll|ng, of radiation effects in pathologlcal studies .
of multlcellular organlsms, and ‘ _
' (b) by the similar x-ray doses observed for klll|ng both
culture cells and tumour cells (41).

The 'similarity in dose- response of cultured and tumour cells may

be related in a sumple way such as that descrnbed by Bergonlé and '.‘

Trlbondeau (whose most sensitive experlmental cells were rapldly
prollferatnng germinal cells) but there may be lmportant dlffer-
ences as well. At present, the testing of very high LET radia-.
.tions for therapy is limited to small_dimensions (such as those
found in monolayers of cultured cells) due to the short penetra-
tions of ekistihg beams of such radiations. ‘

' Most of the mammalian cell studies using.hlgh LET radiations
have been made with exponentially groWihg'cultures (l6,7,70,63)'

which therefore contain a mixture of cells of different physiolo-

gical states. A variety of synchronizing techniques (see review,"

Ref. 59) have been used in radiation. biology studnes with x-rays
and other radlatlons that are sparsely ionizing (radlattons of a
Tow LET value) The general finding is that with x-rays ‘the ra-
"dlo sensntuvnty of the cells depends on the cell -cycle time of ir-
.radlatlon. This thesns comblnes high LET radiations with synchro-
nizeddmahﬁalian cell cultures to evaluate theirjraleSensitlvlty'
at different times in the cell life cycle. The:results are of in-
terest to. both radiation biology and radiation therapy

The followung sections of the introduction briefly descrlbe
some radlatlon blology measurements related to this research The

lntroductlon is. llmlted to the development of specuftc questlons
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- of lnterest in radlatlon blology and radlatnon therapy, while sev-

eral of the cited references provide comprehensnve treatlses on-

"various aspects of radlatnon blology

. B. Dose-Response Analyses

The dose response relatlonshlp is one of the most lmportant

in radlatJQn-bloIogy. The.assay of a blologlcal function after

~irradiation determines the fractional survival for the given dose

: oF'radiétioh. Radfation studies have been made at 'all levels of

biology (molecdlar; cellular, and organismal) and generally, two
types of dose-response, or survival, curves are obtained. More

compiex“survival‘curves can usually be reduced to a COmbination :
of curves of the two general forms. In Figure 1, Curve A repre-

sents ‘an exponentla] survnval curve whlle Curve B |s a sngmoldal

jcurve,.wuth a so-called shoulder in the low dose reglon when

plotted On'a.semi-logarithmic gtaph; Both kinds of survival

_.curves”have been determined for proliferating mammalian cells de-

pending on the" type of radiation used (4) and on the radlatlon
dose- rate (31).

Exponentual survnval curves are most simply interpreted as

,snngular events causnng inactivation of the cell. Mathemat?éally,

N/N =~ o KD | (Eq. 1)

'Whete N/N‘ is the survnvnng fractlon'of the initfal number of

-cellsh(No), D is the radiation dose, and k is a measure of the
cellular response. |If the radiation is a monoenergetlc beam of
'charged:particles directed normal to the culture surface, the dose

‘can be described by the particle fluence (50):

= oFL ) (Eq 2)

~where fluence, F, is the number of |mp|ng|ng partlcles per un|t
.Zarea, L is the value of LET (units of MeV-cm /g or: keV/mlcron of
unit densnty material), and a is the proportlonallty constant.

.Then,__ ’

N/N, = e'kD= e AF (Eq. 3).

- where A = A(L) lS the lnactlvatlon cross- sectlon for the radia- -

tion characterlzed by L. This inactivation cross- section is a

probability factor for a given radiation. If_it'were related to



Fig. 1 Survival curves discussed in text: (A) exponential curve; - (B)
sigmoid; (C) multi-target curve with extrapolatlon number of
2.0; (D) dose-fractionation survival demonstrating recovery:
curve B determined at time T = 0; and curve D determined by

irradiating cultures, prevnously exposed to 5 dose unlts,'at a
later time T = t (optimum).
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an actual biological area, then o

‘ P(L)A o (Eq 4)
‘where p(L) is the probabllity that a charged particle crossing
the area, Ab’ will cause. the radlatlon ‘effect (32)

One inactlvating event occurs, on the average  when
| NN = e = 0,37, o |

The cellular response constant is often given in terms of this
dose, k = l/D37. Thus, the exponentlal survival curve can_be
characterized by the D37 value or by the corresponding ihactiva-
tlon cross sectlon,

» é aL/D37 N
When L |s determined in units of keV/micron, and the dose is in
rads, then | -

A(micronsz)' l6L(keV/m|cron)/D '(rads)
‘ (Eq. 5)
Sigmoidal sorvival‘curves have often been lnteroreted.as a re-
quirement of multiple events for an inactivatioﬁ.or.as single in-
activation events required ih multiple sensitive sites (targets),

or .as some combination of the two (76,l7). The-multiple ""target"’

concept is applled to some of the experimental'results in this re-.

port in the following specific way. When two cells are a colony-

forming'onit and each is separately capable of proliferating to

form avcolony, then obviously each much be “killed" in order to

eliminate the colony. In the simplest of multi-target situations, -

where the single cell‘survival‘curve is exponential, then Curve C

in Figure 1, with a so-called extrapolation number‘of two, results

from the multiplicity of two. The slope of the curve at high dos-
es is the same as the single target slope‘(Curve A in Figure 1).

Formally,: ‘ | o ‘ _
o NN = 1-(1-e )™ (Eq. 6)
‘where m_is. the target number. For large doses, Equation 6 can be
approximated by o
i N/N e - (Eq. 7

Equatlon 7 shows explucntly the extrapolatlon number If there
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exlsts a mixture of multlpl|C|t|es in the culture, then m, the
extrapolatlon number, is the mean multnplncnty (22).

Most slgmoudal surVIval curves have hlgh dose reglons that are

;approxlmately exponentlal The slope of thIS portlon of the curve -

.'therefore has a D value (sometlmes referred to as D ).

37

: Efforts to galn further information about radlatlon dose~

responses have included variation of experimental conditions in -

an attempt to find lnterpretable modlficationsvln'the response.
Ih,studies with cultured, mammalian cells, both chemi;al and phy-~
sical modiflcatiens have been used; includlng protective agents,
sensitizlng agents,vandvvariatibns’in-radiatien LETY With tech-.

nlques to obtaln synchronlzed mammalian cell cultures,'the phy-:

hslologleal state in the cell life cycle is also an inherent ra-

diation "variable'. That is to say, as mentioned above; there is

~a cell-cycle variation in radiation sensitivity, or an "age-re-

sponse'', at least with regard to x-irradiation (56).

The distinction must be made between the cell 1ife cycle 55;
a parameter and other'modlfylng parameters. The study of the

age-response can be' linked, at least in‘theory; to specific‘events‘:

in ‘the cell cycle in the attempt to describe radiation sensitive

‘'sites and damage mechanisms. With this potential, a great number

of-experiments originally done with exponentlally'grOWEng cultures
also have beeh“done;wlth synchronized cultures,flncluding the ef-

fect of modi fying parameters on the dose-response.

‘ C.. Some Radiation Survival Results with Mammallan Cells‘

1. Results with dlfferent LET radlat|ons

When radlatlons of different LET are used to determlne survus

.val ‘curves of exponentially grownng mammalian cell cultures, the

“most dramatic feature is a change of curve shape, from a sigmoidal

curve with low LET radlatlon to an exponentlal curve with a hlgh

,LET radlatlon. Thls feature has been observed w1th dlfferent cell"

lines and different irradiation technlques (l6 7,70,63). Some
dlfferences exist.in the CIted results but in each case there is

a consistent trend of increasing cell kllllng_effeetiveness per

unit dose with increasing LET of the radiation. At the highest



LET values currently.avaifable; and beyond that which results in

exponential survival curves, the trend is reversed as expected for

a wasting of dose along the densely ionized track of the incident par- -

ticle._‘With other cell systems, very high LET radiations may be
most effective but without a ehange in survival curve shape from
sigmoidal to exponenfial (Lo ,46,49,42) . : .
The-calculated_ihac;jvation cross-section from the exponen-

tial survival curves is large and has been noted by Barendsen;
et.al., (7), to be . nearly the observed average cross-section of
the cell nucleus. The precnse correlation of inactivation cross-
section with nucleus cross-section would |mply that the passage of'
a single, high LET partlcle through the nucleus is SuffICIent to
inactivate a cell. Some other reported cross- sectlon values (see
Ref. 4k, Table 11-9) are sllghtly smaller than the average nucleus.
Evidence implicating the nucleus in whole or in part is reviewed‘
in section I.D. In'TabIe 1., a comparison is_made between the in-
activation cross-section of several mammalfan cell Tines;'irra?
diated as asynchronOUS'eultures; and the'average_Cross-sectional_
area ef fhe cell nucleus. In particular, the resu]ts‘obtained for
different " cells at the same ‘irradiation faC|l|ty suggest a larger
inactivation cross-section for the cells with a larger nucleus:

T-1 values greater than M3-1 values, as obtained by Todd at the
Berkeley Heavy lon Linac (HILAC); and HeLa'valgeS'greater than
CHZB2 values as obtained at the Yale HILAC. .THe_inactivation cros;
sections were obtained for exponential survival curves that did not
deviate measurably from being exponential. There exists a possi-
bility of small, experimentally-masked variations,'however, wHich
‘could result from different nuclear sizes in aﬁ asynchronous-cuiF
ture. Also, it has been suggested (80) that. an exponential curve
" can be formed from a mixture of sigmoidal curves;‘ Each sigmoidal
‘curve could represent the dose- response of part of a heterogeneous
population. By synchronuzung cells, one can examlne more closely =
the'relatiohshlp of the high LET radiation response and the cell

life-cycle.



~ Table 1. Reported Inactivation Cross-Sections for

Various Cell Lines

" Cell Line

: and o - o ~Inactivation
Approx. =~ Charged : Cross=
Nuclear - lon eveen. (kev/p) ~section
Area ' . (p2) Reference
T-1 L Crmennanns 220 53 Todd (70)
(Huwan“ 1Neeeesen-300 56 -
Origin) 200........_.385 66
o ooNec.......580 90
'90-100 p° 2Ne.......1160 92 -
(modal Al . 1940 148
M3-1
(Chinese 12
. hamster 'uoc ......... 220 . 50
origin) A........ 1940 | 121
.50 uz-
(modal)
T-l:zl : ' :He,.;;;...llo 31 : ‘Barendsen,
 (Human N .. 35 ~et.al. (7)
‘Origin) : Heevvrunn 166 34
Hela - - 12 - _ T
(Human 1gCereeerees190 55 Deering and
Origin Oivvvnnns 350 54 Rice (16)
100 u° | | . , o
. CH2B, . |
- (Chinese BRI PR 351 _ho Skarsgard,
- hamster L+oNe.'. ...... 561 : 4y - et.al. (63)
origin) = “A...v.... 1950 ' 62 ‘ :
2- . N N L

bo p




2, Radiation Age-Response

All proliferatingvmammalian cells studied so far show varia-
tions in seﬁsitiVity to x-rays at different times in the synchro-
nized cell life cycle.  The age-respohse has'been reviewed (19,56)
with respect to simi]arities and dissimilarities'betweeh,cell
lines. In Chinese hamster cells (Usedfih the experiments report-

“ed here), the age-reSponse is a variation in sensitivity mostfy.
due to variation'in sjie of the survival curve shqulder. bHowever,
thebage-response of cells of different animal origin do not show

the same kind of survival curve variation. There are also tem-

poral dlfferences in the age-response of different cell Tines (56)

and a dlfference induced by varying the culture conditions (29)
There are only a few reports of age-response using hlgh LET
radiation. Fission neutrons (58), 14 MeV neutrons (30), and ae-‘
celerated boron ions (refered to in Ref. 19) have been used to ir-
rediate_Chinese hamster cells. The age-response is simiiar in ‘
these cases to that of low LET radiation but with a Iesser varia-
tion in sensitivity. This reduced age-response is suggestive that

with higher LET radiation the age-response may become constant as

predicted from~the exponential survival curves obtained with asyn-

chronous cultures. As noted above, other possibilities are not
excluded. ' ‘

3. Dose-Fractionation Experiments

In their classic experiments on recovery from radiation dam--

age, Elkind and Sutton (21) used the technique of comparing single.

doses of low LET radfation with the equivalent doses delivered in

tw0'parts separated in time. With optimum- time effdose separation,

the sufviving cells after the first dose exhibited a survival curve
with a full shoulder indicating a'process of recovery from sub-le-
thal damage (for example, Curve D in Figure 1. Experiments'ef
this type wnth radiations of different LET have shown this recov-
ery occurs except with very high LET radiations (22,72) . Elkind
has suggested in a recent review (19) based on such results and
others., that the exlstence of a shoulder in a surv;val curve may

of itself imply this recovery process. |If thlS_lS so, the age-

10
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reSponse of Chinese hamster'cells, whfch is-grimatilx due to varia-
‘tions in‘the survival curve sheuldet width, would reflect mostly a
var:atlon in the recovery phenomenon ._ |

Dose fractlonatlon experlments with asynchronous cultures
show not only changes due to recovery processes, but possible ra-
diation- lnduced changes in the distribution of cells in the cell
life cycle. That is, the survivors of one dose ‘may progress from»v
a cell phase that is relatiyely radiation resistant to one that is
sensitive;‘iDoée-fractionation experiments with'synchronized cul -
~ tures emphééize this latter variation and can therefore be indica-
" tive of an age-response. ’Skarsgard, et. al. (63) reported dose-
,fractlonatlon experiments of . synchronlzed cultures of Chinese ham-v

ster eells. The results can be |nterpreted as showing an age-re-

Sponse'although any interpretation is rendered difficult by possibIe S

rad|at|on lnduced sensitization or by |nh|b|t|on of the cells' pro-
'gress through the cell cycle.
4. Chemical Modifying Factors

Radiation studies of exponentially growing mamhalian cell cdl—
tures contafning protective or sensitiiing agehts have been made
using radjations of different LET values. In Summary, such agents
‘are meximally effective with low LET radiations whereas they have
little or no effect on survival after high LET irradiation. These
etudiesvhave included the effect of prqtective agents, such as gly-
cerol and cysteemine (6), and. oxygenvand analogs of DNA* precursor
molecules as sensitizing agents (4,5,70,75). '

With synchronized cultures, Kruuv and Sinclair (37) and Sln-
clair (57) have studied the low LET age-response in the presence
ot‘oxygen'and cYSteahine, respectively.' Although’the oxygen was
' equally sensitizing at all cell-cycle times, the'cysteamine exhibit-
-ed a differential protective effect. ' Its protectlon was minimal at
: the mos t radlatcon sensitive cell-cycle times so that the low LET

age- re5ponse is partlally reduced.

*DNA = deoxyribonqc]eic acid :

11
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The fact that chemical modifiers are effective with low LET
radiations and not with high LET radiations can be interpreted as
a difference eithe; in the_kind of molecular structure that is
lethaly damaged or in the kind of lesion produced in the same
molecule (22). |If the kind of molecular structure involved is dif-
ferent, between the low and very high LET radiatioﬁs; then a dif-
ference in the temporalvpattern of the age-response‘might be ob-

served.

D. The Cell Nucleus in Radiation Studies
As mentioned above, evaluation of the radiatioh inactivation
cross-sections results in a value close to that of the average .
cell nucleus cross-section in exbonentially grbwfng cultures. _
This does not by itself‘implicate the nucleus. Hdwever, decades
ago, Zirkle (81) showed that the nucleus of plant cells is the
most radnosensntlve region. External irradiation of mammalian cells
vhas been done with microbeams of protons (82), ‘and of alpha par-
ticles (43). In each of these experlments, irradiating- the nucleus
or the cytoplasm only showed the much greater sensitivity of the
nucleus. . 1 _ - ‘ _
Another approach to selective irradiation is through the’
selective incorporation of a radioisotope into a molecule so_that
its decay can produce localized damage. This approach, called
the suicide experiment wherein damage‘is accumulated when cells
are frozen, clearly implicated the locale of DNA molecules as'
being more sensitive than other molecules used (11). [f the DNA -
molecules are themselves the radiation-sensitive molecules (the |
working hypothesis of many; for review, see Ref. hh),.thén the 7
 extent to which the DNA is uniformly sensitive and spread through-
out the nucleus could be the extent to which the nutleus as a
whole is the sensitive site for particulate irradiation.
Electrons of different energy, and ones therefore exhubltung
different depths of penetration, have been used to irradiate ei-
ther anterphase cells or metaphase cells (78) ‘With the inter-.
phase cells, the results were |nterpreted as shownng a radiation

sensitive '"shell" at a depth of penetratlon implicating the outer

.
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regionsvofithe nucleus. In that study; the sensitive nuclear “shell
was compafed to the 'shell" of DNA synthesis (i8) The results
suggest that the geometric cross-section of the nucieus could be
Sen5|t|ve to high LET radlation ' ‘
The evsdence implicating DNA. as at ieast part of a sensitive‘“
site for Iow LET . radlatlon, colony forming death is substantial (4,
35, 64) Alper (1) has proposed that there is ‘a second sensntive site
~ which she relates to the membrane in bacterual systems but as an
entlty.in,hlgher cells as well. The membrane is hypothesized as
'beingnthe site‘increasingiy“effected»with increasing'density of ioniza-
tion at‘higher LET values. The external microbeam-irradiations indi-
cate that, if this second target exists invhammalian.ceils;.it‘is‘not
just the plasma membrane, but perhaps the nuclear membrane. '
| The above review suggests that the nucleus as a whole couid be
the '""target' for high LET radiation. The asynchronous survival curves
suggest the inactivation cross-section is sungie valued, and thus
independent of the cell cycle. Yet, the nuclear.constitutents are
doubling in mass and_therefore probably increasing the nuclear dimen-

_sions.

E. Restatement of the Problem
v The synchronized cell, high LET radiation studies were under-
taken to answer the following questions: '
) What is the high LET age-response?
(2) What does the high LET age-response contribute in the
evaiuation.of applying high LET radiations for therapeutic pdrposes?
- (3) af the high LET age-response is not a~constant:‘ (a)'what‘
is its tempOral relationship to the x-ray age-reSponse (that is, are
the same molecular structures implicated for iow and high LET radia-
tions); and (b) what is its temporal relationship to nuclear dimen-
sions? _ v B o
(4) If the high LET age-response is invariant, how does the
~inactivation cross-section correlate to the nuclear cross-section

at aii.celi-cycle times?



I1. MATERIALS AND METHODS
A. General Considerations ‘
Studies concerned_With events ét’different cell-cycle times
in a population of prbfiferating mammalian cells'éan be done in a
variety of ways. In an aSYnchronous popUiation; time-lapse micro-
graphy has been used to determine the cycle time of individual
cells With respect to their previous mitosis: At that time,
some measurements can be made on the single cells (54) . For.ré-
diation studies using colohy-formétion as the endpofnt,fthis ap-
proach is not practical.  Inst¢ad,‘technique$ of‘Syhchfonizing
cultures have been developed. I |
Synchronizing procedures for cultured mammaljaﬁ cells have
been revfewed elsewhere (for example, Ref. 59). Briefly, in

asynchronously .growing cultures one can select a subpopulation of

cells for study by separation or selective killing of other cells;

or some'trénsition_point in the cell cyclé can be blocked“by phy -
sicaj treatment or chemical agent until all the'ceils have pro-
gressed thrbugh the cycle to that point; or a combination of the
two can be used. Of these various procedures, many mammalian cell
biologists have found mitotic selection to be the most aftractiVev
‘means 6f synchronization due to its simplicity. The usé of cell-
cycle inhibiting agents generally inhibits a specific cell pfocéss
and not ofhers, thereby introddcing ﬁnbalénced growfh which may'_.
distort radiation sensitivity measurements. The technique of mi-.
totic selection was used in all the experiments on synchroniied"
cultures in this report. v

In mitotic selection, cells loosely attached to the growthr
surface are selectively removed by hydrodynamic shear. This me- ‘
thod is based on the observation that during mitosis and foﬁ_shorf
times before and after mitosis, cells are rounded and more loosély
attached than other cells. Mitotic selectfdn of cultured mammalian
‘cells was first accomplished (67) by pipetting culture medium a-
cross thé,growth surface. Since then, méchahf&al shaking of cul-
ture containers has most often been applied in which the culture

medium is washed back and forth across the growth surface to dis-
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_lodge loose cells.

Varlous procedures have been added to the bas:c technlque in

an attempt to enhance the . yleld and yet to keep a high percentage
. of mltotlc cells in the selected p0pulat|on Examples ‘are the

use of culture medium with a minimum calcium concentratlon (52),
or brief. chllllng of the culture a few hours before the mitotic
shakeoff (60), or repeated shakeoffs at short intervals with dis=
carding of the early cell suspensuons (45) . However, these pro-
cedures, when added to the experimental technlque descrlbed below,
did not result in substantlal improvement in both yleld and per-
cent mltOtIC cells. N '

The fraction of cells in all stages of m|t05|s is called the :
mitotrc index. Synchrony by mltOth selection can be evaluated by
the mitotlc-index of the initial cell su5pen5|on. However, it may
not reflect the degree of synchrony at later times following selec-
tion. There is an inherent decay of synchrony due to variation
from one cell to another in their cell'duratlon'(62) as well as the
potentlal‘loss of synchrony due to subsequent treatment of the cul-
tures. For‘these reasons, the most appropriate'means.of evaluat-

~ing synchrony was to monitor the progress of synchronlzed cultures
‘from the time of selectlon to at least the final experlmental

‘time. .
The_cell cycle is commonly defined byvthe DNA synthesis per-
' piod and.mitosis, both of'whlch can be monitored in pulse-labelled

autoradiographs. The pattern of DNA labelling and the number of .

cells in a culture as a function of time are measures of growth and

of synchrony (59,79,23,10). The number of cells can be closely
approximated_in.a series of'autoradiographs byVQBServing the av-

" erage number of cells per mlcrocolony (60). The determination of
multipllcity of cells per colony-forming-unit was, in addition,
necessary to account for this multi-target factor in the suryival
“curves. Thevassumptlon is. made that non- V|able cells are distri-~
buted the same as the multlpIICIty dlstrlbutlon Pulse-labelled
autoradlographs were used as_the basis for evaluating the degree'

of synchrdny and multiplicity in the radiation experiments.
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Syhchronized_cultures haVe been used to study Cell-cycie sen-
sitivity to various environmental effects. WHen a“cyélic variation
ih sensitivity reéults, such responses can sometimes be usefuf, in
reverse, td evaluate the degree 6f synchrony. Bpth x-rays and hy--
droxyurea can be so used,ifheoretically. The»x¥ray response. may
be an ethemely sénéitive_méans 6f evaluating_syﬁchrony but it is
apparently‘also‘sensitive to biological variation not yet well un-
derétood, including dffferehces between cell lines and betWéen
clones (19,4). The toxicity of hydroxyurea is apparently directly
related to DNA synthesis only (55) so that within a practicaj
range of concentrations it can be used to measure the degree of
synchrony in a culture. Both x-rays and hydroxyurea'have_beeh‘
used in these experiments for comparative evaluations.

The major limitation to mitotic selection fbr cell-cycle stud-
ieé is the fact that a small fraction of a popUlation is selected.

‘The yield of cells in mitotic selection is relatédvtoifhe fraction
of mitotic cells in an exponentially growing_cultdre which is, fn

turn, inversely proportional to the doubling time of the cultured

cells. This was one consideration in determining which of the sev=

eral, popular radiation biology cell lines was to be used. In ad-
dition; a short doubling time was advantageouslih‘the scheduling
of experiments usfngrthe heavy-ion accelerator. Most important,
however, was the choice of a cell line which had been used suc-

cessfully in mitotic selection experiments.

B. Chinese Hamster Cells in vitro

The cell line used in fhese.experiments was originally derived
from female Chinese hamster lung tissue (25). iThe particular ‘sub=-
" line, designated V79r$l7l, was obtained from_Dr.'Warren K. Sinclair,
Argonne National Laboratories, who has cultured-it for its mitotic
selection characteristics and who, with colléborators, has studied
many basic properties of it incJuding cell-cycle radiation effects

(58,37,57,61,2).
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2. Growth Condltlons

“The V79 cells were grown in- medlum EM-15 (55) for stock and
experlmental purposes. This medlum, made in batches in the 500

“ml. bottle of commercial sallne, consnsts of :

Puck's Saline F 500 ml (GIBCO)*

TC Vltamlns Eagle (100x) | ‘5 ml (DIFCO)+
~ . TC Amino Acids Hela. (lOOx) - 5 ml (DIFCO)
 L-Glutamine (200mM) = 5 ml (GIBCO)

Penicillin (10,000 units) and o

Streptomycin (10,000 mcg/mi) : 5 ml (GiIBCO)

€aCl,~2H,0 (33.3% (w/v) ) 0.15ml ==
Fetal calf serum . - 90 ml (GIBCO)

IN NaOH to adjust pH to about 7.k

Stock cuitures and cultures grown to the colony end point -
were kept |n an |ncubator (Natlonal Appllcance Company, Portland,
| Oregon) regulated at 37°C and with a humid atmosphere of air plus
3% CO Culture containers for all sutuatlons were polystyrene
tlssue culture containers (Falcon Plastics, Oxnard, Callfornna)

Stock cultures were malntalned in exponentnal growth as

"vJudged by the appearance of the culture lncludlng the color of the

o meduum since statlonary phase cultures are characterlstlcally

~ more acndlc accordlng to the phenol red indicator in the medium.

A second means of judging exponential growth is by routine elec-

_tronic counting (Model F Coulter Counter, Coulter Electronics, Inc.

Hialeah, Floridé) of samples at times of subcuIturihg The cell .
| counts are useful since the EM-15 medium supports a llmlted amount
of V79 cell proliferation so that exponential growth is limited
accordlng to an ultimate cell number per volume of medlum (53).

_Suboulturlng for maintenance of cells in exponentual.growth was. -

done by a standard method (22) with 0.03% (w/v) trypsin (Worthing-

ton Biochemical Corporation, Fréehold,_New Jeréey) in Puck's Sa-
line A (GIBCO).

*GIBCO‘-.Grand Istand Biological Company, Berkeley, Calif.
+DlFC0f4.DIFCO'Laboratories,'Detroit, Michigan.
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A stock of cells was maintained, with 10% (w/v). metﬁyl'sul-
foxide (DMSO) in the medium, frozen in liquid nftrogen. These
cells Werevfrozen within a few subcultures after feceipt'from Ar-
gonne National Laboratorfés.. on thfée occasions ‘during the course
of these experiments, growing stocks were repléced from the fro-
zen stocks."- '

3. Criterion for Radiation Survival

The criterion,of»éolony-formation for cultured mammalian cells .

was originally established as a minimum of fifty:ceils in a colony

to define, in effect, unlimited proliferative capacity (47). This

criterion has been investigated and ‘although somé'differences in
dose-response curves are observed with different:cfiteria, they
generally are slight (21,70,74). The experimehfs reported here ;
used a colony-forming growth period of six days before'Staining
with a drop of 1% (w/v) methylene blue in distflled water per mi1-
liliter of growth medium (22). A ten-power ''dissecting' micro-
scope was used'to score colonies of sizes correéponding to about

fifty cells and more.

C. Synchrony Procedure

1. Mechanical Shaker

A mechanical shaker (see Figure 2) was deVeloped by building

a platform on a wrist-action shaker (Burrell Corp., Pittsburgh, Pa).

The shaker operates at a frequency of 330 cycles per minute with a
variable degree of rotation per cycle. The culture growing sur-
faces wéfe at a radius of 24.5 cm and the degreé bf rotation used
for mitotit selection was a dial setting between 2 and 3 which
corresponds to a motion-that is largely horizontal with a displace-

ment of about + 2 cm. A greater displacement énd-thus more vigor-
| ous shake is achievable but with a resultant splashing and foaming
of the growth medium.

2. Synchrony Protocol

Parent cultures for mitotic selection were grown in 250 ml
'plasti; flasks with a 75 cm?® growing surface essentially rectangu-

lar in shape. Cultures were grown for 30 to 36 hours_to achieve

18



Fig. 2 Mechanical shaker with culture flasks in place on the platform.

Fig. 3 Phase céntrast pHotographs of a colony in a 40-hour culture of
V79 cells. (A) Viable cells 15 minutes before fixation. (B)
Fixed, hydrated cells stained with toluidine blue.
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Flg. 2 Mechanical shaker with culture flasks in place on

the platform.

Fig. 3 Phase contrast photographs of a colony in a 40-
hour culture of V79 cells., (A) Viable cells 15
minutes before fixation. (B) Fixed, hydrated cells

stained with toluidine blue,

XBB 718-3962
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.small colonles but with adequate time for development of exponen-
tial growth. In addttlon, if a contaminant were éccadentally pre-
sent in éfffésk, this time would allow its growth’ to an_observable
extent. | : ' , o )

At the synchronlzung time, the growth medlum (usually 15 ml
with growth to a cell denS|ty of about 3 x 106 cells per flask)
Wés'replaced with 5 ml fresh EM-15 medi um préwarmed to about 37° C.
"jThe'flaoks‘were shaken.forvone minute and decanfed into a sterile
glass'boftfe. Usually, four to eight flasks were handled together.
The decanted suspension was vigorously pipetfed wfth a glass pi-
pette to break apart cell cTumps'and a sample was counted electron-
fcally Fromvfhe counted cell concentration, geperally 5-10 X j03
cells/ml, a dilution series was prepared for experlmental purposes
For radlatlon eXperlments, the dilution series was used to inocu-
late 35 mm Petri dishes with either one or one- half ml followed
“shortly thereafter with fresh media to a total volume of 2 ml. Ad-
dftional cultures were made up from the original suspensfoh for
preparlng autoradlographs The entire prepafat}oh:of experimental
cultures for irradiation was carried out in a walk=in, 37° C ‘incu-
bator, wnth the exceptlon of electronic counting. '

In the rest of this report, synchronlzed cultures are referred

to in order to distinguish from cultures where synchrony was not

intended. The degreé of -synchrony achieved in ahy experiment var-

ied and of course was never ideal.
D. Synchrony Evaluation

1. Autoradlographs-

The suspension of cells from mi totic selectlon was lnoculated

into coversllp cultures for serial pulse-labelling durlng the course
- of experlments These'cultukes wére in Petri dishes the same size

as for lrradlatlon and grown |dent|cally to raduatnon cultures.

Pulse labelling was accomplished with 10 to 12 minute exposures to

EM-15 medium containing 1 or 2 microcuries thymfdine-methyl-3H per

mil]ilitefﬂof hedium (3H-TdR,_New‘England Nuclear, Boston, Mass.;
~specific activity of either 6.7 or 15 Ci/mM). The cultures were

- rinsed twfce with EM=15 medium and fixed at least 10 minutes with

acetic-ethanol (ratio 1:3). The coverslips were then air-dried



and mounted on microscope slides.forrpreparatiOn ~of autoradiographs

using liquid emulsion (Kodak NTB2, Eastman Kodak Co., Rpchestef,
New York) in a standard technique (28). 'ExpOSUrg‘periods were one
 to three weeks and slides were sfained with Giemsa in buffer.

| Scoring of the stained autoradiographs inéluded the percent
labelled cells, percent mitotic éel]s, and colbnyfmﬁltiplicity for
at least 200 cells. Scoring of labelled versus non-labelled cells
was readfly accomplished with these 3H-TdR concentfétiéns and expd-
sures.

2. OQther Techniques

Both x-rays ‘and hydroxyurea were Qsed for cdmpérative deter-
minations of synchrony. The x-ray measurements are described below.
A concentration of ImM hydroxyurea (55) in EM-15 medium wasvapplied
to cultures for at least two hours at sequential tfmes éfter mi to-
tic selection.” Two rinses with Puck's saline F and incubation in
growth medium for six days was followed by scoring cqlony‘surviva[
the same as for radiation survival.

E. lrradiations

1. X-irradiations

A Norelco MGI150 x-ray machine, with 1 mm aluminum added fil-
tration, was operated étvlhs kilovolts, 12 milliamperes,.and used
to expose samples at a target-to-sample shelf distahée of approxi-=-
mately 39 cm. The x-ray beam dosé-rate was 19045 rad pef mfnute;
with a half-vélue layer of approximately 2mm éluminum, as -deter-

mined by Fricke ferrous sulfate dosimetry (27).  Dosimetry was done

‘with the same size polystyrene dishes and volume of dosimeter solu-

tion as used with irradiation cultures. Cultures were exposed to
x-rays at room temperature (about 23° C). S

2. Heavy lon lrradiations

The Berkeley Heavy lon Linear Accelerator (HILAC) was used to

irradiate V79 cultures with beams of “He, 7Li, !B, 12¢, 20Ne, and -

40p ions;f The various beams, although initially aécelerated to the

same ve]ocity'(approximatély 10.4 MeV/a.m.u.) were used with vary-

ing degrees of absorption between final acceleration and Saﬁpie_pO#v:.

sition so that their sample velocities were not all the same (see -~

..



Table72) A previous study (70) indicated that'the'resultant var-
_|at|on in delta-ray LET contrnbutlon due to the varlatlon in jon
velocnty had no measurable ‘effect on the dose- re5ponse curves, at
least for the LET values tested

" The |rrad|at|on apparatus and technlques are reported else-
where (50 7l 73). Since the heavy-ion beams are horlzontal and not

all Sufflcuently penetrating, the growth medlum was aSplrated from

the cultures at the |rradiat|on time. The culture dlshes were then

posctloned ln a remotely rotated wheel with a 1/2-mil Mylar cover

through Which the cells were irradiated The space between the My-"

lar cover and. growth surface was gassed with humldlfled air.

The heavy ion beam. dosnmetry also has been reported in detaal
previously (40,70,71). A parallel-plate ionization chamber was
used to'determine the beam dose-rate and delivered doses - At the
:actual sample p05|tlon downstream from the chamber, the doses are
sllghtly d:fferent due to |nterven|ng material (approxamately 4
mg/cm? Mylar- equrvalent thickness). The sample doses were deter-
mined from'computed range-energy and LET values in water (39)

which were verified by comparing computed values in Mylar with

‘range measurements in Myler (40) ‘Table 1 shows'the physical para- -

tmeters of. the heavy ion beams and their sample dose correction
factors Dose rates were generally 300 rads per minute or greater
| Experlments wnth cultures synchroni zed by-mltotlc selection

~ were usually done wlth two cell populations. The two populations -
were synchroniied at different starting times, uSually 3'to 5 hours
abart;'andfirradiated cdncOmitantly.v'Thus, cells at different
_cyclehtimes could be irradiated under the same conditions. This
also al10wed irradiation of'two.“halves' of the cell cycle with

“half“ the necessary accelerator beam time.

" F. Measurements of Cell Nuclei

i. Phase Contrast Measurements

. Coversllp cultures were placed on microscope sllde chambers
with EM-lS medlum for phase contrast photography of viable cells
The chambers were simply made from parts of two glass slides mount -

ed on both ends of_a.thard slldevsuch that a coverslip could be
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Table 2. Properties of the Heavy-lon Beams (Ref. 40)

lon chamber plane" | L ' Cell sample plane

Heavy Range Energy LET Rahge Energy -~  LETe Dose.
~ ion (mg/cm?)  (MeV/amu)  (keV/p) (mg/cmz) (MeV/amu) (keV/p) cor;:ziésn
“He 130.26 10.12 18.8 125.96 9.93 19.i, 1.015
“Li 101.7 10.09 h2.3 - 97.4 9.85 434 1.026
g 5433 9.63 123.3 C50.03 9.7 129.5 1.05
RS 40.75  9.55 179 | B 36.45 8.3 19l 1.07
204 1829 7.3 576 o 13.99 6.5 656 1.1
“O0p 12.87 6.8 1690 8.57 5.09 . 2000 . 1:19
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su5pended between the two and the space between the coversllp and
third sllde could be fnlled with flund The chamber could be pho-
tographed and relncubated repeatedly _

Several flelds were photographed both early and late in the
” cell cycle to observe any. changes in the cross- section of nuclei. -
The photographlc arrangement used a ZelSS phase contrast mi cro-
scope and Polaroud film with total magnlflcatlon of 84OX. Picture
_lmages were projected onto a sheet of vellum transparency for trac-

ing the outlines of the nuclel, then cutting and weighing to de-

"termlne their area.

The greatest dlffuculty in such measurements is due to the

three-dumensuonal shape of nuclel whlch are not a geometrlc shape,_.

especually_ln the early stages of the cell cycle. ‘The max i mum ex-

tent of'the nucleus in its projection onto a plane normal to the

mi croscope llght (or radiation beam) is not everywhere in the same

focal plane for photography The maximum cross- sectlon observable
- when varylng the mccroscope focal plane was therefore photo- |
"graphed

2;' Fixed and Stained Cells

-COVerslip cultures from mitotic selection were fixed at dif-

ferent times in order to obtain an estimated average area for the
:cell'ndclear'cross-section at these times. Bouin's fluid was gent-
ly added to cultdres with Puck's Saline F after rinsing away growth
medlum.':The culture dishes were decanted and Bouin's fluid added
for at least 30 minutes. The fixed cultures were then rinsed thor-
" oughly with distilled water and stained briefly with toluidine
blue (Ovl%_(w/v) in distilled water). " The staln was replaced with
'distilled.water. The_hydrated,‘fixed cells were photographed un-
der lQhOXtmagnlficatlon; Photographs were projected onto vellum: |
transparencies for determinatlon of nuclear areas as was done with

phase contrast photos.

25
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II1. RESULTS
A. Synchronized Cultures

1. The Synchronized V79 Cell Cycle

Synchronized V79-S171 cells, resulting from the>synchronizing
procedure used in these experlments, produced the typical growth '
patterns in Figure 4 (open circles). The percentage of cells.
‘labeled (Panel A) and the mean multlplicity of cells per colony-
formlng unit (Panel B) are plotted against the time defined by the
shake- off time, T = 0. The phases of the cell cycle are schemat-
ically indicated. In this ekperiment, the phaees;are less defined
in the second cycle-than the first, indfcatfng,a‘iossbof_synchrony
with time. ' _ | o

The degree of synchrony for‘thevexperimeht_in Figore-h and
other experiments was evaluated as the labeling index. Thfs index, -
as shown by Sinclair (59), is in good agreement with other more _ |
complex methods of evaluation. It relates the max?hum labeling to
7 the minimum Iabelihg that follows in time. The index is the
difference between the two 1 abeling percentagesL,'Ideally,_the
maximum labeling would be 100% labeled cells (all S cells) followed
by 0% labeled cells (all G2 cells). The ideal labeling index is »
therefore IOOZ. The asynchronous cul tures would have an index of.
d% since there would be a constant percentage labeled cells in time.
In the experiment shown in Figure 4, the labelfng-ihdex was approx-
imately 67% for the first cycle. o

Synchronized cell cycles were found to vary in duratlon pri-
marily due to a varied Gl phase. This was in part attrlbutable to
variations in experimental conditions, partlcularly in the prepa-
ration time of cultures for irradiation experrments. In exponen-
tially growing cultures, the population doubling time was consis-
tently 9.7 to 9.9 hours similar to values obtained by Sinclair and
colleagues (2; 62)>with this subline of cells. The autoradiographic
determination of labeled cells and multiplicity, 'in cultures estab-
lished by trypsinization at time T = 0 from exponentially growing

cultures, is shown in Figure 4, Panels A and B (closed circles).
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Growth of Chinese hamster cells sampléd successively by auto-
radiography. Open circles for synchronized cells; closed cir-

- cles for cells trypsinized at T = 0 from an exponentially grow-

ing culture. Panel A: Pulse labeling with tritiated thymidine.

"Panel B: Multiplicity, or average number of cells per colony-

forming unit. The cell-cycle phases are schematically desig-
nated. ' ‘
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Hydroqurea.has Been shown to be toxic to_mammalian cells
during synthesls of DNA (55). - In Figure 5, tnis‘foxlcity to DNA
synthéSlslproduces‘a'varlation in the synchronlzed cell, colonyf
forming survlyal that mimics in reverse the labeled-cell pattern
determinedvin autoradiographs. The fact that hydroxyurea.can kill
late S cells in a mixture of S cells and G2 cells was used in one
high LET raduatlon experlment to obtain a surV|val curve for G2
cells..

2. Cross -Sectional Areas of Cell Nuclei

" Figure 3 shows comparatlve pictures of a colony of cells in a-
- 40 ~hour culture taken about 15 minutes before and one day after
‘flxatlon, staining, and rehydration. These and other comparatlve
pictures taken by phase contrast photography indicate that the
fixing procedure introduces no or little distortion in the di-
mens i ons of the nucleus, for at least a few days when maintained
in a water environment. o

Bright field photographs were made of synchronized cells fixed
at the cell-cycle times indicated in Figure 6._‘The cells were part
of the experlment whose synchrony is shown in Flgure 5. The mean
Cross- sectlonal area of fifty nuclen is'indicated in Figure 6 for
times T = 2 and 6 5 hours. For times 3 and 10 hours, the mean area
of 110 nuclei is given. The distribution of areas was determlned
for times 3 and 10 hours as depicted in the right side of the fig-
_ure. ;Clearly, an increase in the mean cross-sectional area of
cell nuclei is indicated. An lncrease.was'slmllarly.determined in -
serial, phase contrast photographs. of several cells as they pro-
gressed through their cycle following synchronization. |

3. X-Irradiation Sensitivity

Survival curves for V79~cells'x-irradjéted at different times'
after synchronization are shown ln Figure 7. Survnval clearly is
varied according to the time of irradiation in the cell cycle To
show this variation directly, the age- responsevof V79 cells as de-
termined in different experiments, is given in Figurev8. Differen-

ces in the measured x-ray age-response may be due to variation in



Fig. 5

Comparison, for synchronlzed cells, of pulse- labeled autoradlo-
~graphs and of colony survival for exposure (at least two hours)

to 1 mM hydroxyurea in growth medium applied at the various
cell- cycle times indicated (error bars denote one standard de-
viation). In this experiment cultures were delayed at room
temperature about 30 minutes follow:ng synchronuzatnon before
|ncubat|on
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Fig. 6
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The average cross-sectional area of cel]fhuclei as a function
of time in the synchronized cell cycle (same experiment as in

- Figure 5). The distributions of cell nuclear cross-sections
shown in the right portion of the figure for the 3- hour and 10~
~hour tlmes were each determined for 110 nuclei .
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Fig. 7 Comparison of x-ray survival curves at different times after =
" synchronization (survival curves were not all obtained in one

experiment).
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Fig. 8 Panel A: Age-response curves for 950 rads of 145 kVp x‘rays;

Panel B: Labeling patterns determined by autoradiography. The
triangles and curves marked as (1) are from thé experiment
shown in Figure 4. The circles and curves marked as (2) are
derived from separate experiments. The age-response curve (2)
was determined from separate experimental curves as in Figure
7; the labeling pattern curve (2) was drawn through the mean

values obtained by averaging the labeling pattern data for three

-heavy ion experiments (error bars denote standard errors).
~ Open and closed squares are data from two successively synchro-’
‘nized populations in one x-ray experiment. Curves marked as

(3) are drawn through the open and closed squares. :

. R
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degree of synchrony alone or due to some biological variation as
well. The survival curves and x-ray age-response .curves are nhot

unlike those obtained by Sinclair and Morton (61).

B. ngh LET I rradiations

v 1. Survival Curves for Cultures Not Synchronlzed

Irradiations using “He, 7L|, g 12¢. zoNe, and “%A ijons ac-
celerated at the Berkeley HILAC were made . to determihe the survi- h
val curQes-foer79 cells wi thout synchronizatieh 'hFigure 9 com-
pares these'survival curves. Cultures with multiplicities greater
than unity were irradiated to establish the curves similar to that
expected for synchronized cultures and the curves ‘are dlSplayed
withddt;eorrection for the multiplicity. The pattern offchangihg :
curve shape with varied LET is similar to that obtained by others
for:mammalian cells as diecussed in Chapter |. 'This changing sur-
vival curve shape is readily evident when the multiplicity factor
is accountedvfor in'which'case'Panel B reSUlts in curves that are
exponentlal while Panel A curves retain a sungIdal shape. - The sur-
vuval curve obtained for boron ion |rrad|at|on has an uncorrected
extrapolatuon number greater than three as |nd|cated by the dashed
llne in Flgure 9. It is |nterest|ng to note that although the sur-
~vival curve for boron’ ion irradiation indicates a sngm0|dal survival
curve for single cells, the slope of the curve in the hlgh dose re-
gion is Steeper than that for the carbon ion |rrad|at|on

Table 3 lists the asynchronous survival curve parameters de-
termlned-for ‘each ion, assuming the multlp]e ""target' curve shape,
Equation 6. The multiplicities for each experimeht are also list-
ed. The parameters were obtained by the genera].method of handling
nonlinear equations of condition for least-squares evaluation (48).
This method used a Taylor's expansion about estimated values of the
coefficfents. The initial coefficient values were obtained gra-
phicallyvand the least-squares calculations were-iterated until
vchanges in the coefficient values were smaller than that incurred

in rounding off to three digits for tabulation. .
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Fig. 9 Survival curves for Chinese hamster cells not synchronized.
~ The accelerated ion that was used, and the cell multiplicity in
“each irradiation were: (A) “He (1.6), 7Li (1.8), 11B (1.7) and
~(B) 12¢ (1.7), 2%e (1.7), “%A (1.7). o
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Table 3.,:Survival'CurVefPérameters,for

Asynchronous Cultures

Colony -~ Parameters (Eqn 6)

cotom itiplicity om kx 103 .

“He 1.6+ 2b.2+2 9.4 +o0.1 .
7L 1.8 - 6.49+ .98 14.9 + 0.4
10g 1.7 3.42+ .29 21.1 +0.3
12¢ g7 1.88+ .14 16.0 + 0.4
20Ne - 1.7 170+ .12 8.73 #0.13
4o 1.7 1.45+ .08 .3.88 + 0.08

.Z{i.Survital Curves for Synchronized'Cuitureé

'Figures 10, 11, and lZ.show‘thefsurvival curves for ir-
radiationfof synchronized’cultures using aéoelefated 12C,'2°Né,
and 40p ibns, reépectiVely"'Figures 10 and 11 each show survival
curves of snngle experlments with the correspondlng ]abellng pat-
terns. -In each fngure, the labellng patterns are compared to the.

”typlcal” pattern of Figure L which is a more deta:led pattern.

Figure 12 shows survival data of three experlments with the data .

- grouped accordlng to tho_approxumate cell- cyc]e phase at the time
of irradiation. ' f ;

‘The cultures used in the carbon ion |rrad|at|on (Flgure 10)
were derlved from the same popu]atlons of cells used for the x- ray
| experiment denoted by open and closed squares ln Figure 8, Panels

A and B. The dlvergent-treatment for irradiation in separate fa-

cilities resulted in onTy'a slight différehce ihviabeling patterns.

A substantlal X=ray -age-response was determlned for these cultures.'

In Flgure 10, the solid lines drawn for each curve are the same.

The colony multiplicities determined from autoradlographs were -

i



found to have an average value of 1.7 with a variation of less than

0.1 from that average'for-all the sample times;'gThe'surviVal curve

parameters of Equation 6 have been calculated for these survival

L,
. The survnval curves in Flgure 11 (Panel A) were determlned for
neon ion |rrad|at|on. The synchronlzed cultures produced Iabellng
patterns (solid curves in Panel B) similar to that of the comparl-'
son labellng pattern (dashed curve) However, ‘the multiplicities.
determined for the synchronized populations in the'neon ion ex--
periment'were different 'The open circle data correSponded to a
.multcpl|c1ty of 1.8 throughout the experlmental perlod the cloéed

circle data correSponded to a multnplncuty of 2.0 until the cell-“

cycle time of 10 hours after which the mult|p1|c1ty |ncreased " The |

approxlmate multiplicity at the lrradjatlon time of 11.5 hours was
2.6. The survival curve lines were drawn to reflect the multipli-
city in the extrapolation.number. The- calculated survival curve
parameter values are listed in Table 4. ,'

In Figure 12, the grouped, survuval curve data fall along the
survnval curve llne which is drawn the same in all three cases.
As for the two previous flgures, the argon |rrad|at|on survival
curve parameters have been calculated and listed. ln Table- 4

Examlnatlon of the data in Tab]es 3 and &4 lndlcates that the
-parameter k changes less than 5% from a mean value for different
cell- cycle_tlmes and with no discernable pattern. The k values for
synchronous, survival and asynchronous survival difter by about 5%,
13%, and 0/ for argon, neon, and carbon ion |rrad|at|on, respec-
tively. The extrapolatlon numbers in Table 4 are more variable
than the culture multiplicities. . In general, h}s:varlatlon is
within about 20% of the multiplicities, the exception being the
neon, 8. 5 hour, data. This exceptlon is also unusual in the value
of k. Examination of the data in this exception shows a continued
downward curvature with dose rather than an exponentlal curve at
high doses. The survival curve parameters. would be exaggerated

therefore, and in the direction observed.

curves in the same manner as described’above and tabulated in Table

42
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Fig. IO Panel A Survival curves for Chinese hamster cells irradiated
with T2C ions at different times after synchronlzatlon “Two
synchronlzed populations are separately ‘indicated by open and
closed circles. Panel B: The corresponding labeling patterns
for-the two populations are indicated with corresponding open

- and closed circles and with the dashed line drawn through the v
" . data. The solld line was taken from F|g L, Panel A. '
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at different times after synchronization. Panel B:

45

Panel A: Survival curvesyfdr cells -irradiated with 2°Ne ions
The cor-

'v;responding labeling patterns for the two synchronized popula-

tions are indicated with correspondlng open.and closed circles
and with the dashed line drawn through the data. The solid
line was taken from Flg L, Panel A. =~
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Fig. 12 (A) Survival curves for three experiments of “CA-ion irradia-
o tion at different times after synchronization. Curves for sep-
arate experiments are grouped according to cell cycle phases
for convenience. Experiment one consisted of times 2.5 hours
and 9 hours (open circles); experiment two consisted of two
populations: (a)'3 hours, 5 hours, 6 hours, and (b) 7.5 hours,
9 hours (closed circles) and 10.5 hours ;. experiment three was
~ . an irradiation at 2 hours. The experimental data all had stan-
- dard deviations of 12% or less. The labelling index varied
from 55 to 70%; plating efficiency varied from 46 to 83%; and
the multiplicity in each case was between 1.7 and 1.8.
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Table 4. Survival Curve Parameters )
for Synchronized Cultures

Cell time ', Cell | . Parameters‘(Eq.

(hours)  multiplicity - , m
" Carbon ions (Fig. 10)
| .15

3. 1.7 1.73 % 1
55 1.7 1,68 + .15 9
6 .7 2.05 +.13 17.0
6.5 1.7 1.87 + .10 16.0
-8 1.7 . 2.20 + .13 16.3
9.5 1.7 1.78 + .09 15.9
“Neon ions (Fig. 11) .
2.5 1.8 | 2.09 + .42 7.85
5 1.8 2.00 + .25  7.53
8.5 2.0 3.45 + .38 8.24
1.5 2.6 3.20 + 7.5

.37

A jon_ions (Flg 12) S
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Flgure l3 shows surV|val curves obtalned |n one experlment for_
.separate populations of cells. Curve G2 was obtalned by irra-
'dlatrng:synchronlzed cells 9.5 hours after the synchronizing
procedure, then treating the cultures with hydroxyurea to assure
survival of only'GZ cells._ This treatment reduced the number of
colonies in unirradiated controls by 21%. From‘autoradiographs,
vvthe percentage of colonyeforming uni ts conslsting-of only labeled
cells was about 25%. The curve Gl was obtained for cultures 1.5
to 2;0‘hours’folloWing synchronization. About half of rhat time
the cultures were at”ambient temperature. A sample culture pulse-
labeled for autoradlography at the irradiation time showed only 13%
labeled nuclei. An autoradiograph of the asynchronous cultures
showed 60% labeled‘nuclei. The data for the two’ populatnons, Gl
~and asynchronous, fall along the drawn curve (solld line) reason-
ably, and the extrapolatlon number corresponds reasonably w1th
the populatlon multlplICItles. .The G2 data have been connected
by the light dashed curve. The curve might be interpreted as
biphasic, for example, indicating two populatlons with differing
extrapolatlon values. However, such an |nterpretat|on would
require a population of perhaps 102 of the cells W|th an extra-
polation number of the order of ten. ‘The cultures sampled auto-
radiographlcally did not contain‘any clumps of cells of such
multiplicity, implying a signiflcant survival curve shoulder
under such an interpretation.fllt_is more likely that the tech-
nical necessity of several changes in the culfure media, as a
consequence of using the cytotoxic drug, contributed to a loss of
cells from the cultures. Such a loss is conceivably dose-depen-
dent due to radiation induced mitotic -inhibition.

A comparison of the effectiveness of the tzc,.ZONe, and l*OA _
ions in killing Chinese hamster cells is given in Table 5. Since
.the'apparent survival curve extrapolation number.is approximately
accounted for by the culture multiplicity, the determlnatlon of
the surv1val curve slope determines the slope of the single cell

survival curve and therefore the inactivation cross-section. The
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Fig. 13 Survnval curves for cells |rrad|ated with accelerated *OA-ions.
‘ Three separate populations of cells were irradiated in one ex-
periment: G2 cells '"isolated" by hydroxyurea treatment after
irradiation; Gl cells 1.5 to 2 hours after synchronizatnon,
and cells trypsinized from exponentlally growing cultures.
“Multiplicities determined for the three cultures were 2.0 (G2),
1.7 (asynch.), and 1.8 (G1). The light dashed curve through '
- the G2 data is discussed in the text.
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.Uncertaiﬁty in the inactiVation cross-séctiqn.hay,bé:of thevorder
of‘thé différence noted betWeén'the aéynchronoué and syhchrohous
survival curve s lopes whlch is greatest for neon ion ;rradlatlon
(Tables 3 and 4), about 132 ' '

Téb]e-5;  High LET lnactivation~Cross-Sections for V79 Cells

T ose . — _ |
fon (radS) °°-§;§§§'r‘;"- Corrected = (ml;ronz)
12¢ 3 62 1.07 - 66v PR 47
20Ne 129 1.1k Iy SR 1
’-QIOA ‘ - 275 1. ]9 : - '327 , ‘ | o _98v

~*Values from Table 2. -
~**Average values obtained from value of k, Table h

Additional experiments with synchronized V79 cells were done
with “He,.7L| 12C and 29Ne ions. Survival dafé”for 12¢ and ' 20Ne

‘were reasonably reproduc:ble for -these experlmental conditions. In
Flgure.lh, ‘age-responses of synchronlzed cells- irradiated with “He,
~7Li, and 12C ions are shown. The 12C ion data are the average val-

ues of two such experiments with the standard deviation of the mean

indicated.

. 53
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v Fig.vlh Age-response curves for iqradiation.df;synchronized cultures
with ‘accelerated heavy ions ‘as indicated in the figure.
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IV. ~DISCUSSION , |
A. ngh LET Radiation Age ReSponse

| The. results shown |n Figures 8 and 14 demonstrate a varlatlon
in radlatnon senslt|V|ty in the cell cycle for;radlataons of LET -
values_from'that of x-rays (2 KeV/micron) to that of lithium ions
(h3‘KeV/micron)’ This Variation-has-a similar'time pattern for |
each type of radlatlon with the most re5|stant perlod in mid- to»
late- S phase With radiations of very high LET (that of the car-
bon ions and greater) the age- response is apparently invariant.
That is to say, within the llmltS of error in the experlments,
there is no- variation |n the survnval curves as the synchronlzed
cell p0pulat|on progresses through the cell cycle. )

The degree of cell-cycle variation that may be undetected in
the very high LET radiation‘results can be estlmated.. Some'indivi-
dual data points have standard deviations of 20% to 30% although
mos t points have lesser deviations Survnval curves perform an
averaglng process (assumlng a smooth dose- response function) which
reduces the allowable variation in the slope to the standard de-
viations indicated in Tables 3 and 4. In general for these sur-'
vival curves, the error in the slope is less than 5%2. If the
measured exponentlal curve consisted of two exponentlal curves
representing different radnatlon responses, then this mixture should
be detected readlly if the responses differ by more than 20%. This
estimate is graphically illustrated by Figure 15. The shaded areas
in the top panel represent zones of experimental error (in this il-
lustratlon a deviation in slope of 10% or at least-twice the stan-
dard deviation). |If the summation of the two radiation responses,ni
welghted by their appropriate populatlons, extends outsnde this
zone, the two are distinguishable.  In-the illustrated example, it
was hypothesized that a synchronized p0pulation consisted of 80% of
the cells with a unit negative slope and 20% with a negative slope
of 0.8 at one time following synchronization. At a second time,
there was a reversal in p0pulation distribution to 20% and 80%
respectively. The two radiation responses are indicated as A and

B in Figure 15. The resultant survival curves for the two times
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Fig. 15 Graphical presentatlon, dlscussed in the text, of the possible,
' “experimental ly-masked varlatlon in radiation response for ’
heavy-ion lrradlatlons.
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are indicated in the upper oanei by the open cireies “This exampie
|nd|cates the llmlt of dlstlngu15habie mi xed populations for the 104
deviation in slope. It corresponds to a reallstic‘degree,of synchrony'
as indi;ated_in the lower oanel of Figure 15. The hypothesized
pooulations'correspond to a labeling index of 66% since the varia-
tion in the hypothesiied age-responie correSponds-to sensitive Gl
and early S cells (first survival curve) progressing to resistant N
late S cells (second survivai curve) as schematically indicated. if
the subpopuiations had silghtly dlfferent values of both D37 and  |
extrapolatlon number (greater than the multuplncrty va]ue) such a
comblnatlon could concelvably be more dlfflcuit to detect. :Further
analysis along thlS line has not been made.

The Chinese hamster cell age response for dlfferent radlations
"can be compared from the results reported here and from the results
of others. -The radiatlon age- reSponse is a variatlon in sensutnvnty
"'as determlned by the variation in surV|V|ng fraction when cells are
exposed to the same dose of radiation at different celivcycle used.
Since different radiations are different in effeqtiveneSS, a com-
parison based_on a common.dose would be misleading. A comparison
‘must be based on the biologicai effect which variesrcyclically. Some- .
whatvarbitrarily, the choice of surviying'fraction'for reference has
" been taken as that of Gl cells and the magnitudefot variation from
that sensitivity to the maximum survival (in late S) is referred to
as the age4respon$e amplitude. In this study, the age-response _
amplitude has the largest value for x-rays and no measurable ampli;
tude for very high LET radiation. Thus, the effect of increasing LET
on the age-response is to vary the ampiitude from a ‘large factor to
a small factor. In order to compare results obtalned for Chinese
hamster cells by different investigators, the x-ray age-response
amp]itude can be normalized to 100%. Then, an inQariant-age-response
wou ld have a zero percent‘amp]itude, in Figure 16, an attempt to
comparehthe age-response as a function of LET is given. Ideally,
the comparison should be made for irradiation, with both the test
radiation and x-rays, of cultures from the same synchronized cell

population. Some of the results
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Fig. 16 The variation in survival, or age- response, for different ra-

diations compared to that of x-rays. - The closed circles are

. for results in this report; the open symbols are. for results

.of others (referenced by number). The factor by which the
late S cell survival is greater than the Gl cell survival is
compared for the radiation LET of interest to that of x-rays
when the respective doses used in the comparlson yield the same
Gl cell survival levels. .
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‘are compared directly with the‘xFray response but other'eompari4
sons are made for average or typical age-responses : The closed
circles are date determined from the experlments reported here,
while the date of others is referenced accordlngly The "error
bar" for the data of Skarsgard (included by Elkind in Ref. 19) re-
flects a lack of knowledge of what the correspondlng (unpub]lshed)
X-ray agefresponse was. This approach to comparing age-response
measurements, although certainly not the only possible approach,
may be the simplest. itbbasesbthe combarison on Eell-cycle times
soon after ‘the synchronuznng procedure so that. there is minimum
loss of synchrony This is partlcularly |mportant for the sensi-
tlve.celltcycle time, GI phase,4|n this study. However, the use
of only'two surviyal levels ‘(maximum sensitivityvand minimum
sensitivity) requires adequate coverage of thevceil’cycle to
clearly define those values. This simple approach is adequate when
the.snape of the age-response curve is not different for'different
radiations, a requirement apparently met WIth the Chinese hamster
cell experiments reported here. The age-response'amplitude simply
diminiShes.with increasing LET. | The snmularlty along the time axis
of the age response for dlfferent LET values' suggests a change in
the kind of damage rather than a change in damage site.

With haploud yeast cells, a similar effect of hlgh LET radia-
tion has been observed. The haplond yeast has been shown to have
two radiation-response populations when irradiated with x-rays and
alpha particles (20). The.resistant p0pulationnconsists;of cells
with small buds when DNA synthesis is occuring (8,77). The sensi-
tive cells have exponential survival curves, while the resistant,
budding'cells exhibit a broad-shouldered sigmoidal curve. Thus,
the low LET survival curves do not correspond.direCtly with the
mammalian eell curves which are at leastvslightlyusigmoidal'at_aIT
cellécyc]e times. However, with increasingly higher LET radjations,
until a value between 100 and 200 KeV/micron; the difference in
radiation response of these two subpopulations decreases (49). With
the very high LET radiations the difference in survival is'greatly

reduced, but measurable. To the extent that the HapToid yeast can
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" be compared to Chlnese hamster cells, their age- reSponse is effect-

" ed similarly wnth lncreased LET va]ues

B. Appllcatlon_to_Radlatlon Therapy
| iHeayy charged particles have been proposed for radiation .
therapy brimariiy because of'their'favorabie depth-dose distribu-
tion. = A given fluence of monoenergetlc particles deposnts the |
vgreatest dose at the Bragg peak (that is, at the hlghest LET val-‘
ue as the»partucles are ‘s lowed before charge neutrallzatlon re-
duces their LET) ‘There fs therefore a desirable ' Sparnng“ of the
surface tlssue and intermediate tlssues while maxumuznng damage at
a_spectflc depth which would be the depth of a tumour. A second
fact aSsociated with the increased LET near the Bragg'peak is the
decreased effect of the presence of oxygen. This is an lmportant
consuderatlon for radlatlon therapy in as much as there may be an
anoxic populatlon of viable tumour cells not as sensitive to low
LET radiation as the normal, oxygenated tissues @n undesirable
situation as pointed out in a different.context by Bergonié and
Trihondeau 9). Thus, thevanoxic cells are killed on a par with
oxygenated cells when irradiated with a sufficiently high LET ra--
diatfon These and other advantages of heavy charged particles for
radiation therapy of localized tumours have been revnewed (69).
- These advantages apply in part (but to different degrees) to the
proposed application of neutrons or negative pi-mesons for ra-
diation therapy. v ;

vKnow]edQe_of the low LET age-response could be used to ad-
1Vantage'in radiation therapy although the comple*ities with Tow
LET radiation are substantial (66). Following a dose of radiation,
thevsurviying cells will be primarfly those inia‘radioresistantbh
phase{vahfs obviously applies to both normal and tumour cells.
_.The suryTV?ng fraction will depend on the percentage of such ra-
_dioresistant cells in the tissue. Thus, radjation tends to produce
a synchronized, surviving population. Any attempt to take advan-
tage of -a subsequent radiosensitive phase, in t?ming a series of
exposures ‘used in therapy, would necessarily requ:re consnderatton

of both normal and tumour cell repopulation and the relatlve frac- |
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tions df[Eadiosensitive cells in these proliferating systems. That
is to say, the necessary‘consideration of the relative sensitivity
of normal and tumour cells must be applied to the‘regrowth of
these pepu1ations. With very high LET radiatiqn; fhe cell cycle is
not a significant factor. Surface or fntermediate tissues may’ '
have some'cyclic variation becadse of the Iower_LET radiation
'seen'' by these tissues for the initial, impinging particles The
use of heavy charged particles would ensure that the normal and
tumour cells would at least be on a par with regard to cycllc
variations in sensitivity for any series of treatment exposures .

In brief, the application of heavy charged partlcles to radiation
therapy, in addition to other virtues, would ensure that the rela-
tive sensitivities of normal and diseased tissues would not be un-
favorable throughout a course of exposures. The:normal tissues
would conceivably be less effected with an apgropprfate treatment

schedule inc]udfng low and high LET radiation treatments.

C. Comparison of Inactivation and Nuclear Croés-éecfiens

The nuclei of cells may be expected to doublerin volpme over
the cell cycle as does the cell volume (62). A doub led vglume
would result in a cross-sectional increase by a factor of 1.6.
Measured nuc]ear cross-sections are compared in Figure 17 with that
expected on the basis of a doubled volume, assuming a linear in-
crease in volume with time. The trend of the results is reason-
able except for the earliest cell-cycle time. ‘This exception is
probably due to the fact the cells are still qulte round in the GI
phase following shake-off. That is to say, the trend of measured
cross-sectional growth is for a flattened cel] nucleus, with an
enhanced ihcrease in cross-section due to the flattening process in
the first hour or so after inoculating cells fnto cultures. An
experiment in which . excessively vigorous shaking was used result-
ed in a high yield of cells, poor synchrony, and broad distribu~
tions of nuclear cross-sections at different times after shaklng
Yet, a significant rise in cross-sectional area of the nucleus
occurred:jn the first two hours suggesting significant flattening

of the nucleus in that time as the cell reattached and flattened.




Fig.
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- Comparison of inactivation cross-sections and cross-section
. measurements of V79 cell nuclei. The circles are average nuc-

lear cross-sections reproduced from Figure 6. The dashed curve

"is a hypothesized nuclear cross-section growth curve assumtng

the volume of the nucleus doubles linearly with cell-cycle
time: area = (volume)2/3 « (time)2/3. The inactivation
cross=sections for carbon, neon, and argon .ions are dlagrammed

" as cell-cycle invariant values.
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The effect of flattenung is apparent in Figure 3 where the nuclel of
flattened .cells have larger cross-sections than the two rounded cells
(|dent|fled by thelr phase contrast '‘halo" |n Panel A) that are
‘probably early Gl cells-.

_ Flgure 17 also compares the cell nuclear cross- sectlon at dif- - »
ferent cell cycle times to the lnactlvatlon Cross- sections (see Table
5). The closeness of agreement between early cell-cycle tlmes and the’
'calculated cross-section based on carbon ion and neon ion |rrad|at|on
is noteworthy, as discussed in the |ntroduction: :Yet' while the
biological cross-section changes substantially, the inactlvation
cross-section does not. It is tempting to consider the whole nucleus
as SensitiVe and suggest'an increasing resistanCe with cell-cycle

progress. However, this would require a- change in survnval curve

' either as slope or as extrapolatlon number the latter |mply|ng that

on the average more than one ion is requured per nuclear area for
kllllng during the late portions of the cell cycle; Neither of these
changes is indicated substantially in the survival curves after
accounting for cell hultiplicity A second pOSSIblllty would be an

increased density of the nucleus with cell "

age'* which would alter
the actual absorbed dose from one age to another. - However, a change
in densnty of . the magnltude necessary is hlghly unllkely, especially
in light of the increased nuclear volume. v _

The inactivation cross-section data for carbon, neon, and argon
ions thus indicate a radiosensitive volume that is constant at least
“in the_two'dimensiOns of its cross-sectional area. In contrast, the
nuclear cross-section increases substantially. The whole nucteus is
‘therefore'ﬂgt_implicated at all.cell ages as a uniformly sensitiue
volume. - | | _

For argon ions, the inactivation cross-section is larger than
that of the cell nucleus. This point is'discussed'further in sub-
section [VD.2. First, the accuracy of the inactiVation cross-section
values will be considered. There are two questions of concern:

‘The absolute |nact|vat|on cross-section for a glven ion and
the observed trend of increasing cross-sectlon for nncreasung

values of high LET. The minimum requirement'for determining the



inactivation cross-section would be a measurement of the number df
particles periunit sampTe area. This must also bedrelated to the
LET value of the beam which is fdeally uniform and moncenergetic.
The system for absolute dosimetry, described in Section Il and
elsewhere (4o, 70,73), uses an |onlzat|on chamber to determine the
absorbed dose rather than determining the partlcle fluence. The
conversion from~absorbed dose to part|cle fluence is based on the
physical properties of the accelerated fons'(uo;SO) and calibra-
tion of the chamber against both an x-ray machine (70) and a he-
lium ion fluence measured by a Faraday cup (40). The ionization
chamber was designed for absolute dosnmetry (i.e., small elec~
trode spacnng and hlgh collecting voltage to minimize ionic recom-
bination). In support of its use for relating dose to particle
fluence, the dosimetry systeh used at the Yale HILAC can be men- -
tioned. There, an jonization chamber is used as a menftor'and
nuclear track emulsion is used for absolute'dosimetry'by‘measur?
ing the particle fluence. The doses evaluated separateiy_from
these independent Yale detectors were noted (73) to be within 5%
of each other. I't is therefore expected that the Berkeley ioni-
_ zation chamber can be used to determlne the partlcle fluence with
a similar ‘accuracy. ,

The |ncrease of lnactlvatlon cross- sectlon with increasing
LET (carbon ion to argon ion) could arise as a systematic error
in dosimetry in different ways:'if the value of:the energy loss
per ionization event decreased with increasingbLET;‘if ionvrecom-

binatien along the particle track increased with increasing LET;

if the beam were inadequately scattered (non-uniform) with carbon

ions and more unlformly scattered for hugher LET |ons, or if the:
dose correction factor were |ncreaS|ngly too small for |ncrea51ng
LET. , _ '
The first two items concern the efficacy of the ionization
chamber measurement for determining particle fluence which was
just discussed. Further, the value of energy'per jonizing event
is not expected to vary sufficiently to account fer the variation
of inactivation cross-section and is known to be essentially con-

stant between proton and alpha-particle measurements. Al though
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recomb|nat|on along the ion. track h as been of concern for measuring
densely IOﬂIZIng partlcles with ionization. chamber (65), it apparent-
ly is not a sugnlflcant factor as indicated by voltage saturatlon
measurements (70, 73) and by the Yale dosimetry comparlson The
third ltem concernlng unlformlty of the beam over the sample area,
could be sngnlflcant if the carbon ion beam were most intense in the
| center of the sample. This arrangement ‘would be the least,efflC|ent
pervfluence for inactivating cells. However, for:hoth carbon and
_argon ions, the,distribution of cells in thehirradlation dish was '
different in different experiments. For a one milllmeter.inoculum,
the cells were distributed over the culture dish bottom, but with. one-3
half mlllameter ‘inoculum,’ cells were rntentlonally restricted to be-
centrally concentrated. The survival results did not vary Slgnlfl
cantly in the two situations. The fourth item, concernlng dose
correction factors is considered insignificant because of the close
agreement of measured and calculated Bragg curves. ' That is. to say,
lower energy particles “contamlnating” the beam as‘a'result of scatter
could glve a Bragg ratlo between -the |on|zat|on chamber and sample
positlons, altered from the theoretical which was not observed. Also,
such an-effect would probably not be systemat|C'w1th LET. These
consuderatlons do not suggest a sngnlflcant dosimetry ‘error assocna-

ted with the inactivation cross-section values.

D. Interpretations
1. 'High LET Trends

Figure 9 demonstrates with asynchronous cultures that there

is-a»radlation LET'value that is most effective‘tor inactivation
of mammallan‘cells Such an observation has been made with dif*
ferent blOlOglcal systems and: different crlterla of dose- reSponse
_asvcntedbln the introduction. When survnval curves are exponen-
tial for all the LET values, this peak eff|c1ency in LET may be in-
terpretable in terms of the probability factor; pA(L);'of Eguation
L such that as L increases to large values, p (L) increases to
,ward‘a value of. unity Recently, analyses have been ‘applied to

the case of mammalian cells including the- range of LET values in

whlch the survnval curve shape changes for sungle cell inactiva-
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tion. Barendsen (4) |nterpreted his S|gm0|dal survuval curve data
‘assumlng that the initial negatlve sIOpe, for each LET value, is
due to lethal events of the same klnd, With increasing LET the
observed initial slopes are increasingly'steep unth‘eXponentiaI‘
curves are obtalned Thus, one part of sigmoidél curves is com=.
pared wuth the slope ‘of the exponenttal survival curves. Alterna-'
tively, the slope of the hlgh‘dose (exponentlal)‘reglon of sig-
moidal_sUerval curves has often been used to cbmpare radiation
sensitivities. o | S |
Todd (70) modeled his mammalian cell experimental data for
various LET radiations according to the product of two factors:
an exponential factor and a sigmoidal factor (multi-target form) .
The mean‘lethal dose for each factor was used to.calculate its
inactivation cross-section as a function of LET. These two. fac-
tors were consndered to correspond to two kinds of damage . (in h|s
terminology reverssble and irreversible) the proportion of the two
changing wi-th LET such that the very high LET radiation proddces
practlcally all |rreversuble damage as suggested in his dose-
fractionation experiments (72). ’ |
Recently, Tobias (68) revnewed the hlgh LET trends for le-
thallty of several different blology systems and fitted the LET
dependence of the probability factors to a general form inter-
preted as containing two modes of Iethality;-one due to a single
ionization event and the second due to c00perat|ve action between
ionizations produced closely together along the charged partlcle
track. _ v :

' These models for high LET radiation killing were applied to
results obtained for exponentially grdwinghmammalian cell cultures.
The results reported here are, for low LET radiations, an age-
response variationvof the inactivation cross-section (when defined
as the high dose'sIOpe)‘and, with increasing radiation LET, a de-
creasing age-response. The magnitude of the low LET variation_ie
'small'when considering the range of inactivation cross-sections.
The "age- reSponse can be considered as a perturbatlon on the mo-=

dels; for example, as a damage repair probability. Flgure 16 is
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an esttmate of such an age- dependent “perturbatlon“ as a function
of LET.

Each of the above ‘models |nc1udes at least two klnds of
damage or damage sutes Also, each assumes a llmltlng cross=
secttonvfor sufficiently Iarge'LET values. In Figure 17 and sub-
section'lV'C.,vthe'inactiVatioh'crpss4sections.determined for the
_three very hlgh LET ions are compared showing that" there is a
substantial increase over this range of LET values._ In the fol-
IewihghSUbsectjon, two possnble explanations for the increase‘are
_ eonsidered;' However , it is worthwhile to note that this'pheno-
“menon of increasing inactivation eress-sectfon at these'highest
LET.vajues'has been reported (e.g. Ref. 40). Ih'particufar,_the
data.of‘Tpdd (70) with a human cell line and of’Skarsgard‘ (63)
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with a Chinese hamster cell line show this phenomenon (see Table 1).

‘2. Argpn ion Results

The snmplest |nterpretat|on of an lncreasnng lnactlvatnon
" Cross- sectlon is that the probablllty factor, p.(L), has not
reached saturation. Cbmparisoh of'the inactfvatfdn cross-section
,rwith the'measured nuclear crossteetions, Figure 17; indicatea
that Withbsueh an interpretation the cytoplasm would be sensitive .
to the argon ions. However, this is not expeeted since the cyto-
plasm'has beenifound‘to bedvery resistant to different radiations,
including a-particles (as cited in the Introduction). The possi-=
bility exists that a different kind of lethality is occuring at
very high'LET Values, one which would involve net.ju$t the nucleus.
but perhaps the whole cell This possibility has not been in--
vestigated. ‘ I
_ Comparlson of these very hlgh LET results: w4th another blo- -
logical system suggests that the increased cross_sectlon is not
necessarily a consequence Of'ah-increaaing probability factor.
Figure 18 compares the inaétivation'cross-sectiens:as a function
of . LET for a non-dividing mammalian cell system,:lymphocytes,

(as measured by Madhvanath (40) ). These measurements were made

with the Berkeley HILAC with practically the same dosimetry conditions
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Fig. .18 Comparison of the target crqss-settioﬁs‘determined by Madhvan- |
ath (53) for human lymphocytes and for V79 ceills. The dashed

portion of the V79 cells curve was determined from the high-
dose slope of sigmoid survival curves. - The average, total
lymphocyte cross-section was 40 p2. . '
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and often éoncurrently witE the same ion béam. Clearly, the Iymphb-
cytes are more sensitive to'radiatioh'bﬁt in the region of very high
LET values the trends of inactivation cross¥sections are very similar.
The lymphocyte inactivation c ross-sections for LET values greéter
than 100 KéV/micron are larger than the average lymphocyte cell
cross-section. This,result implies a substanfiéi Eoié for secondary
electrbns, It also suggests thatAWith proliferatihg maﬁmalian"
cells, the role of secondary electrons brdducéd by very high LET
radiations may be significaﬁt. The parallel trends between the.very _
high LET inactivation cross-section of lymphocytes and Chineéé
hamster cells could also suggest a similar-kindﬂdf'damage méchanism'
in both systems. The concensus of opinibn seems'to be that the site
of lethal damage i n non-dividing lymphocytes is fhe cell membrane.
The para]lel for Chinese hamster cells might then be the nuclear
membrane as the site for very };igh LET radiations. This is reminis-
cent of the theory of Alper (1). However, the=fhactivation‘crbss—
sectioh does not reflect a change like that of ‘the increasing nuclear
cross-settion.> ' : o
_ There has often been consideration given'ﬁo"the role of sec-

iondary electrons and whether their cohtributed ionization should'be
~excluded in dbse-reSponse relations or in the defhition of LET

(24, 33; 38). Attempts to obsefve-an effect due to secondary
electrons have compared the response of mammalian cells to heavy'
ions of the same'LET value but with differing charges and veloci-
ties (40, 70). Such a comparison attempts to observe a difference
" due to the,aftered'dose contribution of the secondary electrons.

The results reported have not shown a significént difference.
However, the range of LET values used in the studies did not in-
clude values as high as that of argon ions. Cole (15) has mea-

sured the fange of Ionenergy electronS in air.ahd in plastic (col-
lodion). For normal incidence, the range (1% ionization trans-
mission) of 7 KeV electrons was then estimated for water to be 1.7
'mfcrons, which corresponds to the difference in radius of two cir-
' cles corresponding in area to the carbon.and'afgon,inactivation
cross-sections. Electrons of this and higher ene}gy account for

only a few percent of the total dose (24) so that’é biological ef-

e e e e
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'fect at such a radius is expected to be sllght ‘

‘Recently, Katz and colleagues (36) have produced a mathe-
vmatlcal model for survival curves of different cells. It accomo-
dates a change in survnval curve shape for increasing LET (al-
though it does not accomodate a peak LET efficiency when the sur-
vival curves are all exponentnal) Interestingly, this model also
accomodates an increase in the very: high LET |nact|vat|on cross-
sections’ approxnmately to the extent indicated ih Flgure 17. Thls
is the consequence in the model of secondary electrons produced -
‘ln sufficient number and range to overlap at the necessary radius
and produce an ionization density sufficient to cause the blolo-_
gical effect. This phenomenon would be present, also, .w1th the
carbon ions such that the inactivation cross-section is approxu
mately hOé larger than a hypothesuzed blologlcal cross-sectlon
Thus, for the argon ion |rrad|at|on, the blologlcally effective
range of secondary electrons, accordlng to this model, would be
greater than estimated above as 1.7 microns and would be approxl
mately 2.2 mncrons.' The ionization density at thIS radius is ‘
large enough, accordlng to the model, to produce buologlcally a
very high LET effect. Very high LET |rrad|at|on of mammalian
cells measurlng the oxygen effect (5,70) and the age reSponse re=-
qunre that the fraction of cells killed by a Iow LET component of
.radlatlon is small. v

Further studies of the secondarynelectron-contribution to
radiationﬂbiology are necessary to.test_this new emphasis placed
" on them by the models of Katz, et.al. (12 36). AMeasurements of
' mlcro radlal distributions of dose and LET are being made for pro-."'.
tons and “alpha partlcles at Brookhaven National Laboratory (85).
Extension of these measurements to higher LET radiations and more
detailed calculatlons-of_the_radial distributions for secondary
electrons (13) will be of interest to further interpretations of
the results reported'here, o

3. Speculations

Recent radloblology results with yeast suggest that the cell-

cycle varlatlon in sensntnvuty is due to a varlatlon in repalr of
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damage. - Resnick (51) isolated x-ray sensitive mutants of haplofd
yeaét whose increased sénsitivity was due mafnly to an altered
response of the cells with smail buds. These cells hormally ex-
hibit a sigmoidal survival curve with a substantial ''shoulder"

in contrast to the other cells with an exponential survival curve.
In the mutants, the cells with small buds do not exhibit the dif-
ferehce in radiation response from the rest of the populatfon.
Genetic studies suggested to Resnick that such a mutant was defec-
tive in its ability to enzymatically alter. radlatlon damage. The
lack of cycllc variation in the mutant radlosen5|t|VIty to x- rays
can be compared to the greatly reduced cyclic variation of wi 1d
_type héploids irradiated with very high LET radiation (49). This
suggests thét the high LET radiation damage is not susceptible to
ehzyhatic.repair. The similar LET dependence of the age-response
may be due to variation in a repair capability. This fmplfcétion  _
is in line with the contention of Elkind (19) that the "shoulder"
of a sigmoidal survival curve reflects directly'thebrepair of some
radiation damage, as mentioned in the Introduction. With this hy-
- pothesis, the proportions of different kinds of Ibw_LET radiation
damage,méy-be‘susceptible to cell cycle variation,.or_the condi -
tions for repair or availability of repair enzyméﬁméy.vary.

Thé kind of radiation damage most often suggested as caus-
ing lethality is double-strand breakage of DNA. Recent experi-
ments on. the production of double-strand breaks»aé a function of
the LET of the radiation afford an opportunity/td make a compari-
_son of cell lethality and DNA double-strand breaks. Christensen
(14) irradiated the replicated form of ¢X-174 viral DNA, which is
double-stranded in this form, with various radiations including
heavy ions accelerated at the Berkeley HILAC. Figure 19 compares
the target_cross-se;tion for double-strand breaks with the tar-
get cross-section of V79 cells as a function of LET. Again, the
result for V79 cglls include the high dose slopeé fn the case of
sigmoidal survival curves. The closeness of the fwo trends up to

the size of the nucleus is remarkable. The'¢X-T74 DNA was irra-
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Fig. 19 Comparison of the target cross- sections for V79 cells (as in
Figure 18) and the action cross-sections for radiation induced
double-strand breaks in repllcatlve form &X- 174 DNA determlned

" by Christensen (14)
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~diated in a profective broth to minimize “indirecfil damagé‘ Com-
parlson wsth Chinese hamster cells therefore must be carefully
qualnfued Yet, the fact that DNA double-strand breakage increas-
es above the line of proportionality bétween'CEOSSFsecfions.ahd
LET is itself highly significant. One can Spécdlate that the very
'_hfgh LEf.damage in mammalian cells that is indeﬁendenf of the cell
_cycle, independent of chemical modifiers, and not repairable is
DNA double-strand breakage arising from'cooperatfvé events along
,thevhéayy'fdn track. This kind of damage would be included in
the low LET irradiations as largely reflected by the Dy of the

survival curves.

E; Summéry ,

The major result of this study is the diréct'defermination 
that the Chinese hamster cell age-reSbonsé is LET dependent. At
‘sufficiently high LET values, the ége-response is invariant and
'therefﬁfe apparently not related to cell-cyc]e'“gréwth“ of the nu-
‘clear cross-section. Further, these LETvstudieS of the cell cycle
provide hévevidence'td exclude the idea of one kind of structure
or molecule sensitive to low and high LET radiations.

The results with very high LET radnatlons indicate a further
potentlal ‘advantage of such radiations in radnatlon therapy appli-
'qatlons.‘ The use of very high LET radiation could ensure a favor-
able relation between the radiosensitivities of:normal and dis~
eased tﬁssues throughout a course of radiation_treatments.

Although the very high LET results provide-va]ues_of inacti-~
vatidn crbss-sections, intérpretation of these_valués in terms of
biologiéal'cross-section is'made_difficUIt by the uncertainty in
the,con;fibution of secondéry-électrons to the cross-section. How-
ever, it is reasonable to interpret the results as implicating a

biological cross-section nearly'as large as the nucleus of the cell

early in the cell cycle. The results reported here show a constant’

inactivation cross-section during the increase in nuclear cross-
section, suggesting that the nucleus is non-uniform in its sensiti-

Vity,to very high LET radiation.
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