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ABSTRACT

When mice are given radiation exposures producing the hematopoietic

syndrome, it is assumed that it is the killing of hematopoietic stem cells

and the leuko- and thrombocytopenLas which ultimately develop that pre-

dispose the animals to infection, hemorrhage and death. The colony-

forming unit (oFu) has many attributes of a (the) hematopoietic stem cell,

and it might be expected that a high correlation should exist between

CPU survival and survival of the animal. Some earlier studies have

supported this correlation, whereas, others have not. In the present

experimnts three methods of CFU enumeration (endogenous, exogenous, and

donor) have been used to evaluate this cor-elation in mice "protected"

with AET or bacterial endotoxin. The results show that the different

CFU enumeration procedures yield somewhat di.fferent results, yet under

certain conditions the LD50 's for AET- or endotoxin-treated mice may be

predicted within 5 - 104 from CPU survival cu,,ves, In spite of the good

correlation between CFt( survival and probability of survival of the

mouse, it is propojed r.hat the CPU is not the stem cell which determines

the radiation sensitivity of the mouse.
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SUMMARY

Problem:

The survival of hematopoietic stem cells is a major determinant of

survival in midlethally irradiated animals. By knowing the relative number

of stem cells in the mouse, the radiation sensitivity (D 7 ) of stem cells,

and the critical number or fraction of stem cells which is essential for

survival of the animal, it should be possible to predict the LtO. The

colony-forming unit (CFU) has many attributes of the hematopoietic stem

cell, and the present experiments were designed to ovaluate the correla-

tion between CPU survival and survival in mice "irotected" with AZT or

bacterial endotoxin.

Under certain conditions the L•O for AET- or endotoxin-treated mice

may be predicted within 5 - 10% from CPU survival curves. Different

methods of CPU enumerstion yield somewhat different estimates of CPU

survival, and tha •otective agents change the size distribution of

spleen nodules. In spite of the correlation between CPU survival and

L0 demonstrated here, it lg proposed that the CPU is not the stem cell

which determines the LU. of mice.
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I1EOUVJCTION

The colony-forming unit (CRu) exhibits many of the properties

which are attributed to the hematopoletic stem cell(c) (1 - 6).

Various methods of quantitating radiation responses of CJU's have

provided the tool by which the lethality response of anital and/or

radiation damage to the hematopoietic system may be interpreted In

terms of survival curves derived experimentally for stem ceJls in the

bone marrow or spleen (7 - 9). The conceptual basis for expertmental

studies relating L0 and CPU's is the hypotheais that, at radiation

exposures producing the bone marrow syndrome, a direct correlation

exists between stem cell survival and sl.;rv:.val of the animal. In the

present experiments we have attempted to evaluate this hypothesis.

Studies of the correlation between radiation responses of CPU's

and radiation sensitivity (LD50 ) of animals have one comiou feature in

experimental design, yet three different lines of investigation halve

been followed. The coaon feature is that the 10 of the animal 1b

varied by one means or another, and the C•U responses, in terms of

numbers surviving or D 7'a, •r measured to deti'ruine if the CPU

response varies in the same fashion as does the survival response of the

an±im viz., an increase in LD0 is accoolwied by an increase It the

surviving number or the "37" " different lines of investigation



relate to the choice of means of altering the LDO. The means used

hertofore have been: 1) age-dependent changes involving weanling and

adult mice (10 - 13); 2) clhAW.s in LD=0 produced by radio-protective

procedures (14 23); and 3) ahanges in W5() which are related to

k recovery from ridiation iuJury (24),

Certain data support the proposed correlation between CPU's and

the animals' radiosensitivity, but other data do not. The use of

different nethods of CFU quantitation as well as details of the experi-

mental designs could contribute in part to contradictory results. The

radiation-protection studies with MEG, ART, cystamine and hypoxia differ

in some details, but in gener~l they show a correlation between increased

survival of mice and survival of CPU's (16, 20 - 23). However, if endo-

toxin or cnolchicine are used to increase survival, the relationship is

equivocal in the sense that the injec:tion time producing the maximal

effects on survival is correlated with the greatest changes in CPU's,

but very large increases in CFU's occur under circumstances which have

little or no effect on survival (14, 15, 17 - 19). Both endotoxin and

AET increise survival of irradiated mice, but different mechanisms are

operative •23). Using these substances, we have compared the survival-

promoting effects and their influences on recovery fcma radiation

injury (26, 27). In the present exoeriments this comparison has been

extended to their effects on survival of CPU's. In our earlier experi-

ments with endotoxin the results cAtAined frc:m studies of endogenoua or

transplantation methods differed somewhat, and we expressed concern about
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various factors which could influence the endogenous method of CPU

enumeration (19). Therefore, in the present studies of CFJ responses

and mouse LDc,0 we have compared different methods of quantitating

survival of CFU's. The present results show that CFU responses evaluated

by different methods do in fact differ in some particulars, yet under

certain conditions it is possible to predict the measured LD within

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

METHODS AND MATERIALS

,•22rimental Animals:

The mice used were IAF1 female or males 90 - 130 days old which

were bred and raised in this Laborat/.ry. They were maintained 10 mice

per cage and allowed Purina Laboratory Chow and acidified water ad

libitum.

Irradiation Procedure:

Mice were exposed to 250 kvp X-rays while restrained in corked,

perforated, lusteroid tubes placed on a rotating turntable at 100 cm

from tie target. The filtration was 0.5 -,in of copper and 1.0 :; of

aluminum; the hai' value layer was 1.35 mm of copper. 'Pe dose .mte at

this distance wa3 21.) R/min.

Protective Procedu.'es: AET and Pudotoxin:

Aminoetnylisotliouroniuz bro:ide .. ;i'dc-obrond de (Ar), buffered t(

pH 7.2, was adminiý;tered inLraperitkneally at. a dose ol' 2""' ) k•; this
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dose was essentially sublethal, for only an occasional animal died

following injection. When AZT was given before irradiation, the ''iterval

between injection and Irradiation did not exceed 15 minutes. In some

experiments the same dose of AET was given betweep 5 and 15 minutes after

irradiation.

The endotoxin used in these studies was PMCMEN, a highly purified

lipopolysaccharlde derived from Pseudomonas (28). The stock concentra-

tion supplied by Flint Eaton and Company, was 1000 lhg/ml. The mice were

injected Intraperitoneally with 0.05 ml (50 pg) of the stock solution.

This dose produced occasional sipns of acute toxicity but ý,as sublethal.

All animals were in.ected 24 - 1 hour', before irradiation.

Femoral Marrow and Spleen Cell Suspensions:

The femurs were excised from a minimum of five decapitated, exsangui-

nated 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 trocanter &und the head.

The marrow vas discharged into a 100 r2 teflon beaker by forcing a small

quantity of a chilled, balrwced selt 5olutior (.anks) thrnagh the marrow

cavity. After the femur had be n flushed ;cverai times, it was placed

into a 15 ml. bottle containing a m1li quantity of Hanks' I1Aution.

Awn marrow had been collected ftnm all the femvrs, the teflon beaker

vas swirl•d to disperse the ma.rov el Ls. "te mrrov suspension 6wa
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filtered through fine mesh nylon (pore size of 0.3 -n) into a gxadated

cylinder. The nylon filter was removed, turned inside-out, and placed

in the bottle with the femurs. The bottle was capped and gently agitated

to suspend the cells adhering to the filter or the opiphyses of the bones.

Marrow cells e~tUed in thid way from the filter or bones were

transferred to the graduated cylinder through a clean nylon Aicro-filter.

The latter oaeration was continued until the desired volume was obtained.

furing the entire procedure the marrow cells were kept at between 4 - 100 C

by performing the various steps within the confines of an open refrigerator.

This prevented co-•gu1Aiton. The nucleated cell count was dete.mined as

described below.

The spleen was excised and placed on a gauze pad moistened with

Hanks solution. The capsule was opened, and the spleen was deposited

in the reservoir of a st-ainless steel filter assembly fitted with %

nylon filter with pore sizes of 40 microns. The cells were carefully

worked loose from their capsules and wsshed through the filter into a

40 ml round bottoc centrifuge tube. The dissociated PiI -"n cells were

centrifuged at 1000 rpm for 10 minutes at room temperature. The

suhrnLatant was wi thdrown and the spleen %.Lis were resuspended ir,

chilled (4 - 1 00C) Hanks aolutior to the dmirel volume. ,th total

nucleated cell count was dete-mined with e ai.d of a hemacytc'eter

using a .o HC1 dilutic fluid.
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Methods for Enumerating C61ony-Form4 a.. Units:

Endogenous: The method used is that which was first described Ly

McCalloch and Till in 1964 ( 3 ). In brief, mice which are exposed to

approximately 60 - 85% of their LD50/30 show nodules in their spleens

when examined 8 days later. The number of spleen nodules is inversely

related to the radiation exposure.

Exogenous or ReciLient: Recipient mice are subjected to two graded

exposures, separated by approximately 2 hours, which total 900 R; a

first or primary (D1 ) exposure is given before the injection of the

cell suspension containing CFUJ's, and a second (D2 ) or test exposure is

given to the transplanted cells. With this method exposure-response

relationships are established by comparing the number of CFU's in a

nonirradiated suspension to the nureor of CFU's in that avuspension which

su.-ilve various radiation exposures. Numbers of CPU's were injected,

which, according to calculation would result in 8 - 16 nodules/spleen

after any tea L exposucre to radiation. This was usually achieved and co,,;nts

of less than q nodules/spleen were rarely encountered. Di these

axperiments mile mice were used as donors of marrow or spleen cells and

females were used as recipients. Aten U7T was used in connection with

this method, the drug was given within .15 minutes before the test

exposure.

Dorvor: This method also involves transpLantation, but it is disttact

from the recipient method in that the donor mice rather than *he recipienta
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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 -'.lls are injected

into recipients exposed to 900 R. The dilutions used werc adjusted,

according to the radiation exposure and expected survival, to produce

8 - 16 nodules/spleen.

Counting Criteria for Spleen Nodules:

In view of the abundance of small nodules, especially with the

endogenous met od, and in view of differences reported earlier in size

distribution (19), the question arose as to the effect of size criteria

used for enumeration on the exposure response relationship. Therefore,

it was deemed desireble to actually size all spleen nodules so that the

data could be treated on an expanded basis.

The spleens of the recipient mice were all harvested at. 8 days,

fixed in alcohol, acetic acid and formalin (.AAF), and the nodules were

sized with the aid of a steriozoom-dissecting microscope fitt4A with an

optical micrometer. The long axis of aUl discernible nodules was

measured to the noarest 0.1 millimeters.

Statistical Analysis:

Median lethal doses (LD5 0 1's) &-d other statistics were computed

from a mraimum likelihood solution of the regression of the normal

equivalent dUviate (Probit-5) of percentage of mortA-ity on the radiation

exposure in roentgens (R). The regressions were calculated using a
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USNRDL program based on probit analysis (29) as adapted to a computer

by Aitchison and Brown (30).

Survival cturves 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 D7's, intercepts, and 95% confidence

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

curve•.

PP-MDMNTAL

-o/ 3 Determinations

The effects of AU or endotoxin on 30-day survival or irradiated

mice are sumnarized in Table I. The LD0 for nontreated control mice

was 721 R. when AMT (275 mg/Kg) was administered approximately

15 minutes before irradiation, the LDrO was 1.313 R, an increase of 82%

over the LD50 for controls. Injection of AET 15 minutes after irradia-

tion produced no significant increase in the LD 5Y which was 745 R.

A 50 iL9 injection of endotoxin given 24 hours before irradiation raised

the LD50 to 919 R, an increase of 27%. It should be noted that the

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

did not differ significantly.

"Sndogenous' Spleen Nodules:

Figure 1 summartzes the reaults of experiments which relate radia-

tion exposure to number of endogenous spleen nodules in four grou.e of
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animals: 1) untreated controls, 2) mice given AET 15 minutes before

irradiation, 3) mice give,, A 15 minutes after± irradiation, and 4) mice

given endotoxin 24 ho4rs before irradiation. The data are presented in

terms of nodule counts based on two size categories, 0.5 =m and abovEa,

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 mm 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 such that the D37 estimates

under certain circumstances were only reliable within a factor of ý 2.

This occurred in both nontreated controls as well as in treated animals.

Even if this hi;h, degree of varip~hil-ity were disretgarded and the L 3 s

were accepted as sucii, the expected increase in D37 with AýrT given

bef.,re irrqdiation are not ob-served.

AI.though the slopes Df t'- suvial curves are. not changed sinifi-

cantly by Aý'T or endotoxin tjven beforoe irradiatLin, tnie n1imbers :' nodules

• which occur in the spleen are markedl.; incrased over the control e

at any given radiation exposure. On tvie basis of the fitted carves, the

£ the lAroest noduIles 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 LD50 of the mouse using the completely

empirical procedure described below. Li• doing this, we have disregarded

the variability in endogenous nodule responses and have used the computed

37's. The results are rather surprising.

The"survival curves" in Figures 1A and lB have been extrapolated

to the higher exposure ranges in which only fractions of a nodule/spleen

would be expected. This was done in order to compare the expected

number of nodules present at the measured LDo50 ' s. The measured LD 5os

for the various protective procedures are plotted on the extrapolated

portions of the nodule survival curves. This intercept of the nodule

curve and the LDo50 exposure is an estimate for the number of spleen

nodules present at the measured LDO. Figure LA shows that at the

measured LD50 of 721 11 in control animals, the spleen should contain

approximately 0.09 nodules. If 0.09 nodules/spleen is selected as the

value at which control mice have a 50% probability of survival, it might

be expected that mice given proteclantt would also have a r04 probability

of survival at 0.09 nodules/spleen, irrespeztive , f the absolute expovure

in R or the slope of the curve which results in this number of ',,'Lrvvifnl,

nodules. One may in this way obtain a "predicted" LDO for AET or endotoxin
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by merely moving across the X axis and determining from the various nodule

survival curveh the point on the X axis (the exnosure in R) at which the

survival curve reaches -,0.09 nodules/spleen. The similarity between the

measured and the predicted LDo 's thus indicates the degree of reliability

with which the mouse 's LD5 0 may be predicted from the spleen nodule

responses. These relationships are summarized in Table -I, The expected

S0 'a are shown separately based on counts of large nodules (frcon

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

the count: of large nodules in animals given AET 15 minutes before

irradiation, the _0 was iuiderestimated 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 the LD 0 'S

by approximately 21%. On the other hand, total nodule counts came cvch

closer tA predicting the LD0 in mice given either endotoxin or AET after

irradiation. The estimated LD 0 's were within 9% and 5%, respectively,

of the measured LD -'s. Thus, the interestin• point is that in spite of
5-

the variations in endo-en- us nodule reopunses and the fact tiat ::,.all

ern rs are Eaipli.ied ty tý,e extrapoIation pr'cedire usied ;ere, t4,ie LD5  '

•may• ý', pre'ict'ýd ':t i ?

Dif'-r:•:ex ,. t..c sizc UitriA tic:. x: J 1oe In i-.e vrxri.: ;rolipt

(itre 2) as well a., .:wting errnrs and inLerent varlal'ilit. ,f the

ay5te.• ' :d rtially explAin the influence of ("i O -riteri n te

' r,"" r iz' Fi(:ire 2 s,.owu that i:0 L :.. I mIo-
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approximately 46% of the nodules were 0.4 mm or less, but in the endotoxin

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

Therefore, when large nodules are scored, a greater percentage of the

total distribution is measured in the endotoxin 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,

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

the presence of "too many" nodules. When total counts are used, the

importance of this size difference is diminished, and zhe LD 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 between nodule

size criterion and accuracy of LDSC0 prediction to vary in the same general

fashion as for endotox~n. This is not the case. Li spite of the tee.Jency

toward larger nodules, the LD 50 for AET-treated animals was "underestimated"

rather tihan overestimated usin6 either size criterion, and the toial

nodule coqunt hal less predictive value than th-e c-lunt of large nodules.

Ln the case of -,h administration after irradiation, a procedure whlich

Increases t*:.e Q,-cirrence )f spleen nobdýle, without ircreasln,' the LD,

"the vr i otf t based -,n lar-c nod'tics is related to

all aprŽet pit t ie t. e ;i p A). uxe-resr'coe , t

co:M'Pred -with, the colntr.ols (i8ee Fitgur LA).



Donor Experiments:

Another method used to evaluate the radiation responses of colony-

forming units and to attempt to compare CFU responses with the mouse's

radiosensitivity involved irradiating the animals which served as donors

of bone marrow and/or spleen cells. The donor animals were given graded

radiation exposures, with or without AET having been given approximately

15 minutes before irradiation. The surviving number of CFU's was

determined by sacrificing the animals within one hour after irradiation

and injecting the appropriate dilutions of marrow or spleen cells into

recipient animals exposed to 900 R. Before dealing with suviul I of

CR's, it 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 CFJ's in the femoral marr:ow and spleen of nontreated,

nonirradiated mice is summarized in Table III. AMso presented are data

from "donor -nice" which were injected either with AP-' 15 minutes before

sacrifice Or with endctoxin 24 hours befure sacrifice. 'he data Shuw

tnat within 15 minutes of inection, AT effected no significant ctaies

in the femur ,r spleen content of CFU's or nucleated cells. In contra.t,

mice give-n endutoxii. 24 hiours earlier showed of the order 1)f a two-f'oid

incroave in spleen content of CFJ's; the il:cleatel cell c.ntent of the

apleen Fnd the rtktio of CFW's/lo" nucleated cells 4ereŽ als.- increased.

The femur CFM content w" riot increased, ,it a s£giliticant d•r- (
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occurred in the nucleated cell count; this resulted in approximately a

two-fold increase in the ratio of CFU'si105 nucleated cells. An astirate

of the effect of AET or endotoxin on the distribution of spleen uodule

sizes can be extracted from Table III by dividing the femur or spleen

content based on coimts of large nodules (0.5 mm+) b, th. content based

on total nodules counts, viz., in the femurs and spleens of controls;

the fraction of large was 9.2/12.7 = .72 and 1.8/2.7 = .67, respectively.

Since in the treated groups the raaxiumum difference from control values

was within 7%, we will absume that the size distributions of nodules in

the treated and control animals were similar.

The numbersa of CFU's surviving grided radiation exposures in the

femur or spleen of AET-treated and control mice are shown in Table IV.

These exposure-response relationships are presented in, terms of the two

nodule size criteria, 0.1+ aand 0.5+, and the survival curves in Figuare 3

were computea from the mean CPU counts based or. the 0.5+ size criterion.

In Figure 3 the survival curves were fitted to points at 15C, R and above

in the contiols and to points at 2d•3 R and aboav- in the AHIT-treated

animals; this was done to avoid the shoulder region and to restrict the

curve fitting to the exponential po:-tion of the survival curve. However,

it is s .mewhat difficult to establish :4nt is, in fact, the exponential

These values do not represent ýhe total CPU content of the femur. No

adjurtment Mas been mde for injected CPU's whtich do not localize 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 tie case at exposures of

< 400 R. On the other hand, it is quite clear that one has several options

in tne curve fittin& and the inclusion of more points, e.>., 192 and 240 R

from Table IV, could also yield a survival curv. 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 ratios and prediction of the LDo50

The dependence of D37, intercept value and a parameter of goodness

of fit, the correlation coefficient, on the size criterion and the assump-

tions concerning the portion of the curve to be fitted are summarized in

Table V. The pArits tc be made from these data are: 1) in the 2ontrols

the s were essentially unaffected by either the size criterion or 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 2B6 1+ rather thar 194 R+ decressed

the DL by 25 - 30 R. This small decrease in D-- is not significant, but

it mIkes a rather large difference in V --- ratio, the

• t!t "the : arvlvdng! nu•mber of CIFU's at t-:ie LDsl,;, an-1 *the prediotel

" Ln, P~) r e :"p , t~ie pr teotl,-~i rntios for femur and s•l'!eerl tiJ' re

!. *• [, .•r 2., r". 2 . r c,2 "°~ 't ivv iv, depetn di ng up n '%e •"uv 't'.,e"

a.'k t- sAmti~ de ý-)nc rnln.- t',e widti ,;f th'e sno,ilder - :" ,:c



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

show that by extrapclation the LD 5 0 for the AET-treated mouse may be

predicted within 12%.

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 fiiert

also shows a small difference in the size distribution of splenic and

femoral CFU's. In the spleen 60% of the nodules were large, whereas,

Lhe value for the femur was 70%.

Recipient Experiments: Exogenous CPU

The thSrd 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 noteworthy that the

variability of thi3 method is much less tuan with the endogenous or

donor methods; this fact is illustrated in Figures 5 - 9 by the compare-

tively small zonfidence intervals of' the D37 's. In this method the

nornal bone -aarrcw or spleen cells to be tested are in,,ected into irradia-

ted recipient mice. The test cel.ls are irrrdiate& in vivo by giving t..e

recipient animal graded radiation exposure3. -hen protectants like ,•

are invcIved, trie agent is giwen to the recipient animal a' t;e apfr-qjrinte

til, vw:., 15 minutes, beform irradiation.

T',• .edia-.. n rerspnse ,f norzml bl.,ne marrw evaltcd t.- this ;:h..i

is iKo.'A in 5i¢"•ie 5. All .pleec. nd"L'es wv 51. sed ani ½c re-..ise are

przseseni in tr- f c.uits, of la:-, nodules ('igur• eýA) end in terns cr



total nodule counts (Figure 5B). The criterion of size distribution did

not materially alter either parameter of radiation response, namely

the D7 or the extrapolation number. Fitting the curves to points above

74 or 149 R also had little effect. The D 's were -80 Riand the extra-
37

polation numbers -l.7 - 2.2.

Using this same metied, the radiation respunse of spleen cells was

evaluated and the data are suwrarized in Figure 6. Based on large and

total nodule counts, the curves fitted to all observed points gave D3 7 's

of 71 and 73 R, respectively, and the extrapolation numbers were 1.27

and 1.01. Eliminating the two data points at < 75 R from the regression

did nmt .han... either the D or the extrapolation numbcr. 21iminatinC;

the points below 150 R yielded a DI of 37 R (63 - 145) with an extra-
37

polation number of C. ".0 based on large nodules, and a a, of 84 R (61 -

135) and an extrapa)tior number of I. i based on total counts. It

snouldi be noted that in th•e exp.sure range abov •4ý R considerable

scat•,er vras oAserved.

Ire,:inA2 ýnt• t ive cipient anx:.ilas be'Xre the test cellL were.

rru.tinte . •rKdIx, in reeed i.,.e ') .. fr 2MJ 2-Atalaned 1rom the feniar

ant e s,:atirI.ez the •ej.,t ., t., ,Ps bono. a:roa
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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 was 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 7 's, but the matter of common

intercepts for the control and AET-survival curves was somewhat less

clear. The CT-U-survival curves from the AET-treated animals had the

interesting property that, if the two points below 150 R %re excluded

from the curve fitting, the Y intercepts were slightl.y increased; a

comparab2ý increase was not observed in control animals whern the sioulder

area was excluded, from the ciurve fitting (Figure 7). Therefore, AJ,'i' may,

in this fashion, affect the shoulder area of the CUJ-survival curves

derived from the tranplanted spleen cells. Based on counts of .. ,-e nodules,

aAET increases the •7 by a factor -f 1.75 - 1.87 and on the basis of

atotal nodule c•Ants by a factor of 1.62 - 1.72. The nodule size distribu-

tions were similar; 72% large nodu'es in the AET group and ;,4 in the

controls. The survi-in,; finctions and predicted LDr , derived frran the

recipient experiments are s,=narized In Table VII.

_1for .ET and control •r'•

eAcludirAi and iolcudint;, respectiv.:ly,, the uJiouuder jints".

2.



Experiments were also 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 basic design is as was described above for

"rccipient 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 described above in Table II.

The results in Figure 9 show that endotoxin treatment did not alter the

radiation sensitivity of CFJ's derived from the spleen or femur.

The response of spleen CFU's, based on large and total nodule counts,

is illustrated in Figure lOA. AIL observed points were considered in the

fitted surtrival curves, since exluding points at < 75 or 150 R gave D 371

which were within 1 R and extrapolation numbers within 0.02 units of the

values derived by fitting all points. The control D 37's for spleen CiU 'FL

from endotoxin-treated or control animals were essentially identical.

Based on counts of large nodules, b,.th D 's were 71 R, and bcsed on

total nodule counts, the L 's were 60 and 76 R, respectively. The onlytota noulecouns, he 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 intercepts. Based on total cuunts

the intercept was 1.3,i compared with an interce-t of 1.01 in controls;

tasel on counts of large nodules, the increase was from 1.2:* for coritrol

curve to l.t4 for the endotoxin curve. The possibility thus arises of sQme
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small effect of endotoxin on the shoulder region of the survival curve.

On the other hand, this could result from endotoxin aitering the size

distribution of spleen nodules. This matter of size distribution will

be considered in detail elsewhere.

The D7 of CFU's derived from the bone marrow of endotoxin-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 D 37s and extrapolation

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

The intercept of 1.23 for the endotoxin curve was 0.52 units below the

control intercept, but the difference was not significant. -hen the

endotoxin curves were fitted to the points at 150 R and above, the extra-

polation numbers and D 37's were 1.46/84 R based on ,tal counts and

1.40/85 R based on counts of large nodules.

Many sources of variation (dilution, injection and irradiation) are

inherent to the recipient experiments as well as the other methods employed

in the present study. Perhaps the greatest potential source of outright

error is present in the recipient method when used in conjunction with

protective procedures such a thp injectiun of AET or endotoxin. At least

three f-ictors came into play which cou.Ld increase the back;round number

of nodules in the recipient spleen, and thus cuuld signifiiantly bias

the data: 1) fractlo.-tion of exppsuies, early rejair, aid changel in

sensitivity - recipient animals receive two exposures, a "primary" exposure

and a "test" exposure (adrainistered to the transplanted marrow or spleen

CEU's) which are separated by -- 2 hours. The pnocels of early repair
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could be initiated after the primary e..?osure, and this could result in

an increase in the surviving number of CPU'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 Figure 1 slowed 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 recipient experi-

ments, the lcwer the "primary" exposure, the more important this factor

might be; 3) AET pr-tection 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 ART

"protects" some fraction of the exogenous cells in the spleen at the time

of irradiation, but in addition, the drug also protects CPU's in the

spleen and in other sites in the recipient animals which have survived

the primary exposure; the recipient animals extrasplenic CFU's, which

should be protected by the AET, could contribute to the spleen nodule

court via migration.
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We have attempted to evaluate the composite effect of these factors

on the CPU counts in the recipients' spleens. The results of control

experiments on endogenous spleen nodules are summarized in Table VIII.

First of all, most of the nodules observed in these animals given high

exposures were quite small, < 0.5 amm. A single exposure of 900 R resulted

in an average count of 1.0 nodule/spleen, based on total nodule count.

This is higher than the expected value of o.0.3 n/s based in Figure IB,

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 nib. An increase would be expected on the basis of

the considerations mentioned above. The total spleen nodule counts were

also increased to 2.6 and 2.1 in animals receiving fractionated exposure

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

the experimental design particular to the recipient-type experiments

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

nodules, in the recipientb spleen is increased. However, the backgmoand

of large nodules was n t. increased to a level which could confer signifi-

cant bias. Since the bac'grotaid count of large nodules in the recipient's

spleen was < 0.2 n/s, the exposure-response curves c,.ns.ructed from counts

of large nodules are least subject to bias, and, oased .on tiie similarity

of •7's based on counts of total and large nodules, it appears doubtful

that even the tot-il nodule counts wvre seriously biased.
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DIDOUSSION

'Whether an animal lives or dies may be predicted with some degree

of reliability by evaluation of various functional indices of heaatopoiesis.

Yet, for many years the mamnalian radiobiologist has sought more quantita-

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

from raditation studies with cell cu2.tures in vitro. In 1961, Till and

McCulloch described a means whereby the survival of hematopoetic stem cells

c ;uld be evaluated in vivo in a fashion which would yield cell survival

data that approximate cell cultare methods in its quantitative aspects (1).

The availability of this method and later development of another method

of stem cell enumeration (33, 34) has given great impetus to studies

designed t, interpret radiation injury arnd reccvery in the animal in terms

of cell sur'rvai cirves and j-pulati. kinetics. in the present repc rt we

have extn ied •ur earlier uaies c nccrrin,- t:e reai-ti.ns.dip Letween

in

~' ~ *.' .. ~'X': ~.Jral iv''rIL . 'res le I

n,. a.c d,[,. io ::Yi '; .e f; - I' r in' i n ; i !..e,- J .; rie . I ,

iw i1d

V cii[:wj:I 1cu. L~~P ''r.i ~ '' ~* A



endotoxin on the relative numbers of CMU's in the irradiated mouse (19, 24).

Based on the present results, we will first intercompare and discuss the

properties of the CI¶J responses measured by the different methols, and

then deal with the relationship between CFU's and the animal's survival.

We will initially consider endogenous spleen nodules in connection

with D37's or slopes of the survival curves, the problem of size distribu-

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

of the earlier studies concerned with protective procedures, the endogenous

method was used (13-15, 18-20, 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 nodale size criterion

used for scoring. We are not aware that these points have been made before.

On the basis of our D3 of 66 R based on large nodules (0.5 rwa+) and the

value of 117 R based on total nodule co-znts (0.1 amm+), it appears that

any D7 within this range could be generated by changing the size criterion.

If the group sizes were larger, it :night be possible to snow sijnifi.atnt

differences in D7 as a function of ncciule size. T.,e present es*timate wf

6R R is simew:,at low compared with ý.tie ofteri -ited vu"es .f :. - 1 N

(7-9), but it is close to tne value R. ' N deri,_J frr. da.ta _'f alii. .

(1ý ). Jn t~ie other hnoid, it is sxamewiat !aiiher t :- ,:..• - ..

re-I-xrted by Vhce!z and 5'.aiel (u..,). Un thle nnis !"' t:e :-1d:11e .i..-

D3• relationship6 pr.p'sed :iere, it mfty tat the vnh ez;

and oxi;fl, ra iare relate , L,,- t:ieir aze ,. a hirje -,i:- "i :' rIt t , " :' , 1'1-

tate nidule countin.< ritter thian real 1ff'erencen' int U . :nj''



of CFU's.

Using the endogenous method, we have studied the responses of spleen

CFU's under conditions in which survival is increased by pre-irradiated

administration of either bacterial endotoxin or AFr. This permits evalua-

tion of the relationship between survival of spleen CPU's And survival of

the mouse. The administration of endotoxin or AET before irradiation

significantly increased 30-day survival and increased the numbers of CFU's.

Although in the treated animals CPU's were observed at much higher radia-

tion doses than in control animals, the CFU survi-al curves were essentially

parallel to the survival curves in the control animals. Neither endotoxin

nor A0f s.gnificantly changed the D . A change in the D - for endotoxin

was not expected based on our earlier work wh-ich showed no alteraticn in

t, te -a diosens~iv o'' CFU' in endotoxin-treated animals (14, 19), but a

cliemiýal pr-tect~ant suc. as AMi' which does alter cellular sensitivity (25)

micjz be expected to increase the D_.

Usinm- the clcsel" relatedut _m:pcnd MEG, _ýnitlh et al. showed a siOifi-

cant cange in 'he sL e,* .- the survivii. curve and ,. ioeitanti; in toe

:h (It- siifiv irase in t:u D for e L¾;enus J in

ani%,ils Irradiated :_ind.er 8ypxic co(nditilnu has also Leen observd b,.

Vacek and 3uaara (2t) and 11AilIIi6 and Hanký; (-u). The protec'tive

dr.ug cyst.amlne was uted t~y juraskova and Tkad-lccck ( i in stud,'IrF

surv!1val of enigenouo spleen ricduleq . T1,e in.j,:rtzance f cl.azyes, in tne

r.lo6.es of tUe wurvival curvts 'as less tL-, - in t:.eir exeri:ment, and

cimnges in t, were n, t uFed to evaluatRe the drig'k if.ectines.
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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

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

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

and the D t's would be high.
37

Our results with AET injected before irradiation appear to be more

comparable to those of Juraskova and Tkadlecek with regard to the absence

of a significant change in slope. The question therefore arises in

connection with the various protective procedures as to why slope changes

occur under certain circumstances and not under others. One factor could

involve drug-induced mobilization of CFU'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 control curve (resulting in

no change to the Di?) could occur as a composite of the following two-

component curves: 1) the "expected" Eurvival curves with an increase in

the '7 and an intercept the same as the control; and 2) a curve describing

the number of CFU's which, f)llowinc (Irudx injection, are redistributed

and migrate tu the spleen in animals receivinC, graded radiation exposures.

6vidence fur mobilizatiurn to t:e spleen kEol7win; AFT injectikn comes

frum tre present experiments In wiich AFT was given after irradiat! •n.

Under these conditions, the numb-,, of nod le', :wcurrinj; in t.:,2 spleen

was increased above the co)ntrý,'ls and was reit,'d t2 t,,_ radiation exI,'sul'e
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which thu animal sustaineu (Figure i). -uch a mobilization probabl: aloo

occurs following the injection of col.chicine, and Breckcr et al. }a'

suggested this may contribute to an increase in the spleen .iodules .whien

colchicine was given after irradiation (17). This redistribution .. i~ht

also partially explain the increased numbers of spleen nodules wi,ich- occur

followin, the injection of DNA, killed tumor cells, or milk (35). It may

also be t:at differences in tne size distributions of nodules between

control and of treated animals could also influence the scoring and

consequently the slope of the survival curwe.

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 is not supported by the results of Smith et al. who showed a

difference in the slope of the CF-U-survival curve in MEG-treated mice (l6).

aEven discounting their assumption of a c-,;mon intercept , a significaot

}hange in the D remains. Ferhips the i-mportant point is that w:,ef- toe
3:

endo;enouls spleen nodule met .od is used in connection '4ith protecti've

I!.Ls vnri,-)ý,,s i~~r•c~o•c resp~nses- -.iay i:.•ine p.)n .-,e ts .,U:

and ,,ie radiar ,P-dose-resp),sc rcLaPtionsiip : ri•).t. e aptly" tor::ed, as

well aý' iteretei, as otclrren. x carvesn - tha:n tr'ic -urvdy vv L.'vs

.uf.i e it t Sli' t.t t::o 0:, L,:e os . )AO' :net. . Vari,

t, i., >'ico', i:;:'i ie:'ci hie sI :xs as we:l , n },. r:;ter,'epts ,'

a
in'J !r c are 11 "" ' , 1,,x Ic i•!tec t. ; o: i -re - tý n !tIedt 2 ,2it 3

::m', .n in! ercti:t6 tire r,.t W•Itservel wit!, .e en,_:•i ,•u- • .'t,'•A (22, 23).



are yet to be completely defined and resolved. Yet, in spite of ýhe

variability and the dearth of information about factors which impinge

upon the system, the present data show that under certain conditions t.hesc 4

curves can be used to Tredict the LD for endotoxin- or AET-'-r-eated
50C

animal, within 5 - lc¢;. The matter of LD prediction will be considered

to a greater extent below.

We will now consider the trinsplantation method of evaluating CFU''s

and discuss the effects of the protective agents on the relative numbers

of CiJ's in the femur and spleen both bef-re and after irradiation; in

addition, the D 's and extrapola'ion numbers derived by the varius methods,
37

will be compared. Quantitative studies of CFJ survival which are con-

ducted b. transplan÷ation methods have several advantages over the endog-

eno .s metnod. By determining the relative number of CEJ's in thle femur

and spleen bot:. before and after irradiation, both the surviving numoer

and the survaivin6 fz-).ction (or percentage, ma,- be considercd.

We first de,,....•ned if 'c i•e:tion of e Aihe T A _ :r endct~oxin

c-.anged t ntube:r of C!'U's jres..rnt ir, fe-ur _r sp',en u- 11. time

the 8im:aL3 were !ý. be irrazdiatc. A in. eeti i'' A.1T i, ,- inutr:; te' re

sacri1 ie "t:i ani:rmP prn,, duLed a L; ma 1 ut :Ltat. 1 so:< i:, i i. : ' 1,I

ir:fl3e 1i. - i.) in thie C9J C2ntent .t e A' jle,,i n :a n."', ; ,e

1iceivate1, ý,!_ c-ntunt uf these varzn;s "ns analtvreed. Ir. •:;t'ra.,

IPh•s raii,<c iz: L'Q•ed toiial and Lar.e zen)duif' ,-e.



endotoxin given 24 hours before sacrifice produced significant increases

of 21% in the nucleated cell content and 85 - 100% in CFU content of

the spleen. ,o change was obserwd in the CFU content of the femur, but

the nucleated cell content declined by 40%. This resulted in an increase

of 76 - 98 in the nuer of '/0 nucleated cells in the femurs of

eridotoxin-treated animals. The present results showing an increased

content of CPU's in the spleen of endotoxin-treated animals are at variance

with the results of 3rith et al. (36). The explanation for this difference

is not known. The present results showing an increase in the ratio of

CFU's/IO5 nucleated marrow cells, but no net increase in the number of

SCu's/fem~ur are at variance with our report of an absolute increase in

the C7J content of the femur (1), 24). In this case the difference may

be ascribed to tie use of only four donor mice in the earlier work.

A comjarisor. ,f -urvival curves constri'1ted from C1'J data Tbtained

by tra:-Dlantation 2*' -marr<•w or opleen oclis (donor and exogenorus

rcxij ieni ,•iethoids) dif!'ers t'rc te e- .z>-gL, ,urvival lrvlL in tWo

i~'~rt~t~er~~:~1tr;,~n "E, 'T increaseo~ "-; 21, -r ill I>thl



regard to the s~iou.der region of these surrival curves as derived from

estimates of the extrapolation number or intercept value. Using the

normal content of 9200 CFJ's/femur (Table III) and the calc"1_aetd y

intercepts of 15,400 or 17,300 (Figure 3, Table 5), an extrapolation

nzrmber of 1.68 - 1..1'3 may be estiated from donor experiments. The

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

presence of AET, the D derived by the donor method, 12 9 R, was quite37
close to the I7 of 124 R derived by the exogenous method. However, the

Y intercept value of 1.20 derived from the donor experiments witih AET

was lower than the valu, of 1.74 in the recipient studiesa. The AET-

protection ratio (sR) estimated by the don-r method, 12.3/77 1.66,

approximates the PR of 143/32 = 1.75, esti:mated by tne recipient method.

Therefore, in most respects t.ie responses described fnr femoral CFJ's by

the donor and recipient met:hods are in fairly close aZreement.

The E'-p-rotection ratios reprteJ. here ,femoral CFjs may be

com-ered wit- the r..l.ts of errilier AEjT studies bY Du£1an and rRrc r (21.

,•Jsin6. the d,.;n'r met;:2d to obtain t.uee points on each s-avch•. 2.,rv_,,

t.iev c-'.t.ineJ 0. .L'. 3newat L1:,'r t.'ar sr's, 11 and 2_-" R, re Ctiývý ,,c

f )r "cnral Cra M'z in tru,;1 9.9.n id--trea1. :rce . The'ir s.'ivIn , -

als' :, o ei el 5C •ia in ,.: a T-).:. inýt . n:i,'- i:, .rt. >' i . , t '. A

I' -• 'cjA .>m:5n'•t,: i .- ::•., .•...•r .xt,,ri~nen:2 ar'' qui'eMse.h;!J\ :
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2.18 is - 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 if only points below 250 R fitted in the zontrols and points

below 400 R were fitted in the AET group, the D7 estimates would be

closer to those reported by D: .Lan anc. 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 recipient methods show some interesting

differences as well as similarities. The control B -'s obtained by the
37

endogenous and exogenouz methods were similar at CU' and Ti R, respectively,

but based on t:e donor method, a somewhat lower value of 54 R was

observed. In the presence of AET the D__ obtained by the donor mechod

k. was ; R and the estimrate from the exogenous metriod was 124 R. Alttnough

tihe D7 values differ by 27%, the different-e was not significant. The

difference between the control D,.,'j deriv'-d by these two naetý:ods was

31% (54 and /1 R), but in spite of thc.e dtfftrences, the estimates of

the AjrT-protacti'.,n ratio were sixLlar. The FR value,; are ) r4h

I for the donor experiments and 124/21 = 1. j5 for the ex,)genous tne t..d.

Althou•;h AFT significantly alters the radieisensitivity of CF!'• in

the marrow and spleen, the present rev ilta ItaineI by t!.c recipient

31



meethod stow that endotoxin does riot share this effect. In these experi-

ments marrow an.k spleen cells were obtained from endotoxin-treated mice,

and the radiosensitivity of the resident CFU's was measured following

transplantation into recipient animals. The D for spleen and marrow

CFU's derived in this mariner were within 5 R of the D,.,- values for the

controls. Thn. , it appears that rndotoxin does not markedly influence

the radiosensitivity of CFJ's. This is consistent with our earlier

observations based on endogenous spleen nodules (19). However, endotoxin-

treated animals do ;how an earlier reappearance of circulating leukocytes

(37-40) and CFU's in the femur and spleen (24, 36). The importance of

these regeneretive phenomena 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 and recipi.1ent methods, and data pertaining tc CFU repopulation.

Before ccnsidering the relationship between the ýresent data and radio-

sensitivity of the animal, we wish to mention the relationship between

relative numbers of CFU's deterined by most .f the enumeration methods

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

the spleen and femur. Since n• transplantation pxý.cedu>-Žs are invtl1,td

in :aeas .rir,- radiati n respwrnses f en-iogenous CF'J's, it iras been assumea

that ,(xtrnp iati;.-i .,f tle s,'rv'iM curve t., tiie Y intercept (0 expusure)

yi n a'stite if t.,e t Ctal 2, FU j•1jliri in tne nornal s.pleen (I(.

T.b x'Aced,:e, n.,we"ver, de2 t c:ns1.er tLe siioulder of t:.e s.L-vival

,,a ve, and, U. , snAýlC ý,rvs imate tiie p•[pLation. 'When transplantation



j~'o~a~~::ori oedt: vnluio~ ti± ttal CFIJ conten;t j: ;.ýic 5piccl4 tuSo

>~a~.r 2f 1 ~i~n*y r -ie perc2ertLa,-e olf in~,ec- I C!J'z wliic:. !,r. ISpleen

sJLrAtS ;wi.3't oe cýDnsidered. .Ainir-vitch e,1 al. (4) derived a factor of

17%, whereas, Playfair and Cole (41) reported that P-83% of marrow C1,1J's

produced spleen colonies. Thus, with a kno'wm "recovery efi'icienc,; ", one

may calculate tne absolute numbe-r of CFU's/organ fromi the relative nuwMber

determined experim'~ntally- by transplantation procedurxes. isir.( tý:~ii

prscedure, -Iitlh et al. have reported cmarn ly cise" a.greement,

b--etween th.-e estfimates of #1- -4 - r total s3pocn CPU c- ntent in flor...a

animals whib..- were derive-d fron (1) '--e Y intercept of' t:iir s-ýivi-val

czw4'- end: jIenous s pleen; n~d-ýles and fn(2) elic total number derivea,

usin,; the fect-r -;f lT7, frou -ranspiar. taI-L-n of nor-z. spleen. cellsjrt

spra le tna.'l j :-ra~a-aeirdirt l, ioeewe h rs dat
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between the findings of Smith et al. and our own mai,' be partially related

to technical points such as the use of different mouse strains 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. '-1800; this

could mean their recovery procedures are more efficient than ours.

Moreover, in our hands the Y intercept values are rather variable, and

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. (1f, 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 D3 7 and the intercept value mpy be strongly

influenced by the size criterion. In view of our uncertainties concerning

intercept value and "recovery efficiency", we deem it inappropriate at

this time to attempt to discuss the results of the present donor or

exogenous experiments in terms of absolute numbers of CIJ's/organ or

CFU's/mouse.

The potential of tuie CFJ as a tool whereby radiation letiality in

the animals may be related tu '.em cell survival was fully discussed by

T'ill and McCulloch in their early con*•rbutions (1, 3). More recently

this relittionshill has been discussed in some detail by Bond et al. ()

Bond and Robinson (:), Patt and Talla (42), and Rubinson (.0). sevel-a!

experimrital studies have been conducted by others to evaluate the
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relationship between CFU's and survival of mice. Since the age-dependent

changes in LD5 0 and CFU responses are not directly 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 (14, 15, 17-19). On the

other hand, protection experiments by Smith et al. with MEG (16), Vacek and

Sugahara and Phillips and Hanks with rhypoxia (20,23), and Juraskova and

Tkadlecek with cystamine (22), generally support the correlation between

spleen nodules and survival. Siith et al. (16) reported that the protection

ratio of 1.67 for endogenous CFU's was in close agreement with the PR of

1.5) which was based on morcality responses. Our results with endogenous

nodules cannot be treated as were the data of Smith et al., since AET-

pretreatment produced no significant difference in D 37. However, a protec-

tive rati- of some validity' -may be derived frnm theoý data by comparing the

radiation exjx-ure2s w>lich result in the same n-nmber of nodules in t,.- Presence

and absence, re ectiLovely, of AFSP. Rer cxanple, if exlxsures producing

n/ n- were <4?• in c•nra½ and 74 In ki'P-treated mice, the PR would be

7 '-4. .I T:is Y'>Joi ,f lerivati, I" vr ,, u1el "I , jdu'as' va and

"U ilc . ... ,d :..¶o:24 , K t o 1ýtrobh l anirises in

*i1i 1 te Lit, is not r " " '



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

and AET-treated mice, the range of protection ratios is from 2.18 at

20 n/s to 1.32 at 0.5 n/s (from Figure IA). 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 higner radiation exposures

where efficient counting is impossible due to the paucity of nodules, the

PR approximates the PR of 1.81 for 30-day survival. This result is

comparable to that obtained by attempting to predict the LD50 for AET on

the basis of a 50% probability of death when the number of nodules in the

spleens of AET-treated animals reaches the number expected at the ED50

50for controls. Using this extrapolation procedure, the predicted LD50

was within 5% of the observed LD5 0 (Table I). At present, we can offer

no clear explanation for the improved predictive values derived by

extrapolation to high exposure range. At present, we feel this is a

fortuitious property of the "occurrence curve" in AT-treated aniials,

and this prtperty could result ft3m factors such as mobilizstion of CMI's

to tile spleen and c;ianges in nodule size distribution which are acconpanied

',, chan,:es in t:ie slooe )f the c .rye. This niatter will be c .nsidtered it.

treater d-tail elsewh"ere.

._Ie OFP-surviva] curves derivcd by Lt,,e dIn r ov recipieni. met`h. nre

more readily interiretnhic in terms (.f their reiatinshii .. trw LDr '

the anima!.. The earlier rejx.rt of Dupian and !\Ahrer (21), bi,'i ;n experi.-

ments ",` the d, nor type, -enerl.. s-ipjxrted t.ie relati t•ish' ,tweet

survival ot femoral CFJ's a;d s-Uwvival of t.e animals, itne:, t.
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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. Their data were not treated in terms of surviving number

of surviving fraction at the LDo 's. As mentioned above, their observa-

tion of c rather high PR for marrow CFU's could be related to curve-

fitting procedures. ibr example, in the present donor experiments with

femur CFU's, PR's approaching 2.0 were obtained for both femoral and

splenic iFU's when points above 74 and iW h -re fitted in the control

aad AET group; whereas, fitting the points above 149 and 287 R, respectively

decreased the PR's to .v1l.7. Most of the change in the PR's resulted from

the decrease in 37 for AET-treated CF¶J's from 158 to 128 R. We wish to

again call attention to the fact that in the donor experiments with AET,

CFJ ;urvival in both the femur and spleen was lower than expected at

exposu±e of < 250 R. In addition to the survival curves shown in

Figure 4, one could also fit c~rves 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 this were done, the intercept-, of the AET

cu:rves would be lower than in the controls. Toxicity of AET or radio-

sensitization could produce t'it. effect and might help explain some of our

earlier recovery studies with mice given AET (26), but, at present, we

can onlj. state that. tho_Ž radiation resirpnses in tne luwei exposure ranre

arc ui.defined. More points are being added to the AhT cuLrve in t!ie donior

experiment in thE: hope of clarifying tie resFpnses in thie lower exjxsure

range and ubtaining better estimates of th-! D -.
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The results of the present donor and recipient experiments and the

relationships between these results and the predicted LD for AET-treated
50

:mice are swarnarized in Tables VI and VII. The range of PR's for AET

(1.6" - 1.80) is reasonabluy close to the PR of 1.31 for LD50 survival.

This observation, p•us the fact that thc ,ET-LD may be predicted within
50

2 -12, based on 50% probability of death when the surviving number (or

fraction) in the AET-treated animals is reduced to the number surviving

at the LD50 for controls, indicates that survival cf CFU's and survival

of the animals are highly correlated.

This might be interpreted to indicate that the CFU is the -'-m .ll",

the sensitivi-ty and numbers of which, determine the radiosensitivity o:

the animal, However, we feel that this is not necessarily tihe case, for

there are other CFJ data which do not s.pport this positive correlation.

-We repý)rted earlier that the extent of CFU repopulation in t.ie femur was

not positively correlated wit', tI- sliit-d-oe LDSO (24), and gugah.ara et al.

observed tLaL iuder c-haldtions of frocioo' irradiati,>)r tLe n'znuor of
a

CF 'S cLj cýrr .late.i .. ti e animIs ' radiorensitiviay (42). Thus, the

dat-a availaite a t:im ti:e 1i- 2a,, e Liat inder n " I, "

responses ant., t.•e a!niualml.; 'adi nsi idtv aro ;_•itiv ii rrelate•,

but under uthner conditions tie%- are not.

ij rsonal cotnunication.
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le I)rjp)se that, thie extent of the corrolati-i dueOend3 on 'aliether e

'noraýil" steady--state relationships prevail beotwun vuan _.s :1arrow cmjiL

oarý",r wuulatio)n comjx(_nentL3 at th~e tii~u rof inradia JoLn, or w~iuther

thoe3e relatinshi~p. have been perturbcd b.-. foeL: r sonas a provious,

recent. exjýossire t, irr~idiation. Perlthaps in -:je re.renera-ir,- :virow, W'.en

nonnýal steady;-s Late relati.noihips oiaxve bieen a'ltered a.:;d iernaio

pre so_ý,rej which inolinet un thie stemn celi eIpr.ets)and thieir pr, ýý iir:

are .an -elI, priority is assi ;ned to' proliferaotir. o' :h c ::i~iart:nent, tle

el:i.. w.-ich deteraine thie radisensitivi.ty )f tieo ani:.i~i. Thiis is

accomo~lishied at thie exjAcnso of -.he ailbcat~inr of 2ells to iptm tsn

w~1nprolliferation and differentiatlinr. occ-ir. Th i may on' ta

trasint ~inoanen aut its exis*tence is sopp.ýrted by th facý tý.at in

s li -dose experiments tu-e w-.Josai's LD as returned to near ormI -at

t_-o t:m:e wri.en CIF re populp Ii n has us t -un24>. ix t en si of tS

W, w.;od reizire thýat, the CF¶J be c2lasoifiod as a zstem :ell wit-h 1pluri-

1"etn, a.-3 e to cell w:,,i.I 3. d-erin.-r. radi-D

t~o an ie~W

~njj oe vi ;'I . Aht; :'rrv -'a i :I w ~ 23 ex:cKt> i a e



and the CIF were to remain constant. During marrow regeneration after

irradiation, these relationships change, and CFU repopulation in the

femu~r (24) appears to be most closely correlated with changes in the

numbers of leukocytea which occur several days later .(40). It should

also be pointed out that during hematopoietic regeneration, CFU's may be

very positively coirelated with survf.val potential of the animal, as is

the case with granLlocytes (37), but as we have shown earlier, survival

ix)tential after a single exposure, and recovery from radiation injury as

described by the return toward a noinal LDo following a sublethal

exp~sure, are capacities which vary quite independently (26, 43). These

findings and the speculation offered here support the admonition of Patt

to the effect that a great deal of bioloj, exists between the "stem cell"

and the survival of an animal (44).
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TABLE I

LD50/30 for LAYI Female Mice Given AET or E2dotoxin

Slope of
Exposure-Response No. No.Group LD 05((R) Curve Points Animals

Controlsa 721 21.0 8 165

(708-731) (13.1-28.0)

15 n 1313 16.3 0213
Pre (%1296-1328) (11.2-21.2)

AET
15 min 745 11.5 142
Post (726-760) (7.1-15.5)

Endotoxin' 4C 1C.4 2
24 hrs (11.4-21.3)
Pre

a confidence inter',T5 in esn-aI.ses.

S27 .'-, given i.!.
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TABLE IV

. ,t rie nuuera CJs u! ,lia rvivini. are based on the melan nujtDer of spleen

.. j . .Uio aonr, tis do nat include Injected CFI.'s whih do n.,t go to. the spleen.

. '.lz~q•JPI•KN

,I-CJ J.-rViVui wJ• Fr7x'Oý Cjj jturviv".& al.;,
• >iz-" >'i ~rh Size Crit-ix'.

ý14C 672 '5 u
(, .. ,- , :,. - 533) (510-1344.) (•: -. ,

(355E-4 2 , (2540-37.9. ) (4,-103-) (45 -'-2)

3 7,; 26u3 2 79 453
(j2i:-43Y4) (2321-3004) (555-363) (360-545)

S 2Ju. 15o 477
(2 3 ,'J-3242) (1662-232") (3)7-556) (034-393)

I 1 ~24415
(1'.033-23p4) (,J1-1533) (169-320) (10d-2.t)

5 -54 200 172 100
(70-123 ) (393-754) (125-219) (0'-132)

472" '77 220 178 Iii
(563- 1A3 (371-5ý34) (154-202) (89-134)

30o 544 3)2 24o 95 45
(418-670) (242-542) (61-130) (27-62)

320 566 31.3 280 79 43
(436-697) (277-410) (54-104) (17-69)

2414 -- 147 300 26 13(2,••',) (120-175) (16-36) (3-23)

(r~ti3 1.-•a..' * (, .3-, (•474--,56) (191 .&.•.)

j. ? " 32.-) I,, 1179 C " 9
(•z..:52•) (•.S-.:, ... (13034-.1.324) (561-h•)j

4, 192 522 31J
(3 ,353)4) (2342-3234,) (340-704) (207-42;)

2, 3245 24-3y 24o 437 240
(2751-373)) ..... (314-559) (147-3,3)

r' 32,' P060 26 5 241 155
(2750-3540) (17A3-2327) (130-302) (11,)-251)

3.4 1722 113o 320 262 j.66
(1513-1931) (527-1333) (198-326) (112-220)

44d 1453 9.)v 352 1)8 141
(3322-15i4) (2)-109o) (172-224) (114-163)

•co 616 ;64 3¾4 153 59
(5,31-731) (359-56)) (124-181) (61-117)

12 6Q 441 4. 91 43
(525-772) (353-529) (73-108) (25-60)

579 77559 L&o 48 26
(664-•uu) (469-649) (33-63) (12-40)
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TABLE V

Donor Ecperiments; The Influence of Curve-Fitting

Procedures and Nodule Size Criteria on D for Intercept Values.S37

P-ints Size Intercept D37 Correlation
Fitted Criterion x 10o Coefficienta

S120+ 0.1+ 21.8 31(71-96) 0.991

0.5+ 15.4 80(65-103) 0.982
SCONTROLS 150+ 0.l+ 27.2 76(66-90) 0.994

" 0.5+ 17.3 77(59-112) 0.976

192+ 0.1+ 20.6 153(111-248) o.949

0.5+ 13.1 158(118-240) 0.959
,5288 0.1+ 35.6 127(77-370) 0.)42

"0.5+ 24.1 128(84-276) 0.960

120+ 2.1+ 5.2 60(G8-79) 0.979

0.5+ 4.3 54'44-- 1)

150+ 0.1+ 5.4 60(44--2) 0. Qt

"0.5+ 4.7 4 4 o 2 )

1, 2+ 0. 14 2.7 L2• 10 l( b-! ('0. )

".2.5 iL(5-153) .,2

".+ 4.2

The correlation coefficient it an Lnjex of' the ,dmneo,:iV fit of

the ret:ressior. line to 'he observed jiints. 'The -IL'ser the vulue

is i unitry, t!e Letter tUne qt.
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TABLE VIII

The Effect of Fractionation and AET

on Numbers of Endogenous Spleen Colonies

Mean Colony Count/Spleen

Ao. Spleens Total Large
Exposures (R) Counted 0.1 Ma- 0.5 m+w

900 15 1.0 0
(0.45 - 1.55)'

4 0 + 506b 29 2.1 0
(1.36 - 2.84)

S400 + AEoob 15 2.6 0.07
(1.94 - 3.25)

545 + AET 5 7 0 b 15 2.1 0.13
(1.39 - 2.74)

a 95% confidence interval.

b The interval between fractions was 2 hours.

c AET given 15 minutes before irradiation.
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S.EDOGENOUS SPLEEN NODULESI
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Figure 1. Relationship between radiation exposure and
number of nodules/spleen. Eacii point represents the
average mtan or 11 -15 spleens.
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Figure 5. Survival curves for CPU's derived from normal femoral
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spleens.
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