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Murine hemopoietic tissue provides a model system to study differentiation 
from a pluripotential stem cell, capable o f  extensive self-replication, to fully 
mature,  functionally differentiated progeny, including erythrocytes, granulo- 
cytes, macrophages, megakaryocytes, as well as B and T lymphocytes (1, 5, 15, 
16, 22, 43, 44, 54). The  existence o fa  pluripotent hemopoietic stem cell (PHSC) ~ 
was first predicted from studies assessing the radioprotective capacity of  grafts 
containing hemopoietic cells (21, 3 i,  41, 51). The  development of  the CFU-S 
assay (colony-forming unit/spleen [44]) provided a means to estimate PHSC 
numbers in hemopoietic grafts, since at least some of  the spleen colonies contain 
new CFU-S (40, 43) in addition to differentiated progeny of  several lineages (16, 
22, 54). The  CFU-S assay has been invaluable for characterizing the PHSC in 
terms of  their physical properties and cell surface markers (19, 20, 25, 35, 38, 
45, 46, 49, 53). 

Investigations on hemopoietic cell differentiation are hampered by the fact 
that PHSC constitute a minor proport ion of  cells in hemopoietic organs and, 
therefore,  can only be detected in functional assays. Because the functional assays 
take at least a week, the early differentiation steps occurring in the first few days 
after activation cannot be studied unless purified PHSC are used. A number  of  
attempts have been made to purify CFU-S on the basis of  their physical and 
surface properties (3, 6, 8, 13, 24, 26, 37-40,  42, 48), but only in the rat system 
has the purity approached levels required for more direct studies (14, 23). 

We have previously described a method to purify CFU-S from adult  mouse 
bone marrow combining two separation procedures (48): first, mouse bone 
marrow cells are separated by equilibrium density centrifugation; second, the 
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low density cells are labeled with wheat germ lectin conjugated with fluorescein 
isothiocyanate (WGA-FITC)  and analyzed by a fluorescence-activated cell sor ter  
(FACS) to separate all brightly f luorescent  cells with the light scatter character-  
istics o f  CFU-S. This  me thod  gives 60- to 100-fold enr ichment  o f  CFU-S. T h e  
highly enr iched stem cells have been shown to behave normally with respect to 
both  their  homing upon transplantation and their  radioprotect ion capacity (50). 

In the present  repor t ,  we describe the results of  exper iments  to fu r ther  purify 
PHSC by combining the previous me thod  with a third p rocedure  that can 
discriminate between PHSC and o the r  hemopoiet ic  cell types, namely fluores- 
cence-activated cell sorting for H-2K-positive cells (19, 45). We have examined 
the morphology  of  cells purif ied by this me thod  as well as their  functional 
propert ies  in vivo and in vitro. 

Mate r i a l s  a n d  M e t h o d s  
Animals. Male C57BL/Rij(H-2K b) × C3H(H-2K k) Ft hybrid (BCs) mice were bred and 

maintained under specific pathogen-free conditions in our institutes. 
Preparation of Cell Suspensions. Bone marrow cells were obtained from 7-wk-old mice 

(BCs) by flushing the femoral shafts with Hanks' balanced salt solution (Laboratoires 
Eurobio, Paris) buffered at ~H 6.7 with Hepes (10 mM; Merck & Co., Rahway, NJ) and 
provided with penicillin (10 IU/ml) and streptomycin (0.1 mg/ml) (H.HBSS). The cell 
suspension was filtered through a nylon sieve and kept on ice until use. 

Metrizamide Gradient and WGA-FITC Labeling. The first step of the separation proce- 
dure consisted of equilibrium density centrifugation on a discontinuous metrizamide 
gradient. Stock solutions with densities of 1.100 _+ 0.005 and 1.055 + 0.005 g/cm 3 at 4°C 
were prepared by dissolving metrizamide (Nyegaard, Osto) in H.HBSS containing 1% wt/ 
vol bovine serum albumin (BSA) (fraction V; Sigma Chemical Co., St. Louis, MO). The 
pH and osmolarity of the solutions were pH 6.5 _ 0.1 and 300 _ 3 mosmol/kg, 
respectively. A solution having a density of 1.078 _+ 0.001 g/cm 3 was prepared from the 
two stock solutions. The solutions were filtered through 0.22-/~m Millipore filters and 
stored at -20°C until use. Discontinuous gradients were formed by pipetting 1 ml of the 
1.100 g/cm 3 solution onto the bottom of a 15-ml centrifuge tube (round-bottomed, 16 
mm internal diarn; Falcon Labware, Oxnard, CA), carefully layering 3 ml of the 1.078 g/ 
cm 3 above this cushion, and, subsequently, layering 1 mi of the 1.055 g/cm 3 solution on 
top. The bone marrow cells were suspended in the latter solution at 5 × 107 cells/ml. All 
solutions and suspensions were kept at 4°C. WGA-FITC (1 mg/ml; Polysciences, Inc., 
Warrington, PA) was diluted 100-fold in H.HBSS and 200 t~l of this dilution was added 
per milliliter of 1.055 g/cm s metrizamide solution containing the cells. The tube was 
centrifuged (4°C, 1,000 g, 10 min) and the cells at the interfaces between the 1.100 and 
1.078 g/cm 3 solutions (high density fraction) and between the 1.078 and 1.055 g/cm 3 
solutions (low density fraction) were collected. The fractions were diluted with 5 ml of 
H.HBSS and were centrifuged again (400 g, 10 min) to collect the cells, and the cells were 
resuspended in H.HBSS. The recovery was determined by counting the cells in each 
fraction using a hemocytometer. 

FACS. The low density cells from the top fraction of the discontinuous density gradient 
were analyzed by a modified FACS I1 (B-D FACS Systems, Becton, Dickinson & Co., 
Sunnyvale, CA) with the laser at 488 nm (0.4 W). FITC fluorescence was measured 
through a combination of a broad band multicavity interference filter (520-550 nm 
transmission; Pomfret Researcb Optics Inc., Stamford, CT) and a 520-nm cut-off filter 
(Ditric Optics, Inc., Hudson, MA) by an S-20 type photomultiplier. Forward light scatter 
(FLS) intensity was measured with the laser beam blocking bar in its narrowest orientation. 
Perpendicular light scatter (PLS) intensity was measured by an S-11 type photomultiplier. 
The sheath fluid consisted of H.HBSS (without phenol red) of pH 7.0. PLS signals were 
linearly amplified; a logarithmic amplifier (T. Nozaki, Stanford, CA) was used for the 
fluorescence signals. 
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Cells were sorted into 15-ml glass tubes. The wall sides where the sorted cells were 
deposited were rinsed before and after the sorting with H.HBSS containing 10% fetal 
calf serum (FCS). The fluorescence measurements were calibrated at pH 7.0 using 
standard particles that contain known numbers of bound FITC molecules (47). Cells were 
sorted twice. In the first sorting the electronic windows were set to select all WGA-FITC- 
positive cells with medium FLS and low PLS intensities as described previously (48). 

Removal of WGA-FITC and Labeling with H-2K. WGA-FITC was removed from the cells 
by incubation in an isotonic solution of 0.2 M N-acetyl-D-glucosamine (Polysciences, Inc.) 
in H.HBSS for 15 min at 37°C. Cells were then washed with H.HBSS supplemented with 
0.01% vol/vol sodium azide and 5% vol/vol fetal calf serum ([HASH] Hanks', azide, 
serum, Hepes) and centrifuged again. The cells were labeled with antibody and fluoro- 
chrome using the biotin-avidin system, which was reported to be nontoxic for CFU-S (4). 
Anti-H-2Kk-biotin (Becton, Dickinson & Co., Sunnyvale, CA) was diluted in HASH and 
50 #l was added to the pellet. The final concentration of antibody was 1 #g per 106 cells. 
The cells were incubated for 45 rain at 4°C. Subsequently, the cells were washed once 
with HASH and the pellet was resus~ended in 50 #1 of an avidin-FITC (Becton, Dickinson 
& Co.) solution in HASH (1 #g/10 cells). After 30 min of incubation at 4°C, the cells 
were washed again, resuspended in 1 ml H.HBSS and sorted by the FACS. The 30% 
most brightly fluorescent cells were sorted into tubes and into cylindrical 30-~1 wells of 
Terasaki culture trays (model 726180; Greiner, Nuertingen, Federal Republic of Germany 
[FRG]) that contained 10 #1 of culture medium and hemopoietic regulatory factors. 

In Vitro Cloning of Sorted Cells. The one cell per well collection system consisted of an 
automated microscope stage positioner (SK317; Mfirzh/iuser, Wetzlar, FRG) which was 
adapted to fit under the FACS II fluid jet handling chamber. The main stream was 
deflected into a waste tube and the sorted cells were directed straight downward into the 
wells. The electronics of the automated microscope stage positioner (M/irzh/iuser) were 
modified so that the FACS II sorting electronics mastered the timing of the stage 
movement. The FACS II electronics were modified to allow automated precise sorting of 
low numbers of cells (1, 2, 4, 10, 40, 100, or 400). This set-up allows accurate limiting 
dilution analysis to determine the frequency of clonogenic cells in suspensions. Since the 
numbers of cells deposited per well are accurately known, the statistics are somewhat 
different from those of the traditional limiting dilution where only the average of the 
numbers of cells per well is known. The probability for a well without growth (a negative 
well) equals (1 - p)", where p is the fraction of clonogenic cells and n the total number of 
cells per well. 

Electron Microscopy. A procedure was developed to prepare samples containing low 
numbers of cells for examination by electron microscopy. Cells (1-5 × 103) were deposited 
by the FACS into the bottom of a 30-ul well of a 60-well Terasaki culture tray. Subse- 
quently, the tray was centrifuged (5 min, 400 g), the supernatant was removed, fixation 
medium was added, and the tray was centrifuged again (5 min, 400 g) and stored for at 
least 16 h at 4°C. The fixation medium consisted of 2% vol/vol gtutaraldehyde in 0.15 
M sodium cacodylate buffer (pH 7.4, 300 mosmol/kg). The cells were further processed 
for electron microscopy as described previously for cell cultures (29). 

CFU-S Assay. Recipient mice were irradiated at 20-25 animals per cage in a Gammacell 
20 small animal irradiator (Atomic Energy of Canada, Ltd., Ottawa) with a lethal dose of 
gamma rays (~37Cs, 9.5 Gy, 0.86 Gy/min) between 1 and 8 h before transplantation. Less 
than 0.1 colony per spleen was observed in uninjected irradiated control mice, which all 
died between 12 and 17 d after irradiation. To determine the CFU-S content of cell 
suspensions, appropriate dilutions were prepared and 0.5 ml aliquots were injected. The 
mice were housed five or fewer per cage with food and water ad libitum. Groups of mice 
were sacrificed 8 and 12 d after transplantation. Their spleens were fixed in Telleyesni- 
czky's solution and macroscopically visible surface colonies were counted and scored as 
CFU-S. 7-10 mice were used for each determination. 

Radioprotection Assay. Unfractionated or sorted bone marrow cells were transplanted 
at several dilutions into groups of 10 mice each. A dilution of the same cell suspension 
was used for determining CFU-S content of the graft. The fraction of mice surviving 30 
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d after irradiation and transplantation was determined. Most of the nonsurviving animals 
died between 12 and 17 d after irradiation. 

GM-CFU Assay. Unfractionated and sorted cells were assessed for the presence of 
myeloid progenitor ceils by in vitro semisolid agar culture techniques as described earlier 
(9, 10) as well as by limiting dilution procedures in liquid culture using the cell depositing 
system of the FAGS. In brief, the semisolid agar cultures consisted of 0.3% vol/vol agar 
(Bacto agar; Difco Laboratories, Detroit, MI) in Dulbecco's medium with 13% horse 
serum (noncommercial batch) and 7% FCS added. 1-ml aliquots ofagar  medium contain- 
ing known numbers of cells were plated into 35-mm petri dishes (Corning Glass Works, 
Corning, NY) that contained 0.1 ml of one or more types of colony-stimulating activity 
(CSA) preparations. For granulocyte/monocyte (GM)-CFU-1 the CSA consisted of a 
mixture of pregnant mouse uterus extract (PMUE) and 18-h postendotoxin serum (PES); 
for GM-CFU-2 only PMUE was added to the plates. A concentration of PMUE that 
stimulated maximum numbers of colonies was used (17). The PES concentration was such 
that it induced no colony formation in the absence of PMUE and, therefore, acts as a 
colony-enhancing activity (18). The cultures were incubated (National Appliance Co., 
Portland, OR) at 37°C, 100% humidity, and 10% CO2 in air. The number of colonies 
per culture dish was determined at day 7 using an inverted microscope. Only colonies 
containing >100 cells were scored. Triplicate dishes were used for each experimental 
point. Each experiment was repeated at least three times. 

The serum-free liquid culture medium for Terasaki wells consisted of a 1:3 mixture of 
Ham's F12 (Gibco Laboratories, Grand Island, NY) and Dulbecco's modified Eagle's 
medium (H-16; Gibco Laboratories) supplemented with alpha-medium constituents as 
described by Wagemaker and Visser (52) and with nucleosides. The mixture was buffered 
with 10 mM Hepes and NaHCO3 (2.2 g/l) at pH 6.8-6.9. Penicillin (100 IU/ml) and 
streptomycin (10 mg/i) were added. The medium was further supplemented with 1% wt/ 
vol bovine serum albumin (BSA) (Sigma Chemical Co.), deionized as described by Worton 
et al. (53), human transferrin saturated with FeCI3 at 0.3 g/l, 10 -4 M alpha-thioglycerol, 
1.25 × 10 -5 M Na2SeOs, insulin (Organon, Inc., Oss, The Netherlands) at 10 -4 g/l, 10 -5 
M lineolic acid, and 3 x 10 -~ M cholesterol (Sigma Chemical Co.). PES and/or PMUE 
were added to this medium at concentrations similar to those for the semisolid agar 
culture system. Aliquots of 10 #1 liquid culture medium with or without CSA were put 
into each well of a 60-well Terasaki culture tray (Greiner) and the trays were stored at 
37°C, 100% humidity, and 10% CO2 in air for about 1 h before cells were deposited into 
the wells by the FACS, as described above. 

Resu l t s  

Enrichment for CFU-S. Mouse bone  mar row  cells were  separa ted  by equilib- 
r ium density cent r i fugat ion on a discontinuous met r izamide  gradient  and  simul- 
taneously Labeled with W G A - F I T C .  T h e  low density cells were  analyzed by the 
FAGS and three  subpopula t ions  o f  cells could be  distinguished (Fig. 1 A and B). 
Calibrat ion o f  the FAGS indicated that  the average  n u m b e r  o f  F I T C  molecules 
per  cell in the uppe r  cluster (Fig. 1B) was equal to 3.4 X 105. Since the WGA-  
F I T C  conta ined abou t  3.0 F I T C  molecules per  W G A  dimer ,  these cells bound  
~105 W G A  dimers  pe r  cell. When  > 3  × 105 W G A  dimers  were  b o u n d  per  cell, 
aggregat ion  of  cells and concomi tan t  decreased recovery  in CFU-S was observed.  
T h e  two subpopula t ions  with low f luorescence bound  abou t  1.5 × 104 F I T C  
molecules per  cell, whereas  unlabeled cells showed a f luorescence intensity 
equivalent  to 5,000 F I T C  molecules,  close to the detect ion threshold of  the 
FAGS (30, 47). 

Fluorescent  cells with m ed ium FLS and low PLS scatter  intensities were sor ted 
(Fig. 1 A and B) using electronic sort ing windows as descr ibed previously (48). 
This  fract ion compr i sed  4 - 6 %  of  all nucleated low density cells. T h e  enr ichment  
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FIGURE 1. FACS sorting windows (dashed-line squares) for isolating CFU-S from mouse 
bone marrow. (A, C) PLS vs. FLS; (B, D) fluorescence vs. FLS. (A, B) WGA-FITC-labeled 
low density cells; (C, D) WGA-FITC-positive low density cells after removal of WGA-FITC 
and subsequent, labeling with anti-H-2K-biotin and avidin-FITC. Details are described in 
Materials and Methods. 

T A B L E  I 

CFU-S Enrichment by Combining Density Separation and Fluorescence-activated Cell Sorting 
after WGA and H-2K Labeling 

Cells 

Enrich- 
CFU-S per 105 cells Percent recovery ment 

factor 

Day 8 Day 12 Nucleated cells Day 12 Day 12 
CFU-S CFU-S 

Unfractionated bone 38 49 100 100 1 
marrow cells (19-77) (21-96) 

Low density cells 190 240 10 60 4.9 
(p < 1.078 g/cm s) (90-260) (110-300) (5-15) 

Sorted WGA ÷ low 1,600 2,100 1.0 50 43 
density cells (710-2,300) (800-3,000) (0.7-1.2) 

Sorted WGA + and H- 2,000 6,600 0.3 40 135 
2K + low density cells (690-4,000) (1,900-13,000) (0.2-0.4) 

Data represent the mean and range (within parentheses) of between 5 and 15 experiments. 

(Table I) obtained by this method was similar to that reported previously (48, 
50) using a discontinuous BSA gradient, followed by WGA-FITC labeling and 
sorting. The  WGA-FITC did not noticeably influence the density separation at 
this concentration. 
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FIGURE 2. Frequency distribution of the fluorescence intensities of anti-H-2K-biotin- and 
avidin-FITC-labeled cells. (A) All cells; (B) cells with FLS and PLS within the sorting windows 
indicated in Fig. 1 C. Cells were previously enriched for CFU-S by density centrifugation and 
sorting on the basis of WGA-FITC fluorescence as described in Materials and Methods. 

The  sorted cells were incubated with the competitive sugar, N-acetyl-D-gluco- 
samine, to remove WGA-FITC.  This procedure did not affect the CFU-S assay 
nor  did labeling the cells with anti-H-2Kk-biotin and avidin-FITC. Analysis by 
the FACS showed that two major subpopulations of  cells could be distinguished 
on the basis of  their fluorescence intensities (Fig. 1 D). These two subpopulations 
were better resolved when the fluorescence histogram of  cells within the FLS 
and PLS windows (Fig. 1 C) was examined (Fig. 2). The  average number  of  FITC 
molecules per cell for these subpopulations was 0.7 × 105 and 3.5 × 105, 
respectively. Since the average number  of  FITC molecules per bound anti-H-2K 
molecule was estimated to be 5 _+ 1, the cells bound  approximately 1.4 × 104 
and 7 × t0 ~ anti-H-2K molecules per celt, respectively. Ti trat ion experiments 
indicated that labeling of  the cells with anti-H-2K was saturated. 

The  most brightly fluorescent cells (30 + 5% of  the total remaining population) 
were sorted with windows shown in Fig. 1 C and D and assayed for CFU-S. 
Colonies were counted 8 and 12 d after transplantation (Table 1). The  number  
of  day 12 CFU-S in the sorted fraction was about threefold higher than the 
number  of  day 8 CFU-S, suggesting that the sorting procedure selects for 
delayed-type CFU-S (32). The  day 12 CFU-S were enriched three- to fourfold 
by this step and the overall recovery averaged 40%. 

Radioprotection. The  ability of  the sorted cells to protect lethally irradiated 
mice was determined by the 30-d survival assay. Fig. 3 shows that 170 _+ 30 
sorted cells, as compared with (3.1 + 0.7) × 10 4 unfractionated cells, were 
required to protect 50% of  the animals against lethal gamma radiation, an 
enrichment  of  180 + 70-fold.  The  number  of  day 12 CFU-S required for 50% 
radioprotection was 14.9 _ 1.3 for grafts of  unfractionated bone marrow cells 
and 10.6 + 1.4 for sorted cells (Fig. 4). The  average enrichment  factor for day 
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FIGURE 3. 30-d survival of  lethally i r radiated mice vs. the n u m b e r  of  nucleated cells trans- 
p lanted  per  mouse. (O, ) graft  of  unfrac t ionated  cells; (O, - - - )  sor ted cells that  were 130- 
fold enr iched  for  CFU-S. Lines represen t  the result  of  probi t  analysis. 
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FIGURE 4. 30-d survival of  lethally i r radiated mice vs. the n u m b e r  of  day 12 CFU-S trans- 
p lanted per  mouse. For details, see legend to Fig. 3. 

12 CFU-S in these experiments was 130 _+ 30, indicating that PHSC were at 
least coenriched with the CFU-S. 

Morphology. The morphology of the sorted cells was examined by light mi- 
croscopy after May-Griinwald-Giemsa staining and by electron microscopy. All 
cells could be classified as undifferentiated blasts by light microscopy (Fig. 5). 
Electron microscopy revealed two predominant cell types in the sorted fraction: 
between 43 and 59% of the cells resembled the "candidate stem cell" described 
by van Bekkum et al. (6) (Fig. 6b and d); 24-43% were similar to that stem cell 
except for somewhat more cytoplasm and deeper nuclear indentations (Fig. 6a 
and c); the remaining 15-17% of the cells were clearly more differentiated (not 
shown). The two major cell types, which together comprised 85% of the cells, 
could be partially separated from each other by the FACS on the basis of  their 
PLS intensities. The "candidate stem cell" had relatively high PLS, whereas the 
cell with more cytoplasm had lower PLS intensity. Preliminary experiments 
indicated that both of these cell types, after sorting for PLS differences, produced 
similar numbers of spleen colonies in lethally irradiated recipients, suggesting 
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FIGURE 5. Pictures of typical examples of the predominant cell type in sorted suspensions 
after May-Grfinwald-Giemsa staining. 

FIGURE 6. Electron microscope pictures of cells from the sorted suspensions. (b and d) 
Typical examples of the cells meeting our morphological criteria (CMOMC; ref. 6); (a and c) 
typical examples of the cell type that is slightly different from the CMOMC (see Results). 
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that the criteria for morphological recognition of PHSC as described by van 
Bekkum et al. (6) may be somewhat too strict. 

Viability and DNA Content. The sorted cells were incubated with fluorescein 
diacetate to determine tbeir viability, Analysis by the FACS indicated that >90% 
of the cells (94 __+ 3%; n = 2) were brightly fluorescent and, therefore, were 
viable according to dye exclusion criteria. 

DNA content was assessed on fixed sorted cells by staining with propidium 
iodide (33). Fig. 7 shows a comparison of  the propidium iodide fluorescence 
distribution of  unfractionated bone marrow cells and of  the sorted cells. The 
histogram (Fig. 7B) shows that 98-100% of the sorted cells contained 2nDNA. 

h7 Vitro Culture. Table II gives the incidence of GM-CFU-1 and -2 in unfrac- 
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FZGURE 7. Comparison of the DNA histograms of unfractionated (A) and sorted (B) bone 
marrow cells. 

TABLE II 

Enrichment for Myeloid Progenitor Cells by Combining Density Separation 
and Fluorescence-activated Cell Sorting after WGA and H-2K Labeling 

Number of  colonies per 105 cells 
Assay and progenitor Enrichment 

cell type Unfractionated bone Sorted cells factor 
marrow cells 

Spleen colony assay 
day 8 CFU-S 41 -+ 6 1,450 __ 210 36 
day 12 CFU-S 48 + 6 6,040 + 720 127 

Semisolid agar assay 
GM-CFU-I 99 +_ 11 6,930 + 820 70 
GM-CFU-2 198 4- 18 2,570 _ 290 13 

Liquid culture assay* 
GM-CFU-1 420 4- 60 27,000 4- 2000 64 
GM-CFU-2 <100 <100 ? 

Data represent the mean and standard deviation of the results of three exper- 
iments. 

* Limiting dilution analysis from cells that were counted and deposited by the 
FACS in Terasaki trays. 
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FIGURE 8. Limiting dilution analysis of sorted cells in Terasaki tray culture system with 
serum-free liquid culture medium containing ]8-h PES and PMU[.  Wells were scored at day 
7. 

FIGURE 9. Picture ot typical growth pattern of sorted cells in microwells ira the presence of 
18-h PES and PMUE with serum-free liquid culture medium at day 3. 

t ionated and in sorted cell suspensions as de te rmined  in semisolid agar cultures 
and liquid cultures. T h e  plating efficiency for  GM-CFU-1 was higher  in liquid 
cultures than in agar cultures, both  for unfract ionated and for  sorted cells (Table 
II). T h e  enr ichment  factor  for  GM-CFU-1 in both  cul ture systems was about  
half  that o f  day 12 CFU-S. Some enr ichment  for  GM-CFU-2 was observed in the 
agar cultures, a l though most are  removed  by the density separation (not shown; 
cf. 9, 19). No colonies were detec ted  in the liquid cultures in the presence o f  
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PMUE alone, whereas, in the presence of both 18-h PES and PMUE, between 
25 and 30% of the sorted cells produced myeloid progeny. Limiting dilution 
analysis showed that this was a single-cell event (Fig. 8), indicating that no 
accessory cell activity was required. 

In the single-cell cultures, no cells were observed after 24 h of incubation in 
the absence of CSA. When only PMUE was added, 20-30% of the wells contained 
the cell for up to 3 d, after which it disappeared. With both 18-h PES and PMUE, 
30 + 3% of the wells contained 2-32 dividing cells at day 3, and between 10 2 

a n d  10 4 monocytes and granulocytes at day 14. No obvious morphological 
changes were observed during the first 2 d of culture, but by day 3 about 25% 
of the remaining cells stretched and attached to the bottoms of the wells (Fig. 
9). When these attached cells were stained with May-Grtinwatd-Giemsa, they 
appeared to be undifferentiated blast cells (not shown). Only after 2 wk of culture 
were fully differentiated monocytes and granulocytes observed, suggesting that 
this culture technique detects a very early hemopoietic progenitor (11). 

Discussion 
The results of both the CFU-S and the 30-d survival assays indicated that 120- 

200-fold enrichment for PHSC can be achieved by our new combination of 
separation methods. In three experiments with the highest enrichment, an 
average of 10 + 1 day-12 spleen colonies was observed per 100 injected sorted 
cells. This gives a minimum value for the seeding efficiency (f factor) of  sorted 
CFU-S in spleen of 0.1, or twice the value measured in classic retransplantation 
experiments (7, 28, 34). The latter method, in fact, measures the f factor for the 
second transplantation. It has been demonstrated, however, that quiescent CFU- 
S enter the cell cycle within hours after transplantation (27) and that the f factor 
for proliferating CFU-S may be only half that for quiescent CFU-S (36). There- 
fore, an f factor for quiescent CFU-S in the first transplantation twice that for 
proliferating CFU-S in the second transplantation would be reasonable. The 
incidence of 10 spleen colonies per 100 injected cells would then indicate a 
purity for spleen colony-forming cells of  t 00%. The  average purity of  the PHSC 
in the overall series of enrichment experiments would be 65%, with a range of 
35-110%. 

The morphology of the sorted cells, as judged by light microscopy, indicated 
that they were homogeneous. Examination at the level of  resolution of the 
electron microscope, on the other hand, revealed that two distinct but morpho- 
logically similar cell types were predominantly present, both of which can give 
rise to spleen colonies. There  are two alternative hypotheses to explain these 
data: (a) one of the cell types is the PHSC, the other one a committed hemopoietic 
progenitor cell which may give rise to spleen colonies in irradiated recipients but 
with more limited proliferative capacity (7); or (b) both cell types are PHSC, one 
type being quiescent PHSC in the Go phase of the cell cycle, the other type PHSC 
in the G~ phase of the cell cycle. The observation that the sorting procedure 
yielded a similar enrichment factor for CFU-S and for the cell type that provides 
radioprotection makes the first hypothesis unlikely. The second hypothesis, on 
the other hand, might explain the fact that the sorted cells form three times as 
many spleen colonies at 12 d as at 8 d after infusion, if it is assumed that the day 
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12 spleen colonies arise from quiescent PHSC and that day 8 colonies originate 
from proliferating PHSC, as suggested previously (2). The morphologically 
predominant cell type, which resembled the "candidate stem cell" described 
earlier (6), should represent quiescent PHSC that give rise to day 12 colonies in 
this model. 

30% of the sorted cells were induced to proliferate in the liquid culture system. 
This percentage can probably be increased by improving the culture conditions 
and by using other sources of  stimulating factors, since CSA and the enhancing 
factor used are specific for inducing myeloid differentiation. It is interesting to 
note that no proliferation was seen in the serum-free single-cell cultures when 
PMUE alone was added, whereas colonies were present in the serum-containing 
agar cultures in the same experiment. This suggests that PMUE-stimulated 
colony formation by primitive progenitor cells is dependent on factor(s) present 
in serum. Such a mechanism would explain the apparently contradictory findings 
that CSF-1 (the major colony-stimulating factor present in PMUE) binds only to 
mononuclear phagocytic cells and their precursors (12) but that PMUE can 
induce proliferation of purified multipotential progenitors from fetal liver in 
liquid cultures containing serum (39). The increased survival of  sorted cells in 
PMUE-containing cultures, compared with unstimulated cultures, would argue 
that PMUE can affect the survival of  primitive progenitors. However, whether 
this is due to CSF-1 or to the other substances in the rather crude preparation 
used in these studies remains to be determined. 

S u m m a r y  

A method is described to purify pluripotent hemopoietic stem cells (PHSC) 
from adult mouse bone marrow. The method consists of three separation steps. 
First, bone marrow cells are centrifuged in a discontinuous metrizamide gradient 
and simultaneously labeled with wheat germ agglutinin-fluorescein isothiocya- 
hate (WGA-FITC). Second, the low density cells are analyzed by a fluorescence- 
activated cell sorter (FACS) and the WGA-positive cells with medium forward 
and low perpendicular light scatter intensities are sorted. The WGA-FITC is 
removed from the cells by incubation with N-acetyl-D-glucosamine. Finally, the 
sorted cells are incubated with anti-H-2K-biotin and avidin-FITC and sorted a 
second time to enrich cells with high H-2K density. 

The sorted cells gave rise to 2 spleen colonies per 100 injected cells at 8 d and 
6.6 colonies per 100 cells at 12 d after transplantation into lethally irradiated 
syngeneic recipients. The average enrichment factor for day 12 CFU-S (colony- 
forming unit/spleen) was 135 (range, 90-230; n = 15) and was similar to that 
for the cell type that provides radioprotection (180 + 70), indicating that these 
functional properties were copurified. Indirect evidence suggests that the spleen- 
seeding efficiency (f factor) of  these cells is 0.10 and, therefore, the average 
purity of the sorted PHSC was 65% (range in 15 experiments, 35-110%). The 
sorted cells were all in the G~ or Go phase of the cell cycle. They appeared to be 
undifferentiated blasts by morphological criteria. Electron microscopy revealed 
that the sorted cells consisted primarily of  two cell types, possibly representing 
Go and G1 cells. 

The FACS was used to deposit single selected cells into individual microwells 
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of  Terasaki  trays. 32% of  the sorted cells could be induced to form myeloid 
progeny in vitro. This  p rocedure  should be useful for  direct studies on the 
regulation of  hemopoiet ic  cell differentiat ion.  

We are greatly indebted to Miss I. D. Kooijman and Mrs. M. Hogeweg-Platenburg for 
their assistance. 

Received for publication 5 December 1983 and in revised form 23 February 1984. 

R e f e r e n c e s  
1. Abramson, S., R. G. Miller, and R. A. Phillips, 1977. The identification in adult bone 

marrow of pluripotent and restricted stem cells of the myeloid and lymphoid system. 
j .  Exp. Med. 6:1567. 

2. Baines, P., andJ. W. M. Visser. 1983. Analysis and separation ofmurine bone marrow 
stem cells by H33342 fluorescence-activated cell sorting. Exp. Hematol. 11:701. 

3. Barr, R. D., J. Whang-Peng, and S. Perry. 1975. Hemopoietic stem cells in human 
peripheral blood. Science (Wash. DC). 190:284. 

4. Bauman,J. G.J., A. H. Mulder, and G.J. van den Engh. 1983. Comparison of CFU- 
S recovery after surface antigen labeling by indirect immunofluorescence or by the 
bioton-avidin method. Exp. Hematol. 11 (Suppl. 14):63. (Abstr. 113) 

5. Becker, A.J., E. A. McCulloch, and J. E. Till. 1963. Cytological demonstration of 
the clonal nature of spleen colonies derived from transplanted mouse marrow cells. 
Nature (Lond.). 197:452. 

6. van Bekkum, D. W., M.J. van Noord, B. Maat, and K. A. Dicke. 1971. Attempts at 
identification of hemopoietic stem cell in mouse. Blood. 38:547. 

7. van Bekkum, D. W., G.J. van den Engh, G. Wagemaker, S. J. L. Bol, and J. W. M. 
Visser. 1979. Structural identity of the pluripotent hemopoietic stem cell. Blood Cells. 
5:143. 

8. Bennett, M., and G. Cudkowicz. 1968. Hemopoietic progenitor cells with limited 
potential for differentiation: erythropoietic function of mouse marrow "lymphocytes'. 
J. Cell. Physiol. 72:129. 

9. Bol, S., J. Visser, N. Williams, and G.J. van den Engh. 1977. Physical characterization 
of haemopoietic progenitor cells by equilibrium density centrifugation. In Cell Sepa- 
ration Methods. H. Bloemendal, editor. Elsevier/North Holland Biomedical Press, 
Amsterdam. 39-52. 

10. Bol, S., J. Visser, and G. van den Engh. 1979. The physical separation of three 
subpopulations of granulocyte/macrophage progenitor cells from mouse bone mar- 
row. Exp. Hematot. 7:541. 

t 1. Bol, S., and N. Williams. 1980. The maturation state of three types of granulocyte/ 
macrophage progenitor cells from mouse bone marrow../. Cell. Physiol. 102:233. 

12. Byrne, P. V., L. J. Guilbert, and E. R. Stanley. 1981. Distribution of cells bearing 
receptors for a colony-stimulating factor (CSF- 1) in murine tissues.J. Cell Biol. 91:848. 

13. Caffrey-Tyler, R. W., and N. B. Everett. 1966. A radioautographic study of hemo- 
poietic repopulation using irradiated parabiotic rats. Relation to the stem cell prob- 
lem. Blood. 28:873. 

14. Castagnola, C.,J. Visser, W. Boersma, and D. W. van Bekkum, 1981. Purification of 
rat pluripotent hemopoietic stem cells. Stem Cells. 1:250. 

15. Chen, M. G., andJ. C. Schooley. 1968. A study on the clonal nature of spleen colonies 
using chromosome markers. Transplantation (Baltimore). 6:121. 

16. Curry, J. L., and J. J. Trentin. 1967. Hemopoietic spleen colony studies. I. Growth 
and differentiation. Dev. Biol. 15:395. 



VISSER ET AL. 1589 

17. van den Engh, G.J .  1974. Quantitative in vitro studies on stimulation of murine 
haemopoietic cells by colony stimulating factor. Cell Tissue Kinet. 7:537. 

18. van den Engh, G. J., and S. Bol. 1975. The presence o f a  CSF enhancing activity in 
the serum of endotoxin-treated mice. Cell Tissue Kinet. 8:579. 

19. van den Engh, G. J., J. L. Russell, and D. DeCicco. 1978. Surface antigens of 
hemopoietic stem cells: the expression of BAS, Thy-1, and H-2 antigen of CFU-S. In 
Experimental Hematology Today. S.J. Baum and G. D. Ledney, editors. Springer- 
Verlag New York, Inc., New York. 9-15. 

20. van den Engh, G., J. Bauman, D. Mulder, and J. Visser. 1983. Measurement of 
antigen expression of hemopoietic stem cells and progenitor cells by fluorescence- 
activated cell sorting. In Haemopoietic Stem Cells. S. A. Killmann, E. P. Cronkite, 
and C. N. Muller-B6rat, editors. Munksgaard, Copenhagen. 59-74. 

21. Ford, C. E., J. L. Hamerton, D. W. H. Barnes, andJ.  F. Loutit. 1956. Cytological 
identification of radiation chimaeras. Nature (Lond.). 177:452. 

22. Fowler, J. H., A. M. Wu,J. E. Till, E. A. McCulloch, and L. Siminovitch. 1967. The 
cellular composition of hemopoietic spleen colonies. J. Cell. Physiol. 69:65. 

23. Goidschneider, I., D. Metcalf, F. Battye, and T. Mandel. 1980. Analysis of rat 
hemopoietic cells on the fluorescence-activated cell sorter. I. Isolation of pluripotent 
hemopoietic stem cells and granuiocyte-macrophage progenitor cells. J. Exp. Med. 
152:419. 

24. Haas, R. J., F. Bohne, and T. M. Fliedner. 1971. Cytokinetic analysis of slowly 
proliferating bone marrow cells during recovery from radiation injury. Cell Tissue. 
Kinet. 4:31. 

25. Haskill, J. S., T. A. McNeill, and M. A. S. Moore. 1970. Density distribution analysis 
of in vivo and in vitro colony forming cells in bone marrow. J. Cell. Physiol. 75:167. 

26. Inoue, T., A. L. Carsten, E. P. Cronkite, andJ.  E. T. Kelley. 1981. Separation and 
concentration of murine hematopoietic stem cells (CFUs) using a combination of 
density gradient sedimentation and counter flow centrifugal elutriation. Exp. Hematot. 
9:563. 

27. Lahiri, S. K., and L. M. van Putten. 1972. Location of the G0-phase in the cell cycle 
of the mouse haemopoietic spleen colony forming cells. Cell Tissue Kinet. 5:365. 

28. Lahiri, S. K., H.J.  Keizer, and L. M. van Putten. 1970. The efficiency of the assay 
for haemopoietic colony forming cells. Cell Tissue Kinet. 3:355. 

29. de Leeuw, A. M., R. J. Barelds, R. de Zanger, and D. C. Knook. 1982. Primary 
cultures of endothelial cells of the rat liver. Cell Tissue Res. 223:201. 

30. Loken, M. R., and L. A. Herzenberg. 1975. Analysis of cell populations with a 
fluorescence-activated cell sorter. Ann. NY  Acad. Sci. 254:163. 

31. Lorenz, E., D. E. Uphoff, T. R. Reid, and E. Shelto. 1951. Modification of irradiation 
injury in mice and guinea pigs by bone marrow injections.J. Natl. Cancer Inst. 12:197. 

32. Magli, M. C., N. N. Iscove, and N. Odartchenko. 1982. Transient nature of early 
haemopoietic spleen colonies. Nature (Lond.). 295:527. 

33. Martens, A. C. M., G.J.  van den Engh, and A. Hagenbeek. 1981. The fluorescence 
intensity ofpropidium iodide bound to DNA depends on the concentration of sodium 
chloride. Cytometry. 2:24. 

34. Matioli, G., H. Vogel, and H. Niewisch. 1968. The dilution factor of intravenously 
injected hemopoietic stem cells. J. Cell. Physiol. 72:229. 

35. Monette, F. C., M.J. Gilio, and P. Chalifoux. 1974. Separation of proliferating CFU 
from Go cells of murine bone marrow. Cell Tissue Kinet. 7:443. 

36. Monette, F. C., and J. B. DeMello. 1979. The relationship between stem cell seeding 
efficiency and position in cell cycle. Cell Tissue Kinet. 12:161. 



1590 PURIFICATION OF COLONY-FORMING UNIT/SPLEEN 

37. Murphy, M. J., Jr., J. F. Bertles, and A. S. Gordon. 1971. Identifying characteristics 
of the haematopoietic precursor cell.J. Cell Sci. 9:23. 

38. Nicola, N. A., D. Metcalf, H. von Melcher, and A. W. Burgess. 1981. Isolation of 
murine fetal hemopoietic progenitor cells and selective fractionation of various 
erythroid precursors. Blood. 58:376. 

39. Nicola, N. A., and D. Metcaif. 1982. Analysis of purified fetal liver hemopoietic 
progenitor cells in liquid culture. J. Celt. Physiol. 112:257. 

40. Niewisch, H., H. Vogel, and G. Matioli. 1967. Concentration, quantitation and 
identification of hemopoietic stem cells. Proc. Natl. Acad. Sci. USA. 58:2261. 

41. Nowell, P. C., L. J. Cole, J. G. Habermeyer, and P. L. Roan. 1956. Growth and 
continued function of rat marrow cells in X-irradiated mice. Cancer Res. 16:258. 

42. Rubinstein, A. S., and F. E. Trobaugh Jr. 1983. Uhrastructure of presumptive 
hematopoietic stem ceils. Blood. 42:61. 

43. Siminovitsch, L., E. A. McCulloch, and J. E. Till. 1963. The distribution of colony- 
forming cells among spleen colonies. J. Cell. Comp. Physiol. 62:327. 

44. Till, J. E., and E. A. McCulloch. 1961. A direct measurement of the radiation 
sensitivity of normal mouse bone marrow cells. Radiat. Res. 14:213. 

45. Trask, B., and G.J. van den Engh. 1980. Antigen expression of CFU-S determined 
by light-activated cell sorting. In Experimental Hematology Today. S. J. Baum, G. 
D. Ledney, and D. W. van Bekkum, editors. S. Karger AG, Basel, Switzerland. 299- 
307. 

46. Visser, J., G. van den Engh, N. Williams, and D. Mulder. 1977. Physical separation 
of the cycling and noncycling compartments of murine hemopoietic stem cells. In 
Experimental Hematology Today. S.J. Baum and G. D. Ledney, editors. Springer- 
Verlag New York Inc., New York. 21-27. 

47. Visser, J., J. Haaijman, and B. Trask. 1978. Quantitative immunofluorescence in flow 
cytometry. In Immunofiuorescence and related staining techniques. W. Knapp, K. 
Holubar, and G. Wick, editors. Elsevier/North Holland Biomedical Press, Amster- 
dam. 147-160. 

48. Visser, J. W. M., and S. J. L. Bol. 1981. A two-step procedure for obtaining 80-fold 
enriched suspensions of murine pluripotent hemopoietic stem cells. Stem Cells. 1:240. 

49. Visser, J. W. M., S . J .L .  Bol, and G. J. van den Engh. 1981. Characterization and 
enrichment of murine hemopoietic stem cells by fluorescence-activated cell sorting. 
Exp. Hematol. 9:644. 

50. Visser, J. W. M., andJ. F. Eliason. 1983. In vivo studies on the regeneration kinetics 
of enriched populations of haemopoietic spleen colony forming cells from normal 
bone marrow. Cell Tissue Kinet. 16:385. 

51. Vos, O.,J. A. G. Davids, W. W. H. Weyzen, and D. W. van Bekkum. 1956. Evidence 
for the cellular hypothesis in radiation protection by bone marrow cells. Acta Physiol. 
Pharmacol. Neerl. 4:482. 

52. Wagemaker, G., and T. P. Visser. 1980. Erythropoietin-independent regeneration 
of erythroid progenitor cells following multiple injections of hydroxyurea. Cell Tissue 
Kinet. 13:505. 

53. Worton, R. G., E. A. McCulloch, and J. E. Till. 1969. Physical separation of 
hemopoietic stem cells differing in their capacity for self-renewai.J. Exp. Med. 130:93. 

54. Wu, A. M., J. E. Till, L. Siminovitsch, and E. A. McCulloch. 1967. A cytological 
study of the capacity for differentiation of normal hemopoietic colony-forming cells. 
J. Cell. Physiol. 69:177. 


