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Utilizing techniques introduced by Bradley
and Metcalf (1), bone marrow cells have
been shown to form colonies in agar after
stimulation by a principle termed the colony
stimulating factor (CSF). At a given con-
centration of CSF, there is a linear relation
between the number of cells seeded and the
number of colonies produced, and this reta-
tion has formed the basis of the assay for
the in vitro agar colony forming cell (2).

The element responsible for in vitro mye-
loid colony formation (CFC) is thought to
be derived from the hematopoietic pluri-
potent stem cell (CFU) and to be com-
mitted to myeloid differentiation. Varying
degrees of success have been reported for
the enrichment of agar colony forming cells
using buoyant density or velocity sedimen-
tation separation of mouse hematopoietic
tissue (3-5). However, until relatively re-
cently (6), no morphological characteriza-
tion of the cells represented by these frac-
tionation techniques and responsible for
colony formation has been reported.

The present study has concerned the ap-
plication of discontinuous equilibrium den-
sity gradient separation to rat bone marrow
cells. Each cell fraction was placed in agar
culture with and without CSF. Analysis of
the different cell types present was per-
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formed in an attempt to associate morpho-
logically a particular cell type with the for-
mation of agar colonies.

Materials and Methods. Colony stimulat-
ing activity has been reported in the serum
of 200-250 g male Long-Evans rats which
had been injected with endotoxin (7). Sam-
ples of peripheral blood were collected from
the tail vein at 0.5, 2, 4, and 6 hr following
iv injection of 4 ug of E. coli endotoxin
(Difco) in 0.2 ml saline and analyzed for
total and differential white blood cell counts.
At the same time, blood was collected asep-
tically from the dorsal aorta, centrifuged,
and the serum collected after filtration
through a 0.45-um Millipore filter.

Bone marrow cells from 150-g male
Long—Evans rats which had been previously
exposed to 0.45 atm of air for 7 days and
subsequently returned to normal atmospheric
conditions for an additional 8 days were
used in all experiments reported. Such mar-
row has been shown to contain very few
nucleated red cells, thus climinating a cell
type not involved in myeloid colony forma-
tion. Bone marrow cells were removed from
the tibias and femurs of rats by aspiration
with Eagle’s Minimum Essential Medium
(MEM). A single cell suspension was ob-
tained by gently pipetting the marrow up
and down and straining through a 100-mesh
stainless steel screen. A modification of the
mouse agar culture technique of Metcalf
(2) was used. Double-strength modified
Eagle’s Medium containing 10% heat-inac-
tivated newborn calf serum, 10% heat-
inactivated bovine serum, 20% trypticase
soy broth, 75 ug/ml DEAE dextran
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TABLE I. Changes in Peripheral White Blood Cells/mm? at Varying Times

SEPARATION OF AGAR COLONY FORMING CELLS

After Injection of

4 ug Endotoxin,

Time after Total white

Mononuclear

injection cell count Granulocytes cells
(hr) (cells/mm?) (cells/mm?) (cells/mm?)
0.0 18270 = 948° 2531 + 310 10725 + 766
0.5 10100 =+ 1353° 1934 + 491 8166 + 892
2.0 14560 + 1882 9907 + 1473° 4603 + 567°
4.0 19930 + 1349° 14682 + 930¢ 4991 =+ 1063¢
6.0 27850 + 2784° 22383 + 2794¢ 5467 + 102°

¢ Each figure is based on experiments with 5 rats/time point and expressed as the mean =+ 1

SEM.
® P < .10 when compared to preinjection level.
¢ P < .01 when compared to preinjection level.
¢P « 001 when compared to preinjection level.

(200,000-300,000 mol wt), 20 pg/ml
L-asparagine, and 1 ml penicillin—strepto-
mycin—mycostatin solution was added to an
equal volume of 0.6% agar in deionized
water. Three milliliters of this agar medium
containing 10° nucleated bone marrow
cells/ml were pipetted into 60 X 15 mm
petri dishes (Falcon) supplied with a suit-
able source of CSF. They were thoroughly
mixed and the cultures allowed to gel at
room temperature. Incubation proceeded at
37° for 7-10 days in a humidified atmos-
phere of 5% CO, in air. At this time, dis-
crete colonies appeared and were counted
under a low-power binocular microscope.
Their numbers were compared to the num-
ber of cells cultured and to the amount of
CSF added.

The direct effect of endotoxin on colony
formation by rat bone marrow cells was
evaluated in one experiment. For this study,
varying amounts of endotoxin, after incuba-
tion with normal rat serum for 2 hr, were
added to plates without CSF. The number
of colonies formed was compared to the
number of colonies obtained with normal rat
serum without endotoxin addition.

For separation studies, rat bone marrow
cells were resuspended in 17.0% bovine
serum albumin (BSA) at a concentration of
10®% nucleated cells/ml and fractionated
using a modified discontinuous albumin den-
sity gradient centrifugation technique of
Dicke et al. (8). Stock solutions of bovine
serum albumin, fraction V (Sigma) 35.0%
wt per vol, were prepared in 0.155 M Tris

buffer (pH 7.2) and stored at —20°. Dif-
ferent BSA concentrations were obtained by
diluting the 35.0% BSA stock solution with
0.06 M phosphate buffer containing 0.154 M
NaCl. One milliliter portions of each BSA
solution (from heaviest to lightest) were
layered carefully in a round-bottom silicon-
ized centrifuge tube (16 X 0.8 cm).

The sequence of percentages employed
were as follows: 35.0, 31.0, 29.0, 27.0,
26.5, 26.0, 25.5, 25.0, 23.0, and 17.0%
BSA containing the cells in suspension. The
tubes were centrifuged for 30 min at 1000g
in an International Centrifuge equipped with
a swing-out head. After centrifugation dis-
tinct cell layers were visible near the gradient
interfaces and each layer was collected for
culturing and for differential cell counts.

Results. Effect of endotoxin injection on
peripheral white blood cells and serum col-
ony stimulating activity. Changes in total
WBC, granulocytes, and mononuclear cells/
mm?® after an iv injection of 4 ug of endo-
toxin are given in Table I. During the initial
0.5 hr after injection, absolute counts of
total WBC decreased insignificantly (.05 <
P < .10). A significant increase occurred
through the next 5.5 hr to about
double the baseline (0 hr) value (P <
0.01). During this time, granulocytes, after
a nonsignificant initial drop, increased sig-
nificantly (P < 0.001) by 6 hr, accounting
for the rise seen in total WBC. Mononuclear
cells, however, exhibited a progressive de-
cline which reached its nadir (P < 0.01)
2-6 hr after endotoxin treatment.
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TABLE II. Changes in Serum Colony Stimulating
Activity at Varying Times after Injection of 4 ug

Endotoxin.
Number of
Amount colonies/
Serum type used (ml) 10° cells
Normal rat serum 0.6 8 + 0.92°
0.5-hr endotoxin 0.3 120 + 5.61
serum 0.6 157 + 3.50
2.0-hr endotoxin 0.3 182 + 3.70
serum 0.6 232 + 12.30
4.0-hr endotoxin 03 75 + 5.80
serum 0.6 108 + 2.20
6.0-hr endotoxin 0.3 48 + 5.00
serum 0.6 99 + 4.20

*Each figure is based on 4 replicate plates and
expressed as the mean + 1 SEM.

Serum colony stimulating activity at these
various times was measured and is shown
in Table II. Two different doses of each
serum sample were measured. The results
indicate that the greatest number of colo-
nies were obtained with serum collected at
2 hr after endotoxin injection which cor-
responds to the time when the granulocytes
in the donors were being released into the
peripheral blood. Colony stimulating activity
could be demonstrated as early as 0.5 hr
after injection (when granulocyte numbers
were at their nadir) and was still present at
6 hr in the last serum sample (when granu-
locyte numbers were greatly increased).

Effect of endotoxin addition directly to the
cultures on agar colony forming cells.
Amounts of endotoxin ranging from 0.004
to 4.0 ug were incubated with normal rat
serum and added to cultures of rat bone
marrow cells (Table IIT). No enhancement

TABLE III. The Effect of Incubation with Endo-
toxin In Vitro on Colony Formation.

Normal Number of
rat serum Endotoxin colonies/
(ml) (ug/plate) 107 cells
0.20 65 + 6.4°
0.20 0.004 50 +17.6
0.20 0.040 54 +178
0.20 0.400 53 +44
0.20 4.000 46 + 2.0

“Each figure is based on 4 replicate plates and
expressed as the mean =+ 1 SEM.
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of the colony forming ability to rat bone
marrow was shown, and, in fact, the values
with endotoxin addition were somewhat
lower than the control value corresponding
to incubation with normal rat serum alone.

The distribution of agar colony forming
cells from fractionated rat bone marrow
cells. Preliminary wide-range density sepa-
ration of 8-day-exhypoxic rat bone marrow
revealed that rat in vitro colony forming cells
(CFCs) comprised a relatively homogeneous
population of cells whose buoyant density
was between 26.5 and 29.0% BSA (Table
1V). Layer D (27.0-29.0% BSA) exhibited
a response 3-4 times greater than the re-
sponse of unfractionated bone marrow, while
layer C (26.5-27.0% BSA) gave a smaller
but still highly significant response when
compared to unfractionated bone marrow
(Table IV).

A comparison of the different cell types
(Table V) found in the various cell fractions
(indicated in Table IV) implicates the “tran-
sitional cell” class as the category responsi-
ble for the numbers of colonies formed.
Since not all cells classified as “transitional
cells” produced colonies, it is likely that the
agar colony forming cell represents a sub-
population of this cell class. The “transi-
tional cells” are characterized by a round,
central leptochromatic nucleus with a
thin rim of cytoplasm containing varying
shades of basophilia (9-11). In size, these
cells appear intermediate between small
mononuclear cells (small lymphocytes) and
the larger “blast” cells (myeloblasts and
proerythroblasts).

Discussion. The evocation of the CSF
after endotoxin administration with subse-
quent differentiation along the granulocytic
pathway suggests that this factor may be a
regulator of granulocyte production (12—
14). The present study has shown that an
injection of endotoxin into male rats re-
sulted in an early elevation in serum CSF
activity. By 2 hr after endotoxin in the
donor rats, there was an accelerated release
of granulocytes into the peripheral blood,
and CSF actvity was still detectable. Similar
results have been reported in the mouse by
Quesenberry et al. (12). In addition, they
also found that endotoxin itself had no in-
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TABLE IV. Eficct of CSF on the Number of Colony
Forming Cells Obtained from Different Fractions of
8-Day-Exhypoxic Rat Bone Marrow.

Number of
colonies/
Marrow fractions® 107 cells P

Unfractionated 121 + 7.0°
A (17.0-25.59, BSA) 30 25 <.001¢
B (25.5-26.59, BSA) 39+ 14 <001
C (26.5-27.09, BSA) 191 + 7.4 <.001
D (27.0-29.09, BSA) 446 +- 16.5 <.001
E (29.0-31.09, BSA) 77+ 6.1 <010
F (31.0-35.09, BSA) 30+19 <001

“ Each fraction was stimulated with 0.2 ml of 2-
hr endotoxin serum.

" Each figure is based on 4 replicate plates and
cxpressed as the mean + 1 SEM.

¢ P values for cach fraction are compared to un-
fractionated value.

trinsic stimulating activity for mouse CFCs.
In fact, inhibition of colony formation was
observed when bone marrow cells were in-
cubated with the higher concentrations of
endotoxin in vitro. We have confirmed these
results using rat CFCs.

The mechanism by which endotoxin in-
duces colony stimulating activity in serum is
unclear. One hypothesis is that endotoxin
affects granulopoiesis as a result of inter-
action with peripheral leukocytes causing
them injury with the ensuing granulocyto-
penia triggering the elaboration of a sub-
stance that accelerates the rate of granulo-
cyte production. Peripheral blood cells have
been reported to be a source of CSF (15,
16). Although the granulocyte has been im-
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plicated as the blood cell source of CSF
(16), it would now seem more likely that
it is the blood monocyte (17-19). Another
possible explanation is that CSF may appear
as a result of a direct action on a target
organ unrelated to the granulocytopenia
observed. Support for this view is derived
from the observations of Shadduck ez al.
(20) who administered antineutrophil serum
to cyclophosphamide-induced neutropenic
recipients who had no detectable CSF levels
in their sera. Only after a subsequent injec-
tion of antineutrophil serum could they ob-
tain CSF activity.

It is well-known that CSF causes agar
colony formation in vitro, but the type of
cell responsible for these colonies is still
being investigated. Various attempts have
been made to separate in vitro agar colony
cells (CFCs) and spleen colony forming
cells (CFUs) in mouse hematopoietic tissue
(3, 4, 5, 11, 21-23). Although some suc-
cess has been attained, the considerable size
and density heterogeneity reported for both
the CFU and the in vitro CFC in mice has
prevented extensive enrichment and thus
morphological identification of the repre-
sentative population of these cell types. An
alternative approach taken by Moore et al.
(6) was to apply separation techniques in
species other than the mouse where stem cell
and progenitor cell populations proved more
homogeneous. They described the separation
of in vitro agar colony forming cells from
monkey bone marrow and implicated the
“transitional” lymphocyte as the cell respon-

TABLE V. Percentage of Cell Types Found in the Various Fractions of 8-Day Exhypoxic Rat
Bone Marrow. Differential Counts are Based on a Total of 1000 Nucleated Cells for Each Marrow

Fraction.
Small Transi-

Destroyed Erythro- Myelo- Promyelo- mono- tional Other

Marrow fraction cells blasts blasts cyte nuclear cells cells®
Unfractionated 3.60 5.00 2.60 2.00 40.80 4.80 4140
A (17.0-25.59 BSA) 18.00 52.90 3.00 1.20 7.60 2.50 12.40
B (25.5-26.59, BSA) 13.40 36.60 16.80 2.80 15.00 3.80 7.60
C (26.5-27.09, BSA) 10.40 17.80 13.20 7.00 33.40 5.80 7.00
D (27.0-29.09, BSA) 7.20 3.00 8.20 4.80 54.80 13.80 8.00
E (29.0-31.09, BSA) 5.60 6.00 4.00 2.20 59.60 4.20 18.40
F (81.0-35.09, BSA) 5.20 2.20 1.00 0.80 21.60 240 66.80

@ Other cells include plasma cells, macrophages, megakaryocytes, cosinophils, myelocytes, and

mature neutrophils.



SEPARATION OF AGAR COLONY FORMING CELLS

sible for colony formation. Although the cell
separation techniques utilized in the present
study have not resulted in completely uni-
form groups of cell types, the results tend
to support the contention of Moore et al.
(6) that agar colony forming cells are found
in a class of cells described as “transitional”
in nature and intermediate in size between
small lymphocytes and the larger “blast”
cells. Since a greater number of colonies
would have been expected if all “transitional
cells” formed colonies, it was concluded that
the agar colony forming cell represents a
subpopulation of the “transitional cell”
population.

Summary. Rat bone marrow cells formed
colonies in agar after stimulation by colony
stimulating factor (CSF) obtained from
endotoxin-injected rats.

Separation of rat agar colony forming cells
(CFCs) was performed on a discontinuous
bovine serum albumin density gradient
(BSA). Cell fractions obtained between 26.5
and 29.0% BSA showed enrichment for rat
agar colony forming cells when cultured with
CSF. Although the cell separation has not
been complete the present studies support
the contention that a subpopulation of cells
intermediate between small lymphocytes and
“blast” cells and resembling “transitional
cells” are responsible for the agar colonies
produced.
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