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II EMOPOIETIC CELLS which can be recognized morphobogicalby as

members of the erythrocytic, granubocytic, and megakaryocytic series

have only limited capacity for proliferation. These specialized cells are con-

tinuously replaced by tile differentiation of descendants of progenitor or stem

cells, which possess capacity for extensive proliferation and self-renewal.12-3’4

Evidence is accumulating that some of the control mechanisms which regu-

late tile supply of differentiated blood cells may act, in part, by affecting the

behavior of such stem cells.5-#{176}-7Specifically, Lajtha and his collaborators have

suggested that the physiologic state of stem cells in respect to the DNA

synthetic cycle may he varied as the demand for their differentiated progeny

changes.3-M

In this paper, we report tile results of experiments in which measurements

were made of the fraction of murine hemopoietic progenitor cells undergoing

DNA synthesis under conditions in vivo which differed in the demand im-

posed on the hemopoietic system for blood cell production. The class of pro-

genitor cells investigated was the one which may be recognized by the

ability of its members to give rise to visible spleen colonies.9 These hemo-

poietic colony-forming cells are present as a minority population among the

nucleated cells of such murine blood-forming tissues as fetal liver, adult

marrow, and adult spleen.’#{176} Evidence in support of the view that colony-

forming cells may act as hemopoietic progenitor cells has been summarized

elsewhere.4 Since members of this cell population cannot be recognized

with certainty by histologic technics, information about their DNA synthetic

cycle could not be obtained by the usual methods, in which the uptake of

tritiated thymidine (H3TdR) is detected by autoradiography.1’ Another
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DNA SYNTHESIS BY COLONY-FORMING CELLS 297

possible approach, which could be used to circumvent the difficulty of recog-

nizing colony-forming cells, would be to examine their more numerous

progeny using autoradiographic methods. This technic has been utilized by

Fliedner et al.12 who injected labeled marrow cells into irradiated animals,

and were unable to detect any correlation between hematologic recovery and

the proliferation of labeled cells. This could result either from a failure of

precursor cells to incorporate label, or from dilution of the label as a result

of repeated cell divisions. The problem, however, can be approached in an-

other way. Drew and Painter13 have shown that cells exposed to high activ-

ities of H3TdR during DNA synthesis may undergo a loss of colony-forming

ability due to the lethal effect of the decay of the incorporated tritium, and

Smith et al.14 have demonstrated that the proliferative capacity of hemo-

poietic stem cells may be impaired by exposure to H3TdR in vivo. In view

of these observations, it might be expected that the extent of loss of colony-

forming ability by hemopoietic cell populations exposed for a short period of

time to high activities of H:3TdR would provide a measure of the fraction

of these cells in the phase of DNA synthesis (S-phase). A technic in vitro,

designed to utilize this principle, was applied to cell suspensions derived

from spbeens of heavily irradiated mice containing proliferating marrow

transplants, and to cells derived from fetal liver, normal adult spleen, and

normal adult marrow. The results obtained indicate that, for colony-forming

cells in fetal liver and for colony-forming cells in proliferating transplants, a

large proportion of the cells are in the S-phase. For normal adult spleen, the

DNA synthesizing subpopulation is barely detectable, and for colony-forming

cells in normal adult marrow, the proportion of cells in the S-phase is inde-

tectibly low. The significance of these differences is discussed in terms of

current concepts of the physiology of progenitor cells.

MATERIALS AND METhODS

Mice

The mice used were bred in the animal colonies of the Ontario Cancer Institute. In
the majority of the experiments, 8- to 12-week-old, randomly bred Swiss mice were used.

In other experiments, 8- to 12-week-old Fl hybrids between strains C57BL/HaOci and

C3H/He1Oci were employed. Following irradiation and cell transplantation, the animals

were housed 1 to 3 per cage and allowed food and water freely.

Assay for Colony-Forming CelL9

The assay for colony-forming cells, including the technics of irradiation involved, have

been described elsewhere.’5 Briefly, a known number of nucleated cells, suspended in

isotonic medium, is injected into the tail vein of each of a group of heavily irradiated
mice (900-1000 rads). The number of cells injected per animal is adjusted so that the
number of colonies arising in the spleens falls in the range of colony counts where a

linear relationship exists between the average colony count per spleen and the number of

cells injected.9”5 Nine to 11 days later, the surviving mice were killed, their spleens dis-

sected out and fixed in Bouin’s solution. Fixation makes the colonies stand out as yellow
nodules against the background of the darker shrunken spleen, and they are readily

counted with the naked eye. The average number of colonies per spleen within a group
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298 BECKER, MC CULLOCH, SIMINOVITCH AND TILL

of mice receiving a given number of nucleated cells is usually expressed in terms of the

number of colony-forming units (CFU) per 10�’ cells injected.

Preparation of Cell Suspensions

In the experinlents reported here, the cell populations investigated were derived from

( 1 ) pooled regenerating mouse spleens, ( 2 ) pooled livers from near-term mouse fetuses,

( 3) pooled normal adult marrow, (4) pooled normal adult spleens. The first of these four

sources refers to spleens taken from animals which six days previously had received a

total-body radiation dose of 900 rads and an injection of 106 nucleated cells from normal

mouse marrow. Such spleens are sites of active hemopoiesis and contain colony-forming

cells which are increasing exponentially in number.’6 The sixth day following trans-

plantation was arbitrarily chosen, because this time provides approximately the midpoint

of the exponential growth curve previously studied,�i and because spleen suspensions

at this time. contain sufficient CFU to permit easy assessment of their numbers by retrans-

plantation in the spleen-colony assay. This cell source will be referred to as sixth-day

regenerating spleen. The details of preparing cell suspensions from bone marrow,17

spleen, and fetal liver’0 have been described. In this series of experiments, the cells were

suspended in CMRL 106618 from which thymidine (TdR), as well as the coenzyme con-

centrate which Ill3� contain small amounts of TdR, were omitted. Dialyzed fetal calf

serum � ( FCS ) was added to the suspending medium to a final concentration of 20 per

cent b� volume. Suspensions contained between 4 x 1O� and 108 nucleated cells per ml.

Incorporation of Tritiated Thymidine in vitro

Methyl�H:3�thymidine (H3TdR) in sterile water (sp. act. 6.7 c/mM, 1.0 mc./ml.) was
obtained from New England Nuclear Corp. H3TdR of higher specific activity (14.9

c/mM,- 2.0 mc./ml.) was obtained from the Radiochemical Centre, Amersham, England.

Thes.e H�TdR solutions were made isotonic by the addition of an appropriate amount of

NaCI. The required amount of such a radioactive solution was then pipetted into a 50

ml. centrifuge tube, and to this was added sufficient phosphate-buffered saline (PBS) to

render the final volume equal to 1.0 ml. To this isotonic solution, containing H3TdR

of known activity, 1.0 ml. of cell suspension was added. Another 1.0 ml. of the same cell

suspension was added to 1.0 ml. of PBS without H�TdR, in an identical 50 ml. centrifuge

tube. The latter tube served as a control against loss of colony-forming ability from a

given cell suspension through incubation alone. Incorporation of H3TdR was achieved

by incubating these 2.0 ml. suspensions in a water bath at 37 C. for 20 minutes, with
frequent gentle agitation of the centrifuge tubes by hand. The controls were incubated

in the same manner. The labeling was then stopped by the addition of cold (4 C.) CMRL

1066 containing 0.1 /Lg./L unlabeled TdR. The final dilution of cells with cold medium

was always at least tenfold. Clumps of cells which had formed during incubation were

then partially redispersed by gentle pipetting, but clumps which resisted dispersal were

allowed to settle to the bottom of the centrifuge tube and were discarded following de-

cantation of the clear suspension above. Recounts were then made on the clear super-

natant, and 60-90 per cent recovery of the cells was possible. Cells were then assayed

for colony-forming ability.

Counting and Chromatographic Procedures

H�TdR activities in solution were determined by counting aliquots for 1 minute in a

liquid scintillation counter (Nuclear Chicago, model 720). 10-2 ml. of the radioactive

solution in question was pipetted into a 20 ml. solution of toluene containing diphenyl-

oxazole at a concentration of 6 gIL and 1,4-bis-2, 4-methyl-5-phenyloxazolyl benzene

at a concentration of 0.1 gIL. Both solutes were obtained from Packard Instrument

Co., Inc., La Grange, Ill.
The presence of H�TdR in the incubation media was identified by descending paper
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DNA SYNTHESIS BY COLONY-FORMING CELLS 299

chromatography, using as a marker a known activity of H3TdR in PBS. The chromatog
raphy was performed over a period of 28 hours on Whatman No. 1 paper, using as sol-

vent butanol-glacial acetic acid-water at relative concentrations by volume of 200:30:75.

Subsequent to chromatography, the peaks of activity on the paper were localized on

a gas-flow counter ( Nuclear Chicago, model D-47 ) . We are indebted to Dr. M. Rauth
for carrying out these procedures.

RESULTS

H1-thymidine Incorporation into Cells frain Regenerating Spleen

Previous work’” had shown that sixth-day regenerating spleen (see Mate-

rials and Methods ) contains colony-forming cells which are increasing in

number exponentially, with a doubling time of approximately 25 hours.

Under such conditions of rapid proliferation, a significant proportion of these

cells should be undergoing DNA synthesis, and thus be capable of incorpo-

rating H3TdR. To test this possibility, cell suspensions from this source were

incubated in vitro with various concentrations of H3TdR, as described under

Materials and Methods. The results obtained are presented in detail in table 1

and depicted in figure 1. It may be seen that, for H3TdR activities above ap-

proximately 200 �zc./ml., the fractional survival of colony-forming ability was

reduced to a constant value of about 0.35. The actual numbers of CFU per

10� nucleated cells in the control suspensions not exposed to H3TIR varied

from experiment to experiment and are tabulated in table 1.

The results given in table 1 and figure 1 indicate that approximately 35

per cent of the colony-forming cells present in sixth-day regenerating spleen

were not capable of incorporating sufficient H3TdR to cause a loss of colony-

forming ability. This suggests that at least 65 per cent of these cells were in

the S-phase during the incubation in vitro. In order to test this conclusion,

a series of experiments were carried out in which a variety of factors, which

conceivably might have affected the limiting value of the fractional loss

observed, were tested and were shown not to make a significant contribution.

These factors included the effect of H3 activity external to the cells, the

possible depletion of H3TdR during incubation in vitro, the effects of in-

creased specific activity of H3TCIR, of increased duration of exposure to

H3TdR, and the possible toxicity of the amount of TdR present. The ex-

periments are described below.

Effect of External H3 Activity

It was possible that the decrease in colony-forming ability shown in figure

1 was simply due to irradiation of the cells with beta particles from the

H3TdR present in the medium, rather than to the effects of incorporated

H3TdR. To test this possibility, cells derived from sixth-day regenerating

spleen were incubated in the usual way in the presence of tritiated water

(H�O) at an activity of 500 �sc./ml. The results obtained are given in table 2,

which shows that incubation with this activity of H�O had no significant

effect on colony-forming ability, whereas an aliquot of the same cell suspen-

sion, incubated with an equal activity of H3TdR, gave a reduction in colony-
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300 BECKER, MC CULLOCH, SIMINOVITCH AND TILL

Table 1.-Effect of 20-Minute Incubation in Vitro with H3-Thymidine on the

Colony-Forming Ability of Sixth-Day Regenerating Spleen CelLs

Mean CFU per 10’
Activity of Number of Cells Mean Colony Nucleated Cells

Cell H’TdR Injected per Count (± 95% Confidence Fractional
Suspension (�c./ml.) Animal (xlO-’) per Spleen Interval of Mean) Survival

0 10.0 24.6 2.46 ± 0.32 1.00

A 180 20.0 20.0 1.00 ± 0.11 0.41

455 20.0 15.5 0.78 ± 0.09 0.32

B 0 5.3 17.3 3.27 ± 0.63 1.00
500 10.7 13.4 1.25 ± 0.30 0.38

C 0 7.5 24.1 3.21 ± 0.57 1.00

100 7.5 16.5 2.20 ± 2.24 0.68

0 4.7 4.3 0.92 ± 0.14 1.00

D 150 16.0 4.3 0.27 ± 0.06 0.29

500 21.4 7.0 0.33 ± 0.05 0.36

COo 10.4 3.4 0.33 ± 0.06 0.36

Table 2.-Absence of Effect of High Levels of Unincorporated

Tritium on Colony-Forming Ability -

Source of Mean CFU/10�
Rad.oactivity Nucleated Cells

during (± 95% Confidence Fractional
Aliquot Incubation Interval of Mean) Survival

Absent 0.83 ± 0.20 1.00

ii H3Oat 0.91±0.16 1.10�

500 �sc./ml.

iii H3TdR at 0.32 ± 0.08 0.39

500 �c./ml.

(6.7 c/mM)

#{176}Notsignificantly different from 1.0 at 0.05 level.

forming ability equivalent to that found in the experimental results shown

in figure 1. This result indicates that the loss in colony-forming ability ob-

served with H3TdR is caused by damage due to the beta-disintegration of

H3 incorporated into the DNA of colony-forming cells.

Test for Possible Depletion of H3-Thymidine

The incubation mixtures contained many partially differentiated cells

which could actively incorporate TdR, but which did not contribute to the

colony counts. If these cells competed successfully with the colony-forming

cells for a limited supply of labeled precursor, some colony-forming cells In

the S-phase of the cell cycle could have incorporated reduced amounts of

the nucleoside, and the value of survival of colony-forming capacity obtained

would be an overestimate of the fraction of these progenitor cells outside the

S-phase. Alternatively, the assay might fail if the incubation mixture con-

tained enzymes capable of degrading H3TdR. To test both these possibilities,

the amount of H3TdR present in the incubation medium was measured at
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DNA SYNThESIS BY COLONY-FORMING CELLS 301

the end of the incubation period for an aliquot in which cells were present

and one in which cells were absent.

For both the control tube without cells, and the experimental tube to

which 108 sixth-day regenerating spleen cells had been added, the medium

was the same as that described in Materials and Methods and contained

H3TdR at an activity of 500 ,�c./ml. ( sp. act. 6.7 c/mM ) . Both were incu-

bated at 37 C. for 20 minutes. The cells were then removed from the ex-

perimental tube by centrifugation, and the amount of radioactivity in both

the tubes was measured. For the control tube to which no cells had been

added, 122,300 counts/minute/10 � ml. of medium were recorded; for the

supernatant from which the labeled cells had been removed, the corre-

sponding radioactivity count was 116,500.

It is evident that incubation of even a large number of cells in the presence

of H3TdR removed only a very small amount of radioactivity from the

medium. By paper chromatography, it was possible to demonstrate, for both

samples, single sharp peaks of radioactivity with Rf values corresponding to

that of a pure solution of H3TdR in PBS. These results indicate that, when

even a large number of cells derived from sixth-day regenerating spleen are

incubated in the above manner, the majority of the H3TdR remains unaltered

in solution and is available for further incorporation into cells. Thus, the

limit on the loss of colony-forming ability depicted in Figure 1 is not due

to depletion or degradation of the H3TdR during the incorporation procedure.

Test for a Possible Effect af lncreased Specific Activity

The experimental results presented above indicate that sufficient H3TdR

was present throughout the incubation to permit incorporation by all com-

petent cells, and the data of figure 1 show that increasing the activity of the

labeled precursor above 200 #Lc./ml. did not result in an increased loss of

colony-forming ability by the cells. However, in the presence of excess

H3TdR, increasing the total activity of the medium without increasing the

specific activity of the labeled nucleoside need not result in a greater in-

ccrporation of tritiated molecules into individual cells. The possibility re-

mained, therefore, that the specific activity of the incorporated precursor was

insufficient to bring about the inactivation of all colony-forming cells in the

DNA synthetic phase. In particular, cells nearing the completion of the 5-

phase would be expected to incorporate diminishing amounts of H3TdR and

such cells, due to insufficient incorporation of the tritiated precursor, might

not lose colony-forming ability. To eliminate the possibility that, for th�

reason outlined above, the value of 35 per cent survival obtained (see fig. 1)

is an overestimate of the fraction of colony-forming cells outside the S-phase,

the following experiment was performed.

A sample of a suspension containing colony-forming cells from sixth-day

regenerating spleen was incubated in the usual manner with H3TdR of

specific activity 14.9 c./mM. Another aliquot of this suspension was incubated

with the same preparation of H3TdR to which had been added sufficient un-

labeled TdR to reduce the specific activity to 6.7 c./mM, the specific activity
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Fig. 1.-Effect of a 20-minute exposure in vitro to various concentrations of
H3-thymidine on the colony-forming ability of sixth-day regenerating spleen.

o denotes spleen suspension A; #{149},B; D, C; U, D (see table 1). Ninety-five per

cent confidence intervals of the mean colony counts are indicated.

used in the preceding experiments. During incubation, the activity of both

samples was 500 ��c./ml. The results of the subsequent spleen-colony assay

are shown in table 3, and the data fail to demonstrate any increase in loss

of colony-forming ability in the presence of the higher specific activity. As-

suming that the tritiated form of the nucleoside is incorporated with the

same efficiency as the unlabeled form, these data indicate that a 2.3-fold

increase in the amount of H3 incorporated into DNA did not result in in-

creased loss of colony-forming ability. Thus it appears that the saturation of

effect observed in figure 1 was not due to the specific activity of the incor-

porated H3TdR being insufficient to cause inactivation.

Effect of Changes in Pulce Duration

In order to exclude the possibility that an incorporation of 20 minutes

duration was too short to give maximal effect, cell suspensions from sixth-day
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DNA SYNTHESIS BY COLONY-FORMING CELLS 303

Table 3.-Absence of Further Loss of Colony-Forming Ability by

increase in H1-Thymidine Specific Activity

Mean CFU/l0�
Radioactivity Nucleated Cells

during (± 95% Confidence
Aliquot Incubation Interval of Mean)

Fractional
Survival

Absent 0.83 ± 0.20 1.00

ii H3TdR 0.32 ± 0.08 0.39

6.7 c/mM

(500 �.tc./ml.)

iii H�TdR 0.34 ± 0.10 0.41

14.9 c./mM

(500 �c./ml.)

Table 4.-Effect on Colony-Forming Ability of Duration
incubation with H3-Thymidine

of

Mean CFU/10’
500 jzc./ml. H’TdR Duration of Nucleated Cells

Cell (6.7 c/mM) in Incubation (± 95% Confidence
Suspension Incubation Medium (Minutes) Interval of Mean)

Fractional
Survival

Absent 0.92 ± 0.14

A 15 0.36

Present 0.33 ± 0.05

Absent 3.27 ± 0.63

B 20 0.38

Present 1.25 ± 0.30

Absent 0.91 ± 0.12

C 30 0.35

Present 0.32 ± 0.06

regenerating spleen were incubated with H3TdR at 500 �zc./ml. for 15, 20,

and 30 minutes. The results of the subsequent spleen-colony assay are shown

in table 4. There is no significant difference in the fractional survival of

colony-forming ability over this range of pulse duration. It appears therefore

that a pulse of 20 minutes duration is sufficient to attain maximum effect with

this technic.

Test for Toxicity due to Thymidine

There exists evidence that incubation of mammalian cells in the presence

of excess unlabeled TdR has an inhibitory effect on their growth.19 It was

possible that the loss of colony-forming ability observed in these experiments

was totally or partially the result of irreversible damage to a proportion of

these cells as a result of their 20-minute incubation in the presence of TdR

at a concentration of 0.018 mg./ml. (the quantity of the nucleoside in 500

� of New England Nuclear H3TdR). To test this possibility, colony-forming

cells derived from sixth-day regenerating spleen were incubated in the

presence of unlabeled TdR at a concentration of 0.018 mg./ml. No significant

reduction in colony-forming ability, relative to the control aliquot incubated

in the absence of TdR, was observed (table 5). Colony-forming cells of this
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304 BECKER, MC CULLOCH, SIMINOVITCH AND TILL

Table 5.-Absence of Effect on Colony-Forming Ability of incubation

with Unlabeled_Thymidine

Mean CFU/105
Nucleated Cells

(± 95% Confidence
Interval of Mean)

Thymidine in
Incubation

Medium
Fractional

Survival

Absent 0.95 ± 0.14 1.00

Unlabeled TdR

(0.018mg/mI.) 0.99 ±0.13 1.04#{176}

HTdR at

500 /.Lc./ml.

(0.018 mg./ml.) 0.37 ± 0.08 0.39

#{176}Notsignificantly different from 1.0 at 0.05 level.

suspension demonstrated the usual loss of colony-forming ability when H3TdR

was present. It is concluded therefore, that a 20-minute incubation of these

cells in the presence of unlabeled TdR at a concentration of 0.018 mg./ml.

had no effect on their ability to undergo sustained growth when tested in the

spleen-colony assay.

Effect of Incorporation of H3-Thyrnidine on Colony-Forming Ability of CeWi

Derived front Fetal Liver and from Adult Marrow and Spleen

The results of the experiments described above indicate that the H3TdR

pulse-labeling technic may be used to obtain a valid measurement of the pro-

portion of colony-forming cells which are in the phase of DNA synthesis.

They also showed that, for colony-forming cells derived from sixth-day re-

generating spleen, this proportion was large (approximately 65 per cent).

The same technic was then applied to cell suspensions derived from fetal

liver and adult marrow and spleen, in an attempt to determine the proportion

of hemopoietic colony-forming cells in these tissues which are in the S-phase.

The cells were incubated in vitro in the usual way for 20 minutes in the

presence of 500 j.tc./ml. of H3TdR at two specific activities of the isotope-6.7

c/mM and 14.9 c./mM. The activity of 500 /Lc./ml. is at least 2.5-fold greater

than that required to produce the maximum decrease in colony-forming abil-

ity for cells in the rapidly proliferating transplant situation (fig. 1). The re-

sults are presented in table 6. Cells from fetal liver were found to undergo a

decrease in colony-forming ability similar to that observed for cells from

proliferating transplants, though the extent of the decrease (approximately

40 per cent) was somewhat smaller. For normal spleen, in the experiment

utilizing H3TdR at the higher specific activity, an even smaller loss of

colony-forming capacity, on the borderline of statistical significance, was oh-

served. The cells from adult marrow did not show any observable loss of

colony-forming ability. Thus, if any colony-forming cells in these adult tis-

sues are capable of incorporating H3TdR, either their relative numbers are so

small, or their capacity for H3TcIR incorporation per unit time is so dimin-

ished, that they cannot be detected with certainty by the method used.
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Table 6.-Survival of Colony-Forming Cells Derived from Fetal Liver, Adult

Marrow, and Spleen after a 20-Minute incubation with H3-Thymidine

Number of Mean Fractional
H3TdR at Sp. Act. Cells Colony Mean CFU/10’ Survival

Source of 500 �tc./ml. of Injected Count Nucleated Cells of Colony-
Colony-Forming Suspension during H3TdR per Animal per (± 95% Confidence Forming

Cells Number Incubation (c./mM) x 10’ Spleen Interval of Mean) Ability

i Absent - 4.0 17.1 4.28 ± 0.55 1.00

Fetal liver i Present 6.7 4.0 9.74 2.44 ± 0.44 0.57
i Present 14.9 4.0 10.1 2.52 ± 0.49 0.59

Normal adult ii Absent - 1.0 21.4 21.4 ± 3.7 1.00

marrow ii Present 6.7 1.0 21.7 21.7 ± 7.4 1.01*

Normal adult iii Absent - 1.0 14.0 14.0 ± 3.5 1.00

marrow iii Present 14.9 1.0 12.4 12.4 ± 1.8 0.89*

Normal adult iv Absent - 10.0 19.9 1.99 ± 0.21 1.00
spleen iv Present 6.7 10.0 18.4 1.84 ± 0.25 0.92*

Normal adult v Absent - 10.0 14.4 1.44 ± 0.19 1.00
spleen v Present 14.9 10.0 10.2 1.02 ± 0.13 0.71t

4Not significantly different from 1.0 at 0.05 level.

tSigniflcantly different from 1.0 at 0.05 level, but not at 0.01 level.

DiszuSSIoN

In order to investigate the state of hemopoietic colony-forming cells with

respect to DNA synthesis, it was necessary first to develop a technic capable

of measuring the fraction of these cells in the S-phase. The detection method

used was based on the assumption that all colony-forming cells in the S-

phase at any particular time are capable, under the conditions used, of in-

corporating sufficient H3-thymidine activity to prevent formation of a macro-

scopic spleen colony. When populations of transplanted colony-forming cells

in the exponential phase of growth in the spleens of heavily irradiated hosts

were exposed in vitro to increasing activities of H3TdR, a limiting value of

0.35 was observed for the fractional survival of colony-forming ability. A

series of experiments were carried out which indicated that this limiting

value represented the fraction of colony-forming cells not undergoing DNA

synthesis. Hence, approximately 65 per cent of the colony-forming cells in

rapidly regenerating spleens were in the S-phase of the cell cycle. When

cells from normal fetal liver were tested in the same way, it was again found

that a significant fraction (approximately 40 per cent) of the colony-forming

cells were in the S-phase. In contrast, in normal adult marrow and spleen,

where the demand for production of new cells should be at the minimum

level compatible with ncrmal physiologic renewal of the system, the DNA-

synthesizing subpopulation among colony-forming cells could not be de-

tected with certainty by the experimental technic used. Further studies are

being made, using different “cycle-acting” agents, in an attempt to determine

with certainty whether or not normal adult spleen and marrow contain

proliferating colony-forming cells.

Three possible interpretations of these results can be considered. First,

it is possible that the colony-forming cells present in normal adult marrow

and spleen are in fact in a state of rapid cell cycle, but incorporate relative-

ly little H3TdR. This might occur either because few of the cells were in
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the S-phase at the time of pulse-labeling, or because the cells were in the

S-phase, but were unable to take up H3TdR due to some anomaly in the

DNA biosynthesis pathway such as the lack of an active thymidine kinase.

The former would imply a degree of synchronization of the cell population

much in excess of that usually attributed to diurnal variations; the second

necessitates abandonment of an assumption that has been basic to the use of

H:�TdR as an investigative tool in cell biology. This assumption is that cells

which do not incorporate H:�TdR are not in the S-phase. Exceptions to this

rule, such as the mutant L-M ( TK ) strain of Kit et al.,2#{176}which is lacking in

thymidine kinase, appear to be rare.

A second mechanism which may be proposed is that, in all the cell sources

tested, colony-forming cells are distributed asynchronously around a cell

cycle of the usual type, but that in the case of adult marrow and spleen, this

cycle is greatly increased in duration so that either the rate of DNA synthesis

is greatly reduced, or the S-phase represents a very small fraction of the

total generation time.

A third mechanism arises from the proposal put forward by Lajtha and

co-workers.3’8 These authors have proposed that hemopoietic progenitor cells

may be partitioned between two distinct physiologic states. On the one

hand, progenitor cells may exist in a state of cell cycle, whereas on the other

hand, they may exist in a noncycling state of rest ( the G0 phase ), during

which they neither synthesize DNA nor undergo mitotic division. It was

assumed that, in any given physiological circumstance, the relative partition-

ing of the stem cell population between these two states depends on the de-

mand exerted upon them to generate differentiated progeny. Under a strong

stimulus for proliferation and differentiation, a large fraction of the progenitor

cells might be expected to be in a state of cell cycle. When the hemopoietic

stimulus is of a lesser order, however, many of the progenitor cells might

be expected to exist in a state of rest. From this viewpoint, the results of the

experiments described here would indicate that in regenerating transplants

and in fetal liver, the colony-forming cells are for the most part in a state of

cell cycle, whereas in adult marrow and spleen, the colony-forming cells are

mainly in the G0 phase.

The second and third alternatives (a long cell cycle, or a true C0 state for

colony-forming cells in adult tissues) are not distinguishable by the technic

utilized in this work, since it is not possible to discriminate between a state

of no cell cycle, and a cell cycle of long duration. Further, either alternative

could provide an explanation for the discrepancy between the results re-

ported here and those of Smith et al.,14 who found a significant loss of

proliferative capacity for marrow cells exposed in vivo to 4 doses of 10

i.cc./g. of H3TdR over a 40-hour period. Similarly, Bruce and Meeker21

have observed a loss of colony-forming capacity of cells in the marrow or

spleen of mice exposed to 6 doses of 1 mc. of H3TdR given in vivo over a

24-hour period. Exposure to repeated doses of H3TdR might permit incorpo-

ration of the radioisotope into cells having a long generation time, or alterna-

tively, the effects of repeated doses on the hemopoietic system might cause
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cells in a nonproliferating state to move from the C0 phase into the generative

cycle and then incorporate the label. Whichever of these two alternatives is

correct, the results presented above support the view that the biologic con-

trol systems which govern the proliferation and differentiation of the hemo-

poietic system act at least in part by regulating the state of the generative cy-

cle of hemopoietic progenitor cells.

SUMMARY

A technic capable of estimating the fraction of hemopoietic colony-form-

ing progenitor cells in DNA synthesis in vivo has been described. The technic

is based on the ability of tritiated thymidine to inhibit the growth of those

colony-forming cells which, by virtue of their presence in the S-phase during

a 20-minute incubation in vitro, in the presence of 500 izc./ml. of H3TdR,

have incorporated large amounts of the nucleoside. The method has been

applied to transplanted colony-forming cells proliferating in spleens of heavily

irradiated recipients as well as to cells from normal fetal liver, normal mar-

row, and normal spleen. In situations where the hemopoietic system is ex-

panding ( fetal liver and regenerating transplants ), a large fraction, 40-65

per cent, of the stem cells are in DNA synthesis. In the steady-state situations

( adult marrow and spleen ), the fraction of cells in DNA synthesis is almost

imperceptible using this technic. It is concluded that control mechanisms

which govern the rate of hemopoiesis operate, at least in part, by altering

the generative cycle of blood-forming progenitor cells.

SUMMARIO IN INTERLINGUA

Es describite un technica permittente le estimation del proportion de

hematopoietic cellulas progenitori a formation de colonias participante in

vivo in le synthese de acido deoxyribonucleic. Le technica es basate super

le facto que thymidina a tritium possede le capacitate de inhibir le crescentia

del cellulas a formation de colonias, le quales, in consequentia de br presentia

in le phase S durante un incubation in vitro de un duration de 20 minutas,

ha-in le presentia de 500 �Lc/ml de thymidina a tritium-incorporate grande

quantitates del nucleosido. Le methodo ha essite applicate a transpiantate

cellulas a formation de colonias proliferante in splenes de fortemente irradi-

ate recipientes e etiam a cellulas ab normal hepate fetal, normal medulla, e

normal splen. In situationes in que le systema hematopoietic se expande

(hepate fetal e transplantas regeneratori), un grande fraction-40 a 65 pro

cento-del cellulas primordial participa in le synthese de acido deoxyribo-

nucleic. In situationes de stato stabile (medula e splen adulte), le fraction

del cellulas active in le synthese de acido deoxyribonucleic es quasi imper-

ceptibile. Es concludite que mechanismos regulatori que determina le intensi-

tate del hematopoiese funotiona-al minus in parte-per alterar le cyclo

generatori del hematopoietic cellulas progenitori.
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