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ABSTRACT

Early and late murine tissue responses to single or fractionated low doses of heavy charged paiticles, fission-
spectrum neutrons or gamma rays are considered. Damage to the hernatopoietic system is emphasized, but results
on acute letkality, host response to challenge with transplanted leukemia cells and life-shortening are presented.
Low dose rates per fraction were used in some neutron experiments. Split-dose lethality studies (LD 50/30) with
fission neutrons indicated greater accumulation of injury during a 9 fraction course (over 17 days) than was the
case for y-radiation. When total doses of 96 or 247 cGy of neutrons or yrays were given as a single dose or in 9
fractions, a significant sparing effect on femur CFU-S depression was observed for both radiation qualities during
the first 11 days, but there was not an earlier return to normal with dose fractionation. During the 9 fraction
sequence, a significant sparing effect of low dose rate on CFU-S depression was observed in both neutron and y-
irradiated mice. CFU-S content at the end of the fractionation sequence did not correlate with measured LD 50/30.
Sustained depression of femur and spleen CFU-S and a significant thrombocytopenia were observed when a total
neutron dose of 240 cGy was given in 72 fractions over 24 weeks at low dose rates. The temporal aspects of
CFU-S repopulation were different after a single versus fractionated neutron doses. The sustained reduction in
the size of the CFU-S population was accompanied by an increase in the fraction in DNA synthesis. The
prliferation characteristics and effects of age were different for radial CFU-S population closely associated with,
bone, compared with the axiul population that can be readily aspirated from the femur. In aged irradiated animals,
the CFU-§ proliferation/redistribution response to tvphoid vaccine showed both an age and radiation effect. After
high single doses of neutrons or ¥ rays, a significant age- and radiation-related deficiency in host defense
mechanisms was detected by a shorter mean survival time following challenge with transplantable leukemia cells.
Comparison of dose-response curves for life shortening after irradiation with fission-spectrum neutrons or high
energy silicon particles indicated high initial slopes for both radiation qualities at low doses, but for higher doses
of silicon, t'P}t': effect per Gy decreased to a value similar to that for y rays. The two component life-shortening
curve for silicon particles has implications for the potential efficacy of radioprotectants. Recent studies on
protection against early and late effects by aminothiols, prostaglandins, and other compounds are discussed.
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INTRODUCTION o

The number of humans exposed to space radiations is expected to increase over the next several decades. Ionizing )
radiation is but one of the potential hazards in space. Interactions between radiation effects, microgravity, and ™
physiological altc;aqons resulting from stress must be considered. Several excellent recent reviews have dealt -0
with the space radxauo_n cr_wi;-‘qnmcm. potential human hazards, and various radioprotective strategies (1,2).. The \

purpose of this contribution is to focus on some tissue responses to fractionated doses of high-or low-LET
radiations. Responses of the hematopoietic system are emphasized, and low dose rates were used in.figsion 4
tron, es. Many of the data presented here have been presented at meetings, but are‘documents
ports. The purpose is to make these resu ble to scientists interes "
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bone, compared with the axial population that can be readily aspirated from the femur. In aged uradiated inimals,
the CFU-S priiferation/redistribution response to typhoid vaccine showed both an age and radiation effect. After
high single doses of neutrons or ¥ rays, a significant age- and radiation-related deficiency in host chcnse
mechanisms was detected by a shorter mean survival time following challenge twith transplantable leukemia cells.
Comparison of dose-response curvas for life shortening after irradiation with fission-spectrum neutrons or high
energy silicon particles indicated high initial slopes for both radiation qualities at low doses, but for higher doses
of silicon, the effect per Gy decreased to a value similar to that for ¥ rays. The two component life-shortening
curve for silicon particles has implications for the potential efficacy of radioprotectants. Recent studies on
protection against early and late effects by aminothiols, prostaglandins, ard other compounds are discussed.

INTRODUCTION

The number of humans exposed to space radiations is expected to increase over the next several decades. lonizing
radiation is but one of the potential hazards in space. Interactions between radiation effects, microgravity, and
physiological alterations resulting from stress must be considered. Several excellent recent reviews have dealt
with the space radiation environment, potential human hazards, and various radioprotective strategies (1,2). The
purpose of this contribution is to focus on some tissue responses to fractionated doses of high-or low-LET
radiations. Responses of the hematopoietic system are emphasized, and low dose rates were used in fission
neutron studies. Many of the data presented here have been presented at meetings, but are documented only in

laboratory reports. The purpose is to make these results available to scientists interested in dose rate and dose
fractionation 1ssues relevant to space radiation hazards and radiation protection.

Acute effects and late occurning cancers are the principle space radiation problems. Acute effects will result from
high doses of largely low LET radiations from a solar particle event (SPE) during a deep space mission, SPEs
vary, but most of the dose sufficient to produce significant acute effects is experienced over 12-48 hrs. at a

variable dose rate. The principle tissues known now to be at risk for acute effects are skin, intestine and marrow.

The sensitivity of the central nervous system to acute effects from heavy particles sustained over many hours or

days is unknown. An excess risk of cancer and other late sffects will result from low-or high-LET radiations
cx}{)erienccd in either low earth orbit or in deep space, In addition to an excess cancer riek from an iPE. dsc;:‘
space exploration entails exposure to a mixture of low- and high-LET radiation over moml_u.ior ?::!i :‘ﬁ: sc-,t lfat
years. The relatively low frequency of heavy charged particle events during a decp space mission
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~the probability of multiple traversals is small, even when a cascade of primary particle fragments results from
interactions with spacecraft shielding or tissues (3). Depending on the charges and velocities, the fragments may
be more or less carcinogenic than the primary particles. Animal studies on carcinogenesis havc been conducted
with low-LET radiations and fission-spectrum-neutrons (6), but there is a dearth of information on heavy charged
particles (7,8). Most of what is known about non-neoplastic late tissue responses comes from high dose studies
in support of radiotherapy (9). Information on late tissue responses, after low doses and dose rates of photon
rad ation, comes from studies on the hematopoietic system in rodents and canines (10-13). More effort should be
devoted to studies on late non-neoplastic tissue responses after low doses. Homeostasis and control systems that
regulate tissue proliferation are difficult to study in vitro, so additional animal studies at low doses are required.

METHODS AND FACILITIES

Some data presented here have been documented in various reports where details on methodology may be
obtained. Also, the methads and facilities used have been described in detail (14—-16). Several data concern
fission-spectrum neutrons from the JANUS reactor facility at the Argonne National Laboratory. That facility,
dosimetry, and procedures for hematological studies have been described (14,17). The BEVALAC Accelerator
and procedures have also bzen described (7.8,16). Refcrences to reports and sample sizes are specified as
footnotes in tables or in figure legends.

The dose fractionation and dose rate studies with fission neutrons and y rays were conducted as part of the
JANUS program during the 1970s (17-21). Carcinogenesis and life shortening were primary goals, but many
fundamental cellular radiobiological studies were conducted in vivo to increase understanding of cellular and
tissue responses to the dose rate and fractionation paradigms used in the life span study.

RESULTS

Acute Effects: Exposure Ti | Dose Fractionati

An experiment was conducted to evaluate the effects of exposure time or dose rate per dose fraction on
hematopoietic and intestinal injury produced by fission-spectrum neutrons or yrays. Table 1 summarizes results

TABLE 1. Split-dose LDy, in male B,CF, mice. Dose rates were 17 and 48 cGy/min for neutron and gamma
radiation, respectively.

Radiationd Group L.Dspn/30, cGy Net injury, cGy % of toul fractionated dose
Neutron (total Static controls 379 — _
fracuonated dose {368-391)
288 cGy)
15 min sham controls 390 — —
(377-402)
Y 13-min exposures 235 149D 52
(191-199)
9 240-min exposures 240 144b 50
(215-266)
Gamma (Total Static controls 955 — —
fractionated dose (934-975)
770 cGy)
240-min sham controls 976 — —_
(939-1015)
9 15-min exposurcs — -

9 240-min exposures 840 1254 16
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fracionaed dose (368-391)
288 cGy)
15 min sham controls 390 — —
(377402)
9 15-min cxposures 238 149b 52
(191-199)
9 240-m1n exposurcs 280 144b 50
{215-266)
Gamma (Total Stauc controls 955 — —
fractionaied dose (934-975)
779 cGy)
240-min sham controls 976 —

(939-1015)
9 15-min exposures - <

9 240-min exposures 840 1254 16

3The factors used o convert from exposure to midhine tissue ¢Gy were 0.8 and 0.96 for neutron and gamma rays, respectively.

The 95% confidence limits are shown in parcnthescs.

bSiatic and sham control LDsyy30 values do not differ sigmiticantly, so the pooled value of 384 cGy was used to compute net

injury, viz., 384-235 = 149,

The LDsp/30 experiment was inconclusive; a minimum cstimate is 750 ¢Gy, with residual injury of 215 cGy or 28% of the

fracuonaled dose. A maximum estimate is ~300 cGy with residual injury of 65 ¢Gy or 8% of the 1otal fractionated dose.
dSince no significant difference was detected in LD5g/30 for sham and static controls, a pooled value of 965 cGy was used,

viz,, 965-840 = 125.

The original documentation of these data was: EJ. Ainsworth, RJ.M. Fry, ES. Williamson, W E, Kisieleski, D.1. Jordan,
M.P. O'Malley, M. Miller, EM. Cooke, A. Sallese, and P.C. Brennan. Relative Biological Effectiveness of Neutrons from
the JANUS Reactor. Argonne National Laboratory Division of Biological and Medical Research Annual Report, 1971 (ANL-
1870), p. 1926.
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from a split-dose lethality study where mice were given 9 fractions over 17 days and chalicaged 2 days later ata
. high dose rate. This method measured “unrecovered injury,” presumably primarily in the hematopoietic system,
at the time the graded single challenge doses were given. Fractionated neutron doses of 32 cGy and fractionated
doses of 86 cGy were given in either 15 or 240 minutes. The selection of fractionated doses was based upon the
RBE of 2.1 measured for survival of marrow CFU-S after brief exposures. The value of 2.1 was based on
neutron exposure expressed at that time in kerma (rad), compared with nudline ussue dose for gamma ravs. In
terms of midline tissue dose for both radiations, the RBE was 2.6, Table 1 shows the LD 50/30's measured for
groups of approximately 100-150 “control” mice that were either sham irradiated 9 times or remained unhandled in
a mouse room. Also shown are the LD 50/30's for mice that had received fracuonated doses. The effects of yray
exposure time/fraction could not be assessed, because the amount of recovery expected for 9-15 minute exposures
was overestimated, and graded mortality was not produced by the challenge doses selected. The results show: (1)
no effect of neutron exposure time on the injury detecied, (2) of the order of 50% of the neuwon injury remained at
the end of the fractionation sequence, and (3) about 8-28% of the vy injury remained. This indicates that under
conditions of fractionated exposure, the neutron RBE was greater than 2.6, probably due to less repair and
recovery during and after fission neutron irradiation.

Table 2 (first column) shows the femur CFU-S content in animals sacrificed at 2 days after the third, sixth, or
ninth fraction of neutron or y-radiation. The results show a dose-dependent decrease in CFU-S content in ull
irradiated groups and a statistically signmiticant effect of exposure nme for both neutrons and yrays at some times.
When the neutron dose rote was decreased 1o-fold from 2.1 1o 0.14 ¢Gyv/min., there was no effect on CFU-S
content after 96 cGy huad been accumulated, but after the 2 higher doses, the CFU-S content was significantly
higher at the lower dose rate. In yiradated animals, no significant difference was observed after 510 ¢Gy, but
after 255-770 ¢Gy, decreasing the dose rate from 5.7 to 0.36 cGy/min. resulted 1n a higher CFU-S content. 1t
should be noted that CFU-S content did not correlate with radiosensitivity of the mouse as determined by the split-
dose technique. For examgic, the femur CFU-S content was zbout 2-fold greater in neutron irradiated animals at
the low dose rate, but the LD 50/30’s values differed by only 5 cGy. li has been reported previously that CFU-S
content did not correlate with split-dose radiosensitivity (22).

Results on peripheral blood leukocyte counts from the same animals are shown in Table 2 (second column). The
counts were also largely dose-dependent, but due to the small sample sizes and high variability, no significant
differences related to dose rate were detected.

Results of tritiated thymidine incorporation in intestinal jcjun'%l segments are present in Table 2 (third column).
These results show no dose-dependent decrease in uptake of JHTdr, but rather, increased incorporation which
suggests a compensatory proliferation in response to radiation injury.

Effect of Neutron- or -Dyse Fractiongtion on Femur CFU-S Repopulation

The objective was to evaluate CFU-S depression and repopulation after single or fractionated doses of fission
neutrons, heavy charged particles or photons. Figure 1 shows results of the initial study on 9 neutron or y
i

TABLE 2 Effect of Fracuorated Fission Seutrons or %Co Gamma Exmarunes, ot Two Dose Rates, on Femur CFU-S Content, Totl Leukocytes in Brachial Ariery

Blood and Tntated Thymude Incorporation in the Jejunum in BoCFy Male Mice Samples Were Taken About 48 Hrs Alter 3.6 or 9 Dows of Neutron or Gamma
Radiation "

Newron W Gy ~Newvon 192 ¢Gy Neutron 288 ¢Gy
Ganma 25% Gy Giamnia 510 ¢Gy Gamma 770 ¢Gy
Leukinytes® Leukix yley Leukocyles/
Femur mm?3 Gut femur mm? Gut Femur mm?3 Gut
Group CFL.S? X 10? YH Conens CFU-S X0 IH Conent CFU-S X 1 34 Content
Conuolst
Shammed 18 min 7021 1616 131 = 02K 7543 S4KS 177022 6778 178} 1ibt 0
. BIE1-T660)4  A01-syI0)e OT16-¥370; 137377230 (SEEG-T00Y)  (3305-4256)
Shammed 240 mun 6361 6455 1542022 7087 UK 1 RS 2 (013 8305 5239 —
. (5485-7277) (4Y88-791 1y (6141-8033)  (20BA-OAS]) (7300-9510)  (2355-8124)
Stauc 6783 5944 1612013 6143 s212 183 £03 6935 6690 160 £ 033
(5964-7602) (4D64-7825) (§246-7019) (44715453 (6003 7867) {I877-RIK T}
Neuron
1S Min 1639 1556 1792019 636 1288 298 4034 338 806 187 £ 0.19
(1305-1973) 916-2195) (496-776) (£77-1999) (275401} (697-915)
240 Mun 1788 2142 198 £ 043 1106 1383 1.76 £ 0.17 600 1214 2.10 £ 0.45
_— (1521-2056)  (1654-2630) (R6B-1344)  (634-2121) (439-761) (RBR-1539)
Gamma

15 Min 1275 2699 1.72 £ 0.16 815 1401 2.0 £ 0.42 361 1180 2.
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fresa ok euon of Gamma

[ LT.-
Newtron %6 cGy Neutron 192 cGy Neutron 288 ¢Qy <
Gamma 255 ¢cGy Gamma 510 cGy Gamma T0cGy ]
{
Leukocyies® Leukocytes/ Leukocytey / '{)
Femx mm3 Gut Femur mm? Gut Femur mm3 Gut '
Group CFU-st X108 3H Content®  CFU-S x 10} IH Conient CFU-§ X 10 3H Content
Controhy?
Shammed 15 min 7021 4816 131 = 0 28F 7543 5485 177¢022 6778 3181 1.16 £ 0.1
(6381-7060  (3201-sy30) WTI6-8370y  (3787-7231) (SERO-T0609)  (33054256)
Shammed 240 mun 6381 455 154 » 024 087 4918 184 = 03} 8105 5239 —_
(M85-7127T) (4988-3921) (0141-8033)  (Q9B4-0851) (7300-9510) 12355-8124)
Suauc 6783 594 161 2013 6143 S212 183103 6935 690 1.60 £ 0.33
(5964-7602)  (4064-7825) (5246-7039) (44735450} (6003.7807)  (897-R4K)
Neutron
15 Min 1639 1556 1.79 = 0.19 636 1288 298 + 0.34 338 806 1.87 £ 0.19
(1305-1973)  (916-2195) (H96-776)  (577-1999) (275-401) (697-915) i
230 Min 1788 2142 198 £+ 0.4} 1106 1383 176 + 0.17 600 1214 2,10+ 0.45
{1521-2056) (1654-2630) (R68-1344) (644-2121) (339-761) (RK8-1539)
Gamma
15 Min 1275 26W 1.72 £ 0.16 875 1401 210 £ 042 361 1180 2171043
WSI-1589Ty {1657-312) (577-1113) (+41-2361) (250-473) (734-1615)
230 Moin 2028 nn 100 = 048 767 1378 2121 0014 SN 1364 170 + 031
BUEEEERET RO M LS8 Y (971-178%0 (307 -X03) (B2

MCFU-S were Bunvesed by grinding the f2murs with motr and peste - Ateach swnple ume marrow {rom § donor mice was pooled, diluted as necded, snd ingected into
VS-T8 recopenty Sance appronamaicly 8 hes of Yaboratony work was required to process atl the animals at cach sionfice ume, dirnal ~anations were convolled. No

signifwant Sterence in femuw CFU-S conent was detecied 2t (030 and 1430, the values are 8952 (7S6K-10,337) and 8111 (6882-9340%, respecuvely. The acutron data
tor CFU-S have appeared elsewhere (refereme 19)
"Pooled vaiucs for the mace shammed 15 or 240 min, of satic controls were 4627 (H80-58X9), 5537 (3442-7632) and 5948 (3029-8762), respectively. The pooled
valucs for 9 control samples was 5429 (3894-7232).
Sy Cymg dry wi X 103 from 5 mice from cach group was samplcd 45 min aftcr incction of 0.5 u Cygm IHTAR (Spee. Act. 0.36 Ci/mM),

495% confidence limuts of the mean.

¢Mcan and standard deviauon.

These results were ongnally documenied as were those in Tabie 1.
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Fig. 1. Femur CFU-S repopulation in BsCF} male mice. The insct in the lower right indicates experiment number JM-1R, the
radiation quality, total exposure [for neutrons (Fnj] in kerma or R {for gamma rays ()] and the exposure rate per fraction. Conversion
from Kerma 0 midline cGy is 0.8 and from R to midline ¢cGy 0.96. Ninc dose fractions were given over 17 days (see text). Pooled
marrow from 5-10 donor mice was collected by grinding femurs, and appropriate dilutions were injected into 15-25 supralethally-
irradiated female recipents. Values plotted indicate means and 95% confidence limits. The original documentation of these data was:
Progress of JM-2 and related neutron- and gamma-radiation toxicity studiecs. E.J. Ainsworth, RJ. M, Fry, D. Grahn, F.S.
Villiamson, J.H. Rust, P.C. Brennan, A.V. Camrano, D.L. Jordan, M. Miller, K.H. Allen, M.P. Nielsen, E. Cooke, E. Staffeldt and
A Sallese. Argonne National Laboratory, Division of Biological and Medical Research Annual Report, 1972 (ANL 7970) pp. 13-27;

and EJ. Ainswonh, Effects of single or fractionated doscs of ncutron or gamma-irradiation on hematopoictic stem cells. Radiat, Res,
59: 49 (1974).

fractions (over 3 wks.) totaling 280 neutron or 749 ycGy. At this high dose, a pronounced delay in repopulation
occurred after neutron fractionation (18). Figure 2 shows repopulation after single doses of 96 neutron or 247 y
cGy. Note that femoral CFU-S content tended to plateau in both groups between 3 and 8 days, and between 8
and about 15 days, the contents more than doubled. Thereafter, there was a trend toward a second plateau at
about 90 days when the counts ranged from 60-80% of control values.

100 i = 4
FEMORAL COLONY-FORMING UNITS (CFU)
90— T -
8.0 —
70— /)\_\ ]
S sok ,."/ AN
C,I‘ r { T '/' \'\' }_
2 50 L .‘ o, y = \,\ -’
S [SCONTROh oo I N X
3 40— "T‘ ' . ”/ ’[
w ’ M \\\ ’,'
© 30 ’ 4 g
. ’I pu—
i S Ny | 4 s JM2/1R2
20 a fn/9-96/0.6 rad/min



100

A
FEMORAL COLYONY-FORM|NG UNITS (CFU)

9.0 1 —
8.0 —
N —]
70— N
K \.\'

CFU/FEMUR x 10®

JM2/IR2
fn/9-96 /0.6 rad/min

o
o y/9-247/1.6rad/min
x CONTROL _
e CONTROL POOLED
O O S N I D I D l
i35 8 11 1517 2123730 45 60 90 120 180

DAYS AFTER EXPOSURE

Fig. 2. Femur CFU-S repopulation in B4CF male mice given a single midline dose of 96 ncutron or 247 gamma cGy. Sample
sizes and methods were as in Fig. 1 and reference 15. The insct shows the experiment number, number of fractions, dose in midline

cGy, and the dose rate. The exposure times were about 17 minutes. Thesc results were origionally documented as were those in Table
1.
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Figure 3 shows repopulation results when the same total doses were given in 9 fractions, but at about a 9-fold
lower dose rate. Comparison of the results in Figure 2 and Figure 3 indicates that dose fractionation, at low dose
rates, produced a marked early sparing effect for both neutron- and y-irradiated animals during the first 11 days
following dose fractionation. Following this 9 fraction sequence, the femur CFU-S depression was not nearly as
marked as after the single dose, and the RBE of about 2.6 again obtained. Of particular interest was the
observation that the diminished depression during the first 811 days after dose fractionation, and after higher
doses, was not accompanied by an earlier overall return to normal or near normal femur CFU-S counts (18).
Note that there was a tendency for the counts to plateau at 2000-3000 between 5 and 15-21 days after the

fractionated exposures. At subsequent times, most of the femur CFU-S counts were significantly below control
levels.

CFU-S repopulation was evaluated for 32 days following completion of an 8 fraction sequence (T,W,Th,F) of
60Co y-radiation, or neon or silicon particles (Figure 4). The purpose was to determine if the delay in CFU-§
repopulation observed with 288 cGy of fission neutrons following a 9 fraction sequence (Figure 1) would also
occur with neon or silicon particles. Daily doses of 72 cGy of stopping neon or high energy silicon particles were
expected to produce approximately the same CFU-S inactivation as was produced by 113 c¢Gy of y rays (8).
Assuming equal inacuvation for each fraction, the extent of depression and repopulation would also be expected to
be similar if repair and proliferation between fractions were the sume for the 3 radiations. Measurements of CFU-
S content at 3 and S days following completion of the 72 ¢Gy per fraction regimen indicated significantly higher
counts after exposure o stopping neon particles than to high energy silicon particles (Fig. 4). Estimates of RBE
for CFU-S inactivation after a single dose were similar for stopping neon (1.6) and high-energy silicon particles
(1.7), but there was apparently greater accumulation of injury and slower repopulation with exposure to silicon.
The LET for silicon is approximately SO keV/im and about 130 keV/pm for neon. The LET at which peak
effectiveness for CFU-S inactivation was observed was in the range of 50-100 keV/um (8). In general, the
extensive repopulation observed in y-irradiated mice at 17 and 20 days was considerably greater than for silicon
or neon particles. The number of CFU-S in animals that received silicon doses of 72 c¢Gy per fraction was
significantly below those for y-irradiated animals at all but 2 time points. The early phase of CFU repopulation,
say, within the first 10 days, probably reflects the net effect of CFU-S inactivation and “injury accumulation™;
whereas, in the next 10 days, factors that regulate CFU-S proliferation, repopulation, and differentiation come
into play. During this phase, as well as the earlier phase there may be differences between the effect of particles
and photons on CFU-S repopulation. Comparison of these repopulation results with the earlier neutron data is

tenuous, because different mouse strains were used. These studies should be repeated and extended using lower
doses per fraction.

- raction X res: Hematologi hanpge

The extent of repopulation was influenced by the number of radiation fractions and/or the total period over which
they are administered. Figure 5 shows results on femur and spleen CFU-S content, and blood platelets and
leukocytes at 3 times after a 24-week fractionation sequence with fission-spectrum neutrons from the JANUS
reactor. The animals received 72-3.36 cGy fractions (3 times per week for 24 weeks at a dose-rate of 0.22
cGy/min). This fractionation regimen was used in the initial sequence of life-shortening and carcinogenesis
experiments in JANUS Program at Argonne National Laboratory (17-20). In this experiment, the first samples
were 1aken 4 weeks after the last fractionated exposure and at two 8-week intervals thereafter. While there may
have been oscillations between the samples collected at 28, 36, and 48 weeks after the first fractionated exposure,
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reactor. The animals received 72-3.36 cGy fractions (3 times per week for 24 wccks ata dose-rate of 0.22
cGy/min). This fractionation regimen was used in the initial sequence of life-shortening and carcinogenesis '
experiments in JANUS Program at Argonne National Laboratory (17-20). In this experiment, the first samples
were taken 4 weeks after the last fractionated exposure and at two 8-week intervals thereafter. While there may
have been oscillations between the samples collected at 28, 36, and 48 weeks after the first fractionated exposure,
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Fig. 3. Femur CFU-S repopulation in BgCFy male micc given 9 (ractions totaling 96 ncutrons or 247 gamma c¢Gy over 17 days.
Sample sizes and methods as in Fig. 1 and Reference 15, These results were originally documcnted as were those in Table 1.
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Fig. 4. Femur CFU-S repopulation in CBgF) female mice given 8 fractionated 1otal body doses of gamma rays, exposed to 670
MeV/A silicon ions in the platcau portion of the Bragg, or cxposcd to stopping 670 McV/A ncon ions in the distal 4 cm of a 10 cm

spread Bragg peak. See reference 40 for methods and conditions. Marrow 5-10 donors was injected into 12-16 recipients. Values
shown are means and 95% confidence limits.

~ “the results indicate a significant and sustained depression in spleen and femur CFU-S counts and in circulating
platelets. In contrast, there was no evidence that total leukocyte counts were depressed; evidently, compensation
had taken place.

: . . . . Mi

The objective was to determine changes in the number of CFU-S in cycle, as a function of age and of prior
radiation experience. The issue of “transplantability” in relation to proliferative status of CFU-S may impact on
the interpretation of these results (23). Table 3 shows results of the thymidine suicide technique, whereby cells in
the S-phase of the cell cycle are killed by incorporation of high specific activity thymidine into DNA. The
reciprocal of the percent survival indicates the percentage of CFU-S in the S-phase of the cell cyclie. In the,
marrow and spleen, age- and radiation-related alterations in regulation of CFU-$ proliferation were detected
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URE

Leukocyte and platelet counts were done on 15-20 mice (sce reference 15 for methods) and marrow “plugs” were flushed from
femurs of S-10 donor mice and injected into 15-25 supralethally irradiated female recipients, Sce Fig, 1 for sourcs of data,
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."(Table 3 The Traction of CFU-S in cycle more than doubled between 105 and 408 days of age.” A further
alteration was found in mice tha: received 24 weekly neutron doses of 3.3 cGy commencing at 110 days of age;
the fraction of CFU-S in cycle was increased by about 50%, compared with nonirradiated control animals 408
days of age. Quite a different situation prevailed in the spleen, since about 80% of the CFU-S appeared to be in
cycle in young mice. The effect of age was the reverse of that observed in the marrow, because at 408 days of
age, the fraction of CFU-S in cycle decreased to about 5%. The effect of fractionated doses of neutron radiation
was 1o increase the fracton in cell cycle to about 60%.

There are differences in the CFU-S that can be aspirated and those that remain more firmly associated with the
bone. Table 4 presents data on thymidine suicide results in the “residual and aspirated™ marrow compartments,
respectively. In young animals 109 days old, it is clear that the cycling characteristics of the 2 putative CFU-3
populations are different. At 109 days of age, only about 10% of the residual CFU-S were in cycle; whereas,
about 50% of the aspirated CFU-S were killed by thymidine suicide. As in the previous study (Table 3), the
fraction of CFU-S in cycle increased as a function of age (alone) in both populations. These data indicate that the
relative increase was greater in the residual population than in the aspirated populations.

When the data for whole marrow preparations (Table 3) are compared with values obtained by summing the
contents of the aspirated and residual companments (Table 4), one may speculate that interaction or flow occurs
between compartments. This matter warrants further study. Different radianon effects were observed in the 2
compartments when the animals were given a single 80 ¢Gy dose of fission neutrons at 113 days of age. The
fraction of CFU-S in cycle decreased by about 30% in the “aspirated” compartment compared with 513 day old

TABLE 3. 3H-Thymidine Suicide of CFU-S in vivo .3

Control 3HTIR Suicide Control 3HTAR Suicide

CFU-S CFU-S/Femur % CFU-S/Spleen . CFU-S/Spleen %
Group Femur Femur Survival Survival
Young 76270 6585 86 1600b 340 21
(105 days old) (6885-8368) (5350-7820) (1242-1958) (255-425)
ou 7120 4686 66 662 636 9%
(408 days old) (5798-8441) (4055-5316) (402-918) (546-725)
Old Irradiated® 3314 1601 48 427 157 37
(408 days old; (2851-3778) (1270-1930) (274-580) (118-196)
298 days after first
£xposure)

aHalf of mic.c (BgCF1) 1 each group were injected (i.p.) with 1 mCi of high specific activity 3H-lhymidinc (65 Ci/mM) 24 hours before CFU-S
assay. The intact femur was ground with mortar and pestle (0 obain the total CFU-S population.

bData are expressed as the mean and the 95% confidence limils,

CMice were exposed 10 80 cGy of fission spectrum ncutsons given in 24 weekly fractions of 3.3 cGy (in 45 min.) beginning at 110 days of age.
These results were originally presented/documented as follows: D.A. Crousc, E.J. Ainsworth, J.S. Hulscch. Thymidine suicide studics on
hematopotetic stem cells in aging iradiated mice, Anal Reg, 189: 539 (1977).

3 » . . P
TABLE 4. “H-Thymdine Suicide of CFU-S in vivo 2; Aspirated and Residual Marrow Comparuments.

Aspirated Marrow Residual Marrow

Control 3HTdR Suicide Control CFU-S/ CFU-S/Hollow %
Group CFU-S/ CFU-SMarrow % Hollow Femur Shaft Femur Shaft

Survival

Marrow Plug Plug Survival
Young 6200 3185 sl 1075b 958 90
(109 days old) (5273-7127) (2651-3716) (960-1190) (818-1097)
Oou 9893 3700 37 1466 1055 72
(513 days old) (9054-10733)  (3226-4174)

R (R M. Y, A 1T —



assay. 1he intact temur was ground with monar and peste w0 oblain the towal CFU-$ popul:'uion. ' B . v !
bData are expressed as the mcan and the 95% confidence limits.
CMice were exposed 1o 80 cGy of fssion spectrum neutrons given in 24 wockly fractions of 33 ¢Gy (in 45 min.) beginning at 110 days of age.

These results were originally presented/documented as follows: D.A. Crouse, E.). Ainswonh, 1.S. Hulscch. Thymidine suicide studies on
hematopoietic stem cells in aging aradiated mice, Anat, Rec, 189: 539 (1977).

TABLE 4. 3H~Thym'\dinc Suicide of CFU-S in vivo & Aspirated and Residuai Marrow Compartments,

Aspiraled Marrow Residual Marrow

Control 3HTdR Suicide Coatrol CFU-$/ CFU-S/Hollow %
Group CFuU-S/ CFU-S/Marrow % Hollow Fecmur Shatt Femur Shaft

Survival

Marrow Plug Plug Survival
Young 62000 3185 51 10750 958 90
(109 days old) (5273-1127) (2651-3716) (960-1190) (818-1097)
ol 9893 3700 37 1466 1055 72
(513 days old) (9054-10733) (32264174) (1380-1552) (947-1162)
Old Irmadiated® S036 2903 57 951 291 31
(513 days old; (1006-6065) (2710-3050) {739-1164) (242-340)
400 days post-
exposure)

2Half of the mice (B6CF) ) in each group were injected (i.p.) with 1 mCi of high specific activity SH-thymidine (65 CIymM) 24 hours before
cell preparation. The marrow plug was remaved by gente aspiration; the remaining hollow femur shaft was ground, filtered and appropriately
diluted for injection.
are expressed as the mean and the 95% confidence limits.
SMice were exposed 1o 80 cGy of fission spectrum neutrons given as a single dose (in 20 min.) at 112 days of age. . . ‘
These results were originally documented as follows and as in Table 3: EJ. Ainsworth and M.P. O'Malley. Propertics of colony-forming urits-
studies in progress. Argonne National Laboratory, Division of Biological and Medical Research Annual Report, 1971 (ANL-7770), pp. 34-36,
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controls. In contrast, in the small “residual” compartment, the fraction of CFU-C in cycle increased by
approximately 2-fold. It should also be noted that these comparatively low total neutron gioses:: given in either a
- single or in multiple fractions, produced a significant decrease in the size of the “residual” and nsp}ratcd

compartments in comparison with aged controls. Sampling errors may be a significant factor in relation to the data
presented in Table 4, since the results are based on pooled “donor” groups of 3-5 animals. chcrthcmss., the
results are of considerable interest, and experiments of ihis nature should be repeated and extended to lower single
a.d protracted doses. When these experiments were done, measurements were also made of peripheral blood
CFU-S; in comparison with aged controls. no decrease in blood CFU-S content was detected in aged-irradiated
animals.”!

Late Alteration; in Immuno-Hematopoietic Responsiveness

Late effects on immunological competence were detected based on a reduced mean survival time following
injection (challenge) with a syngenic leukemia cell line (Table 5). Cell-mediated immunity showed significant late
alterations in neutron- and y-irradiated mice, and an increased suscepubility to bacterial infection was also
observed (20.24). Studies on host defense mechanisms should he extended 1o low doses with emphasis on late
effects of long term exposure. '

Changes in CFU-S content after injection of typhoid vaccine shoved a diminished responsiveness in irradiated
mice (Tables 6 and 7). Even when no deficiency in CFU-S content was observed, the spleen and/or femur
response 10 vaccine was different than in aged-irradiation survivors. The observation that a greater reduction of
CFU-S content was produced by fractiorated neutron or gamma dcses. compared with a single dose, should be
confirm=d. Altered responsiveness and/or disregulation persists as a late 1crm of radiation injury.

Life-Shortening Effects of Heavy Charped Pariicles or Photons

Various tissues are at risk for radiation carcinogenesis. At low doses, life-shortening is thought to represent the
composite of radiation-induced neoplastic disease. Figure 6 presents results from a recent analysis of our life-
shortening data. Gamma rays, high energy silicon and iron particles are compared with our previous results for
fission-spectrurz neutrons (25,26). Weighted linear regressions were fittzd to the results. The slopes of the dose-
response curves for fission neutrons and silicon particles were quite different. The slope of the y-radiation curve
was similar to that for silicon particles. Only 3 doses were used for high energy iron particles, and at only one,
160 cGy, was there life-shortening. While fission neutrons and high energy silicon particles are characterized by
similar dose-averaged LET values, namely about 70-80 keV/um, the RBE for silicon particles compared with
gamma rays, at 50 days of life shortening, is about 4. The value for fission neutrons is about 10. The silicon
curve could have two components; namely, a high initial slope, at doses iower than 50 cGy, followed by a more
shallow slope at higher doses. Curves of this general nature have been described previously for several endpoints
including tumorigenesis, chromosomal abberations, and induction of cataracts (6,27). The implications of the

apparent high initial slope for silicon with respect 1o sparing effects or enhancement of damage resulting from low
doses, and for that matter, radioprotection (28), is open to speculation.

TABLE 5. Susceptibility 1o Transmissible Leukemia: Effects of Age and Prior Irradiation

Aged Controls Irradiated Suvivors
Challenge Cell
Dose Age (Days) Dead/Total MST? Age (Days)  Dead/Toul MST?

16 x 106 128 20720 79 (55-105) — — —
310 20721 62b 300¢ 37737 23 (15-31)
117 6729 g7b — _ -
243 17/29 63b 245¢ 39/39 19 (7-31)

9 x 106 313 26/30 39b — — —
621 25/25 25 (11-39) — _ -




TABLE 5. Susceptibility o Transmissible Leukemia: Effects of Age and Prior Irradiation

Aged Controls Imadiated Suvivors
Challenge Cell
Dose Age (Days) Dead/Total  MS7T2 Age (Days)  Dead/Tol  MST?

16 x 108 128 20120 7 (55-105) — — -
310 2021 62° 300¢ 3137 23 (15-31)
117 629 g7b — — _
243 17129 63> 245¢ 39/39 19 (7-31)

9x 108 313 26/30 39b —_ —_ -
621 25025 25 (11-39) — - -

2Mcan suvival time and 95% confidence limits following i.p. injection,

SIncomplete because mice remained alive when the original report was written.
€288 neutron or 741 gamma rad at 110-120 days.
These results were originally documented as follows: EJ. Ainsworth, M.P. O'Malley, T.N. Tahmisian, R.J.M. Fry, M.M.
Miller, EM. Cooke, and P.C. Brennan. Argonne National Laboratory, Division of Biological and Medical Research Annual
Repont 1971 (ANL-7870) pp. 32-34 and EJ. Ainsworth, P.C. Brennan, R J.M. Fry, A.V. Carrano, and W.T. Kickels. Argonne
National Laboratory, Division of Biological and Medical Research Annual Report 1973 (ANL 8070) pp. 15-17.

*1Late effects of radiation on the hematopoictic stem cell comparument. D.A. Crouse, EJ. Ainsworth, J.5. Hulesch, M. Miller, and

E.M. Cooke. Radial. Res. 74: 467 (1978).
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TABLE 6 CFU-S Content after 0.1 m] Typhoid Vaccine Injection in lrradiated Survivors and Aged Controls at 260-270 Days Alter (Sham) Leradiation.

CFU-S Count in Femur and Spleen®

Aged Controls Neutron Gamma
Days after
Injection Femur Spleen Femur Spleen Femur Splcen
0 6100 1600 8225 1160 5571 1400
(5111-7088) (1235-1965) (7020-9429) (954-1366) (4318-6825) (1132-1668)
1 1607 2500 1600 2683 7933 2233
(6135-9080) €2059-2941) (6101-5099) (20037-3330) {6606-9261) (1741-2726)
3 10033 11500 6392 3446 14781 6501
(8529-11573} (9856-13144}) (4638-8147) (2788-4105) (12800-16763) (5633-u198) &
S 6803 6546 7640 4173 5525 5640
(5832-7729) (5778-1316) (6513-8768) (3641-4752) (4524-6526) (4940-6340)
7 3500 1653 3429 17 2800 1280
(23368-4622) (1236-2060) (2545-4312) (1317-2226) (2148-3452) (816-1744)

2Male B¢CF} mice received a single dose of 96 ncutron or 247 gamma ¢Gy in 20 minutes at 110-120 days of age. Groups of 3-5 vaccine-injected (i.p.
mice were sacrificed, femurs or splcens were pooled and injected into 15-20 recipents. Colonies were counted at 8 days. Femurs were ground to prepar
cell suspensions.

Data are expressed as the mean and 95% corfidence Limits.

These results were originally documenied as follows: EJ. Ainswonh, M. Miller, E.M. Cooke, J.S. Hulesch, and W.T. Kickels. Hematopaictic inju
and recovery. Argonne National Laboratory, Division of Biological and Mcdical Rescarch Annual Repont 1973 (ANL 8070) pp. i3-15. Also, EJ
Ainsworth, EM. Cooke, D.L. Jordan, J.S. Hulesch, W.T. Kickzls, and M. Miller. Earth and late injury to the hcmatopoietic system: Influcncz of dosc
rate and dose (ractionation. Argonne Natiunal Laboratory, Division of Biological and Mcdical Research Annual Report 1974 (ANL 7530) pp. 50-55.

DISCUSSION

Radiation hazards related to space station and deep space missions involve mixed radiation fields at low dose rates
over long periods of time. In deep space, infrequent SPE's contribute doses at higher rates over 848 hours.
Presented here are results on short- or long-term fractionation protocols with low-LET photons or high- LET
neutrons or charged particles to illustrate how organized tissues respond to protracted low doses.

The hematopoietic system has been used as a model for the study of both early and late effects of low doses. The
advantage of this system is that CFU-S inactivation, population size, fraction of cells in DNA synthesis,
repopulation kinetics, and “ifferentiated end cells can be quantitated. Results obtained with the hematopoietio
system do not necessarily reflect effects on other proliferative tissues quantitatively, but a significant degree of
concordance between tissues would be expected.

The dose equivalent to the bone marrow on a 3-year mission 1o Mars has been estimated at about 1 Sv. This
estimate does not include exposures to SPEs. It is of interest that low daily doses of photons or neutrons produce
sustained and significant reductions in mouse marrow CFU-S content. Carsten gf al. reported that daily doses of
0.7 cGy from either tridated drinking water (34Ci/ml) or 137Cs y rays produced a 20% depression of CFU-S after
11 weeks and a total of about 55 cGy (29). Thereafter, the CFU-S leve! remained between 60-80% of the age
controls throughout 80 weeks of radiation exposure. Cronkite et al. have studied various doses and fractionation
schedules with 250 kVp X-rays and reported a significant depression of femur CFU-S when doses of 1.25 cGy
were given on alterntive days for a total of 31 ¢Gy (30). Werts reported a decline in mrine blood platelets by
nearly 30% when a total dose of between 45-60 ¢Gy v.as accumulated during the course of twice weekly X-ray
doses of 15 cGy separated by 2 days (31). With increasing doses, the platelet counts tended to plateau, and
following cessation of irradiation, there was some increase in counts, but they remain below values observed in

TABLE 7. CFU-S Content Afier 0.1 mi Typhoid Vaccine Injection in Imadiaicd Suvivors and Agcd Conurols at 350-360 Days Aficr (Sham) Irradiation®




repopulation kinetics, and differentiated end cells can be quantitated. Results obtained with the hematopoictio
system do not necessarily reflect effects on other proliferative tissues quantitatively, but a significant degree of
concordance between tissues would be expected.

The dose equivalent to the bone marrow on a 3-year mission to Mars has been estimated at about 1 Sv. This
estimate does not include exposures to SPEs. It is of interest that low daily doses of photons or neutrons produce
sustained and significant reductions in mouse marrow CFU-S content. Carsten gt al. reported that daily doses of
0.7 ¢Gy from either tritiated drinking water (3uCi/ml) or 137Cs y rays produced a 20% depression of CFU-S after
11 weeks and a total of about 55 cGy (29). Thereafter, the CFU-S level remained between 60-80% of the age
controls throughout 80 weeks of radiation exposure. Cronkite ¢f al. have studied various doses and fractionation
schedules with 250 kVp X-rays and reported a significant depression of femur CFU-S when doses of 1.25 ¢Gy
were given on alterntive days for a total of 31 c¢Gy (30). Werts reported a decline in murine blood platelets by
nearly 30% when a total dose of between 45-60 c¢Gy was accumulated during the course of twice weekly X-ray
doses of 15 cGy separated by 2 days (31). With increasing doses, the platelet counts tended to plateau, and
following cessation of irradiation, there was some increase in counts, but they remain below values observed in

TABLE 7. CFU-S Coatent Aftes 0.1 mi Typhoud Vaccine Injection in frradiated Suvivors and Aged Controls at 350-360 Days Aliee (Sham) brraduauon®

Days dwr
In¢uon Femug

Aped Controls Neaton Gammg

Spleen ot

Spleen

Femur

Spleen
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TUT] RSN,
ST 30N
A IOAS BTN,
I{4745-784n)
J{43B2-0289)

3371 (3163-5479)
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t
h

‘s
1=
AER]

2900 (2332-3468)
2IEIIRA-290T)

SN0 (A66%-6532)
S627 (3408-6TRS)

5464 (4141-6787)
4343 (3549-5137)

4500 (3201 -570b
STUANS G185
WSI2TTN- 500
3700 (871-4524)
2733 (2089-3377)
1071 (2153-3990)

3§83 (1330 4437)
23NN 1877-2723)
3813 (3725943600
6113 (SU03-1426)
4800 (3740-5860)
4027 (32134840)

4092 (349355050
4167 (3901-5243)
3666 (2187-5146)
2167 (1637-2897)8
3153 (2389-3918)b
2408 (2013-3603)

146d (1222-1714)P
228K (1792-2785)
4615 (3349-5882)
5200 (41232-6206%)
4420 (3729-5110)
2400 (1610-3190)

The fracuonated uradiaton schedule consisted of 9 doses of 10.7 neuyon cGy or 27.4 gamma c¢Gy sdminiswcred over 3 weeks, The dosg rates wors 0.6 and 1,5 ¢Gy/inm
for neutron and gamma irradiation, respectively. Total doscs were 96 ncutron and 247 gamma cGy. The first radiation fraction was udministered 1o male BGCFy mice wt
110-120 days of age. Groups of 3-5 vaccine-injected (i.p.)mice were sacrificed, femurs or spleen were pooled and injecied into 15-20 recipenis. Colonies were counted w
8 days.

bSigrificantly daffesent from aged conuols; the mice were #60-470 days of age when sacrificed,

CData are ¢xpressed as the mean and 95% confidence limis.

These results were onginally documented as in Table 6.
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Fig. 6. Life shortening in CBgF; male mice exposed 10 a single dosc of gamma rays, iron (600 MeV/A) or silicon (320 MeV/A)
particles compared with life shortening in BgCF; male mice given a single dose of fission-spectrum ncutrons from the JANUS reactor
(see reference 25). Age at irradiation was about 110-120 days [or ncutrons and 90-150 days for particles or gamma rays. Sample sizes
were from about 600-850 for controls, 120-240 for ncutrons, and 40-120 for heavy charzed particles. Dose rates for neutrons were
exposure time dependent (about 20 min) about 50 ¢Gy/min for gamma rays and ranged from about 5O 10 several hundred cGy/min for
iron or silicon particles. Days lost indicates the difference in mean survival time between irradiated and unirradiated groups. See
reference 8 and 18. The fitted lines are weighted linear regressions. The extrapolated Y intercept values were about 35 days lost for
neutrons ang silicon particles and are consistent with a high initial slope at low doses. The intercept value of minus 20 days for
gamma rays is consistent with a low initial slope.

aged controls for 6 weeks. A single X-ray dose of 30 cGy produced a 20% decline in blood platelets at day 11,
and after a single dose of 30 cGy, the femur CFU-S content was decreased by about 35%. However, single or
fractionated doses of this magnitude produced no significant effects on circulating leukocyte counts (31). These
results on platelets and leukocytes are similar to those we obtained with 72 fractions of 3.3 neutron cGy,
protracted over 24 weeks (Figure 5). At the high total neutron dose of 240 cGy, femur and spleen CFU-S content
remained depressed at approximately 50% of the control level. There was a persistent thrombocytopenia, but
circulating leukocyte counts were not depressed. Cronkite et al. have also presented evidence for incomplete
repopulation after much lower doses (30). Itis clear that significant effects on CFU-S and platelets are produced
by comparatively low doses or dose fractions of ionizing radiations.

The sustained depression of CFU-S produced by low-fractionated doses of Y- or neutron-radiation was
unexpected and appears to differ from the situation at 300~350 days following a single dose (18,32). Recovery to
near normal levels occurred between 90 and 250 days, but there was a subsequent decline by 300-350 days to a
similar level of the femur CFU-S that was observed at 1 year after a single or fractionated dose of 240 neutron
cGy (18). _Results presented here indicate that the fraction of CFU-S in cycle was increased in both aged- and
aged-irradiated mice, indicating a compensatory adjustment whereby femur cellularity and the population size of
some eqd cells are maintained at normal levels. Cronkite ¢t a]. and Hendry and Lord have made a similar
obscrvgtloq (30,32). The mechanism whereby radiation damage results in a sustained alteration in hematopoietic
regulation influencing the number of cells in DNA synthesis is a subject of considerable interest. Proliferative
state might influence susceptibility to or expression of hematopoietic neoplasias. We previously reported that at »r
single hind leg irradiation, the CFU-S content was decreased in both femurs, and the fraction of cells in DNA

synthesis was increased late in life in both the irradiated and non-irradiated femur;*2:*3 thus, the regulatory
process is not only local (33).

Unexpected dose-rate effects were observed when fractionated neutron or gamma doses were administered over
17 days at 2 different dose rates, Decreased dose i j i
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by comparauvely low doses or dose fractions of ionizing radiations.

The sustained depression of CFU-S produced by low-fractionated doses of y— or neutron-radiation was
unexpected and appears to differ from the situation at 300~350 days following a single dose (18,32). Recovery to
near normal levels occurred between 90 and 250 days, but there was a subsequent decline by 300-350 days to a
similar level of the femur CFU-S that was observed at 1 year after a single or fractionated dose of 240 neutron
cGy (18). Results presented here indicate that the fraction of CFU-S in cycle was increased in both aged- and
aged-irradiated mice, indicating a compensatory adjustment whereby femur cellularity and the population size of
some end cells are maintained at normal ievels. Cronkite ¢t al. and Hendry and Lord have made a similar
observauon (30,32). The mechanism whereby radiation damage results in a sustained alteration in hematopoietic
regulation influencing the number of cells in DNA synthesis 1s a subject of considerable interest. Proliferative
state might influence suscepubility to or expression of hematopoietic neoplasias. We previously reported that after
single hind leg irradiation, the CFU-§ content was decreased in both femurs, and the fraction of cells in DNA

synthesis was increased late in life in both the irradiated and non-irradiated femur;"2."3 thus, the regulatory
process is not only local (33).

Unexpected doserate effects were observed when fractionated neutron or gamma doses were administered over
17 days at 2 different dose rates. Decreased dose rate resulted in a higher femur CFU-S content for both fission-
spectrum neutrons and yravs. Elsewhere, we reported & small but reproducible effect of fission neutron dose
rate/exposire time on LD 50/30 and hematopoietic recovery, but no effect on CFU-S inacuvation (135). Griffin
and Hersey have also reported a neutron dose-rate effect on jejunal ervpt survival (34).

'ZRcsponsc of mousc rnarrow colony-forming units {CFU-S) to heavy charged particles. EJ. Airsworth, LJ. Mahlmann and J.C.
Prioleau. Lawrence Berkeley Laboratory, Biology and Medicine Division (1981-1982) Annual Report (LBL-14986 UC-48), p. 68-72,
April 1983,

"3 ate effects of radiation on the hematopoictic sysiem. E.J. Ainsworth, L.J, Mahimann, and J.C. Prioleau. Lawrence Berkeley
Laboratory, Biology and Medicine Division (1982-1983) Annual Repori (LBL-16840 UC-48), pp. 65-67, April 1984.
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A_significant sparing effect of cither fission neutron or y-dose fractionation on CFU-S depression and
repopulation was observed during the first 8 days following irradiation (Figures 2 and 3). Interestingly, the
decreased effect in animals that received fractionated neutron or y exposures was not sustained, and the expected
earlier overall return to normal levels did not occur. What this means concerning regulation of CFU-S

repopulation is open to speculation.

The results from the split-dose lethality study indicate that repair/recovery in the hematopoietic system was less
complete between neution fractions than between ¥ fractions, resulting in a far greater injury accumulation. Those
results also show that femur CFU-S content is not a meaningful predictor of the animal's radiation sensitivity
under circumstances where the marrow has been perturbed by prior irradiation, as reported previously (22). In
contrast, in unperturbed (normal) marrow, CFU-S content and survival predicted LDsoz30 in mice treated with an
aminothiol protectant, but not with endotoxin (35).

The space radiation hazard issue has two main facets; namely the risk of acute affects, such as the prodromal
syndrome, performance decrement (36 37), skin injury, and possibly even lethality due to an unexpectedly large
solar particle event (SPE), and the risk of significant late or chronic affects cancer, muiation and cataracts.
Combinations of radioprotective drugs may have to be used, and in the event of an SPE, a storm: cellar with extra
shielding will be important. An estimate of a hypothetical worst case SPE was that the dose rate would bz 94
rem/hour with no shielding and 22 rem/hour with 30 cm aluminum shielding (5). Protection from radiation during
an SPE must be sustained over 12-48 hours. This poses a challenge. There is information on chemical protection
against acute radiation exposures lasting a few minutes, but there is little or no information on protection against
longer exposures. A relevant study has been reported by “Travis gt al. where the protection factor for WR2721
was measured for CFU-S survival and 30-day lethality when 200 mg/Kg was administered before 2 single dose or
after 4 fractions of photons given at 6 hour intervals (38). The protection factor (PF) decreased from 1.8 to 1.3
for 30-day lethality and from 2.3 to 1.3 for CFU-S survival. The basis for the reduced effectiveness with
fractionation is not clear, but in earlier split-dose studies, mice treated with AET before a conditioning dose shows
i higher than expected radiation sensitivity to subsequent challenge doses (39). It was as if the drug either did not
protect the “recovery system” to the extent expected, or the drug somehow interfered with recovery processes.

We have recently explored the ability of WR-2721 to protect mouse marrow CFU-S against damage produced by
various heavy charged particles (40). Because of interest in the potential mechanism of action, prostaglandin
compounds were studied alone and in combination with WR-2721 using ¥ rays (41-43). The results showed that
WR-2721 alone protected effectively against y rays and against neon and silicon particles, characterized by LETs
of about 35 and 50 keV/lLm where protection factors were 2.1 and 2.3, respectively. A small but significant
degree of protection (1.2) was afforded against argon particles at 130 keV/um. A receptor-site specific
prostaglandin compound, misprostol, provided a small degree of protection (PF 1.2) against both yrays and neon
particles (25 keV/itm). Misprostol given 2 hours before irradiation produced a protective effect in addition to that
produced by 300 mg/Kg of WR2721 given 30 minutes before radiation; this additional effect was related to an
increase in the apparent extrapolation number, rather than a change in the slope of the CFU-S survival curve.™ It
would seem particularly important to assess prostaglandin protection at low radiation doses and at low dose rates.
Hanson (unpublished data) has observed upregulation of receptor sites and augmented protection of intestinal
microcolonies when a different synthetic prostaglandin compound was given before 3 radiation fractions separated
by 8 hrs.

Where a high total dose in incurred as a consequence of protracted low-LET irradiation from an SPE is the issue,
one might speculate that combined treatment involving agents that work by different mechanisms will be the
strategy of choice (2). Maisin showed combinations of drugs with acceptable toxicity were quite effective for
protection against both early and late effects in mice (44). Other agents such as prostaglandin compound and
perhaps an immunomodulator and/or cytokines might be used in addition to some relatively non-toxic future
‘aminothiol (45). There is a need to develop an experimental protocol, whereby the radioprotective effects of
various agents or combinations can be assessed quantitatively under circumstances where the radiation doses are
sustained over a period of 12-48 hours. Following completion of rodent studies, it would seem prudent to extend
the experiments using larger animals (45).

Conklin and Hagan have speculated that long-term effects such as cancer and life- shortening are the most
important facets for space radioprotection (1). Considerable information exists considering carcinogenic effects of
low-LET photons, but information is only now emerging concerning the carcinogenic effect in vivo of the heavy
charged particle component of the space radiation dose (7,8). Life-shortening results presented here compare
fission neutrons with silicon and iron particles. The dose-response curve for silicon particles appears consist of a
high initial slope, and at higher doses, a lower slope similar to that observed in ¥-irradiated animals. The response
to iron particles, on the other hand, does not show such a high intial slope. One might speculate that if the initial
slope for silicon and for some other particles is high, due to direct rather than indirect damage mechanisms, it
l 2 3 — ke l'“ Y + TTNCI 1 3 e 2 K} Kl 3 1 7 L P4 1
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one might speculate that combined weatment involving agents that work by different mechanisms will be the
strategy of choice (2). Maisin showed combinations of drugs with acceptable toxicity were quite effective for
protection against both early and late effects in mice (44). Other agents such as prostaglandin compound and
perhaps an immunomodulator and/or cytokines might be used in addition to some relatively non-toxic future
‘aminothiol (45). There is a need to develop an experimental protocol, whereby the radioprotective effects of
various agents or combinations can be assessed quantitatively under circumstances where the radiation doses are

sustained over a period of 12-48 hours. Following completion of rodent studies, it would seem prudent to extend
the experiments using larger animals (435).

Conklin and Hagan have speculated that long-term effects such as cancei and life- shortening are the most
:mportant facets for space radioprotection (1). Considerable information exists considering carcinogenic effects of
low-LET photons, but information is only now e¢merging concerning the carcinngenic effect in vivo of the heavy
charged particle component of the space radiation dose (7,8). Life-shortening results presented here compare
fission neutrons with silicon and iron particles. The dose-response curve for silicon particles appears consist of a
high initial slope, and at higher doses, a lower slope similar to that observed in y-irradiated animals. The response
to iron particles, on the other hand, does not show such a high intial slope. One mignt speculate that if the initial
slope for silicon and for some other particles is high, due to direct rather than indirect damage mechanisms, it
would be relatively difficult to use aminothiol-type protectants to reduce the radiation damage that could ultimately
result in cancer after low doses at low dose rates. Another important question concerning the carcinogenic and
other late effects of the heavy charged particles is the extent to which dose protraction, or single particle events
distributed over time, will produce sparing effects, no sparing effects, or an enhancement as has been

demonstraied with neutrons at 20 ¢Gy and above (18,20,25,46-49). The threshold dose or number of particles
necessary for enhancement is not clear.

"CFU-S survival in mice treated with a synthetic prosiaglandin Ey alone or in combination with WR-2721. E.J. Ainsworth, S.M.J.
Afzal, and WR. Hanson, presented at the Radiation Research Socicty Meeting, Philadelphia. PA, April 1988,
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Also, the LET or charge dependence of enhancement or sparing is not yet known for charged particles in vivo.
- Life-shortening results with particles indicate a significant sparing effect with 24 weekly doses of high energy
neon ions (about 30 keV/pm), but the results for stopping carbon ions (about 80 keV/um) over 24 weeks are
equivocal (8). However, murine cataractogenesis was enhanced by 24 weekly doses of stopping carbon particle
fractions, and recent data indicate enhancement of rat cataracts with high energy argon particles when 4 fractions
were given over 12 hours (8,50). The enhancement phenomenon was first noted by Searle and P_hxllips for
neutron mutagenesis in mice (51) and subsequently for life-shortening and appearance of some murine tumors
(18-20,47). The in vivo results were subsequently confirmed and extended using in vitro transformation
systems (52-54). Enhancement of damage by fractionated neutron doses has also been observed for

chromosomal translocations in spermatogenia (55), damage to the immune system (20) and to the vasculature
(21).

The fluence of high-LET heavy charged particles in deep space will be low, and the dose rate will be high.
Because of the low fluence, damage interactions between high- and low-LET radiation events are not expected to
be of significance. The dose or number of particles necessary to trigger cells into proliferation should be
determined (33,56). Alterations in the proliferative status of tissues produced by radiation, stress, microgravity,
or a combination of these factors could influence susceptibility to subsequent irradiation or to expression of
neoplastic or non-neoplastic damage. Effective chemical protection against the acute effects of high-LET
radiations in vive have been reported (30,57,58). Protection against tumorigenesis 1s of great interest (59).
Maisin g al. have demonstrated projection against long-term cffects of photons (44,60). Chemical protection
against photon induced carcinogenesis has been reported by Milis using WR-1065 and by Werts using super-
oxide dismutase (61,62). An experiment is in progress at Argonne Natonal Laboratory with WR2721 to -
determine the extent to which this animothiol compound will protect against life-shortening and tumorigenesis

after irradiation with fission neutrons or y rays (63). Innovative combined strategies will be needed to protect

against the carcinogenic and other late effects associated with low doses of low- and high-LET irradiation that will

be encountered during ventures to deep space (8). '

ACKNGCWLEDGEMENTS

The research presented here was supported by contracts W-31-109-ENG-38, DEA-ACQ3-76SF00098 and DEf
ACO05-840R2140M) from the U.S. Department of Energy, NCI grant number CA 15184, NIH Fellowship 1
FO6TW00980-01 and NASA contract T 7163B. During the span of nearly two decades over which some of these
studies were conducted, many research associates and technicians made substantial contributions that are
acknowledged in appropriate references. Mr. W. Kisieleski made the measurements of tritiated thymidine
incorporation in the mouse jejunum presented in Table 2. Major contributions to the hematology work were made
by M. Miller, J. Hulesch, W. Kickels, and the late E. Cooke. Important technical contributors 1o the charged
particle work were J.C. Prioleau and L.J. Mahlmann. The contributions of Lee Ann Caldwell, Stephanie A,
O'Rear, and Margaret Knight and the Technical Information Department are gratefully acknowledged for
transcription and final preparation of the manuscript .

REFERENCES ' -

J.J. Conklin and M.P. Hagen. Research Issues for Radiation Protection for man in prolonged spaceflight,
In: Advances in Radiation Biology 13, 215-284 (1987) (J. Lett Ed.).

tJ

L.’I. Giambarresi and R.1. Walker. Prospects for Radioprotection, In: Textbook of Military Medicine, Vol 1,
Warfare, Weaponry and the Casualty, Part 11, Nuclear, Chemical and Biological Warfare. Eds. Walker,

Cerveny, van Dusen, Zajtchuk, Jenkins, and Bellamy, Office of the Surgeon General, Washington, pp.
142-162, in press (1988).

3. SB Cl_mis. W. Atwell, R. Beever, and A. Hardy. Radiation Environments and Absorbed Dose
Estimations on Manned Space Missions. Adv, Space Res, Vol. 6, 269-274 (1986).

T.A. Pamnell, J.W. Watts, Jr., G.J. Fishman, E.V. Benton, A.L. Frank, and J.C. Gregory. The Measured

Radiation Environment within Spacelabs 1 and 2 and Comparison with Predictions. Adv, Space Res, 6,
125-134 (1986).

5. .(I.Igg._]%ctaw, R. Silberberg and C.H. Tsao. Radiation Hazards on Space Missions. Nature 330, 709-710



by M. Miller, J. Hulesch, W. Kickels, and ine fate k. COOKE, HIPULTANL CCHIIVaE COlILLIUGOLS (0 the Chidi gl
particle work were J.C. Prioleau and L.J. Mahlmann. The contributions of Lee Ann Caldwell, Stephanie A.
O'Rear, and Margarst Knight and the Technical Information Department are gratefully acknowledged for
wranscription and final preparation of the manuscript .

~1

REFERENCES ‘ N T

J.J. Conklin and M.P. Hagen. Research Issues for Radiation Protection for man in prolonged spaceflight,
In: Advances in Radiation Biology 13, 215-284 (1987) (J. Lett Ed.).

L.I. Giambarresi and R.I. Walker. Prospects for Radioprotection, In: Textbook of Military Medicine, Vol 1,
Warfare, Weaponry and the Casualty, Part 11, Nuclear, Chemical and Biological Warfare. Eds. Walker,
Cerveny, van Dusen, Zajtchuk, Jenkins, and Bellamy, Office of the Surgeon General, Washington, pp.
142-162, in press (1988).

S.B. Curtis, W. Atwell, R. 3eever, and A. Hardy. Radiation Environments and Absorbed Dose
Estimations on Manned Space Missions. Adv, Space Res, Vol. §, 269-274 (1986).

T.A. Pamell, JW. Waus, Jr,, G.J. Fishman, E.V. Benton, A.L. Frank, and J.C. Gregory. The Measured

Radiation Environment within Spacelabs 1 and 2 and Comparison with Predictions. Adv, Space Res, 6,
125-134 (1986).

J. R. Letaw, R. Silberberg and C.H. Tsao. Radiation Hazards on Space Missions. Nature 330, 709-710
(1987).

R.J.M. Fry and J.B. Storer. External Radiation Carcinogenesis. Advances in Radiation Biology, Vol. 13,
13-90 (1987), Academic Press. (J.T. Lett Ed.).

R.J.M. Fry, P. Powers-Risius, E.A. Alpen, E.J. Ainsworth, and R.L. Ullrich. High LET-radiation
Carcinogenesis. Radiat, Res., 104, S188-5195 (1985).

E.J. Ainsworth. Early and Late Mammalian Responses to Heavy Charged Particles. Adv, {pace Res 6,
153-162 (1986).

H. Withers and H.D. Thames. Dose Fractionation and Volume Effects in Normal Tissues and Tumors. Am
J Clin, Oncol, (CCT) 11, 313-329 (1988)




14.

15.

16.

17.

18.

19.

23.

24.

25.

26.

AV

10. G.A..Sacher. Late Effects of Continous Irradiation. Laval Medical 34, 163-168 (1963).
. T.M. Seed, V. Kaspar, D.V. Tolle, and T.E. Fritz. Leukemia Research Vol. 11, 171-179 (1587).

W. Nothdurft, K.H. Steinbach, T.M. Fliedner. Dose- and Time-Related Quantitative and Qualitative
Alteration in the Granulocyte/macrophage Progenitor Cell (GM-CFC) Compartment of Dogs After Total-
body Irradiation. Radiat, Res, 98, 332-344 (1984).

T.M. Fliedner, W. Nothdurft, and W. Calvo. The Development of Radiation Late Effects to the Bone
Marrow After Single and Chronic Exposure. Int, J, Radiat, Biol., Vol. 49, 35-46 (1986).

T.B. Borak and T.G. Stinchcomb. Calculations of Charged-particle Recoils, Slowing-down Spectra, LET

and Event-size Distributions for Fast Neutrons and Comparisons with Measurements. Phys, Med, Biol,
Vol. 24, 18-36 (1979).

E.J. Ainsworth, D.L. Jordan, M. Miller, E.M. Cooke, and J.S. Hulesch. Dose Rate Studies with Fission-
Spectrum Neutrons. Radiat, Res, 67, 30-45 (1976).

W. Schimmerling, E.L. Alpen, P. Power-Risius, M. Wong, R.J. DeGuzman, and M. Rapkin. The Relative

Biological Effectiveness of 670 MeV/A Neon as a Function of Depth in Water for a Tissue Model, Radiat,
Res. 112, 436-448 (1987).

D. Grzhn, E.JJ. Ainworth, F.S. Williamson. and R.J.M. Fry. A Program to Study Fission Neutron-
induced Chronic Injury in Cells, Tissues and Animal Populations, Utilizing the JANUS Reactor of the

Argonne National Laboratory. In: Radiobiological Applications of Neutron [rradiation, pp. 211-228.
International Atomic Energy Agency, Vienna, 1972.

E.J. Ainsworth, R.J.M. Fry, D. Grahn, F.S. Williamson, P.C. Brennan, S.P..Stcal.'ncr, A.V. Carrano, and

J.H. Rusr. Late Effects of Neutron or Gamma Irradiation in Mice. In;_Biological Effects of Neutron
Irradiation, pp. 359-379. International Atomic Energy Agency, Vienna, 1974.

E.J. Ainsworth, R.J.M. Fry, P.C. Brennan, S.P. Stearner, J.H. Rust, and F.S. Williamson. Life
Shortering, Neoplasia, and Systemic Injuries in Mice After Single or Fractionated Doses of Nentron or
Gamma Radiation. Jn: Bj i nd Environmental Eff f Low-Lev iation, Vol. ], pp. 77-92.
Intematonal Atomic Energy Agency, Vienna, 1976.

. E.J. Ainsworth, R.J.M. F.y, F.S. Williamson, P.C. Brennan, S.P. Stearner, V.V. Yang, D.A. Crouse,

J.H. Rust, and T.B. Borak. Dose-effect Relationships for Life Shortening, Tumorigenesis, and Systemic
Injuries in Mice Irradiated with Fission Neutron or 60Co Gamma Radiation. Proc. IVth International
Congress, International Radiation Protection Assn., Vol. 4, pp. 1143-1151, 1977.

V.V. Yang, S.P. Stearner, and E.J. Ainsworth. Late Ultrastructural Changes in the Mouse Coronary
Arteries and Aorta After Fission Neutron or €0Co Gamma Irradiation. Radiat. Res.,, 74, 436456 (1978).

. G.E. Hanks and E.J. Ainsworth. Repopulation of Colony-forming Units in Mice. Natyre 215: 20-22

(1967).

F.C. Monette, J.B. DeMello. The Relationship Between Stem Cell Seeding Efficiency and Position in Cell
Cycle. Cell Tissue Kinetics 12: 161-175 (1979).

P.C. Brennan and E.J. Ainsworth. Early and Late Effects of Fission Neutron or Gamma lrradiation on the
Clearance of ica From the Lungs of B¢CF Mice. Proc. Sixteenth Annual Hanford

Biology Symp. on Pulmonary Macrophage and Epithelial Cells. (Conf. 760927), pp. 552-565, Technical
Info. Center ERDA, 1977.

J.F. Thomson, F.S. Williamson, D. Grahn, and E.J. Ainsworth. Life Shortening in Mice Exposed to

Fission Neutrons and Gamma Rays. L. Single and short-term Fractionated E : ' .
559572, (1981). y 8 racti xposures. Radiat, Res, 86

J.F. Thomson, F.S. Williamson, D. Grahn, and E.J. Ainsworth. IL Duration-of-Life and Long-term

Fractionated Exposures. Radiat, Res. 86: 573-579, (1981).

-~



18.

19.

25.

29.

B UGG VI i botlea ) s pbton 3y % avecaensy oo o o

EJ. Ainsworth, R.J.M. Fry, D. Grahn, E.S. Williamson, P.C. Brennan, S.P. Stearner, A.V. Carrano, and
JH. Rust. Late Effects of Neutron or Gamma Irradiation in Mice. In:_Bi i
Imadiation, pp. 359-379. International Atomic Energy Agency, Vienna, 1974.

E.J. Ainsworth, R.J.M. Fry, P.C. Brennan, S.P. Stearner, J.H. Rust, and F.S. Williamson. Life
Shortening, Neoplasia, and Systemic Injuries in Mice After Single or Fractiorated Doses of Neutron or
Gamma Radiation. In; Biologi nd Environmental Eff f Low-Level Radiation, Vol. ], pp. 77-92.
International Atomic Energy Agency, Vienna, 1976.

E.J. Ainsworth, R.J.M. Fry, ES. Williamson, P.C. Brennan, S.P. Stearner, V.V. Yang, D.A. Crouse,
J.H. Rust, and T.B. Borak. Dose-effect Relationships for Life Shortening, Tumorigenesis, and Systemic
Injuries in Mice Irradiated with Fission Neutron or 0Co Gamma Radiation. Proc. IVth International
Congress, International Radiation Protection Assn., Vol. 4, pp. 1143-1151, 1977,

. V.V. Yang, S.P. Stearner, and E.J. Ainsworth. Late Ultrastructural Changes in the Mouse Coronary

Arteries and Aorta After Fission Neuwron or €0Co Gamma Irradiation. Radiat. Res.,, 74, 436-456 (1978).

. G.E. Hanks and E.]J. Ainsworth. Repopulation of Colony-forming Units in Mice. Nature 215: 20-22

(1967).

. F.C. Moneue, J.B. DeMello. The Relationship Between Stem Cell Seeding Efficiency and Position in Cell

Cycle. Cell Tissue Kinetics 12: 161-175 (1979).

24. P.C. Brennan and E.J. Ainsworth. Early and Late Effects of Fission Neutron or Gamma lrradiation on the

Clearance of Pasteurella Pneumotropica From the Lungs of BgCF Mice. Proc. Sixteenth Annual Hanford

Biology Symp. on Pulmonary Macrophage and Epithelial Cells. (Conf. 760927), pp. 552-565, Technical
Info. Center ERDA, 1977.

J.F. Thomson, F.S. Williamson, D. Grahn, and E.J. Ainsworth. Life Shortening in Mice Exposed to

Fission Neutrons and Gamma Rays. I. Single and short-term Fractionated Exposures. Radiat, Res, 86:
559-572, (1981). P -

J.F. Thomson, F.S. Williamson, D. Grahn, and E.J. Ainsworth. II. Duration-of-Life and Long-term
Fractionated Exposures. Radiat, Res, 86: 573-579, (19§1).

. E.J. Ainsworth. Radiation Carcinogenesis-Perspectives. Probability Models and Cancer, L. Le Cam and J.

Neyman, Eds., North Holland, Amsterdam, pp. 99-169, (1982).

. E.L. Travis, H.D. Thames, Jr., S.L. Tucker, T.L. Watkins, and I. Kiss. Protection of Mouse Jejunal Crypt

(Clcglésg;y WR-2721 After Small Doses of Radiation. Int, J. Radiat, Oncology Biol, Phys., Vol. 12, 807-814

A.L. Carsten, S.L. Commerford and E.P. Cronkite. The Genetic and Late Somatic Effects of Chronic

Tritium Ingestion in Mice. Current Topics in Radiation Research Quarterly ]2, 212-224 (1977) North-
Holland Publishing Company, Amsterdam..



A

30. E.P. Cronkite, V.P. Bond, A.L. Carsten, T. Inoue, M_E. Miller, and J.E. Bullis. Effects of Low Level

32.

33.

34.

36.

37.

38.

39.

40.

41.

43,

44,

45.

46.

47,

Radiation Upon the Hematopoietic Stem Cell: Implications for Leukemogenesis. Radiag, Environ, Biophys
26: 103114 (1987).

. E.D. Werts. Murine Thrombocytopenia Following Single or Multifraction Low Dose X or y-uirradiation In;

Optimization_of Cancer Radiotherapy, Eds. F.R. Paliwal, D.E. Herbert, C.G. Orton, AAPM Pub. pp. 183~
195 (1985).

JH. Hendry and B.L. Lord. The Analysis of the Early and Late Response to Cytotoxic Insults in the
Hematopoietic Cell Hierarchy. [n: xi¢ Insult to Tissue Effects on Cell Lineages. Eds., C.S. Potten
and J.H. Hendry, Churchill Livingston, London pp. 1-66.1983.

M.P. Hagen, E.V. Holahan and E.J. Ainsworth. Effects of Heavy lons on Cycling Stem Cells. Adv
Space Res, 6: 201-211 (1986).

C.S. Griffen and S. Hornsey. Effect of Neutron Dose Rate on Jejunal Crypt Survival. Int, J, Rad, Rio,,
Phys, Chem. and Med. 49, 589-595 (1986).

35. E.J. Ainsworth and R.M. Larsen. Colony-forming Units and Survival of Irradiated Mice with AET or

Endotoxin. Rad, Res, 40: 149-176 (1969).
W.A. Hunt, B.M. Rabin, J.A. Joseph, T.K. Dalton, W.E. Murray, Jr., and S.A. Stevens. The Effect of

Iron Particles on Behavior and Brain Functions: Initial Studies. In; | Radiation and 1
Biological Effects. Eds. P.D. McCormick, C.E. Swenberg and H. Biicher. Plenum Press, New York,

1988, in press.

J.A. Joseph, W.A. Hunt, B.M. Rabin and T.K. Dalton. Correlative Motor Behavioral and Striatal
Dopaminergic Alterations Induced by Fe-56. In: Terrestrial Space Radiation and It's Biological Effects.
Eds. P.D. McCommick, C.E. Swenberg and H. Biicher. Plenum Press, New York, 1988, in press.

E.L. Travis, M.Z. Fang, and 1. Basic. Protection of Mouse Bone Marrow by WR-2721 After Fractionated
[rradiation. Int, J. Radiat. Oncology Biol, Phys,, in Press, 1988.

E.J. Ainsworth, T.L. Phillips, and K. Kendall. Influence of Aminoethylisothiouronium Bromide-
hydrobromide and Hypoxia on Recovery From Radiation Injury in Mice. Nature 210: 323-324 (1966).

Afzal, S.M.J. and E.J. Ainsworth. Radioprotection of Mouse Colony Forming Units-Spleen (CFU-S)
Against Heavy Charged Particle Damage by WR-2721. Radiat Res. 109: 118-126 (1987). '

W.R. Hanson and C. Thomas. 16,16-Dimethyl Prosmglandin E7 Increases Survival of Murine Intestinal
Stem Cells When Given Before Photon Radiation. Radiat, Res. 96, 393-398 (1983).

W.R. Hanson and E.J. Ainsworth. 16,16-Dimethyl Prostaglandin E; Induces Radioprotection in Murine
Intestinal and Hematopoietic Stem Cells. Radiat, Res, 103, 196-203 (1985).

T. L. Walden, Jr., M. Patchen, and S.L. Snyder. 16,16-Dimethyl Prostaglandin E; Increases Survival in
Mice Following Irradiation. Radiat, Res. 109, 440-448 (1987).

IR, Maisi'n..G, Muttelin, A. Fridman-Manduzio, and J. van der Parren. Reduction of Short- and Long-
Term Radiation Lethality by Mixtures of Chemical Protectors. Radiat, Res, 35, 26-44 (1968).

R. Monroy, R.R. Skelly, P. Taylor, A. Dubois, R.E. Donahue, and T.J. MacVittie. Recovery from Severe
Hematopoietic Suppression Using Recombinant Human Granulocyte-Macrophage Colony-Stimulating

Factor. Exp, Hematol, 16: 344-348 (1988).

R.L. Ullrich. Tumor induction in BALB/c Female Mice After Fission Neutron or 7y Irradiation. Radiat, Res,
93, 506-515 (1983).

LB



38.

39.

40.

41.

43.

44,

46.

47.

48.

49,

50.

51.

E.L. Travis, M.Z. Fang, and 1. Basic. Protection of Mouse Bone Marrow by WR-2721 After I Fractionated
Irradiation. Int. J. Radiat, Oncology Biol, Phys., in Press, 1988.

E.J. Ainsworth, T.L. Phillips, and K. Kendall. Influence of Aminoethylisothiouronium Bromide-
hydrobromide and Hypoxia on Recovery From Radiation Injury in Mice. Nature 210: 323-324 (1966).

Afzal, SM.J. and E.J. Ainsworth. Radioprotection of Mouse Colony Forming Units-Spleen (CFU- S)
Against Heavy Charged Particle Damage by WR-2721. Radiat, Res. 109: 118-126 (1987).

W.R. Hanson and C. Thoma:. 16,16-Dimethyl Prostaglandin E Increases Survival of Murine Intestinal
Stem Cells When Given Before Photon Radiation. Radiat, Res, 96, 393--398 (1983).

. WR. Hanson and E.J. Ainsworth. 16,16-Dimethyl Prostaglandin E; Induces Radioprotection in Murine

Intestinal and Hematopoietic Stem Cells. Radiat, Res, 103, 196-203 (1985).

T. L. Walden, Jr., M. Patchen, and S.L. Snyder. 16,16-Dimethyl Prostaglandin E7 Increases Survival in
Mice Following Irradiation. Radiat. Res, 109, 440-448 (1987).

J.R. Maisin, G. Mattelin, A. Fridman-Manduzio, and J. van der Parren. Reduction of Short- and Long-
Term Radiation Lethality by Mixtures of Chemical Protectors. Radiat, Res, 35, 2644 (1968).

ancy ~

. R.Monroy, R.R. Skelly, P. Taylor, A. Dubois, R.E. Donahue, and T.J. MacVittie. Recovery from Severe

Hematopoietic Suppression Using Recombinant Human Granulocyte-Macrophage Colony-Stimulating

Factor. Exp, Hematol, 16: 344-348 (1988).

R.L. Ullrich. Tumor Induction in BALB/c Female Mice After Fission Neutron or vy Irradiation. Radiat, Res,
93, 506-515 (1983).

J.B. Storer and R.L. Ullrich. Life Shortening in BALB/c Mice Following Brief, Protracted, or Fractionated
Exposures to Neutrons. Radiat, Res, 96, 335-347 (1983).

J.R. Maisin, A. Wambersie, G.B. Mattelin, M. Lambiet-Collier, B. DeCoster, and J. Gueulette. Life-
Shortening and Disease Incxdcnce in Cs7B1 Mice After Single and Fractionated -y and High-Energy Neutron
Exposure. Radiat, Res, 113, 300-317 (1988).

B.V. Worgul. Cataract Analysis and the Assessment of Radiation Risk in Space. Adv, Space Res, Vol. 6,
285-293 (1986).

B.V. Worgul, G.R. Merriam Jr., and C. Medvedovsky. Accelerated Heavy Particles and the Lens I1L
Cataract Enhancement by Dose Fractionation. In prcss M 1989.

A.G. Searle and R.J.S. Phillips. Genetic Effccts of Neutron Irradiation in Mice,
Neutron and Proton Irradiations. Vol II, pp. 361-370. Internat, Atomic Energy Agency, Vicnna 1964,



- 52. C.K. Hill, FM. Buonaguro, C.P. Myers, A. Han and M.M. Elkind. Fission-Spectrum Neutrons at

53.

54.

55.

56.

57.

58.

59.

60.

61.

63.

Reduced Dose Rates Enhance Neoplastic Transformation. Natre 298, 67-69 (1982).

T.C.H. Yang, L.M. Craise, M.T. Mei, and C.A. Tobias. Dose Protraction Studies with Low- and High-
LET Radiations on Neoplastic Cell Transformation /n Vitro . Adv. Space Res, 6, 137-147 (1986).

R.C. Miller, D.J. Brenner, C.R. Geard, K. Komatsu, S.A. Marino, and E.J. Hall. Oncogenic
Transformation by Fractionated Doses of Neutrons. Radiat, Res. 114, 589-598 (1988).

D. Grahn, J.F. Thomson, B.A. Carnes, F.S. Williamson, L.S. Lombard. ]n: Nuclear Science

Applications. (Y. Maruyama, J.L. Beach, and J.M. Feola, eds.), Vol. 22, pp. 385-396, Harwood
Academic, New York.

W.R. Hanson, D.L. Henninger, R.J.M. Fry and A.R. Sallese, The response of small intestinal stem cells in
the mouse to drug and iTadiation treatment in: Cell Proliferation in the Gastrointestinal Track, (Eds)
Appleton, Sunter and Watson, (Pub) Pitman Medical, pp. 198-212 (1980).

C.P. Sigestad, D.P. Grdina, A.M. Connor, W.R. Hanson. A Comparison of Radioprotection From Three
Neutron Sources and 60Co by WR-2721 and WR-151327. Radiat. Res. 106: 224-233 (1986).

L.K. Steel, A.J. Jacobs, L.I. Giambarresi, and W.E. Jackson IIl. Protection of Mice Against Fission
Neutron Irradiadon by WR-2721 or WR-1511327. Radiat, Res, 109, 469-478 (1987).

R.JM. Fry. Radiation Carcinogenesis: Radioprotectors and Photosensitizers. ]n; Radioprotectors and
Anticarcinogens. Academic Press, pp. 417-436.(1983)

J.R. Maisin, G.B. Gerber, G. Mattelin, and M. Lambiet-Collier. Chemical Protection Against Long-Term

Effects of Whole-Body Exposure of Mice to Ionizing Radiation. IIl. The Effects of Fractionated Exposure
to Cs7B1 Mice. Radiat. Res, 82, 487-497 (1980).

L. Milas, N. Hunter, L.C. Stephens, and L.J. Peters. Inhibition of Radiation Carcinogenesis by S§-2-(3-
aminopropylamino)-ethylphosphorothioic Acid. Cancer Res, 44: 5567-5569 (1984).

W.D. Werts and W.R. Paying. Superoxide Dismutase Activity and Susceptibility to Chemically Induced
Cancer in Rat Liver. Proceedings of Am. Asso. Cancer Res. 28, 163-168 (1987).

D. Grdina.and R.R. Weichselbaum, Radiation Carcinogenesis and Radioprotection, 14th Annual Report of
Career Research, University of Chicago, 1986-1987, pp 289-290.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
cmployees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bulity for the accuracy, completeness, or uscfulness of any information, apparatus, product, or
process disclosed, or represents that s use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or scrvice by trade name, trademark,
manufacturer, or otherwise does not nccessarily constitute or imply its endursement, recom-
mendation, or favering by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



