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ABSTRACT

Early andlate murinetissueresponsesto singleor fractionatedlow dosesof heavychargedparticles,fission-
spectrumneutronsorgammaraysareconsidered.Damagetothe hematopoieticsystemisemphasized,but results
on acutelethality, hostresponsetochallengewith transplantedleukemiacellsandlife-shorteningarepresented.
Low doseratesperfraction wereusedinsomeneutronexperiments.Split-doselethalitystudies(LD 50/30)with
fissionneutronsindicatedgreateraccumulationof injury duringa 9 fractioncourse(over 17 days) thanwasthe
casefor y—radiation. Whentotaldosesof96 or 247 cGyof neutronsoryraysweregivenasa singledoseor in9
fractions,asignificantsparingeffectonfemurCFU-S depressionwasobservedfor bothradiationqualitiesduring
the first 11 days,but therewas notan earlierreturnto normal with dosefractionation. During the 9 fraction
sequence,a significantsparingeffectof low doserateon CFU-Sdepressionwasobservedinbothneutronandy-
irradiatedmice. CFU-Scontentat the endof the fractionationsequencedidnotcorrelatewith measuredLD 50/30.
Sustaineddepressionof femurandspleenCFU-Sandasignificant thrombocytopeniawereobservedwhena total
neutrondoseof 240 cGywasgiven in 72 fractionsover24 weeksat low doserates. Thetemporalaspectsof
CFU-S repopulationweredifferentaftera singleversusfractionatedneutrondoses.Thesustainedreductionin
the sizeof the CFU-S populationwasaccompaniedby an increasein the fraction in DNA synthesis. The
proliferationcharacteristicsandeffectsofageweredifferentfor radialCFU-Spopulationcloselyassociatedwith
bone,comparedwith theaxialpopulationthatcanbereadilyaspiratedfrom thefemur. In agedirradiatedanimals,
the CFU-Sproliferation/redistributionresponseto typhoidvaccineshowedbothanageandradiationeffect. After
high singledosesof neutronsor y rays, a significant age- and radiation-relateddeficiencyin hostdefense
mechanismswasdetectedby ashortermeansurvival time followingchallengewith transplantableleukemiacells.
Comparisonof dose-responsecurvesfor life shorteningafter irradiationwith fission-spectrumneutronsor high
energysiliconparticlesindicatedhigh initial slopesfor bothradiationqualitiesat low doses,but for higherdoses
of silicon, the effectperGy decreasedto avaluesimilar to that for y rays. The two componentlife-shortening
curvefor silicon particleshas implicationsfor the potential efficacy of radioprotectants.Recentstudieson
protectionagainstearlyandlateeffectsby aminothiols,prostaglandins,andothercompoundsarediscussed.

INTRODUCTION

Thenumberof humansexposedto spaceradiationsisexpectedtoincreaseoverthenext severaldecades.Ionizing
radiationis but oneof thepotentialhazardsinspace.Interactionsbetweenradiationeffects,microgravity,and
physiologicalalterationsresultingfromstressmustbeconsidered.Severalexcellentrecentreviewshavedealt
with the spaceradiationenvironment,potentialhumanhazards,andvariousradioprotectivestrategies(1,2). The
purposeof this contributionis to focus on sometissueresponsesto fractionateddosesof high-or low-LET
radiations. Responsesof the hematopoieticsystemareemphasized,andlow doserateswere usedin fission
neutronstudies.Many of thedatapresentedherehavebeenpresentedatmeetings,butaredocumentedonly in
laboratoryreports. Thepurposeis to maketheseresultsavailableto scientistsinterestedin doserateanddose
fractionationissuesrelevantto spaceradiationhazardsandradiationprotection.

Acuteeffectsandlateoccurringcancersare theprinciplespaceradiationproblems.Acuteeffectswill resultfrom
highdosesof largely low LET radiationsfroma solarparticleevent(SPE)during a deepspacemission. SPEs
vary, butmostof thedose sufficientto producesignificant acuteeffectsis experiencedover 12—48 hrs. at a
variabledoserate. Theprincipletissuesknownnowtobe atrisk for acuteeffectsareskin, intestineandmarrow.
Thesensitivityof the centralnervoussystemto acuteeffectsfromheavyparticlessustainedovermanyhoursor
days is unknown. An excessrisk of cancerandotherlateeffectswill resultfrom low-or high-LET radiations
experiencedin eitherlow earthorbit or in deepspace.In addition toan excesscancerrisk from anSPE,deep
spaceexplorationentailsexposureto a mixture of low- andhigh-LET radiationovermonths,or perhapseven
years. Therelativelylow frequencyof heavychargedparticleeventsduring adeepspacemissionindicatesthat
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the probabilityof multiple traversalsis small, evenwhen a cascadeof primaryparticlefragmentsresultsfrom
interactionswith spacecraftshieldingor tissues(3). Dependingonthe chargesandvelocities,the fragmentsmay
bemoreor lesscarcinogenicthanthe primaryparticles. Animal studieson carcinogenesishavebeenconducted
with low-LET radiationsandfission-spectrum-neutrons(6), but thereis a dearthof informationon heavycharged
particles(7,8). Most of whatis known aboutnon-neoplasticlate tissueresponsescomesfromhigh dosestudies
in supportof radiotherapy(9). Informationon latetissueresponses,after low dosesand doseratesof photon
radiation,comesfrom studieson thehematopoleticsystemin rodentsandcanines(10—13). More effort shouldbe
devotedto studieson late non-neoplastictissueresponsesafter low doses.Homeostasisandcontrol systemsthat
regulatetissueproliferationaredifficult to studyin vitro, soadditionalanimalstudiesat low dosesarerequired.

METHODS AND FACILITIES

Somedatapresentedherehavebeendocumentedin variousreportswheredetails on methodologymay be
obtained.Also, the methodsand facilities usedhavebeendescribedin detail (14—16). Severaldataconcern
fission-spectrumneutronsfrom the JANUS reactorfacility at the ArgonneNational Laboratory. That facility,
dosimetry,andproceduresfor hematologicalstudieshavebeendescribed(14,17). The BEVALAC Accelerator
and procedureshave alsobeendescribed(7,8,16). Referencesto reportsand sample sizesare specifiedas
footnotesin tablesor in figure legends.

Thedose fractionationand doseratestudieswith fission neutronsand y rayswere conductedaspart of the
JANUS programduring the 1970s(17—21). Carcinogenesisand life shorteningwere primarygoals,butmany
fundamentalcellularradiobiologicalstudieswere conductedin vivo to increaseunderstandingof cellularand
tissueresponsesto thedoserateand fractionationparadigmsusedin the life spanstudy.

RESULTS

Acute Effects: ExDosure Time and Dose Fractionation

An experimentwas conductedto evaluatethe effectsof exposuretime or doserateper dose frac~~on
hematopoieticandintestinalinjury producedby fission-spectrumneutronsoryrays. Table 1 summarizesresults

TABLE 1. Split-doseLD~in male B6CF1 mice. Dose rateswere 17 and 48 cOy/mm for neutronandgamma
radiation,respectively.

Radiationa Group LD~pflp,cGy Netinjury, cGy % of total fractionateddose

Neutron(total Static controls 379 — —

frxdonateddose (368-391)
238 cGy)

15 mm shamcontrols 390 — —

(377—402)

9 15-mm exposures 235 149b 52
(191—199)

9 240-mm exposures 240 50
(215—266)

Gamma(‘rotal Staticcontrols 955 — —

frxtionaieddose (934—975)
770cGy)

240-mm shamcontrols 976 — —

(939—1015)

9 15-mm exposures — _c —

9 240-mm exposures 840 1~d 16
aThefactorsusedto convertfrom exposureto midlinetissuecOy were0.8and0.96for neutronandgammarays,respectively.
The95%confidencelimits areshownin parentheses.
bStaticandshamcontrolLDSO/30 valuesdo notdiffer significantly,sothe pooledvalueof 384cGy wasusedto computenet
injury, viz., 384—235= 149.CTheLD5OI3Oexperimentwas inconclusive;aminimum estimateis 750cOy, with residualinjury of215 cOy or28%of the
fractionateddose.A maximumestimateis —900 cGywith residualinjuryof 65 cOyor 8% ofthetotal fractionateddose.
d5inceno significantdifferencewasdetectedin LDS0[30 for shamandstaticcontrols,apooledvalueof 965 cGy wasused,
viz.,965-840= 125.

The originaldocumentationof thesedata was: Ei. Ainsworth,RJ.M.Fry, F.S.Williamson, W.E. Kisieleski,Dl. Jordan,
M.P.OMalley, M. Miller, E.M. Cooke,A. Sallese.andP.C.Brennan. RelativeBiological EffectivenessofNeutronsfrom
theJANUSReactor.ArgonneNationalLaboratoryDivisionofBiological andMedicalResearchAnnualReport,1971 (ANL.
7870),p. 1926.
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from asplit-doselethality studywheremicewere given 9 fractions over 17 daysandchallenged2 dayslaterat a
high doserate. Thismethodmeasured“unrecoveredinjury,” presumablyprimarily in the hematopoieticsystem,
atthe time the gradedsinglechallengedosesweregiven. Fractionatedneutrondosesof 32cGyandfractionated‘y
dosesof 86 cGy weregiven in either15 or 240 minutes. Theselectionof fractionateddoseswas basedupon the
RBE of 2.1 measuredfor survival of marrowCFU-S after brief exposures. The value of 2.1 was basedon
neutronexposureexpressedat that time in kerma(red),comparedwith midline tissuedosefor gammarays. In
termsofmidline tissuedosefor both radiations,the RBE was2.6. Table1 showsthe LD 50/30’s measuredfor
groupsof approximately100-150“control” mice thatwereeithershamirradiated9 timesor remainedunhandledin
a mouseroom. Also shownare the LD 50/30’sfor mice thathadreceivedfractionateddoses.Theeffectsof yray
exposuretime/fractioncouldnotbeassessed,becausethe amountof recoveryexpectedfor 9—15minuteexposures
wasoverestimated,andgradedmortality wasnotproducedby the challengedosesselected.Theresultsshow: (1)
no effectof neutronexposuretime onthe injury detected,(2) of the orderof 50%of the neutroninjury remainedat
the endof the fractionationsequence,and (3) about8—28%of the ‘y injury remained.This indicatesthat under
conditionsof fractionatedexposure,the neutronRBE was greaterthan 2.6, probablydueto less repairand
recoveryduringandafter fissionneutronirradiation.

Table2 (first column) showsthe femurCFU-Scontentin animalssacrificedat 2 daysafter the third, sixth, or
ninth fraction of neutronor y—radiation. Theresultsshow a dose-dependentdecreasein CFU-S contentin all
irradiatedgroupsanda statisticallysignificanteffectof exposuretime for bothneutronsandyraysat sometimes.
Whenthe neutrondoseratewasdecreased16-fold from 2.1 to 0.14cGy/min., therewas no effecton CFU-S
contentafter96 cOyhadbeenaccumulated,butafter the 2 higherdoses,the CFU-S contentwassignificantly
higheratthe lowerdoserate. In y irradiatedanimals,no significantdifferencewasobservedafter510 cGy, but
after 255—770 cGy, decreasingthedoseratefrom 5.7 to0.36cGy/min. resultedin a higherCFU-Scontent. It
shouldbenotedthatCFU-Scontentdidnotcorrelatewith radiosensitivityof the mouseasdeterminedby the split-
dosetechnique. Forexample,the femurCFU-S contentwasabout2-fold greaterin neutronirradiatedanimalsat
the low doserate,but the LD 50/30’s valuesdifferedby only5 cOy. It hasbeenreportedpreviouslythat CFU-S
contentdidnotcorrelatewith split-doseradiosensitivity (22).

Resultson peripheralbloodleukocytecountsfromthesameanimalsareshowninTable 2 (secondcolumn). The
countswerealso largelydose-dependent,butdueto the smallsamplesizesand highvariability, no significant
differencesrelatedto doserateweredetected.

Resultsof tritiated thymidineincorporationin intestinaljejuna~lsegmentsarepresentinTable2 (third column).
Theseresultsshowno dose-dependentdecreasein uptakeof ~H1’dr,but rather,increasedincorporationwhich
suggestsa compensatoryproliferationin responseto radiationinjury.

Effect of Neutron- or ‘y-Dose Fractionationon Femur CFU-S Renonutation

Theobjectivewasto evaluateCFU-S depressionand repopulationaftersingleor fractionateddosesof fission

neutrons,heavychargedparticlesor photons. Figure 1 showsresultsof the initial study on 9 neutronor y
TABLE 2. Effect of FractionatedFissionNeutronsor

60CoGammaExposures,at TwoDoseRates,onFemurCPU-SContent,Total Leukocytesin Brachial Artery
Blood andTriciatedThymideIncorporation ix thelejunumin B

6CF5Male Mice. SamplesWereTakenAbout48 Hrs After 3,6or9 Dosesof NeutronorGamma
Radixtion

Neutron96 cOy Neutron192cOy Neutron288 cGy
Gamma255cGy Gamma510cOy Gamma 770cOy

Leukocytesl

t’ Leukocytes/ Leukocytes/
Femur mm3 Gut Femur mm3 Gut Femur mm3 Gut

Group CFU-S~ X 103 3H Contest” CPU-S X l0~ 3H Content CPU-S X 103 3H Context

Controlsb
Shammed15 mix 7021 4616 1.31 +

028e 7543 5485 1.77 ±0.22 6778 378t 1.16±0.1
(638l_7660)d (340t5830)~ (6716-8370) (3787—7231) (5886—7669) (3305—4256)

Shammed240 mix 6381 6455 1.54 ±0.24 7087 4918 1.84 ±0.33 8405 5239
(5485—7277) (4988—7921) (6141—8033) (2984—6851) (7300—9510) (2355—8124)

Static 6783 5944 1.61 ±0.13 6143 5212 1.83±0.3 6933 6690 1.60±0.33
(5964-7602) (4064-7825) (5246-7039) (4473-5450) (6003-7867) (4897-8483~

Neutron
15 Mix 1639 1556 1.79 ±0.19 636 1288 2.98 ±0.34 338 806 1.87±0.19

(1305—1973) (916-2195) (496-776) (577—1999) (275—401) (697—915)
240Mis 1788 2142 1.98±0.43 1106 1383 1.76±0.17 600 1214 2.10±0.45

(1521—2056) (1654—2630) (868—1344) (644—2121) (439—761) (888—1539)

Gamma
15 Mis 1275 2699 1.72±0.16 875 1401 2.10 ±0.42 361 1180 2.17 ±0.43

(953—1597) (1657—3742) (577—1173) (441—2361) (250—473) (744—1615)
240 Mm 2028 2922 1.99±0.48 767 1378 2.12 ±0.14 685 1594 1.70±0.31

(1633—2423) (l8O3—4(~0) (468-1065) (971—1786) (567—803) (811—23771

‘CPU-S wereharvestedby grindingthefemurswith motar andpestle. At eachsampletime marrowfrom 5 donormicewaspooled,dilutedasneeded,and injected into
15-25receipienta.Sinceapproximately8 hrsof laboratorywork wasrequiredtoprocessall theanimalsat eachsacrificetime, diurnalvariationswerecontrolled. No
significantdifferencein femurCPU-Scontentwasdetectedat0930and l430 thevaluesaxe8952(7S68-10,337)and 8111(6882-9340),respectively.Theneutrondata
for CPU-Shaveappearedelsewhere(reference15).
‘Pooledvaluesfor themiceshammed15 or240mix, orstaticcontrolswets4627(3480—5889).5537(3442—7632)and5948(4029—8762).respectively.Thepooled
valuesfor 9control sampleswas5429(3894-7232).
C~Cm/mg drywt X I0~from 5micefrom eachgroupwassampled45 mix afterinjectionof 0.5 a Ci/gm

3HTdR (Spec.Act. 0.36Ci/mM).
495%confidencelimits of themean.
‘Mean andstandarddeviation.

Theseresultswereoriginally documentedaswerethosein Table1.
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Fig. 1. FemurCFU.Srepopulationin B6CF1 male mice. The inset in the lower right indicates experiment number JM-1R, the
radiationquality, total exposure[forneutrons(Fn)] in kermaor R [for gamma rays (y)] andtheexposurerateper fraction. Conversion
from Kerma to midline cGy is 0.8 andfrom R to midline cOy 0.96. Nine dosefractionsweregivenover 17 days(seetext). Pooled
marrowfrom 5.10 donor micewascollectedby grinding femurs, and appropriate dilutions were injected into 15—25 supralethally.
irradiatedfemalerecipents.Valuesplottedindicatemeansand95% confidencelimits. The original documentationofthesedatawas:
Progressof JM-2 and relatedneutron- and gamma-radiationtoxicity studies. E.J. Ainsworth, RJ. M. Fry, D. Grahn,F.S.
Williamson, J.H.Rust,P.C.Brennan,A.V. Carrano,DL Jordan,M. Miller, K.H. Allen, M.P. Nielsen,E. Cooke,E. Staffeldtand
A. Sallese.ArgonneNationalLaboratory,Division ofBiological andMedicalResearchAnnualReport,1972(ANL 7970)pp. 13—27;
andEJ.Ainsworth,Effectsof single or fractionateddosesof neutronorgamma-irradiationott hematopoieticstemcells. RadiaLRes.
~: 49 (1974).

fractions (over3 wks.) totaling280 neutronor749y cOy. At this highdose,apronounceddelayin repopulation
occurredafterneutronfractionation(18). Figure2 showsrepopulationaftersingledosesof 96 neutronor247y
cGy. NotethatfemoralCFU-S contenttendedtoplateauin bothgroupsbetween3 and 8 days,and between8
and about15 days, the contents more than doubled. Thereafter,therewasa trendtoward a Secondplateau at
about90 dayswhenthe countsrangedfrom60—80%of control values.
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Fig. 2. Femur CFU-S repopulation in B6CF1 male micegiven a single midline doseof 96 neutronor 247 gamma cOy. Sample
sizesandmethodswereaslet Fig. I andreference15. The insetshowstheexperimentnumber,numberof fractions,dosein midline
cGy,andthedoserate. Theexposuretimeswereabout17 minutes. Theseresultswereorigionally documentedaswerethosein Table
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Figure 3 showsrepopulationresultswhenthe sametotaldosesweregiven in 9 fractions,butat abouta9-fold
lower doserate. Comparisonof theresultsinFigure2 andFigure3 indicatesthatdosefractionation,at low dose
rates,producedamarkedearlysparingeffectforbothneutron-and‘y-irradiatedanimalsduring the first 11 days
following dosefractionation. Followingthis 9 fractionsequence,the femurCFU-Sdepressionwasnotnearlyas
markedas alterthe singledose,andthe RBE of about2.6 againobtained. Of particularinterestwasthe
observationthat thediminisheddepressionduring the first 8—11 daysafterdosefractionation,andafterhigher
doses,was notaccompaniedby an earlieroverallreturn to normal or near normal femurCFU-S counts (18).
Note that therewas a tendencyfor thecountsto plateauat 2000—3000between5 and 15—21 daysafter the
fractionatedexposures.At subsequenttimes,mostof the femurCFU-Scountswere significantlybelowcontrol
levels.

CFU-Srepopulationwasevaluatedfor 32 days following completionof an 8 fraction sequence(T,W,Th,F)of60Co‘y—radiation,or neonor silicon particles(Figure4). Thepurposewasto determineif thedelayin CFU-S
repopulationobservedwith 288 cOyof fission neutronsfollowing a9 fraction sequence(Figure 1) would also
occurwith neonor siliconparticles.Daily dosesof 72 cOy of stoppingneonorhighenergysilicon particleswere
expectedto produceapproximatelythe sameCFU-S inactivation aswas producedby 113 cGyof y rays (8).
Assumingequalinactivationfor eachfraction, the extentofdepressionandrepopulationwould alsobeexpectedto
besimilarif repairandproliferationbetweenfractionswerethesamefor the3 radiations. Measurementsof CFU-
S contentat 3 and5 daysfollowingcompletionof the 72 cOyperfraction regimenindicatedsignificantlyhigher
countsafterexposureto stoppingneonparticlesthanto highenergysiliconparticles(Fig. 4). Estimatesof RBE
for CFU-Sinactivationafterasingledoseweresimilarfor stoppingneon(1.6) andhigh-energysilicon particles
(1.7),but therewasapparentlygreateraccumulationof injury andslowerrepopulationwithexposureto silicon.
TheLET for silicon is approximately50 keV4im andabout130 keVfl.tm for neon. The LET at which peak
effectivenessfor CFU-S inactivationwasobservedwasin the rangeof 50-100keV/).Lm (8). In general,the
extensiverepopulationobservedin ‘~‘—irradiatedmiceat 17 and20 dayswasconsiderablygreaterthanfor silicon
or neonparticles. The numberof CFU-S in animalsthatreceivedsilicon dosesof 72 cOy perfraction was
significantly belowthosefor 7—irradiatedanimalsatall but 2 timepoints. Theearlyphaseof CFU repopulation,
say,within the first 10days,probablyreflectsthe neteffectof CFU-Sinactivation and“injury accumulation”;
whereas,in the next 10 days,factorsthatregulateCFU-Sproliferation,repopulation,anddifferentiationcome
intoplay. During this phase,aswell astheearlierphasetheremaybedifferencesbetweentheeffectof particles
andphotonson CFU-Srepopulation. Comparisonof theserepopulationresultswith the earlierneutrondatais
tenuous,becausedifferentmousestrainswere used.Thesestudiesshouldberepeatedandextendedusinglower
dosesperfraction.

Lonn-Term FractionatedExnosures:Hematologic Changes

Theextentofrepopulationwasinfluencedby the numberof radiationfractionsand/orthe total periodoverwhich
they are administered.Figure 5 showsresultson femurandspleenCFU-S content,and bloodplateletsand
leukocytesat 3 timesafter a 24-weekfractionationsequencewith fission-spectrumneutronsfrom the JANUS
reactor. The animalsreceived72—3.36cOy fractions(3 timesperweek for 24 weeksat a dose-rateof 0.22
cOy/mm). This fractionationregimenwasusedin the initial sequenceof life-shorteningandcarcinogenesis
experimentsin JANUS ProgramatArgonneNationalLaboratory(17—20). In thisexperiment,the first samples
weretaken4 weeksafter thelastfractionatedexposureandat two8-weekintervalsthereafter.While theremay
havebeenoscillationsbetweenthe samplescollectedat 28, 36, and48 weeksafterthefirst fractionatedexposure,

io.c 4
FEMORAL COLONY—FORMING UNITS (CFU)

9.0— —

8.0— —

7.0— —

5C.coNRoL~~

2.0 — a fn/l-96/5.5rod/min —

I’ o
7/I-247/I4.O rod/mm

c ~ -~ I I I I I I ~ CON OL POOLEDI 3 5 8 II 1517 2123 3045 60 90 120 180

DAYS AFTER EXPOSURE

Fig. 3. Femur CPU-Srepopulationin B6CF1 malemice given9 fractionstotaling 96 neutronsor 247gammacOy over 17 days.
Samplesizesandmethodsasin Fig. 1 andReference15. Theseresultswereoriginally documentedaswerethosein Table 1.
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Fig. 4. FemurCFU-S repopulationin CB
6F1 female micegiven 8 fractionatedtotal body dosesof gammarays,exposedto 670

MeV/A silicon ions in theplateauportion of theBragg.or exposedto stopping670 MeV/A neonions in thedistal 4 cm of a 10cm
spreadBraggpeak. Seereference40 for methodsandconditions. Marrow 5—10 donorswas injectedinto 12—16 recipients. Values
shownaremeansand95%confidencelimits.

theresultsindicatea significantandsustaineddepressionin spleenandfemurCFU-S countsand in circulating
platelets. In contrast,therewasno evidencethat total leukocytecountsweredepressed;evidently,compensation
hadtakenplace.

CFU-S CvcIint~in Younn. Aned. and Aged-IrradiatedMice

Theobjectivewasto determinechangesin the numberof CFU-S in cycle,as a function of ageandof prior
radiationexperience.Theissueof “transplantability”in relation to proliferativestatusof CFU-S mayimpacton
theinterpretationof theseresults(23). Table3 showsresultsof the thymidinesuicidetechnique,wherebycellsin
the S-phaseof the cell cycle arekilled by incorporationof high specific activity thymidine into DNA. The
reciprocalof thepercentsurvival indicatesthe percentageof CFIJ-S in the S-phaseof the cell cycle. In the
marrow and spleen,age-andradiation-relatedalterationsin regulationof CFU-S proliferationweredetected
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Figs. Late hematopoieticresponsesof mice B6CF1 malemice to 72 neutron fractionsgiven 3 times per week over24 weeks.
Leukocyteand platelet countsweredoneon 15-20mice (see reference15 for methods)and marrow‘plugs’ were flushed from
femurs of 5-10donormice and injected into 15-25supralethallyirradiatedfemalerecipients. SeeFig. 1 for sourceof data.
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(Table 3.) The fraction of CFU-S in cycle more thandoubledbetween105 and408 daysof age. A further
alterationwas found inmice that received24weeklyneutrondosesof 3.3 cOycommencingat 110 daysof age;
the fractionof CFU-Sin cycle wasincreasedby about50%,comparedwith nonirradiatedcontrol animals408
daysof age. Quiteadifferentsituationprevailedin thespleen,sinceabout80%oftheCFU-Sappearedto be in
cycleinyoungmice. Theeffectof agewasthe reverseof that observedin themarrow,becauseat 408 daysof
age,thefractionof CFU-Sincycle decreasedto about5%. Theeffectof fractionateddosesof neutronradiation
wasto increasethe fractionincell cycletoabout60%.

Therearedifferencesin the CFU-Sthat canbeaspiratedandthosethat remainmore firmly associatedwith the
bone. Table4 presentsdataon thymidinesuicideresultsin the“residualandaspirated”marrowcompartments,
respectively. In younganimals109 daysold, it is clearthat the cycling characteristicsof the2 putativeCFU-S
populationsaredifferent. At 109daysof age,only about 10% of the residualCFU-Swerein cycle; whereas,
about50%of the aspiratedCFU-S werekilled by thymidinesuicide. As in the previous study (Table3), the
fraction of CFU-Sin cycleincreasedasa functionofage(alone)in bothpopulations. Thesedataindicatethat the
relativeincreasewasgreaterin the residualpopulationthanin theaspiratedpopulations.

Whenthe datafor whole marrowpreparations(Table 3) arecomparedwith valuesobtainedby summingthe
contentsof the aspiratedandresidualcompartments(Table4), onemay speculatethat interactionorflow occurs
betweencompartments.Thismatterwarrantsfurtherstudy. Differentradiationeffectswere observedin the 2
compartmentswhenthe animalswere given a single80 cOydoseof fission neutronsat 113 daysof age. The
fractionof CFU-Sin cycledecreasedby about30%in the “aspirated”compartmentcomparedwith 513 dayold

TABLE 3. 3H-ThymidincSuicide ofCFU-Sin vivo ,a

Control 3H’FIR Suicide Control 3HTdR Suicide
CFU-S CFU-S/Femur % CFU-S/Spleen CR1-S/Spleen

Group Femur Femur Survival Survival

Young
7627b 6585 86 340 21

(105 daysold) (6885-8368) (5350-7820) (1242-1958) (255-425)

OkI 7120 4686 66 662 636 96
(408daysold) (5798-8441) (4055-5316) (402-918) (546-725)

Okllrradiated~ 3314 1601 48 427 157 37
(408daysold; (2851-3778) (1270-1930) (274~580) (118-196)
298daysafterFirst
exposure)

aHalfof mice(B6CFI) in eachgroupwere injected(i.p.) with 1 mCi ofhigh specificactivity
3N-thymidine(65 Ci/mM)24 hoursbeforeCFU-S

assay.The intact femurwasgroundwith mortarand pestleto obtainthetotal CR1-Spopulation.
t’Dataareexpressedas themeanand the95%confidencelimits.
CMi~ewere exposedto 80 cGyof fissionspectrumneutronsgivenin 24 weeklyfractionsof3.3 cGy(in 45 mm.) beginningat110 daysof age.
These resultswereoriginally presented/documentedasfollows: D.A. Crouse,EJ. Ainsworth, J.S. Hulsech. Thymidine suicide studies on
hematopoieticstemcellsin aging irradiatedmice,AnaL Rec. l89~539 (1977).

TABLE 4. 3H-ThymidineSuicideof CR1-Sin vivo ~ AspiratedandResidualMarrow Compartments.

AspiratedMarrow ResidualMarrow

Control 3wrdRSuicide ControlCFU.S/ CFLJ-S/Hollow %
Group CPU-SI CFU-SlMarrow % Hollow FemurShaft FemurShaft

Survival
MarrowPlug Plug Survival

Young
6200b 3185 51 1075b 958 90

(109 daysold) (5273—7127) (2651—3716) (960—1190) (818—1097)

Old 9893 3700 37 1466 1055 72
(5l3daysold) (9054—10733) (3226—4174) (1380-1552) (947—1162)

Old IrmdiatedC 5036 2903 57 951 291 31
(513 daysold; (4006—6065) (2710—3050) (739—1164) (242—340)
400dayspost-
exposure)

aHalfof the mice(B6CFi ) in eachgroupwereinjected(i.p.) with I mCiof high specificactivity
3H-thymidine(65 CIi/mM) 24 hoursbefore

cell preparation.The marrowplug wasremovedby gentleaspiration;the remaininghollow femur shaftwasground,filtered andappropriately
diluted for injection.

areexpressedasthemeanandthe95%confidencelimits.
cMicewereexposedto 80 cGyof fission spectrumneutronsgiven asasingledose(in 20 mm.)at113 daysof age.
Theseresultswereoriginally documentedas follows andasin Table3: EJ. Ainsworth andM.P. O’Malley. Propertiesofcolony-formingunits-
studiesin progress.ArgonneNationalLaboratory,Division of BiologicalandMedicalResearchAnnualReport.1971 (ANL-7770).pp. 34—36.
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controls. In contrast, in the small “residual” compartment,the fraction of CFU-S in cycle increasedby
approximately2-fold. It shouldalso benotedthat thesecomparativelylow totalneutrondoses,given in eithera
single or in multiple fractions,produceda significant decreasein the size of the “residual” and “aspirated”
compartmentsincomparisonwith agedcontrols. Samplingerrorsmay beasignificantfactorin relationto the data
presentedin Table4, sincethe resultsare basedon pooled“donor” groupsof 3-5 animals. Nevertheless,the
resultsareof considerableinterest,andexperimentsof this natureshouldberepeatedandextendedtolower single
and protracteddoses. When theseexperimentsweredone,measurementswere alsomadeof peripheralblood
CFU-S; in comparisonwith agedcontrols,nodecreaseinblood CFU-Scontentwasdetectedin aged-irradiated
animals.*l

Late Alterations in 1mmuno-Hemato~oieticResponsiveness

Late effectson immunologicalcompetencewere detectedbasedon a reducedmeansurvival time following
injection (challenge)withasyngenicleukemiacell line (Table5). Cell-mediatedimmunityshowedsignificant late
alterationsin neutron-andy-irradiatedmice,and an increasedsusceptibilityto bacterialinfection was also
observed(20,24). Studieson hostdefensemechanismsshouldbeextendedto low doseswith emphasison late
effectsof long termexposure.

Changesin CFU-S contentafter injection of typhoidvaccineshoweda diminishedresponsivenessin irradiated
mice (Tables6 and 7). Even whenno deficiency in CFIJ-S content was observed,the spleenand/orfemur
responseto vaccinewasdifferent thanin aged-irradiationsurvivors. Theobservationthat agreaterreductionof
CFIJ-S contentwasproducedby fractionatedneutronor gammadoses,comparedwith a singledose,shouldbe
confirmed. Alteredresponsivenessand/ordisregulationpersistsasalate form ofradiationinjury.

Life-ShorteningEffects of Heavy ChargedParticles or Photons

Varioustissuesare at risk for radiationcarcinogenesis.At low doses,life-shorteningis thoughttorepresentthe
compositeof radiation-inducedneoplasticdisease.Figure6 presentsresultsfrom a recentanalysisof our life-
shorteningdata. Gammarays,highenergysilicon andiron particlesarecomparedwith ourpreviousresults for
fission-spectrumneutrons(25,26). Weightedlinearregressionswerefitted to the results. Theslopesof the dose-
responsecurvesfor fission neutronsandsiliconparticleswerequitedifferent. Theslopeof the?—radiationcurve
was similar to thatfor silicon particles.Only 3 doseswereusedfor highenergyiron particles,andat onlyone,
160 cGy, wastherelife-shortening. While fissionneutronsandhighenergysilicon particlesare characterizedby
similardose-averagedLET values,namelyabout70—80 keV/j.tm, the RBE for silicon particlescomparedwith
gammarays, at 50 daysof life shortening,is about4. The valuefor fission neutronsis about 10. Thesilicon
curvecouldhavetwo components;namely,ahighinitial slope,atdoseslower than 50cOy, followed by amore
shallow slopeat higherdoses.Curvesof this generalnaturehavebeendescribedpreviouslyfor severalendpoints
including tumorigenesis,chromosomalabberations,and inductionof cataracts(6,27). Theimplicationsof the
apparenthighinitial slopefor siliconwith respecttosparingeffectsor enhancementof damageresultingfrom low
doses,andfor that matter,radioprotection(28), isopento speculation.

TABLES. Susceptibilityto TransmissibleLeukemia: EffectsofAge andPrior Irradiation

AgedControls IrradiatedSuvivors
ChallengeCell ________________________________ _____________________________

Dose Age(Days) Deadfrotal MST
5 Age(Days) Dead/Total MST5

16x 106 128 20/20 79(55-105) — — —

310 20/21
62b 300C 37/37 23(15.31)

117 6,29 87b — —

243 17/29 63b 24SC 39/39 19(7—31)
9x10

6 313 26/30
39b — —

621 25/25 25(11—39) — — —

a~f~suvival timeand95%confidencelimits following i.p. injection.
blncompletebecausemiceremainedalive whenthe original reportwaswritten.
c288neutronor 741 gammamdat 110-120days.
Theseresultswereoriginally documentedasfollows: EJ. Ainsworth,M.P. OMalley,T.N. Tahmisian,RJ.M.Fry, M.M.
Miller, E.M. Cooke,andP.C.Brennan.ArgonneNationalLaboratory,Division of BiologicalandMedicalResearchAnnual
Report1971 (ANL-7870) pp. 32—34 andEJ. Ainsworth,P.C.Brennan,RJ.M.Fry, A.V. Carrano,andW.T. Kickels. Argonne
NationalLaboratory,Division of BiologicalandMedicalResearchAnnualReport1973 (ANL 8070)pp. 15—17.

*ILate effectsof radiationon thehematopoicticstemcell compartment.D.A. Crouse,EJ. Ainsworth,J.S.Hulesch,M. Miller, and
EM. Cooke. Radjat.Res.74: 467 (1978).
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TABLE 6. CR3-SContentafter0.1 ml TyphoidVaccineInjectionin IrradiatedSurvivorsand AgedControlsat260—270 DaysAfter (Sham)Irradiation.

CPU-SCount in FemurandSpleen
5

AgedControls Neutron Gamma
Daysafter
Injection Femur Spleen Femur Spleen Femur Spleen

0 6100 1600 8225 1160 5571 1400

(5111—7088) (1235—1965) (7020—9429) (954—1366) (4318—6825) (1132—1668)
7607 2500 7600 2683 7933 2233

(6135—9080) (2059—2941) (6101—9099) (20037—3330) (6606—9261) (1741—2726)
3 10033 11500 6392 3446 14781 6901

(8529—11573) (9856-13144) (4638—8147) (2788—4105) (12800—16763) (5635—8198)
5 6803 6546 7640 4173 5525 5640

(5832—7725) (5778—7316) (6513—8768) (3641-4752) (4524—6526) (4940—6340)

7 3500 1653 3429 1771 2800 1280

(23368—4632) (1246-2060) (2545-4312) (1317—2226) (2148—3452) (816—1744)

aMaleB
6CF1 micereceivedasingledoseof96 neutronor247gammacOy in 20 minutesat 110-120daysof age. Groupsof 3—5 vaccine-injected(i.p.)

miceweresacrificed,femursorspleenswerepooledandinjectedinto 15—20 recipents. Colonieswere countedat 8 days. Femursweregroundto prepare
cell suspensions.t’Dataareexpressedasthemeanand95%confidencelimits.
Theseresultswereoriginally documentedasfollows: EJ.Ainsworth, M. Miller, E.M. Cooke,J.S.Hulesch,andW.T. Kickels. Hematopoieticinjury
andrecovery. ArgonneNationalLaboratory,Division of Biological andMedical ResearchAnnual Report1973 (ANL 8070)pp. 13—15. Also. EJ.
Ainsworth,E.M. Cooke,D.L. Jordan,J.S.Hulesch,W.T. Kickels,andM. Miller. Earthandlate injury to the hematopoieticsystem: Influenceof dose
rate anddosefractionation. ArgonneNationalLaboratony,Division ofBiological and MedicalResearchAnnualReport1974(ANL 7530)pp.50—55.

DISCUSSION

Radiationhazardsrelatedtospacestationanddeepspacemissionsinvolvemixed radiationfieldsat low doserates
over longperiodsof time. In deepspace,infrequentSPE’s contributedosesat higherratesover 8—48 hours.
Presentedhere are resultson short-or long-termfractionationprotocolswith low-LET photonsor high- LET
neutronsor chargedparticlesto illustratehoworganizedtissuesrespondtoprotractedlow doses.

Thehematopoieticsystemhasbeenusedasamodelfor thestudyof both earlyandlateeffectsof low doses.The
advantageof this systemis that CFU-S inactivation,populationsize, fraction of cells in DNA synthesis,
repopulationkinetics,anddifferentiatedendcells canbequantitated. Resultsobtainedwith the hematopoietic
systemdonotnecessarilyreflecteffectson otherproliferativetissuesquantitatively,buta significantdegreeof
concordancebetweentissueswould beexpected.

The doseequivalentto the bonemarrowon a3-yearmission to Mars has beenestimatedatabout 1 Sv. This
estimatedoesnotincludeexposurestoSPEs. It is of interestthat low daily dosesof photonsor neutronsproduce
sustainedandsignificantreductionsinmousemarrow CFU-Scontent.Carsten~a1.reportedthat daily dosesof
0.7 cOy fromeithertritiateddrinldngwater(3~.tCi/ml)or 137Cs7 raysproduceda 20%depressionof CFU-Safter
11 weeksandatotalof about55 cOy (29). Thereafter,theCFU-Slevel remainedbetween60—80% of the age
controlsthroughout80 weeksof radiationexposure.Cronkite~xi1.havestudiedvariousdosesandfractionation
scheduleswith 250 kVp X-raysandreporteda significantdepressionof femurCFU-S whendosesof 1.25cGy
weregivenon alterntivedays for a total of 31 cOy (30). Wertsreportedadeclinein murinebloodplateletsby
nearly30%whena totaldoseof between45—60cOy wasaccumulatedduring the courseof twice weeklyX-ray
dosesof 15 cOy separatedby 2 days (31). With increasingdoses,theplateletcountstendedto plateau,and
following cessationof irradiation,therewassomeincreaseincounts,butthey remainbelowvaluesobservedin

TABLE 7. CFU-SContentAfter 0.1 mlTyphoidVaccineInjectionin IrradiatedSuvivorsand Aged Controlsat 350-360DaysAfter (Sham)Irradiation1

Daysafter AgedControls Neutron Gamma
Injection Femur Spleen Femur Spleen Femur Spleen

0 7071(5934—8208) 2900(2332—3468) 4500(

32Ol_5799)b 3853(3330-4437) 4692(3493..5597)b 1468 (1222_17l4)b
1 5l79(4049—6308)c 2383(1840—2927) 5700(4485—6915) 2300(1877—2723) 4167(3901—5243) 2288 (1792—2785)
2 5066(3655—6478) 5600(4668-6532) 3653(2778—4529) 38l3(32239_4368)b 3666(2187—5146) 4615(3349—5882)
3 6143(4745—7541) 5627(4468—6785) 3700(2871—4529) 6213 (S003—7426) 2167(14)7...2897)b 3200(4132-6268)
4 5333(4382—6285) 5464(4141—6787) 2733(2089—3377) 450~(3740-5850) 3153 (2389-39l8)b 4420(3729—5110)
5 4321 (3163—5479) 4343 (3549—5137) 3071(2153—3990) 4027(3213—4840) 2808(2013—3603) 2400(1610—3190)

amefractionatedirradiationscheduleconsistedof9 dosesof 10.7neutroncGyor27.4gammacGy administeredover 3 weeks.Thedoserateswere0.6and1.5cGy/min
for neutronandgammairradiation,respectively.Total doseswere96 neutronand247 gammacOy. The first radiationfraction wasadministeredto male B6CF1 miceat
110-120daysof age.Groupsof 3—5 vaccine-injected(i.p.)miceweresacrificed,femursorspleenwerepooledandinjectedinto 15—20 recipenrs. Colonieswerecountedat
8 days.
bsignificandydifferent fromagedcontrols; themicewere460-470daysofagewhcn sacrificed.

nrcexpressedanthemean and95% confidencelimits.
Theseresultswereoriginally documentedasin Table6.
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Fig. 6. Life shorteningin C3
6F1 malemice exposedto a singledoseof gammarays, iron (600 MeV/A) or silicon (320 MeV/A)

particlescomparedwith life shorteningin B6CF1 malemicegivenasingledoseof fission-spectrumneutronsfrom theJANUSreactor
(seereference25). Age at irradiationwasabout110—120daysfor neutronsand90—150 daysfor particlesor gammarays. Samplesizes
werefrom about600-850for controls, 120—240for neutrons,and40—120 for heavychargedparticles. Doseratesfor neutronswere
exposuretime dependent(about20 mm) about50 cOy/mm for gammarays andrangedfrom about50 to severalhundredcOy/mm for
iron or silicon particles. Days lost indicatesthedifferencein meansurvival time betweenirradiatedandunirradiatedgroups. See
reference8 and 18. Thefittedlines areweightedlinear regressions.TheextrapolatedY interceptvalueswereabout35 dayslost for
neutronsandsilicon particlesandareconsistentwith a high initial slopeat low doses. The interceptvalueof minus20 daysfor
gammarays is consistentwith a low initial slope.

agedcontrols for 6 weeks. A singleX-ray doseof 30 cOyproduceda 20%declinein bloodplateletsat day 11,
andafter asingledoseof 30 cOy, thefemurCFU-Scontentwasdecreasedby about35%. However,singleor
fractionateddosesof this magnitudeproducedno significanteffectson circulatingleukocytecounts(31). These
resultson plateletsandleukocytesaresimilar to thosewe obtainedwith 72 fractionsof 3.3 neutron cOy,
protractedover24 weeks(Figure5). At thehigh total neutrondoseof 240 cGy,femurandspleenCFU-Scontent
remaineddepressedat approximately50%of the control level. Therewasapersistentthrombocytopenia,but
circulating leukocytecountswerenot depressed.Cronkite~j. havealso presentedevidencefor incomplete
repopulationaftermuchlowerdoses(30). It is clearthatsignificanteffectson CFU-Sandplateletsareproduced
by comparativelylow dosesordosefractionsof ionizingradiations.

The sustaineddepressionof CFU-S producedby low-fractionateddosesof y— or neutron-radiationwas
unexpectedandappearstodiffer fromthesituationat 300—350daysfollowing asingledose(18,32). Recoveryto
nearnormallevelsoccurredbetween90 and250 days,but therewasasubsequentdeclineby 300-350daysto a
similar level of thefemurCFU-S thatwasobservedat 1 yearaftera singleor fractionateddoseof 240neutron
cOy (18). Resultspresentedhereindicatethat the fraction of CFU-S in cyclewasincreasedin bothaged-and
aged-irradiatedmice,indicating acompensatoryadjustmentwherebyfemurcellularity andthepopulationsizeof
someendcells aremaintainedat normallevels. Cronkite ~j1. andHendryand Lord havemadea similar
observation(30,32). Themechanismwherebyradiationdamageresultsin asustainedalterationin hematopoietic
regulationinfluencingthe numberof cells in DNA synthesisis asubjectof considerableinterest. Proliferative
statemight influencesusceptibilityto orexpressionof hematopoieticneoplasias.We previouslyreportedthatafter
single hind legirradiation,the CFU-S contentwasdecreasedin both femurs, andthefractionof cells in DNA
synthesiswas increasedlate in life in both the irradiatedandnon-irradiatedfemur;

52’3thus, the regulatory
processisnotonly local(33).

Unexpecteddose-rateeffectswereobservedwhenfractionatedneutronorgammadoseswereadministeredover
17 daysat 2 differentdoserates. Decreaseddoserateresultedin ahigherfemurCFU-Scontentfor bothfission-
spectrumneutronsand7 rays. Elsewhere,we reporteda smallbut reproducibleeffectof fissionneutrondose
rate/exposuretimeonLD 50/30andhematopoieticrecovery,butno effecton CFU-Sinactivation(15). Oriffin
andHornseyhavealsoreportedaneutrondose-rateeffectonjejunalcrypt survival(34).

*2Responseofmousemarrowcolony-formingunits (CFU.S)to heavychargedparticles. EJ. Ainsworth,L.J. MahlmannandS.C.

Prioleau. LawrenceBerkeleyLaboratory.BiologyandMedicineDivision (1981—1982)AnnualReport(LBL-14986UC-48),p. 68—72,
April 1983.*~Lateeffectsof radiationon thehematopoieticsystem. E.J.Ainsworth.U. Mahlmann,andS.C.Prioleau.LawrenceBerkeley

Laboratory,Biology andMedicineDivision (1982—1983)Annual Report(LBL-16840UC-48), pp. 65—67,April 1984.
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A significant sparing effect of either fission neutronor 7-dosefractionation on CFU-S depressionand
repopulationwas observedduring thefirst 8 days following irradiation (Figures2 and 3). Interestingly,the
decreasedeffectin animalsthat receivedfractionatedneutronor7 exposureswasnotsustained,andtheexpected
earlieroverall return to normal levels did not occur. What this meansconcerningregulationof CFU-S
repopulationis opento speculation.

Theresultsfromthesplit-doselethality studyindicatethat repair/recoveryin thehematopoieticsystemwasless
completebetweenneutronfractionsthanbetween7 fractions,resultingin afargreaterinjury accumulation.Those
resultsalsoshow that femurCFU-S contentis nota meaningfulpredictorof the animal’sradiationsensitivity
undercircumstanceswherethemarrowhasbeenperturbedby prior irradiation,asreportedpreviously(22). In
contrast,in unperturbed(normal)marrow,CFU-ScontentandsurvivalpredictedLD50130 inmice treatedwith an
aminothiol protectant,butnotwith endotoxin(35).

Thespaceradiationhazardissuehastwo main facets;namelythe risk of acuteaffects,suchasthe prodromal
syndrome,performancedecrement(36,37),skin injury, andpossiblyevenlethality dueto anunexpectedlylarge
solar particleevent(SPE),and the risk of significant late or chronicaffectscancer,mutationandcataracts.
Combinationsof radioprotectivedrugsmayhavetobeused,andin the eventof anSPE,astormcellarwith extra
shielding will be important. An estimateof ahypotheticalworst caseSPEwasthat thedoseratewould be94
rem/hourwith no shieldingand22 rem/hourwith 30cmaluminumshielding(5). Protectionfromradiationduring
an SPEmustbesustainedover12—48 hours. Thisposesachallenge.Thereis informationon chemicalprotection
againstacuteradiationexposureslastingafew minutes,but thereis little ornoinformation onprotectionagainst
longerexposures.A relevantstudyhasbeenreportedby Travis~ wheretheprotectionfactorfor WR2721
wasmeasuredfor CFU-Ssurvivaland30-daylethalitywhen200 mg/Kg wasadministeredbeforea singledoseor
after4 fractionsof photonsgiven at 6 hourintervals(38). Theprotectionfactor(PF) decreasedfrom 1.8 to 1.3
for 30-daylethality andfrom 2.3 to 1.3 for CFU-S survival. The basis for the reducedeffectivenesswith
fractionationis not clear,butin earliersplit-dosestudies,micetreatedwith AET beforeaconditioningdoseshows
ahigherthanexpectedradiationsensitivity to subsequentchallengedoses(39). It wasasif thedrugeitherdid not
protectthe“recoverysystem”to theextentexpected,or thedrugsomehowinterferedwith recoveryprocesses.

We haverecentlyexploredtheability ofWR-2721 to protectmousemarrowCFU-Sagainstdamageproducedby
variousheavychargedparticles(40). Becauseof interestin the potentialmechanismof action,prostaglandin
compoundswerestudiedaloneandin combinationwith WR-2721using7rays(41—43). Theresultsshowedthat
WR-2721aloneprotectedeffectivelyagainst7raysandagainstneonandsilicon particles,characterizedby LETs
of about35 and50 keV/I.Lm whereprotectionfactorswere 2.1 and 2.3, respectively. A small but significant
degreeof protection (1.2) wasaffordedagainstargonparticles at 130 keV/l.tm. A receptor-sitespecific
prostaglandincompound,misprostol,providedasmalldegreeof protection(PF 1.2)againstboth7raysandneon
particles(25 keVfl.tm). Misprostolgiven2 hoursbeforeirradiationproducedaprotectiveeffectin additionto that
producedby 300 mg/Kg of WR2721given30 minutesbeforeradiation; this additional effectwasrelatedto an
increasein the apparentextrapolationnumber,ratherthanachangein theslopeof theCFU-Ssurvivalcurve.*

4 It
would seemparticularlyimportantto assessprostaglandinprotectionat low radiationdosesandat low doserates.
Hanson(unpublisheddata)hasobservedupregulationof receptorsites andaugmentedprotectionof intestinal
microcolonieswhenadifferentsyntheticprostaglandincompoundwasgivenbefore3radiationfractionsseparated
by 8 hrs.

Whereahigh totaldosein incurredasaconsequenceof protractedlow-LET irradiationfromanSPEis theissue,
onemight speculatethat combinedtreatmentinvolving agentsthatwork by different mechanismswill bethe
strategyof choice(2). Maisin showedcombinationsof drugswith acceptabletoxicity werequite effective for
protectionagainstboth early andlateeffectsin mice(44). Otheragentssuchasprostaglandincompoundand
perhapsan immunomodulatorand/orcytokinesmight be usedin additionto somerelatively non-toxicfuture
aminothiol(45). There is a needto developanexperimentalprotocol,wherebythe radioprotectiveeffectsof
variousagentsorcombinationscanbeassessedquantitativelyundercircumstanceswherethe radiationdosesare
sustainedoveraperiodof 12-48hours. Followingcompletionof rodentstudies,it would seemprudenttoextend
theexperimentsusinglargeranimals(45).

Conklin andHagan havespeculatedthat long-termeffectssuchas cancerandlife- shorteningarethe most
importantfacetsfor spaceradioprotection(I). Considerableinformationexistsconsideringcarcinogeniceffectsof
low-LETphotons,but informationisonlynow emergingconcerningthecarcinogeniceffect in vivo of theheavy
chargedparticlecomponentof the spaceradiationdose(7,8). Life-shorteningresultspresentedherecompare
fissionneutronswith siliconandiron particles. Thedose-responsecurvefor siliconparticlesappearsconsistof a
high initial slope,andat higherdoses,alowerslopesimilar to thatobservedin y-irradiatedammals.Theresponse
to ironparticles,on theotherhand,doesnot showsuchahighintial slope. Onemightspeculatethat if theinitial
slopefor silicon andfor someotherparticlesis high, due to directratherthanindirectdamagemechanisms,it
wouldbe relatively difficult to useaminothiol-typeproteccantsto reducetheradiationdamagethatcouldultimately
resultin cancerafter low dosesat low doserates. Anotherimportantquestionconcerningthecarcinogenicand
otherlateeffectsof the heavychargedparticlesis theextentto whichdoseprotraction,or singleparticleevents
distributedover time, will producesparing effects, no sparing effects, or an enhancementas has been
demonstratedwith neutronsat20 cOyandabove(18,20,25,46—49).The thresholddoseor numberof particles
necessaryfor enhancementis not clear.

14CFU-Ssurvival in mice treatedwith a syntheticprostaglandinE
1 aloneor in combinationwith WR-2721. E.J. Ainsworth,S.MJ.

Afzal, andW.R. Hanson,presentedat theRadiationResearchSocietyMeeting,Philadelphia,PA, April 1988.
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Also, the LET or chargedependenceof enhancementor sparingis not yet knownfor chargedparticlesin vivo.
Life-shorteningresultswith particlesindicateasignificantsparingeffect with 24 weekly dosesof high energy
neonions (about30 keV/I.tm), but the resultsfor stoppingcarbonions (about80 keV/~im)over24 weeksare
equivocal(8). However,murinecataractogenesiswasenhancedby 24 weeklydosesof stoppingcarbonparticle
fractions,andrecentdataindicateenhancementof rat cataractswith high energyargon particleswhen4fractions
were given over 12 hours(8,50). The enhancementphenomenonwasfirst notedby SearleandPhillips for
neutronmutagenesisin mice(51) andsubsequentlyfor life-shorteningandappearanceof somemurine tumors
(18—20,47). The in vivo resultswere subsequentlyconfirmedandextendedusing in vitro transformation
systems(52—54). Enhancementof damageby fractionatedneutrondoseshasalso beenobservedfor
chromosomaltranslocationsin spermatogenia(55), damageto the immunesystem(20) andto thevasculature
(21).

Thefluenceof high-LET heavychargedparticlesin deepspacewill be low, andthe doserate will be high.
Becauseof thelow fluence,damageinteractionsbetweenhigh-andlow-LET radiationeventsarenot expectedto
be of significance. The doseor numberof particlesnecessaryto triggercells into proliferationshould be
determined(33,56). Alterationsin theproliferative statusof tissuesproducedby radiation,stress,microgravity,
or acombinationof thesefactorscould influencesusceptibility to subsequentirradiationor to expressionof
neoplasticor non-neoplasticdamage. Effective chemicalprotectionagainstthe acuteeffectsof high-LET
radiationsin vivo havebeenreported(40,57,58). Protectionagainsttumorigenesisis of greatinterest(59).
Maisin ~ havedemonstratedprojectionagainstlong-termeffectsof photons(44,60). Chemicalprotection
againstphoton inducedcarcinogenesishasbeenreportedby Milas usingWR-l065 and by Wertsusing super—
oxide dismutase(61,62). An experimentis in progressat ArgonneNationalLaboratorywith WR2721 to
determinetheextentto which this animothiolcompoundwill protectagainstlife-shorteningandtumorigenesis
after irradiation with fission neutronsor 7rays(63). Innovativecombinedstrategieswill beneededto protect
againstthecarcinogenicandotherlateeffectsassociatedwith low dosesof low- andhigh-LETirradiationthatwifi
beencounteredduringventuresto deepspace(8).
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