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| ABSTRACT

| The effects of sublethal rediation and the mitotic innibitor,
'#inbléétine;suiphéte; 6ﬁ théfhuﬁbefkof cells iﬁ:mousé boneJMQr?oﬁ
capéble'upéhvtréhspianﬁétioﬁ of fobminé macr6s¢opi¢'cbiqﬁiés 6@ the &
surface of the épléens of'irradiatédﬁfécibieﬁt‘miCe’(CFU) éndabn ﬁhe*f
. ﬁumbef'of’éells'céﬁable éf forﬁing céionies in soft agaf after céll"
| culture'(ACFU) were studied as a function of time after injury,. The -
- results show,thét ACFU are radiosensitive'and_vinblastine-sensitive |
cells, comparable in sensitivity to_efythrqpoietinfsensitive célis;
The temporal pattern of'réco§ery following'radiation df_ACFU, differ-,
ent from that for CFU, is compatible with-fhe concept thet these are:v.
two distinct but closely related stem cell pdpulations. The :
relevance of these finding to models of hematopoiesis aﬁdbto
_studiesién the precursors of macrophsées‘énd monocytes in'inflémma- o

tory exudates is discussed.
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Pluznik and Sachs ('65)‘aﬁderadley'ahd‘Méfcélf ('66) have
'independently reperted methods for the in vitro culture of mouse
spleen or bone marrow cells. Both methods involve grewth‘in solid
agar”mediumfsupported by.a'feeder layer of mouséneﬁbrydnic'cells oi
peonatal;kidney cells or bydthe presehee of certain growth factors
iﬁ the medium itself. Colonies produced by this technique eopeist
of populatibns of granulocytic cells iﬁ vafying‘stagee of‘differene o
tiation or large phagocjtie"cells indistinédiSheble from'méerophages,:
~ or both. | . |
| We have studied the relationshipvBetween;these -agar colony-
forming units (ACFU) and the 8pleen colony-forming units (CFU) of
, Ti11 and McCulloch ('61) after perturbation of the steady state by
radiation or by the mitotic inhibitor, vinblastine sulphate, with
thevparticular goal of establisbing or ruling_out-identity betWeen
these two meesures of hemat0poietic stem cells. ‘Evidence'is pre-‘
-sented‘thatlfevors two distinct stem cell populations,fapd thgse
findings are discussed in terms of 1ndependent and dependent stem

cell criteria (McCulloch Ti11 and Slminovitch, 165).
MATERIALS AND METHODS.
Mice

Elght- to ll-week-old femnle C H/Cum mice, obtained from Cumber-i
land Farms, were used as bone marrow donors in all experiments.
Neonatal kidneys were obtained from 8- to lO—day-old male and'female'

COH/Cum mice bred from Cumberland stock in this Laboratory.
A - ' .
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Three- to 5-month-old female C_H/Cum mice_were'used as recipients in

the spleen colony assays.
Zliir_r.aui:i.ation:vz

In the radiation stndies_donor CBH/Cum mice vere irradieted aﬁ
various times before sacrifice and collection of bone. martbv. - Irradi-
ations were at 1.22 meters-fron»e'6OCo sou;ce with a dose rate in air
of 26.6 B/min;<meesured in_air.ﬁith_a_Vietqfeen condenser R-meter
under these exposure eondifions; the anefsée tissue'dose:to the mouse.
was‘épprdximntely'o 94 ra*d/R'in‘aii'}E Aftef“irradietion; fhejanimsls
.were housed five to a cage, in sterllized cages and allowed food and
chlorinated water ad libitum ' For the spleen eolony assay, rec1p1ent -
mice receiVed 1100 R under ﬁhe above:condifiEns.f'Terramycin (Chas.
Pfléer and Co., Inc., New York, N. Y. ), 0.5 to 1. 0% vas added to

the chlorinated drinking water. The endogenous spleen colony level

was approximately 1 cdlony per ‘spleen.

Vinblastine sulphate (VLB)

Vlnblastine sulphate (Vélban, E11 Iilly and Co., Indianapolls,
Indiana) was - obtained as lyophilized powder and dlssolved in sterile i
physiological sa;ine to a concentration of 400 ug per ml (80 pg per
O.E'ml). A1) vinbiastine‘preparations wefe'injected i.v. es.singie
0.2~ml injections.at various tines before.sacrifice and cOllection

-of bone marrow.



- wRLgess

~ Bone marrow culture technique

The method : for clonirig bone marrow cells in soft agar was

essentially that of Bradley and Metcalf ('66). ‘The 're.'agents.used

in the culture techni(iue'h‘e..d_'the Jfollowling" composition:." E2020 .
mediﬁm‘(Grahd Island Biological Co.; ceklaﬁd‘ Caiif-)- mixture of
‘minimm essential mediun with L-glutamine and withOut sodium bicar-
bonate (Earle's salts) 10 X, 100 ml, sodiu.m bicarbonate 7.5%, 30 ml;
sodium pynivate 100 X, 10 ml; nozgless‘ential ‘amino 'acids‘lOO >(, 10 ml;
penic1llln streptOmycin (5000 U of each/ml), 2'ml; 3 X glass-dis-
tilled water, 148 ml, fetal calf serum, 100 ml; total volume l#OO ml..

Tryptlcase soy broth (TSB): 3 g trypticase soy broth powder

'-(Baltimore Biological Iab., Baltimore, Md.) in 200 ml 3 X glass-b'.
distilled water, autoclaved_ 15 min at 121 c (15 lb pressure) and
‘stored at 4°C For no more thah 2'we‘eks..v Bacto agar (Difco Iebs.,
'Detroit;‘Mich;): 1.0 g agar in 100 ml distilleddﬁéte;,;boiled for

5 min, thoroughly dissolved, and held at 41°C in a vater bath, Agar
for bone marrow c.ell,ove-rlay was prepai'ed in the same manner except.

that 0.6 g agar in 100 ml distilled water was used. - Bone marrow-

collecting fluid: E2020 medium, l&O ml, trypticase soy broth, 10 ml;

distilled water, 50 ml.

Feeder layers were prepared from the’ kldneys of 8- to 10-day-o01d -
C3H/Cum mlce' one day before adding the bone marrow ce_ll- ov_erlay. The
'kidneys vere removed aseptically, rinsed in Bagle's mipimum essential .
mediwa, Spinner (Grand Island Biological Co., Grand Island, N.Y.) .

~with 50 to 70 U/ml pencillin-streptomycin, and minced with fine
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irridectomy scissors into a solution'containing O.QS%Itrypsin in
‘solution A (Grand Island'Bioiogicél Co., Oakland, Calif.), 50 U/ml.
penicillin;streﬁtomycin,.and.0.0M%‘DNAse solution‘(Worthington‘
Biochemical Corp., Freehold, New Jersey, w/v iﬁlﬁhosphaue buffered
saline), 0.3 ml added per 10 ml trypsin solution (after the method
of Madden and Burk, '61). The mikfure‘ﬁae stirredAgently ef'room
temperature for not: more than l hr and’ occasionally pipetted up and
down to break up larger ‘tissue clumps.‘ The mlxture_wae_uaen
centrifuged at about 500 x ‘g for 7 win and tue oell‘pellet Waéhed
twiee wiﬁh'Bone-merrou eolléétiné“fluid;' The kidﬁey eelle were then
counned by hemocytometer after sultable dllutlon in TurV's dllutlng
-fluid;‘dlumpslof three“or more‘eells‘comprised‘about'lOu ofﬁan
oﬁhervisedeihgleQeell suSPenelon}:fTh xidney cells were' spun’ dowu
;by_eentrifugation (500 x g for not more .than 4 min), end‘resuspended.-
at’appropriate cell-concentration in E2020 medium:wifh frypticeseISOy
broth (4 parts E2020: 1 part TSB) previously warmed to 37 °C. The
suspension was finally mixed with an eQual volume of 1% Bacto agar

to a final cell'concentration of lto2 X lds kidney cells per ml
0.5% agar susﬁeneion; Tuo.ml of this suspension was plated in each
35 X 100 mm plaetic Petri dish (Falcon Plastics, Los Angeles, Calif.)
and alloued to sit undisturbed at roomlteméerature for 15 min;
incubation ves at 37°C in a humidified incubator with constant flov

of 5% co2 in air.
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Preparation of bone marrow suspensions

Bone ‘marrow was collected from both femursdoy”thevmethod of
Sohooley'(’66), and‘marrow‘from the four mice (eight femurs) of each
‘group pooled. Marrow ‘was obtained by flushlng bone marrow-collecting .
:.medlum backward and forwvard through the femoral marrow cav1ty by
means of a 23-gauge needle inserted in the proximal end of the femur.
The'resulting'cell'suspension was then paSsed.about 10 times through t:'
a 25-gange‘needle and Tinally filtered‘tnrodghba‘nylon‘gauie'saek;

' The‘pooled marrow suspension_was madevup tb]a volumeﬁeqnivalent to

1 ml bone marrow’snspension.per each femur; Cells were coanted in a
hemocytometer’chamber after suitable dilﬁtion'in‘Turk's diluting
flnid. All cell suspen51ons were kept at ice water temperature
thrOughOut these procedures .

For assay of the spleen colony-forming unit (CFU) content of each
samplé (Tlll and McCulloch, '61), an aliquot was taken and’ diluted to
a suitable concentration with minimal essential medlum,'Eagle (Grana
Island Blologlcal Co., Grand Island, New York) 0.5 ml of this dilution
was then injected into the lateral tall velns of rec1pient mice
which had received 1100 R vhole-body irradiation less than 3 hr‘
earlier. -Groups of 15 to 20 recipient mice were used for.each
dilnthn; and a group of irradiated.bnt uninjected control nice was
included in each experinental run in order to'determine endogenous
CFU-levels._ Seven to‘lO days.later the=nice'were‘sacrificed, and
their spleens were‘removed and fixed'in»Bouinis’solution. Counts of

macroscopically visible colonies on the surface of the spleen were
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performed under 10 X megnification.

For assay of agar“colonnyorming‘ﬁnit (ACFU) content, an aliquot

of the original bone'marrowvsuspension was taken (usuélly‘lOO to
250 ul)iand diluted with 20 to 50 volumes of a 4:1 solution of E2020
-medium and trypticase soy broth;:twovdilutiéns vere usually prepared.
The cell suspensions were held at 3790, and then mixed with an equal
volume of 0.6% agar held at'hOOC;;'One-ﬁl-aliQﬁOts of this mixture
were pipetted over the kidnéy»féeder léjer§ pfépéfed_the day befofe,
énd leftvat,roqm tempefa§ur§ for 15 min_po:allow-gelling;  IncubatiOn
was at 379CAin_a humidified‘incupatqr“withva ;qnstan£ flow of 5%

CO, in air. Colony counts were performed routinely, afterilo;days

of incubation, under 10 X magnification. A:schemgpic summary of the

experimental procedures is depicteﬁ in figure 1.
 RESULTS

- Recovery patterns of ACFU and CFU

- following 80 pg vinblastine .

The data on the récovéry‘ofrproliferative capacities of ACFU and

CFU as a function of time after intravenous injection of 80 ug VLB,

éimﬁltanéously}measured in femoral bone marrow, are summarized in

table 1 and figure 2. Twenty-four hours after the drug, both ACFU

and CFU were at a minimum. The ACFU were about 20h of controi after‘“‘

this dosejof_mitbtic inhibitor; preliminary dosé-resPonse studies
have shéwn an exponential decrease in ACFUVsurviQal with a D3T‘§alue
of 50 pg;  Ovér the next 48 hr, fecovery to supranormal levels was
_exponential, with a doubling time of about 18 hr, and survival

remained at normal levels (except for days T and 8) for the remainder

o
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of the experiment. The pattern of recovery of;ACFU—is'similar to
that for recovery of erythrOpoietin re5ponsiveness following 80 ug
VLB reported by Schooley ('69) and for recovery of numbers of
H3-thymidine labellng peritoneal.macrophage precursors after the
same dose of the drug (Chen and Schooley, '69b).
Recovery of CFU followed a similar time course, and a doubling

tlme of 2k hr during the exponential phase of recovery vas found.
,Smith, Wilson and Fred ('68) hsve reported qualitatively similar |
data with less initial depression at 24 hr and recovery to'normal
. levels by 60 hr; the greater survival at 24 hr and slightly later
recovery to normal levels may be due to the different mode of
injection of the drug (1ntraper1toneal) and diIferent straln of
mouse . Vsleriote, Bruce and Meeker ('60) reported approximately 20%::
survlval at 2h hr. compared vith the hO% found in this expernnent |
The douolinv time of 2 hr for the CFU recovering from the 80 ug
- JLB is 1dent1cal to the doubllng time of transplented marrovaFU
in the spleens of lethally irradiéted‘normsl'endzpolycythemic mice

(McCulloch and Till, '6L; Schooley, '66).

. k 4 .
Recovery patterns of ACFU and CFU following 200 R

whole body 7-irradiation

The data on the recovery of'prOliferative_capacities of ACFU’and'i
CFU as a function of time after.irradiation, simultaneously assayed'
in femorsl'bone marrow, are summarized in table 2 and figure 3. iAs
in phe previous experiment, minimum values of ACFU and CFU were

attained within 24 hr after injury. The striking finding, however, -



TABIE 1.

A comparison of bone marrow spleen coloﬁyéforming units (CFU) eand " -

agar colony?forming units (ACFU) as a function of time -

®

 Day post-VIB . Nucleated  CFU per femur -

RICHE e e 1

0 1345 4830 % 570"
T 38 1940 + 210
3 - 1.9 L4070 * 330"
3 3.7 130950
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TABIE 2.
A comparison of bone marrow spleen colony-forming units (CFU) and -
agar colony-forming units (ACFU) as a function of time

after 200 R whoi_e-body gamma irradiation

Day post- | Nucleated CFU per femur CFU per 105 "~ ACFU per femur - P'erc:e.nt' ‘of
200 R cells per : nucleated control No.
’ femur X1 cells - - R of ACFU -
0 | _ 13.6 | 4700 + 85(?_e '34.6 - .8,930 £930 100
/e 9.4 | 367? 36 3.9 1,100 * 8‘9. |  12 t 2
3 9 533 ¢ 51 5.9 9,530 460 1110 £10 \'o
5 96 el ks 660kl m3Eg
8 1 Cuso: 26 31 2,780 £330 3¢5
12 13.8 . 980%120 7. - 1,790°% 150 20 £ 3
| 15' . 102 1630%180  15.9 - - 7_,710‘1.190 | g 1 9
21 S 12,0 3670 £ 450 30.6 12,300 £380 140 % 10

* ‘
Standard error of the mean

é
9
AV}
w
\n
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was the rapid (if abortive) recovery of ACFU t0 near control values
during the first week after irradiation, while the CFU remained
suppressed at values 10%6 of control. Tﬁé pattern of recovery of
ACFU is similar to but more rapid than that reported for recovery of
érythr0poietin reéponsivéness after‘léOgto 200 R (Gurney, iajtha and |
Oliver, '62; Schooley, Cahtor.andeaVens, '66) . ‘The’pattern of
recovery’of CFU confifms similar findings By several groups (McCulloch
and Till, f6l§ Schooley, Cantdr_ahd‘Haveﬁé;"66; Smith;'Wilsonvand
Fred, '68).

A minimum value>of 14% of control was found for ACFU 2k hr after
200 R; dbse-responsé studies in this Iéboratory, measuring ACFU 24 hr
. after various doses of whole-body 7;irradiation, have shown an |
exponential decrease in survivél:of'ACFU with a D37 value of
approkimatély‘95 réds. RoBinSQn;'Bradléy”éﬁd Metcalf ('67) have
repOrfea'a D37 value qf 85 rads for ACFU measured 48 hr after various
doses of k-réyé to C57TBL mice.” In this experiment é‘doubliﬁg'time of
about 12 hr ﬁaéHSbSerVed for ACFU dﬁring the exponential reéovéry_
thase. |

DISCUSSION

The experimental results presented in this'paﬁer are consistent
with the view that agar colony—forming cells (ACFU) are a population :
of cells -distinct from spleen cblony-forming cells (CFU). This was
clearly demonstrated'b& the récovery‘patterns of each type of stem
cell after 200 R: the rate and timing of récovery of the ACFU were

faster and earlier than that of CFU. There was also resemblance to
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the pettern of recovery af?er 200 R of erythropoietin-sensitive cells

(ESU) in relation to CFU as demonstrated by Schooley, Cantor and

Havens *('66), which suggests that ACFU may'éxist'inla sinilar
relationship to CFU. |

Bennett, Cudkowicz, Foster end Metéalf'('68)‘haVé shown in
genetically anemic nice of the W series that’ACEUrcqntéﬁt of bone
mérrow was normal in numbérs and in vitro colony-fqrminé abiliﬁy,
vhile CFU were sevérely;deficiént{iﬁ humbefsjaha’in'thé'ébiiify to
prodﬁce normaI-Sizéd‘spleeﬁ coldnies. They suggést”thét'ACFUvare an
intermediste stage of différentiation between CFU and myeloblasts.
McCulloch (‘68) has also pfoPOSed'this‘concépt with the reSerQation
that the differences in proliferative and differentiativé poténtial i
éxpressea in the two asséy Syétemsvmay Bélaffeflec£ion of the

influenceé of environment on the expression of ﬁotential rather than

‘the existence of two different classes of stem cells with different

potentials.
‘We feel the results of this investigation provide physiological

evidence for the concept that these are two functionally distinct

- stem cell populations. Other evidence of this type-has come from -

lk-day serial transplantation studies in this laboratory, which show .

 increased numbers of ACFU per spleen during the first four passages,

whereas CFU per spleen are below normal levels ét the secondipassage
aéd continue to decline aftef subéequent’passages:(Chen and Schooiey,,'
_'69@). Using physical techniques for fractionation of bonebmarrow‘
suspensions, Worton, McCulloch and Tillv('69) ahd inaependently,' 

Schooley, Borsook and Chen (unpublished observations) have found
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significant differences in the ratio of ACFU to CFU"in'severai of
the fractions. ' ' ' Y
Vi, Siminovitch, Till and McCulloch ('68) examined the
' o

relationship between ACFU and CFU in a study of the abili{y of *
individﬁal‘éhromosdme-marked.spleeh colonies to produce progeny
capablé of clonal prolifefafion‘in vivo (CFU) and in vitro (AcFU) .
Their findingS‘démonstrated that many spleen colonies pds#esséd such
capabilities and that a remarkable correlation,existed betweénAﬁhe
numbers of each type of c010ny-fqrming cell in‘éach spléen'colohy.
Both findings are compatible with the idea that a close parent-
brogeny relétiénShip exists between CFU and ACFU respectively.. . To
éur knowlédge, ho_one has shown that ACFU Can'produce spleen colonies
upon transplantation of aéar cblonies into a suitable feéipiént
_animal (i@eb, form CFU). ' |

~ In 1965, MéCulioch, Till and Siminovitch préposed the idea of -
iﬁdepen&ent'and dépenden£ étem celis:in 6rderhto explain data from
3 studies on the action of efyﬁhropoietin on primiﬁive hematopoietic
ceils (Bruée and EcCullqch; '6h); their vork and tﬁat of Schooley
('66)'showed.that erythropoietin did not act on CFU, but rather on a
different cell population, called erythroPOietin-sensitive ceils
(ESU). These ESU were classified as dependent stem cells, character- . o
ized by a more committed pattern of differentiationm, different rate |
and capacity for ﬁroliferation; sensitivity tq specific inductivé. ¢
| agents, and a élose ontogenic relationship td cells of thé indepéﬁdént _.

stem cell class (e.g., CFU). In light of: studies reviewed here and
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sccumulatihg evidence for hormonal agents'in grenu1ooytopoiesis and_
monocytopoiesis, it is approﬁriete that ACFU'should'alsoibe ine luded
in this class of dépéndgnt'steﬁ’cells.-‘ N

We have'been_interested in'ACFU”as'progeniforstof monocytes and

inflammatory macrophages (Chen and Schooley, '69b). As assayed in

the present experiments (colonies counted on day 10 of incubation),

the colonies in agar are COmbosed’almOSt:entirely of phagocyfic
mononuclear cells iﬁdistihéuiShablevfrom lnflammatofy macrophages ;
this‘hasjbeenvreported by Ichikawé,'Pluznik and Sachs ('66)*aod
Metcalf, Bradley and Robinson ('67) Volkma’o and Gowans ('65a, '65b) -
have descrlbed a rapidly prollferating bone marrow cell p0pulat10n,,
called macroPhage precursors, 1dentif1able after 3H-thymldme

labellng in skin window or peritoneal exudates as’ labeled macrophages.
Macrophage precursors in the steady state must include progeny of
ACFU dlfferentiatlng along monocytic llnes ‘and new daughter;ACFU

resulting from self-reneval divisions Qiﬁhin'the ACFU compartments.

'After radiation or vinblastine injury, the rapidly dividing CFU

3

compartment survivors must also contribute to this “H-thymidine-

labeled pool of cells.  For this reason and because of several other o

_problems 1nvolved with the use of 3H—thymidine labellng as a measure

of cell proliferation (e.g., changing endogenous thymidine pool

sizes or altered transport of‘the labeled nucleoside after injury),

‘ACFU'provide a more accurate measure of specifically:COmmitted

_ . o
monocyte-macrophage progenitor cells. Finally, the macroscopic

agar colony represents ‘a measure of reproductive integrity after



Coa- - UeRL-19235

injnfy;‘not‘only an éseey'for repfbdubtiye cepacity, 85 has been
‘emphasiieaﬂby Puck and Marcus ('56) in their studies on irradiated
mammalian cells in clonal culture.

The appllcatlon of functlonal criteria to characterization of
prnnltive hemat0p01etlc cells, as pioneered by McCulloch, Till,
Slminov1tch and their co-workers in in vivo systems, has relevance
to in vitro studles as well. With recognltion of other dependent

|
stem-celL populations and agents regulating thelr behavior and

with deveAOpment of new in vivo and in vitro techniques, a more
i

complete picture should emerge of an important but poorly understood

area of hematopoiesis.

‘*’)

o
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FIGURE LEGENDS | |
Fig. i."Sohenatic eummaryﬂof exberimental‘prooednres;employed in_the
| parailei'determination of éplééh colon&-forming units/femur‘and
agar colony forming un1 /femur after 200 R whole-body 60Co gammal
‘rays or 80 ug v1nblast1ne i.v. | | o
Fig. 2. Compar1sdn as a functlon ofetime of agar colony-formlng units
and spleen colony-formlng units in “the bone marrow of mice treated
with 80 pg vinblastine i.v. On day O. Agar,colony-forming nnits .
aredexpressed‘as percent,of controi Valueé‘from oorresnonding groups
of untreated nioe Standard errors of the mean of 2 to 6 separate
, experlments are shown for agar colony-formlng unlts, and for Spleen
colony-forming unlts,vstandard error of the mean for an‘average of
- 12 replicate determinations. | |
Fig. 3.' Compariaon as a function:of time of agar colony-forming units
“and spleen colony-forming units in the bone marrow of mice irradiated
. with 200 R whole-body 69@0 gamns rays on day O. Agar.colony-forming
units are expressed as percent of controivvalues.from corresponding
groups of unirradiated mice. For agar colony-forming units, )
standardverrore of the_mean of two e#periments are.shown, and for
spleen'colony-forming units,'standardverror of the mean for an

average of .eight replicate determinations.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
‘resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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