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ABSTRACT

When mice are given radiation exposures producing the hematopoietic
syndrome, {t is assumed that it is the killing of hematopoietic stem cells
and the leuko~- and thrombocytopenias which ultimately develop that pre-
dispose the animals to infection, hemorrhsge and death. The colony-
forming unit (CAJ) has many attributes of a (the) hematopoietic stem cell,
and it might be expected that a high correlation should exist between
CFU survival and survival of the animal. Some earlier studies have
supported this correlation, whereas, others have not, In the present
experiments three methods of CFU enumeration (endogenous, exogenous, and
donor) have been used to evaluate this corvelation in mice "protected"
with AET or bacterial endotoxin. The results show that the different
CFU enumeration procedures yield somewhat different results, yet under
certain conditions the lI%O'S for AET- or endotoxin-treated mice may be
predicted within 5 - 1% from CFU survival curves. In spite of the good
correlation between CFU survival and probability of survival of the
mouse, it is proposed =hat the CFU is not the stem cell which determines

the radiation sensitivi:y of the mouse,




Problem:

The suwrvival of hematopoietic stem cells is & major determinant cf
survival in midlethally irradiated animala. By knowing the relative number
of stem cells in the mouse, the radiation sensitivity (D37) of stem cells,
and the critical number or frecticn of stem cells which 1s essential for
survival of the animali, it should b2 possible to predict tae LDSO‘ The
colony-forming unit (CFU) has many attridbutes of the hematopoietic stem
cell, and the present experiments were designsd to cvaluate the correla-
tion between CFU survival and survival in mice "protected" with AET or
bacterial endotoxin.

Findings:

Undes certain conditions the LD,).O for AET- or endotoxin-treated mice
may Le predicted within 5 - 104 from CFJ survival curves. Different
methods of CH! enumerstion yield somewhat different estimates of CFU
survival, and ths :mntective agents change the size distribution of
spleen nodules. In spite of the correlstion between CFU survival and
LD50 demonstrated here, it ig proposed that the CMU is not the stem cell

which determines the "'Dso of mice.
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INTRODUCTIOR

The colony-forming unit (CFU) exhibits many o the properties

vhich are attributed to the hematopoletic stem cell(s) (1 - 6).
Various methods of quantitating radiation responses of CFU's have
provided the tool by which the lethality response of aniuals and/or
radiation damage to the hematopoietic system mey be interpreted in
terms of survival curves derjved experimentally for stem cells in the
bone marrow or spleen (7 - 9). The conceptual basis for experizental
studies relating LDSO and CPU's is the hypothesis that, at radiation
exposures producing the bone marrow syndrome, & direct correlation
exists between stem cell survival and survival of the animal. In the
present experiments we have attempted to evaluate this hypothesis.
Ctudies of the correlation between radiation responses of CFU's
and radiation sensitivity (LDSO) of animals have one common feature in

experimental design, yet three different lines of investigation have

been followed. The coumon feature 1s that the [‘DSO of the animal 1»
varied by one msans or another, ana the CFU respcnses, in terms of
nuxbers surviving or n37'a, are aeasured to det-mine if the CFU
response varies in the same fashion as does the survival resjorse of the
animal, viz., an increase in LDSO is accumpenied by an increase in the

surviving oaumber or the 037. The different lines of inwsetigstion
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relate to the cholice of means of altering the LDso. The means used

hertofore have been: 1) age-dependent changes inwolving weanling and
adult mice (10 - 13); 2) changes in wEO produced by radio-protective
procedures (14 - 23); and 3) changes in LDSO which are related to
recovery from radiation iujury (2&),

Certain data support the proposed correlation between CFU's and
the animals' radiosensitivity, but other data do not. The use of
different ethods of CFU quantitation as well as details of the experi-
mental designs could contribute in part to contradictory results. The
radiation-protection studiezs with MEG, AET, cystamine and hypoxia differ
in some details, but in generzl they show a correlation between increased
survival of mice and survival cf CMU's (16, €0 - 23). However, if endo~-
tuxin or cnolchicine are used to increase survival, the relationship is
equivocal in the sense that the injection time producing the maximal
effects on survivel is correlated with the greatest changes in CFU's,
but very large increases in CFU's occur under circumetances which have
littie or no effect on survival (14, 15, 17 - 19). Both endotoxin and
AET increase survival of irradiated mice, but different mechanisms are
operrtive {23). Using these substances, we have compared the survival-
promoting effects and their influences on recovery frcm mmdiation
injury (26, 27). In the present experiments this comparison has been
extended to their effects on survival of CFU's. In our earlier experi-
ments with endotoxin the results obwined from studies of endogenoua or

iransplantation methods differed somevhat, and we expressed concern about
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various factors which could influence the endogenous method of CFU

enuneration (19). Therefore, in the present studies of CFJ responses
and mouse LDSO’ we have compared different methods of quantitating
survival of CFU's. The prescnt results show that CFU responses evaluated
hy different methods do in fact differ in some particulars, yet under
certain conditlons it is possible to predict the measured LD 0 within

P
3 - 10% from the survival responses of CFU's.

METHODS AND MATERIALS

Experimental Animals:

The mice used were LA.Fl

were bred and raised in tnis laboratory. They were maintained 10 mice

female or males 90 - 130 days old which

per cege and alloved Purina lLaboratory Chow anc acidified water ad

1ibitum.

Irrediation Procedure:

Mice were exposed to 250 kvp X-rays wihiile restrained in corxked,
perforated, lusteruvid tubes placed on a rotating turntable at 10C cm
from the target. The filtration was 0.5 mm of copper and 1.¢ wn of
aluminum; the haif value layer was 1.35 mm of copper. The dose rnte at
this distance was 23.9 R/min.

Protective Proceduses: AET and ®ndotoxin:

Aminoetnylisothiouronium brouide ..;drobroside (AET), buffered to

p 7.2, wes administered inuraperitoneally at & dose of 27H mg/xg; this




doss was 2ssentially subiethal, for only an occesional animal died
following injection. ¥when AET was given before irradiation, the ‘:terval
between injection and {rradiation did not exceed 15 minutes. In soue
experiments the same dose of AET was given between 5 and 15 minutes after
irradietion.

The endotoxin used in these studies was PIRGMEN, a highly purified
lipopolysaccharide derived from Pseudomonas (28). The stock concentra=
tion supplied by Flint Eaton and Company, was 1000 pg/ml. The mice were
injected intraperitoneally with 0.05 ml (50 pg) of the stock solution.
This dose produced occasional signs of acute toxicity but was sublethal.
All animals were injected 24 ¥ 1 hours before irradiation.

Femoral Marrov aad Spleen Cell Suspensions:

The femurs were excised from a minimum of five decapltated, exsangui-
natad mice, each taken from a separate cage. A small opening was teased
in the intercondylar fossa with a 25-gauge, 1/4" needle mounted on a 1.0 cc
syringe. The needle was then inserted into the marrow cavity at the
opposite end of the femur between the greater trocenter and the head.

The marrow was discharged into a 100 ml teflon beaker by forcing a small
quantity of & chilled, balanced salt solution (.anks) through the marrow
cavity. After the femur had be n flushed several times, it wvas placed
into a 15 ml bottle containing 8 ame&ll quantity of Hanks' g,lutioa.

When marrov had been collected from all the femurs, the teflon tesker

vas svirled to disperse the mairTov cells. The marrov suspension was
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filtered through fine mesh nylon (pore size of 0.3 mm) into a gxaduated
cylinder. The nylon filter was remownd, turned inside-out, and placed

in the bottle with the femus. The bottle was cepped and gently agitated

!

to suspend the cells adhering to the filter or the epiphyses of the bones.
Marrov cells elited in this way from the filter or bones were
transferred to the graduated cylinder through a clean nylon .dcro-filter,
The latter oreration was continued until the desired volume was obtained.
Iuring the entire procedure the marrow cells were kept at between 4 - 10° ¢
by performing the various steps within the confines of an open refrigerator.
Thia prevented cozgulution. The nucleated cell count was determined as
described below.

The splesn was excised and placed on a gauze pad noistened with
Hanks solution. The capsule was opened, and the spleen was deposited
in the reservoir of a stainless sveel filter asszembly fitted with a
nylon filter with pore sizes of 40 microns. The cells were carefully
wvorked louse from their capsules and washed through the [ilter into &
Lo ml round bottom centrifuge tube. The dissociated sp..n cells were
centrifuged at 1000 rpm for 10 minutes at roonm temperature. The
suyenatant vac withdrewn and the spleen ~uils were resuspended in
chilled (4 - 10°C) Hanks solution to the desired volume. Tho total
nucleated cell count was determined with the 4fd of a hemacytometer

using & .04 HCl diluting fluid.
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thods for Enumerating Colony-Form:ig Units:

Endogenous: The method used is that which was first described vy
McCullcech and Till 101964 ( 3 ). In brief, mice which are exposed to
approximately 60 - 85% of their I.DSO /30 show nodules in their spleens
vhen axamined 8 days later. The number of spleen nodules is inversely
related to the radiation exposure.

Exogenous or Recipient: Reciplent mice are subjected to two graded

exposures, separated by approximately 2 hours, which total 900 R; a
first or primery (Dl) exposure is given before the injection of the
cell suspensior containing CFU's, and a second (De) or test exposure is
given to the transplanted cells. With this method exposure-response
relationships ar» established by comparing the number of CFU's in a
nonirradiated suspension to the numiber of CFU's in that suspension which
survive various radiation exposures. Numbers of CFU's were injected,
vhich, according to calculation would result in 8 - 16 rodules/spleen
after any test exposure to yadiation. is was usually achieved and counts
of less than S nodules/spleen were rarely encountered. In these
experiments male mice were used as donors of marrow or spleen cells end
females were used as reciplents. When AET was used in connection with
this method, the drug was given within 15 minutes before the test
exposure.

Dowor: This method also inwnlves transplantation, but 1t is disciact

from the recipient method in that the donor mice rather than the recipients

t\




are given the test exposure to radiation. Donor animals, treated or
untreated, are given graded test exposures, sacrificed within 30 minutes,
and suspensions of their femoral bone marrow or spleen -ells are injected
into recipients exposed to 900 R. The dilutions used werc adjusted,
according tc the radiation exposure and expected survival, to produce

8 - 16 nodules/spleen.

Counting Criteria for 3pleen Nodules:

In view of the abundance of small nodules, especially with the
endogenous met od, and in view of differences reported earlier in size
distrivution (19), the question arose as to the effect of size criteria
used for epnumeration on the exposure response relationship. Therefore,
it was deemed desirsble to actually size all spleen nodules so that the
data could be treated on an expandad basis.

The spleens of the recipient mice wers &ll harvested at 8 days,
fixed in alcohol, acetic acid and formalin (AAF), and the nodules were
81zed with the aid of & steriozoom-dissecting microscope fitte? with an
optical micrometer. The long axis of all discernible nodules was
measured to the noarest 0.1 millimeters.

Statistical Analysis:

Median lethal doses (LDSO's) and other statistics were ocomputed
from a maximum likelihood solution of the regression of the pnormsl
equivalent deviate (Probit~5) of percentage of mortaiity ou the radiation

exposure in roentgens (R). The regressions were calculated using a




USNRDL program based on probit analysis (29) as adapted to a computer

by Altchison and Browu (30).

Survival curves for spleen nodules were fitted by a least squares
regression of the logarithm of the number of nodules on the radiation
exposure in roentgens (R). The D37's, intercepts, and 95% confidence

intervals were derived from the slope and standard error >f the fitted

curves.
LVPFRIMENTAL

; t. :
Q-;bo /30 Determinations

The effects of AET or endotoxin on 30-day survival or irradiated
mice are summarized in Teble I. The LD50 for nontreated control mice
was 721 R. When AET (275 ug/Kg) was administered approximately
15 minutes before irradiation, the I_.D,50 was 1313 R, an increase of £2%
cver the LD50 for controls. JInjection of AET 15 minutes after irradia-
tion produced no significant increase in the LDSO’ which was 745 R.

A 50 pg injecticn of endotoxin given 2L hours before irradiation raised
the mSO to 919 R, an increase of 27%. It should be noted that the

slopes of the exposure-response curve for the control and treated groups

d1d not differ significantly.

“gndogenous " Spieen Nodules:

Figure 1 summarizes the results of experiments which relate radla-

tion exposure tc nunber of endogencus spleen nodules iu four grouns of
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animals: 1) untreated controls, 2) mict;. given AET 15 minutes before
irradiation, 3) mice givea ET 15 minutes after irradiation, and 4) mice
given endotoxin 24 hoyrs before irradiaticn. The data are presented in
terms of nodule counts based on two size cetegories, 0.5 mm and abovta,
which excludes the background of tiny nodules and restricts the scoring
to the large discrete nodules which may be counted easily (Figure 2A),
and 0.1 mn and above, which represents the total count; this includes
the tiny nodules which are very difficult to count (Figure 2B).

The point to be made from Figure 1 is that neither the protective
procedures (AET or endotoxin) nor the size criterion used for scoring
produced significant alterations in the slopes of the survival curves.
The variations in dose-responsiveness were sucn that the D37 estimates
under certain circumstances were only reliable within a factor of ~ 2.
This occurred in both nontreated controls as well as in treated animals.
Even if this hich degree of varishility were disreyarded and the D3,{'s

were accepted as sucn, the expected irncrease in D ~ with AET given

3

befcre irradiation are not ohserved.

Although the siopes >f th» survival curves are not changed si.nifi-
cantly by AET or endotoxin glven before irradiation, tne numbers - nodules
which occur iun the spleen are markedly increased over tne control values

at any given radiation expecsure. On the basis of the fitted curves, the

® the lJargest nodulies d> not exceed 2.C am,




relative increases and controls range from a factor of 10 to > 100.
Thus, there is no doubt that protective procedures which increase
survival of the mice in some fashion produce an increase in the number
of nodules in the spleen. One may attempt to interreiate the numbers of
spleen nodules and survival or LDSO of the mouse using the completely
empirical procedure described below. In doing this, we have disregarded
the variability in endogenous nodule responses end have used the computed
£§7's. The results are rather surprising.

The "survival curves" in Figures 1A and 1B have been extrapolated
to the higher exposure ranges in which only fractions of a nodule/spleen
would be expected. This was done in ordexr to compare the expected
number of nodules present at the measured LDSO'S. The measured LDSO'S
for the various protective procedures are plotted on the extrapolated
portions of the nodule survival curves. This intercept of the nodule
curve and the LDSO exposure is an estimate for the number of spleen
nodules present at the measured LDSO' Flgure 1A shows that at the
neasured LDSO of 721 R in control animals, the spleen should contain
approximately 0.09 nodules. If 0.09 nodules/spieen is selected as the
valuie at which control mice have a 50% protability of survival, it might
be expected that mice given protec*ant would also have a S0% provavility
of survival at 0.0Y nodules/spleen, irrespective (f tiie absulute exposure

in R or the slope of the curve which results in this nunmber of "sweviving”

nodules. Cne may in this way obtaln a "predicted” LD50 for AET or endotoxin

LRR——




by merely uwoving across the X axis and determining from the various nodule
survival curves the point on the X axis (the exposure in R) at which the
survival curve reaches ~ 0.09 nodules/spleen. The similarity between the

measured and the predicted LDSO'S thus indicates the degree of rellability

with which the mouse's LD50 may be predicted from the spleen nodule

respcnses. These relationships are summarized in Table 7T, The expected

LD

Figure 1A) and based on total nodule counts (from Figure 1B). Bared on

O's are shown separately based on counts of large nndules (frow

the countc of large nodules in animals given ART 15 minutes before

irradiation, the LD.

50 was underestimated by approximately 60 R or only

about 5%. In the groups given AET after irradiation or endotoxin 24 hours

before irradiation the counts of large nodules overestimated tne LD, O's

p)

by approximately 21%. On the other hand, total nodule counts came much
- closer to predicting the I..D50 in mice given either endotoxin or AET after

irradiation. The estimated LD ,'s were within % and 5%, respectively,

P

of the measured LD ‘.\“s. Thus, the interesting point is that in spite of

p)

the variations in endogencus nodule responses and the fact that snall

-k

ern rs are ampiitfied bty the extrapolation prucedire used tere, lae LDS\"S
aay e preddceted within 10,

Difterences fn toe size ddsuribution OO0 nod les in the vardiods roups
(Meure 2) as well as countiug errvrs and inherent varlatility f the
systen coald rartially explain the influence «f size criteriu on the

\
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"accuracy” of LD, . prediztion. Mouare £ oscows that in contre L mice
' T, I < C
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approximately 46% of the nodules were O.4 mn or less, but in the endotoxin

group only approximately 25% of the nodules were in that size category.

Therefore, when large nodules are scored, & greater percentage of the i

total distribution is measured in the erdotoxin group, approximately
75%, than in the control group, approximately 54%. The nodules simply

tend to be larger in the endotoxin-treated animals than in the controls,

et 305,

and this could contribute to "overestimation" of the IIBO by virtue of

the presence of "too many" nodules. Waen total counts are used, the
importance of this size difference is diminished, and the LDSO for
endotoxin~-treated animals is overestimated to a lesser extent. Since

the administration of AET 15 minutes before irradiation also increased

the siz~ distribution, one might expect the relationship betweer nodule
size criterion and accuracy of LDSO prediction to vary in the same general
fashion as for endotox’n. This is not the case. In spite of the tendency
toward larger n2dules, the LD50

rather than overestimated using elther size criterion, and the to*al

for AET-treated animals was "underestimated"

nodule count had less predictive value than the count of large nodules.
In the case o0 AET administration after irradiation, a pricedure which
increases tne orcuarrence of spleen nodiles withoeut increasin: the LDS;._,
the "oweres-imaticn” of the LD, . based »n large nodiles {s related to

)]
P

an apparent flattening o the slope f 1n: exposure-response c rve as

compared with the controls (see Ploure 14).




Donor Experiments:

Another method used toc evaluate the radiaticn responses of colony-
forming units and to attempt to compare CFU responces with the mouse's
radiosensitivity involved irradiating the animals which served as donors
of bone marrow and/or spleen cells, Tne donor animals were given graded
radiation exposures, with or without AET heving been given approximately
15 minutes before irradiation. The surviving number of CFU's was
determined by sacrificing the animels within one hour after irradietion
and injecting the appropriate dilutions of marrow or spleen cells intc
recipient animals expoced to 900 R. Before dealing with survival of
CFU's, 1t was first necessary to determine if the protective procedures
changed the number of CFU's present in the femur or spleen at the time of
irradiation.

The content of CFU's in the femoral marrcw and spleen of nontreated,
nonirradiated mice is summarized in Table III. Also presented are data
rrom "donor mice" which were injected either with AET 15 minutes tefore
sacrifice or with endcotoxin 24 hours befure sacrifice. The data show
tnat within 15 minutes of inlection, AET effected no significant cna.x‘.ges'
in the femur or spleen content of CFU's or nucleated cells. In contrast,
mice given endctoxiu 24 hours earlier showed of the order of & two-told
increase in spleen content of CHJ's; the nicleated cell content of the
spleen and the retioc of CEU'B/IUS nucleated cells were als. increased.

The femlr CFU content was not increased, btit a siygniticant drop (bof)

13




occurred in the nucleated cell count; this resulted in epproximetely a
two-fold increase in the ratio of CFU'a/lOS nucleated cells. An estinate
of the effect of AET or endotoxin on the distribution of spleen uodule
sizes can be extracted from Table IIT by dlviding the femu. ¢ spleen
content based on counts of large nodules (C.5 mm+) by tb2 content based
on total nodules counts, viz., in the femurs and spleens cf controls;

the fraction of large was 9.2/12.7 = .72 and 1.8/2.7 = .67, respectively.
Since in the treated groups the maxiumum difference from contrcl wvelues
wag vithin 74, we will assume that the size distributions of nodules 1in
the treated and coantrcl snimals were similar.

The numbers® of CFU's surviving greded radiation exposures in the
femur or spleen of AET-itreated and conirol mice are shown in Table IV.
These exposure-respcnse relationships are presented in terms of the two
nodule size criteria, 0.1+ and 0.5+, and the survival curves in Flgure 3
were computea from the mean CFU counts based or. the J.5+ size criterion.
In Filgure 3 the survival curves were fitted to points at 150 R and above
in the contiols and to points at 283 R and abcove in the ART-treated
animalg; this was done to aveid the shoulder region and to restrict the
curve fitting t the exponential po:rtion of the survival curve. Hovever,

it 10 somewhat difficult to establish what 1s, in fact, the exponential

. These valuses do rot represent the total CFU content of the femur. NoO
adjusrtment has been made for injected CFU's which do not Jocalize in the

spleen.
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portion, especially in the case of the AET-treated animals., In general,
the CFU survival data from the treated animals are more variable than in
the controls, and the observed points are less well fitted by the survival
curves shown in Figure 3. This was particularly tiie case at exposures of
< 400 R. On the other hand, it is quite clear that one has several options
in tne curve fitting and the inclusion of more points, e.z., 192 and 240 R
from Table IV, could also yield a survival curve which is an acceptable

fit to the data, This matter of curve fitting assumes importance in
connection with the inferences to be drawn from the data in terms of

the estimation of AET-protection ratics and prediction of the LD, ..

50
The dependence of D G intercept value and a parameter of goodness

3
of fit, the correlation coefficlent, on the size critericn and the assump-
tions concerning the portion of the curve to be fitted are summarized in
Table V. The2 puints to be made from these data are: 1) in the controls
the EBT'S were essentially unaffected by either the size criterion cor the
assumptions pertaining to snoulder width (fitting points of 120+ or 150+,;
2) in the AET group the size criterion had no effect on the D37, but
fitting th» survival curve to points at 283 R+ rather thar 194 R+ decreased

the 037 by 25 - 30 R. This small decrease in D37 1s not significant, but

it mpses & rather large difference in the ApT-protection ratio, the

estinat s . the gurviving number of CFU's at tue Lqu’ and the predicted
LD . FPur exanmple, tihe pr tecti n matios for femur and spleen JFJ's are
~l, or Zo0oDr 1ot oor 22, respectively, dependdng upon ‘ne curve fuuing

ani the assamptions made concernins the width of the snoulder 7 e




survival curve (Table VI). 1In spite of this, the results in Table VI

show that by extrapclation the LD50 for the AET-treated mouse may be

predicted within 124,

The size distributions of the nodules which were counted in the
donor experiment are shown in Figure 4. AET did not markedly influence
the size distribution of either femoral or splenic CFU's. This figur=
alsc shows & small difference in the slze distribution of splenic and
femoral CFU's. In the spleen 60% of the nodules were large, whereas,
the value for the femur was 70%.

Recirient Experiments: Exogenous CRJ

The third method used to study radiation effects on CFU's involves
the experimental design which was described by Till and McCulloch in
their initial contribution in this area (1). It is notewerthy that the
variability of thisz method is much less tnan with the endogenous or
donor methods; this fact 1s illustrated in Figures 5 - 9 by the compara-
tively small confidence intervals of the LBY'S. In this method the
normal bone marrcw or spleen cells to be tested are injected into irradia-
ted recipient mice. The test cells are irrediatesl in vivo by glving tae
reciplent animal graded radiastion exposures. When protectants like AET
are invoived, the agent 1s given to the reciplent animal a* e appropriate
time, viz., 15 minutes, before i{rradiation.

The radlatdon response o f normal Lone marrw evaluted Yoo thils methad
i1s suoen in SMeure 5. ALl spleen nodules were siced and lhe resjnaes are

resented i terms 0 counts of laroe nodules (Mgure SA) and in terms of
&
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totel nodule counts (Figure S5B). The criterion of size distribution did

not materially alter either parameter of radiation response, namely
the D, or the extrapolatior number., Fitting the curves to points above

37

74 or 149 R also had little effect. The D37‘s were ~50 R,and the extra-

polation numbers ~1.7 - 2.2.

Using this same methad, the radiation response of spleen cells was
evaluated and the data are sumarized in Pigure 6. Based cn large and
total nodule counts, the curves fitted to all observed points gave D37's
of 71 and 73 R, respectively, and the extrapclation numbers were 1.27
and 1.01. Eliminating the two data points at < 75 R from the regression
did nc* change either the D37 or the extrapoiation number. IZliminating
the points below 150 R yielded a Ii37 of 37 R {63 = 145) with an extra-
polation numbter of C.:0 based on large nodules, and a D, of 84 R (61 -
135) and an extrawpoiatior number of U.:1 based on total counts. It
snould be noted that in the exp.sure range abov. lds R consideratle
gcavier vas otserved.

Injeatin, AZT inte the reciplent anlmals bLefore the test cells were

irradiatel marxediy increased wie 2. for OFU's obvtained from the femur

!

tas

and avleen., PFlgure " suamarloes the regulss with JFU's from bone marrod,
witn the W sice oriteria veing pl tied separvatel in Plnures A and B,
Toe carves are Peeed oo exclusion 0 opedncs rel w0y R Sor controls
Plooare S ant telye U580 B Cor AT, waln, the stoe crivcrt notal a
tie L Aand exirap laticon nudor. The exfrapclation

Cotae ART and o ontrel curves were gufte si=llar. The AT-




protection ratio was 1.74 based on either large or total nodule counts.

The size distribution of spleen nodules resulting from the transplanta-
tion of marrow from AET-treated or control mice waa similar; the large
nodule category comprised 71% and 68%, respectively, of the total
distributions.

The results with transplanted spleen cells (Figure 8) show that

AET produced a large increase in the D3,{,'s, but the matter of common

intercepts for the control and AET-survival curves wes gomewhat less

clear. The CFU-survival curves from the AET-treated animals had the
interecting property that, if the two points below 150 R are excluded

from the curve fitting, the Y intercepts were slightly increased; a
comparabla increase was not observed in control animals whern the suculder
area was excluded from the curve fitting (Figure 7). Therefore, ALT may,

in this fashicn, effect the shoulder area of the CFU-survival curves

derived from the tranplanted spleen cells. Based on counts of "..._e ncdules,

AET increases “lie D37 by & factor =f 1.75 - 1.378 and on the basis of

total nodule c.unts by a factor cf 1.62 - 1.728. The nodule size distribu-

ticns were similar; 72% large nodules in the AET group and ¢4 in the

e er s R At P b

controls. The surviving fractions and predicted LD,),,\ derived from the
2

recipient experiments are sumnarized ‘n Tuble VII.

The range 1s baced on compeiison .7 '),*..‘s for ART and control 2arves

excluding and including, respectively, the "suoulder points'.




Experiments were alsc conducted with CFU's from the femurs and
spleens of endotoxin-treated mice to determine if the survival curves
might have any different properties than CFU-survival curves from non-
treated control mice. The hasic design is as was described above for
"recipient experiments”, except that in the endotoxin groups the marrow
and spleen CFU's were obtained from mice which had been injected with
endotoxin 24 hours before sacrifice. The effect of endotoxin on CFU and
nucleated cell content in these organs was descrived above in Table IIT.
The results in Flgure § show that endotoxin treatment did not alter the
radiation sensitivity of CFIJ's derived from the spleen or femur.

The response of spleen CFU's, based cn large and total nodule counts,
is illustrated in Figure 10A. ALi. observed points were considered in the
fitted survival curves, since exluding points at < 75 or 150 R gave D37's
which were within 1 R and extrapolaticn numbers within 0.02 units of the
values derived by fitting all points. The control D

37

frem endotoxin-treated or control animals were essentially identical.

's for spleen CrU'c

Based on counts of large nodules, both L .'s were 71 R, and besed on
o

total nodule counts, the L._'s were d0 and 78 R, respectively. The only

37
difference between the endotoxin and control curves was a slight displace-
ment of the endotoxin curves on the X axis which produced small and statis-
tically insignificant increases in the Iintercepts. Based un total counts
the intercept was 1.33 compared with an interce:t or 1.0l in controls;

tasel cn counts of large nodules, the increase was from 1.2/ for control

curve to 1.0k for the endotoxin curve. The possibility thus arises of scuwe
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small effect of endotoxin on the shoulder region of the survival curve.

On the otner hand, this could result from endctoxin aitering the size
distribution of spleen nodules. This matter of size distribution will
be considered in detaill elsewhere.

The D37 cf CFU's derived from the bone marrow of endctoxin-treated
mice, 87 R, was only 5 R higher than the control value when all points
were fitted (no point was below 100 R). The D37

nubers were the same based on either larger or total nodule counts.

's and extrapolation

The intercept of 1.23 for the endotoxin curve was 0.52 units below the
control intercept, but the difference was not significant. When the
endotoxin curves were fitted to the points at 15C R and above, the extra-

polation numbers and D..'s were 1.46/84 R based on .~tal counts and

37
1.40/85 R based on counts of large nodules.

Many sources of variation (dilution, injection and irradiation) are
inherent tc the recipient experiments as well &s the other methods emplcyed
in the present study. Perhaps the greatest pctential source of outright
error is present in the recipient method when used in conjunction with
protective procedures such 4. the injecticn of AET or endotoxin. At least
three factors came into play which couid increase the background number

of nodules in the reclplent spleen, and thus could signifirantly bias

the data: 1) fractio.ation of exposures, early repalr, and changes in

sensitivity - reciplent snimals recelve two exposures, a "primary" exposure
and a "test” expusure (adminisiered to the transplanted marrow or spleen

CFU's) which are separa*ted by ~ 2 hours. The proceis of early repair
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could be initiated after the primary e:posure, and this could result in
an increase in the surviving number of CFU's in the recipient spleen.
This same effect could be produced by changes in the radiosensitivity of
CFU's in the spleen which survive the primary exposure (31, 32);

2) CFU mobilization and migration to the spleen - earlier experiments

showed that endotoxin causes an increased migration of CFU's to the
spleen (19), and over a period of several hours AET could have the same
effect. The results in FMgure 1 siowed that AET given after irradiation
increased the number of endogenous spleen nodules. This curve in Figure 1
is clearly not a survival curve for CFU's indigenous to the spleen, but
probably represents the effect of radiation on the ability of the spleen
to sequester surviving CFU's which are mobilized into the circulation.
Therefore, with the two-hour fractionation used in the reciplent experi-
ments, tne lcwer the "primary" exposure, the more important this factor

might be; 3) AET prrtection of the recipient spleen - mice receiving

the primary exposure are injected with the test sample of marrow or spleen
cells and are irradiated ~2 hours later in the presence of AET. The AET
"protects” some fraction of the exogencus cells in the spleen at the time
of irradiation, but in addition, the drug also protects CFU's in the
spleen and in other sites 1n the reciplent animals which have survived

the primary exposure; the reciplent animals extrasplenic CFU's, which
should be protected by the AET, could contribute to the spleen nodule

court via migration.




We have attempted to evaluate the composite effect of these factors

on the CFU counts in the recipients' spleens. The results of control
experiments on endogenous spleen nodules are summarized in Table VIII.
First of all, wost of the nodules observed in these animals given high
exposures were quite small, < 0.5 mm. A single exposure of 300 R resulted
in an average count of 1.0 nodule/spleen, based on total ncdule count.

This is higher than the expected value of as0.3 n/s based in Figure 1B,

but is undoubtedly within the limits of sensitivity of the system. The
two~hour fractionation (400 + 500 R) resulted in an increase in the total
nodule count to 2.1 n/s. An increase would be expected on the basis of
the considerations mentioned above. The total spleen ncdule counts were é
alsc increased to 2.6 and 2.1 in animals receiving fractionated exposure

with AET gilven before the second fraction. These results show that using

the experimental design particular to the recipient-type experiments

(Flgures 6 - 10), the number of "background" nodules, especially small

nodules, in the recipients spleen is increased. However, the background

of large nodules was n«t increased to a level which could confer signifi- ;
cant bias. Since the bac' ground count of large nodules in the recipient's
spleen was < 0.2 n/s, the exposure-response curves consiructed from counts
of large nodules are least subject tc bias, and, vased on tne similarity
of EBT'S based on counts of total and laryge nodules, {t appears doubtful i

that even the total nodule counts were seriously bpiased.

o1
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DIGCUSSION

Whether an animal lives or dies may be predicted with some degree
of reliability by evaluation of various functional indices of heusatopoiesis.
Yet, for many years the mammnalian radiobiologist has sought more quantita-

tive indices and has viewed with envy the highly quantitative data obtained

from radiation studies with cell cu’tures in vitro. In 1561, Till and

McCulloch described a means whereby the survival of hematopoetic stem cells
could be eveluated iu vivo in a fashion which would yleld cell survival
data that aspproximate cell culture methods in its quantitative aspects (1).
The avallability of this metaod and later development of another method
of stem cell enumerstion (33, 34) has given grest impetus to studies
designed t. interpret raclation injury and reccvery in the animal In terms
of cell survival o d pop tion zinetd In the present repcrt we
have extended i studies ¢ ncernins tae relations.aip tetween
CFU's and survival notie nopes 0 comings 00T e wrips witn born o the
vircaes arnd “loltatons o0 ovard vas metiods of CFU enunera st on in relation
vaeir serul: i pretiotdns survival o anisals. 42 Telt ot oa
compari. noln v don the eterts o radl protestive jrocedires wee
evaivated by Al lerent et cds 7 derermining CFU survival won
martic.lar

. . . o B ¥
met, dn slel.




endotoxin on the relative numvers of CFU's in the irradiated mouse (19, 2k).

Based on the present results, we willl first intercompare and discuss the
properties of the CFU responses measured by the & fferent methols, and
then deal with the relationship between CFU's and the animal's survivel.
We will initially consider endogenous spleen nodules in connection
with 157'8 or slopes of the survival curves, the problem of size distribu-

tion(s) and the possibility of migraticn of CFU's to the spleen. In most

of the earlier studies concerned with protective procedures, the endogenous
method was used (13-15, 18-2C, 22, 23). The present data indicate that
dose-response studies with endogenous spleen nodules show a high degree

of variability and may be quite sensitive to the nodule size criterion

used for scoring. We are not aware that these points have been made before. 7 .
On the basis of our E57 of 66 R based on large nodules (0.5 rm+) and the
value of 117 R based on total nodule counts (C.l mm+), it appears that

any D37 within tnis range could be generated by changing the size criterion.
Il the group sizes were larger, it might be possible to show significant

difrerences in D3ﬁ as a function of nclule size. The present estimate f
i

61 R is somewnat low compared with .ue often -ited values @ 0 - 1% K

! (T-3), but it is close to the value .£ 4% R derived from data o0 Jmiti ot al.
(lv). on the other nand, it is somewhat nlcher taan toe 4 -~ 0 Cynlos
reported by Vacex and sugahara {J0).  on the btasis U the nodule sice-
qu relationships proposed dere, it may Le taat the valies clted 1y Vace

-

and Sucansra are related to their use ot a large size criterd oo oma-lig-




of CFU's.

Using the endogenous method, we have studied the responses of spleen
CFU's under ccnditions in which survival is increased by pre-irradiated
administration of either bacierial endotoxin or AET. This permits evalua-
tion of the relationship between survival of spleen CFU's and survival of
the mouse. The administration of endotoxin or AET before irradiation
significantly increased 30-day survival and ircreased the numbers of CFU's.
Although 1n the treated animals CFU's were observed at much higner radia-
tion doses than in control animals, the CFU survival curves were essentially
parallel to the survival curves in the control animals. Nelther endctoxin
nor AET s.gnificantly changed the D - A change in the D3T for endotoxin
was not expected hased on our earlier worx wiaich showed no alteraticn in
the radicsensitivity of CFU's in endotoxin-treated animals (14, 19), but a
chemical protectant such &s AET which does alter cellular sensitivity /25)
might be expected Lo increase ithe DST'

Using the closely related (_mpound MEG, Jmith g;_a_l showed & simili-
cant cnange in “he sl ope of the survival curve and coancomitantl,; 1o Lhe

T (1. A sismificant increase in tne D for endogenous CFU's in
A

7

;
aninals irradiated nder nypexdc conditions nas also been observed b
Vacex arnd Juganara {2¢) and Millips and Hanks {3y, The protective
drug cystamine was used by Jurasxova and Tradlecex (O0) in studving
survival of endogenous spleen nedales. The iamportance - changes in the
elopes of the survival curves ~as less cl.a™ in trelr experiment, and

changes in wue D?{ were n.t used to cvaluate the drag's eftectiveness.




In their experiments the numbers of spleen nodules were increased under
conditions (injection 20 minutes before irradiation) which apparently did
not change the slope of the CFU survival curve. However, at injection

times closer to irradiation (< 8 minutes before the beginning or the mid-

point of exposure) the slopes of the CFU-survival curves were quite shallow

and the EB7‘5 would be high.

Qur results with AET injected before irradiation appear to be more

comparable to those of Juraskova and Tkadlecek with regard to the absence
of a significan® change in slope. The question therefore arises in
connection with the various protective procedures as to why slope changes
occur under certaln circumstances and not under others. One factor could
invclve drug-induced mobilization of CRJ's and their sequestration in the
spleer. This was shown to occur following the administration of endotoxin
(19). An AET-survival curve parallel to the coxztrcl curve (resulting in
nc change to the DBT) could occur as a composite of the following two-
component curves: 1) the "expected” survival curves with an insrease in
the 157 and an intercept the same as the contrel; and 2) a curve describing
the number of CFU's which, f»llowing drug injection, are redistributed
and migrate to the spleen in animals receiving graded radiaticn exposures.
Evidence for mobilization to tie spleen following AET injecticon cones

from tne present experiments In which AET was glven after irradiati-n.
Under these conditions, the number of nodales occarring in tae spleen

was increased avove the controls and was related to the radiation exposule
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which the animal sustaineu (Figure 1). Such e mebilization prcoabl’ also
occurs following the injoction of colchicine, and Brecker .g_t_a_{. he v
suggested this mway contribute to an increase in the spleen .iodules when
colchicine was given after irradiation (17). Thais redistribution ..izht
also partially explain the increased numbers of spleen nodules wi.ich occur
following the injection of DNA, killed tumor cells, or milk (35). It may
also be t:at differences in tie size distributions of nodules between
control and of treated animals coculd also influence the scoring and
consequently the slope of the survival curve.

The value of the explanation offered here for parallel slopes must
await more data and a more thorough analysis of the existing data. This
explanation 1s not supported by the results of Smith et al. who showed a
difference in the slope of the CFU-survival curve in MEG-treated mice (1¢).
BEven discounting thelr assumption of a czmmon intercepta, a significant
change in the D3,l, remains. Periaaps the important point is that wien thne
endosend>us spleen nodule met.wod is used in connection with protectiive
Jruce, various puarsacclosical responses may impinge upon the test system,
ard the radiacl n-dose-response relationsalp mignt ve aptly termed, as
well as interpreted, as oscurrence curves rether than wree sarvival carves.
Jurtiee 1t o say wita tne endogenous spleen nodule met od the varloos

e = . p B b ~ . = A Coa . s . T v : N e .
fnet ro walen Invluence the slopes as well as i fntercepls U the carveo

a . :
Under coniitiong ~r Jopexdie protection or pre-treatment Wit oysauadne,

cowon intercerts are not observed with e endosenocus metnod (22, 23).




are yet %o be completely defined and resolved. Yet, in spite of the
variabiiity and the dearth of information avout factors which impinge
upon the system, the present da*ta show that under certain conditions t.esc
curves can be used to predict the LD c for endotoxin- or AET-‘"eated

>
animals withia 5 -« 1C%. The matter of LD.. prediction will be cunsidered

50
to & greater extent below.
Wwe will ncw consider tre transplantation method of ecveluating CFU's
and discuss the effects of the protective agents on the relative nuubers
of CFU's 1in tne femur end spleen becth bef~re and after irradiation; in
additicn, the D37's and extravclation numbers derived by the varicus methcds
will be compared. Quantitative studles of CFU survivel which are con-

ducted by transplar*ation methods have several advantages over the endog-

eno. 3 method. By determining the relative number of CFU's in the femur

and srpleen bot: tefcre and after irradiaticn, botn the surviving numoer

and the surviving {raction (or percentage) may te considered.

de first determined 1f che injection of elther AET or endctoxin
changed the awster of CFUY's present in tho femur _r spleen a. the tive
the animals were o be irrsdiatced.  An lujection of ART 15 minutes te re
saoritice £ Lae animeal produced a small tutb statistically insipoal?f ant

2 - ~ \ - N
{romeass (21 - 15%) in the CFY content of the spleen and Tewmur; e

nucleated cell content of these orans was tnaltered.  In contrast,

This ranese i based oo total and large aodule counts.
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endotoxin given 24 hours before sacrifice produced significant increases

of 21% in the nucleated cell content and &5 - 1004 in CFU content of
the spieen. [Jo change was observed in the CFU content of the femur, but
the nucleated cell content declined by U40%. This resulted in an increase
of 76 = 98%a in tne number of CF‘U's/lO5 nucleated cells in the femurs of
endotoxin-treated animals. The present results showing an increased
content of CFU's in the spleen of endotoxin-treated animals are at variance
with the results of Smith et al. (36). The explanation for this difference
is not known. The present results showlng an increase in the ratio of
CFU’s/lo5 nucleated marrow cells, but no net increase in the number of
CFU's/femur are at variance with our report of an absolute l.crease in
the CFUJ content of the femur (19, 24). 1In this case the difference may
be ascrived %0 the use of only four donor mice in the earlier werk.

A compariscrn of survival curves corstrcted i{rom CFJ data »>btained
by transoplantation of marrow or spleen cells (donor and exogencus ur
recipient methods) diflfers froo the endsgoenous survival curves in twe

important parcicalars, namely, ART inereased tne D0 Cor CRU's In toth

h)

femar andt apleon, ani toe o ole sioe oriterion Hd act materlal:

DY e . . e ey N Y O N T, i e Py yee reat ) i
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regard to the sinoulder region of these survival curves as derived from

estimates of the extrapolatlion number or intercent value. Using the
normal content of 9200 CFU's/femur (Table III) and the caleuleted ¥
intercepts of 15,400 or 17,300 (Figure 3, Table 5), an extrapolation

nurber of 1.63 - 1.33 may be estijwated from donor experiments. The

comparable intercept derived from the exogenous studies was 1.74. In the

FS—

presence of AT, the Dy, derlved by the doncr metihod, 129 R, was gquite i
close to the EBT of 124 R derived by the exogenous method. However, the {
Y intercept velue of 1.25 derived from the donor experiments witi: AET i
was lower than the valu. of 1.7k in the recipient ctudies®. The AET-

protecticn ratio (PR) estimated by the don r metnod, 12%/77 = 1.66,

approximates the PR of 143/82 = 1.75, estimated by tne recipient method.

-
Therefore, in most respects tae responses desciibed for femoral CHJ's by
the Jonor and recipient meticds are in fairly close areement.
The ART-protection ratios reported nere for femoral CFU's may be
compared witn the rvesults of earlier ART studies by Dduplan and Rdarer (21). %
J3ing the donor metood to obtalu tiree points on each survival curwe, %
taey Jbtained DR?'S simewnat nigher thar our's, 110 and 240 R, respectivels,
for femeral CRMI's in o ntrol anug \fT-treated wdce. Thelr survival curve
alsy showed essentially a common inteorcepy, and toeir protection mtils of
n Intercepts commitod Y L donor experiments are gulte sercitive o
arrers dnoothe estinates o normal JR content In te fonar oo leen
{mion 110, and we aave o dntagmactdon noce erlfece o0 AT cnoirana, Lot -
avilis o




2.18 1s ~30% higher than the value of 1.66 reported here. Some of the
difference between their results and those reported here could relate to
curve-fitting procedures, since we too obtained a protection ratio of
2.19 for spleen CFU's when points in the 190 - 280 R range were included
in the regression (Table VI). We feel that there is uncertainty about
the "shoulder width" and shape of the AET-survival curves shown in
Figure 3, and 1f only points below 250 R fitted in the :ontrols and points
below LOC R were fitted in the AET group, the LS? estimates would be
closer to those reported by D:ylan and Fuhrer (21). This will be dis-
cussed in greater detail below.

A comparison of the radiation responses of spleen CFU's evaluated
by the endogenous, donor, and reciplent methods show some 1nteresting
differences as well as similarities. ‘The control DB?

endogenous and exogenous methods were similar st €C and 71 R, respectively,

's cbtalned by the

but rased on toe donor method, a somewhat lower value of 5k R was
obcerved. In the presence »f AET the 937 obtained by the donor mechod
was 7 R and the estimete from the evopenous method was 124 R. Altnough
the [57 values differ by 27%, the difference was not significant. The
difrerence between the contrel D,,'s derlved by these two netuods was

X
31% (54 and 71 R), but in spite of these differences, the estimuates of
the ART-protection ratic were similar. The PR values are j37/54% = L,
for the doror exyeriments and 124/71 = 1./% for the exogenous metiod.

Although AFT significantly alters the radi sensitivity of CFU's in

the marrow and spleen, the present rec.ilts ttainel by tie reciplent

31




method snow that endotoxin does not share this effect. In these experi-
ments marrow an. spleen cells were obtained from endotoxin-treated mice,
and the radiosensitivity of the resident CFU's was measured following
transplantaticn into recipient animals. The rgY for spleen and marrow
CFU's derived in tnis manner vere within & R of the Eé? velues for the
controls. Thu , it appeare that endotoxin does not markedly influence
the radicsensitivity of CFI's. Thils is consistent with our earlier
observations based on endogenous spleen nodules (19). However, endotoxin-
treated animals do show an earlier reappearance of circulating leukocytes
(37-40) and CFU's in the femur and spleen (24, 36). The importance of
these regenerstive phencmense has been discussed elsewhere, and further
comment concerning the numbers of CFU's surviving in the femur and spleen
will be deferred until we present other survival results based on both
donor ard reciplent mathods, and data pertaining to CFU repopulation.
Before cconsiderin,; the relationship between the mresent data and radio-
sensitivity of the animal, we wish tuv mention the relationship between

relative numbers of CFU's determined by most of the enumeration methcds

used here and the total numbers of CFU's which are actually present in

the spleen and femur. osince no transplantation prucedu-2s are inwvelved
in weas.irin. radiation responses f endegenouws CFU's, 1t las been assumeaq
that ~xtrapoiaticn of the survival curve to the Y intercept (U exposure)
ylelds an estizate of the total CFU population in tue norwal spleen (1t).

Tils jrewed e, however, does 1ot conslider the shoulder of tic survival

cu-ve, and, thus, should cveres lmate thie popuilation., When transplantation
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procedures are ased to evaluate tae t,val CFYJ content or the spleen Liue
"plavin, efrviciency” or .ae percentace of injec's1 CFU'c whico fur: spleen
colonies wast ve considered. Jiminovitch et al. (4) derived a factor of
17%, whereas, Playfair and Cole (41) reported that ~~3% of marrow CFU's
prcduced spleen colonies. Thus, with a known "recovery efriciency”, one

may calculate tne absclute number of CFU's/organ from the relative number

determined experim~ntally by transplantation procedures. Using tuis
procedure, 3mith et al, heve reported "eabarrasin;ly close” agreement
between tie estimates of e 34,000 for total spleen CFU content in nornal
animals whic. were derived from (1) tne Y intercept of their survival
carve *-r endo _enous spleen nidules and from (2) the tctal numver derived,

~ -

asing the factor of 17%, frow *ransplanta-icn of normal spleen cells into

. F . . o .
rients (1lv,. However, wihen tie present data

b

supraletnally irradiazed rec
are treated in tae same fasaiin, estimetes of total spleen CFYU content

are ovuained which di Sfer Ly a factor 20 1,72, axtrapolation i survival
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between the findings of Smith et al. and our own may be partially related
to technical points such as the use of different mouse straine and the

different size criterion for scoring. Also, the relative number of spleen

CFU's is higher in their animals than in ours, » 5000 vs. »w1800; this
could mean their recovery procedures are more efficient than ours.
Moreover, in our hands the Y intercept values are rather variable, ancd

we reported earlier (19) an intercept of 2000 which differ markedly,
though not significantly, from the intercept reported here. Based on

two sets of data reported by Smith et al. (1, 16), it appears that they
too have observed similar variation in intercepts. Some of the differences
observed within our results and those of Smith et al. may be related to
the nodule size criteria. As mentioned above and to be described in
detail elsewhere, both the I57 and the interrept value mey be strongly
influenced by the size criterion. 1In view of our uncertainties concerning
intercept value and "recovery efficlency"”, we deem it inappropriate at
this time to attempt to discuss the resulis of the present donor or

exogenous experiments in teirms of absolute numbers of CFU's/organ or

CFU's /mouse.

The potential of tuhe CFU as a tool whereby radiation letiality in
the animals may be related tu ‘tem cell survival was fully discussed by
11 and McCulloch in their early con‘ributiens {1, 3). More recently
this relationship has been discussed in some detall by Bond et al. (7Y,

Bond and Robinson (), Patt and falas (L2), and Robinson (). Jeveral

experimental studies have been conducted by others to evaluate the

34
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relationship between CFU's and survival of mice. Since the age-dependent
changes in LDso and CFU responses are not directily related to the present
results, the ensuing discussion will deal principally with protectants,

In general, protection experiments in which endotoxin or colchicine
were used to increase survival did not support a direct correlation between
endogenous spleen nodules and survival., These substances, in effect, pro-
duced either too many nodules or produced an increase in nodules under
circumstances in which survival was not increased (1k,15,17-19). On the
other hand, protection experiments by Smith et al. with MEG (16), Wacek and
Sugahara and Phillips and Hanks with hypoxia (20,23), and Juraskova and
Tkadlecek with cystamine (22), generally support the correlation between
spleer nodules and survival., Smith et al. (16) reported that the protection
ratic of 1.67 for endogenous CFU's was in close agreement with the PR of
1.59 which was based on morcality responses. Our results with endogenous
nodales cannot ve treated as were the data of Smith et al., since AET-
pretreatment produced no signitficant difference in D

37°

tive ratic of some wvalidity nmay ve derived from thes. aata by comparing the

However, a protec=-

rudiation exposures which result in the same numter of nodules in tie presence
and abswnce, respectively, of' AET. For exanple, if exposures producing

10 n/s were ~0% in controls and T4 1n AP-treated mice, the PR would be

Chi/aci - 20000 Tads mernod of derivation was useld by Jurask va and
Tadlecek and may e dsed with tne precent dota, tat a oproblen arises in
that the Y I not indepenaent of Lo wuater U nobides at which the

comparisen 1o made. Tals is atirititable L small difterences in slopes




of the survival curves. Based on & comparison of large nodules in control

and AET-treated mice, the range of protection ratios is from 2.13 at
20 n/s to 1.52 at 0.5 n/s (from Figure 1A). Thus, in the readily countable
range of 5 - 15 n/s, the PR's of 1.99 - 2.14 are somewhat higher than the
PR for 30-day survival, but by extrapolation to higher radiation expcsures
where efficient counting is 1mpossible due to the paucity of nodules, the
PR approximates the PR of 1.81 for 30-day survival. This result is
conparable to that obtained by attempting to predict the II%O for AET on
the basis of a 50% prcbebility of death when the number of nodules in the
spleens of AET-treated animels reaches the number expected at the ID-O

>

for controls. Using thls extrapolation procedure, the predicted LD

50

was within 5% ol the observed LDSO (Teble I). A% present, we can offer
no clear explanation for the improved predictive values derived by
extrapolation to high exposure range. At present, we feel tnls is a
fortuitious property of the "occurrence curve’ in AfT-treated animals,

and tnis property could result from fecicrs such as mobilizetion of CFU's
to tne spleen and changes in nodule size distribution which are accoupanied
by changses in the slope of the ¢ rve. This matter will be cunsidered in

preater detall elsewhere.

e CFU~survival curves derived bty the donor or reciplent methnd are

mnore readily inter;rewnblc in terms f thelr reiationsnip .o wne LD of
the animal. The earller report of Duplan and FMuhrer (21), ba:ed n experi-
ments of the donor type, generall. supported the relati nship terween

survival of femoral CFU's aad suwrvival of tie anlmals, = wne, 1 inteld

3 Cw

Dt
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out that PR for CFU's of 2.2 was somewhat higher than the PR of 1.8 for
30-day survival. Thelr data were not treated in terms of surviving number
of surviving fraction at the II%O'S. As mentioned above, their observa-
tion of & rather high PR for marrow CFU's could be related to curve-
fitting procedures. For example, in the present donor experiments with
femur CFU's, PR's approaching 2.0 were obtained for both femoral and
splenic CFU's when points above 74 and 147 K . 're fitted in the control
and AET group; whereas, fitting the points above 149 and 287 R, respectively
decreased the PR's to w~1l.7. Most of the change in the PR's resulted from
the decrease in D37 for AET-treated CFU's from 158 to 128 R. We wish to
again call attention to the fact that in the donor experiments with AET,
CFU survivael in both the femur and spleen was lower than expected at
exposures ¢f < 250 R. In addition to the survival curves shown in
Figure 4, one could also fit curves with more shallow slopes to the points
at exposures lower than 250, and thus generate two component curves for
both the femur and spleen. If thls were done, the intercep*s of the AET
curves would be lower than in the controls. Toxicity of AET or radio-
sensitization could produce tiiie ~ffect and might help explain some of our
earlier recovery studles with uice glven AET (26), but, at present, we

can only state that the radlation responses in tie lowe:r exposure range
ar> undetined. More points are being added to the AET curve in the donor
experiment in the hope ot clarifying the responses in the lower exposure

range and obtaining better estimates of the D34.
{

37




The results of the present donor and recipilent experiments and the

relaticnships between these results and the predicted LD 0 for AET-treated

p)
mice are suwuarized in Tavles VI and VII. The range of PR's for AET
(1.60 - 1.80) is reasonalbly close to the PR of 1.31 for LDSO survival.
This observation, plus the fact that the AET'IDBO may be predicted witlnin
2 -12%, based on 50% probability of death when the surviving number (or
fraction) in the AET-treated animals is reduced *o the number surviving
at the LDSO for controls, indicates that survivel « CFU's and survival
of the animals are highly correlated.

This might be interpreted to indicate that the CFU is the "wiem =117,
the sensitivity and numbers of which, determine the radiosensitivity o:
the animal. However, we feel that this is not necessarily tiue case, for
there are other CFU data which do not support this positive correlation.

de reported earlier that the extent of CFU repopulation in tie femnur was

not positively correlated with tl.o svlit-dose LDqo (2k), and Jugahara et al,
P4

observed :that under conditions of fracuviona‘=d irradiation the nwiaver of

o

. - .
CFU's dues not correlate with the animals' radicsensitivicy (42). Thus, the

N T E IR L T
in condivions C

data availatie a. tiic time indizare w.oatu under curt

bo

responses and the anlmals' radl . sensitivity are positively correlatew,

but under otiner conditions they are not.

Fersonal communication.
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de propose that the extent of the cerrelation depends on whether Lie
"noraul" steady-state relaticnships prevail veuween varicas marrow Tcomparti-
ments” or populatiosn compunents atl the tiwe of irradiation, ov wacther
4 a L3 1 .

taese relationships have been perturbed by soume focl » sach as a provious

recent exposure o irradiation. Perhaps in tae receneratving amarrow, Waen

norsal steady-state relationsuips have been altered and differentiation

i

A

pressures waich inpinge on the stem cell compariient(s)

~anced, priorily is assined to proliferatior o Lie cougpertoent, the

cells i waien deterudne tne radicsensitvivity of the aniisl. Tuls is

accompiished at the expense of the allocation of cells o compartments in

Ty SRRy
o
H
e

i wizieh proliferation and differentiation occur. Thuls may only te a
B ‘ . ; . ; ; .-
B transient puaenocaenon, but its exdstence is supperted bty tie fact tratl in

spoit-dose experiments tie animal's LD.. 1.as returned t¢ near normal as
& y

the time when CFU repopuletiosn has Just toun (24).  kxtensicn of tiis
1ofy wo2ld regadre that the CFU be classiried as a stem cell with pluri-
polent potential, buat notoas tae ostem cell wallh determine. lie radio-
ensivivity o an animal., Tals 1 4o woild further require Lie existence
2w aten oeilis) more priumitive caan e JRUL

I¢ 1s dopertant o siress thal tne resont res o osnowing oa nlon
ores D correlatdon between JRU responees and toe LD sncund not e

A s ot B ' : i R - s . - vas ¥} ~ - e e
Asen to o ddvp rb o the Lien st e JFYJ s the stem cell woten deterdnes

{ < { N o - ¥ H ~ M N
ali vensltivie . Tids correlation woild oo expected Lo exdst as 1o as

the reinrti noblpy tetveen otiers, jeriaps more privitive, Tstem cell{s




and the CFJ were to remain constant. During marrow regeneration after
irrediation, these relstionships change, and CFU repopulation in the
femur (24) appears to be most closely correlated with changes in the
nunbers of leukocytes which occur several days later .(40). It should
also be pointed out that during hematopoietic regeneration, CFU's may be
very positively corsrelated with surv’vsl potential of the animal, as is
the case with granulocytes (37), but aa we have shown earlier, survival
potential after & single exposure, snd recovery from radiation injury as
described by the return toward a nomal LDSO following a sublethal
exp.sure, are capacities which vary uite independently (2¢, 43). These

findinge and the speculation offered here support the admonition of Patt

tc the effect that a great deal of biclogy exists between the "stem cell”

snd the survival of an animal (i),
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LD50/3O for LAFl Female Mice Glven AET or Endotoxin

3lope of
Exposure-Response

Group LD_~(R) Curve

50

Controls® 721 21,0
(708-731) (13.1-28.0)

b

15 atn 1313

Pre (1296-1328)

AET i
15 min 45

Post (726-7€0) (7.1-15.%)

Endotoxin® aliC 164
24 hrs 925=5 540 A
e (25-554) (11.4-21,3)

a )5-} confidence interyils in parentiiesas,
t275 mg 4g civen 1Ly,

c 5ome iven d.p,
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TABLE IV

the puvers of CFU's survivin: are based on the mean number of spleen

e e

Lweu oo dilaclon and, thas, do not include injected CFU's whizh do not go to the spleen.

e odi

[T FAN] CP ocarvival and
B Slze Zriterion
() Sale N
: 140 5720
(iike i) (B 7= 533)
.2 el Sdrde
(3556, 2, (25BC-370)
Lo 373 2603
) (s2i0-b307) (2321-3000)
’? L 220 l:yyj
] - (2379-3242) (1eR-2325)
N 153 110
g (1403-2384)  (,37-1533)
] R 1909 57h
& (7:0-1233)  (393-754)
Bl 2. 729 w77
n (563-353}  (371-584)
300 Shb 392
(418-€70)  (242-542)
320 566 33
(43£-697)  (277-410)
K1ES 24 ~= 147
(P0c=270)  (120-175)
L 70
(BUJQ-wluj) S T
e Ly 3200
{bL50-5252) (2.52-20)
2uy 457 Qi
. (335-5304) (2342-2234)
5 2 3aus 2437
3 (2751-373y) (2073-2055)
A zec 3450 2060
2 (2780-3560) (1753-2327)
5 304 1722 1130
& (1513-1531) (527-1333)
g| s 1453 959
2 (1322-15¢4)  (237=100)
“C0 616 5G4
(501-731)  (359-5¢.)
512 648 441
(525-772)  (353-529)
ST

I 559
(664=890)  (46y=649)

SPLEEN
LZxpodule CeJ durvival: nad
Size Criteriorn
(R) Gels o554
e} 297 ;e
(570-1384) (boi=s20)
100 ke ‘ ’ 5&9
(149-1030) (45 -.2)
120 109 453
(555-863) (360-5L5)
150 7T 313
(377-55¢) (734-393)
) 24k 15%
(169-320) (108-20/)
200 172 100
(125-219)  (6t-132)
220 173 111
(15k-202)  (89-134)
240 95 45
(61-130) (27-6R)
280 79 51
(54-104)  (17-69)
300 26 13
(16-36) (3-23)
:,T\ .‘S H.,\v
{%74-950) (191-Cov )
100 1179 9
{1034-1324) (56i-741)
192 522 313
(340-70k) (207-42.)
240 437 240
(314-559) (147-323)
285 241 135
(13¢-302) {115-251)
320 262 160
(298-325) (112-220)
352 198 141
(172-224) (114-163)
3 153 39
{(124-181) (61-117)
w3 91 43
(73-108) (25-60)
4 L8 26
(33-63)  (12-%0)

g iy



TABLE V

Donor Experiments; The Influence of Curve-Fliting
Procedures and Nodule Size Criteria on D.., for Intercept Values.

.
.
R
-
e
b
.
B
i
k-
R
&
&
£
£
*0
G
[
B
.

37
z;tgzz ize Intercgpt D37 Correlationa
I Criterion x 10 Coefficient
120+ Q.1+ 21.8 B81(71-96) 0.961
" 0.5+ 15.4 80(65-103) 0.982
CONTROLS 150, 0.1+ 27.2 76(66-90) 0.994
" 0.5+ 17.3 77(59-112) 0.976
FEMUR
; 192+ 0.1+ 20.6 153(111-248)  0.949
. " 0.5+ 13.1 158{118-24C)  0.959
AET  o5g, 0.1+ 35.6 127(77-370) 0.942
" 0.5+ k.1 126(84-27¢6) 0.960
120G+ Cule 5.2 HO(LE=T79) C.979
0.5+ 5.3 S4(bh-71)  C.980
CONTROLS 50, 0.1+ 5.4 £0(4h-92) 9.9¢9
A 0.5+ 4.7 S4(40-12) 0.7
SPLEEN
102+ Tuld 2.7 12:(103-160) 0L
5+ 2.0 1L0(5-153) RN
AT e ol 3 11(e2bi) o
0.5 §.2 (-3 Vi

a The correlation coefficlent v an 1index of the gocodness of fit of
the regressior line to 'he observed points. The cluser the value

is ¢ univy, the tetter the [it.
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TABLE VIXI

The Effect of Fractioration and AET
on Numbers of Endogencus Spleen Coionies

| 4
Mean Colony Count/Spleen}

, fo. Spieens Total large
Exposures (R) Counted 0.1 mmy+ 0.5 mm+
900 15 1.0 a 0

| - (0.45 - 1.55)
400 + 500° 29 2.1 0
(1.36 - 2.84)
400 + AET°COOP 15 2.6 0.07
(1.9% - 3.25)
545 + AET 570° 15 2.1 0.13

(1.39 - 2.7%)

a 95% confidence interval.

b The interval between fractions was 2 hours.

¢ AET given ~ 15 minutes before irradiation.
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Flgure 2. 3Size distribution of endogenous spleen nodules.
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Figure 3. Radiation exposure-response relationship
of CFU's in the spleens or femurs of controls or AET~-
treated mice. Each point represents the mean CFU
count based on 11 - 15 spleens.

57

NPT TR

i




A RS o it 2501 e

NROL 772-67

g

PERCENT

oo 3 8B & & & 8 d 8 8

CUMLUILATIVE PERCENT OF SPLEEN NODULES

DONOR EXPERIMENTS
-
[
A1 AL 1 1 1 1 A B S S | 1 1 L 1 1 i L. 1
o 0.2 04 06 08 10 12 14 16 .8 20

SPLEEN NODULE SIZE IN MILLIMETERS
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Figure 5. Survival curves for CFU's derived from normal femoral
bone marrow. Each point represents the mean from counts of 11 - 15
spleens.
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Figure 6. Survival curve for UFU's derived from normal
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