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Bacterial endotoxins have a number of
diverse effects on hemopoiesis. These in-
clude changes in peripheral blood and bone
marrow neutrophil populations (1) and
profound influences on various classes of
marrow and splenic stem cell populations
(2—5). For these reasons, studies of
hemopoiesis, which require injection of
biologic materials, should be carefully con-
trolled for contamination by endotoxin.

Recent studies have shown that many
sources of erythropoietin are heavily con-
taminated with endotoxin (6, 7). Some of
the effects of erythropoietin preparations
on erythropoiesis, may be due to bacterial
lipopolysaccharides (5, 7—9). These con-
siderations are of greater importance when
evaluating changes in granulopoiesis. En-
dotoxin induces changes in peripheral
blood neutrophil counts (1), marked stimu-
lation of marrow granulopoiesis (10), and
increased release of colony-stimulating
factor (CSF), (11, 12) a candidate granu-
lopoietin.

In preparation for in vivo studies with
purified murine CSF (13) we have devised
techniques for removing substantial quan-
tities of endotoxin from these preparations.
In addition, studies were conducted in mice
using low doses of endotoxin to determine
levels of this contaminant which would not
influence parameters of bone marrow or
splenic hemopoiesis.

Materials and methods. Murine CSF was
prepared by the growth of L-cells (murine
fibroblasts) in serum-free medium (13). The
resultant conditioned medium was concen-
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trated by ultrafiltration, precipitated by
ice-cold ethanol, and applied to a column of
concanavalin-A Sepharose. Adherent CSF
(which represented two-thirds of the total
activity) was eluted with a-methylglucoside
and subsequently passed through Sephadex
G-150. In the final purification step, CSF
was separated from trace contaminants by
ultracentrifugation using a 5 to 15% sucrose
gradient (13). Individual fractions were ob-
tained by puncturing the bottom of the sep-
aration tube and collecting samples by
gravity. The CSF appeared homogeneous
following electrophoresis in various con-
centrations of acrylamide or sodium
dodecyl sulfate—acrylamide gel and after
Ouchterlony gel diffusion. The specific ac-
tivity of the pure CSF was increased
1000-fold to 5 x 107 units per milligram of
protein (13). The final material was diluted
in 0.1 M Tris HCI, pH 7.4, containing 0.3%
polyethylene glycol 4000 as a stabilizing
agent.

All glassware used in these studies was
thoroughly cleansed with detergent (E-
Toxa-Clean, Sigma Chemical Co.) and
rinsed 10 times with Water for Injection
(Abbott Laboratories). It was sterilized by
autoclaving at 132°C, 15 psi, for 30 min and
rendered free of pyrogens by exposure to
180°C dry heat for 2 hr. Plastic Millipore
units (Swinnex-Millipore Corp.) and cen-
trifuge tubes (Beckman Corp.) were soaked
in polymyxin solution (Burroughs—
Wellcome), 200 units/ml, for 1 hr and
then washed and rinsed as above. After
rapid drying at 60°C, they were sterilized by
autoclaving or by exposure to ethylene
oxide (14). Samples of glassware and cen-
trifuge tubes were rinsed with Water for
Injection and tested for endotoxin contami-
nation to assure the validity of these wash-
ing and sterilization techniques. Buffers
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were prepared by addition of the appropri-
ate materials to Water for Injection. After
filtration through 0.45-um Millipore filters,
they were autoclaved for 30 min.

Endotoxin activity was detected by the
use of the limulus lysate assay (15, 16).
Limulus lysate, prepared in the laboratory
of one of the authors (J.L..), was mixed in
equal volumes with dilutions of the buffers
or sources of CSF. The mixtures were in-
cubated at 37°C for 4 hr, and then at room
temperature for an additional 20 hr. Gela-
tion, increased viscosity, or marked floc-
culation was interpreted as a positive re-
sult. Escherichia coli endotoxin (Lipopoly-
saccharide B, 055:B5, Difco) was used as a
standard. In most experiments, gelation
was produced with 0.001 wg/ml and floccu-
lation with 0.0001 ug/ml of the reference
endotoxin. Endotoxin concentrations were
derived from observations which included
both the rate and extent of gelation of the
lysate (15, 16).

Further studies were done to determine
whether minute quantities of endotoxin had
an effect on in vivo hemopoiesis. Groups of
CF, mice were injected IP with 0.01 or 0.1
ng of E. coli endotoxin every 6 hr for inter-
vals up to 8 days. Serum was obtained by
cardiac puncture and assayed for CSF using
a sensitive radioimmunoassay (17). Bone
marrow and splenic cell suspensions were
prepared as previously described (18). They
were assayed for granulocytic (CFU-C) (19)
and erythroid (CFU-E) (20) colony-forming
cells by standard techniques. All values
were obtained using five animals per point.

Results. The initial limulus assays per-
formed on two pools of purified CSF are
shown in Table I. Both CSF preparations
were markedly contaminated with endotox-
in whereas the Water for Injection and
Tris buffer showed low levels of activity.

Since most endotoxins have a molecular
weight in excess of 10°¢ daltons (21) and CSF
has an apparent molecular weight of
65,000—70,000 daltons (13), further studies
were undertaken to separate these sub-
stances by density gradient centrifugation.
Following appropriate cleansing and sterili-
zation, gradients were loaded with 10 g of
E. coli endotoxin, 200 pg of CSF, or Tris
buffer. The tubes were centrifuged at

TABLE 1. ENDOTOXIN CONTENT OF PURIFIED CSF*

Material pg/ml
Pool 4 CSF >10
Pool 5 CSF >1
Water for Injection 0.0001
Tris buffer 0.0005

% Values were derived from limulus assays using 10-
to 10,000-fold dilutions of the test materials.

100,000¢ for 18 hr at 4°C. In these experi-
ments, the recovery technique was mod-
ified to avoid recontamination of the CSF
by the high molecular weight endotoxin;
gradients were aspirated from the top of the
tube rather than by downward displace-
ment.

Results of limulus assays of the top half
and bottom half of the gradients are shown
in Table II. Greater than 99% of the detect-
able E. coli endotoxin sedimented to the
lower half of the gradient. Only 52% of the
endotoxin was recovered, a discrepancy
probably due to the marked dilution neces-
sary for assay. Importantly, the pure CSF
activity was recovered in the top half of the
gradient whereas 95% of the endotoxin was
detected in the bottom half of the tube.
Samples from the buffer gradient had only
minimal endotoxin activity in either frac-
tion. To verify these findings, three addi-
tional pools of purified CSF were subjected
to density gradient centrifugation and as-
sayed for CSF and endotoxin. As before, all
CSF was found in the upper half of the gra-
dients. Endotoxin activity was markedly
reduced; concentrations in the upper half
ranged between 0.001 and 0.0001 wg/ml.

Further studies explored the effect of
trace levels of endotoxin on hemopoiesis.
Repetitive injections of 0.01 ug of endotox-
in had only minimal effects on splenic
CFU-C or CFU-E (Figs. 1 and 2). In con-
trast, 0.1 ug of endotoxin caused a signifi-
cant early increase in these progenitor cells.
Despite repeated administration of endotox-
in, both CFU-C and CFU-E returned to
control levels by Day 8. The effect on bone
marrow colony-forming cells is shown in
Table III. There was considerable variation
in marrow CFU-E in all three treatment
groups but no discernable dose-related ef-
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TABLE II. THE EFFECT OF DENSITY GRADIENT CENTRIFUGATION ON DISTRIBUTION
OF ENDOTOXIN ACTIVITY"

Portion of Total
Material gradient pg/ml Volume (ml) endotoxin (ug)

Endotoxin Upper half 0.00075 30 0.02
Endotoxin Lower half 0.75 7 5.25
CSF Upper half 0.05 30 1.5
CSF Lower half 1.0 30 30.0
Tris buffer Upper half 0.001 30 0.03
Tris buffer Lower half 0.001 30 0.03

“ Values were derived from limulus assays using 10- to 10,000-fold dilutions of the test materials.

fect from endotoxin. A modest increase in
marrow CFU-C was seen on Days 6 and 8
in those animals treated with 0.1 pg but not
with 0.01 ug of endotoxin.

Serum CSF levels were obtained on
pooled sera from each treatment group.
Two uninjected control groups on Days 1
and 8 yielded 840 and 790 units of CSF/
milliliter, respectively. As shown in Table
1V, sera from buffer injected animals con-
tained from 480 to 1240 units/ml of CSF. A
similar range in activity was seen in animals
that received 0.01 pg of endotoxin. High
dose (0.1 ug) endotoxin recipients had an
acute rise in serum CSF at 6 hr (1720
units/ml) but no further increase in activity
during the course of the experiment.
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The effect of various doses of endotoxin
on CSF activity was evaluated in a repeat
study. Groups of five mice each were in-
jected with buffer, 0.001, 0.01, or 0.1 ug of
endotoxin and bled 6 hr later. Each serum
was individually assayed for CSF. Al-
though values were higher than in the pre-
vious study, the same trend was apparent.
Recipients of 0.001 and 0.01 ug of endotox-
in yielded 1240 = 63 (=1 SE) and 1400 =
98 units/ml which did not vary from
buffer-treated mice (1236 + 51 units/ml). In
contrast, mice injected with 0.1 ug of en-
dotoxin showed a significant increase in
activity 1828 = 163 units/ml).

Discussion. These studies show that
samples of purified L-cell CSF can contain
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FiG. 1. The splenic CFU-C response to repeated injections of endotexin. Groups of five mice each
were injected ip with endotoxin or endotoxin-poor buffer every 6 hr for intervals up to 8 days. Pooled
spleen cell suspensions were assayed for CFU-C using 10° cells per culture plate. Five plates each were
used for each datum point. Values are the means = one standard error for total splenic CFU-C content.
Uninjected controls also were evaluated on Day 0 and Day 8 and are shown in solid circles.
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F1G. 2. The splenic CFU-E response to repeated injections of endotoxin. Groups of five mice each
were injected ip with endotoxin or endotoxin-poor buffer every 6 hr for intervals up to 8 days. Pooled
spleen cell suspensions were assayed for CFU-E using 10° cells per culture plate. Five plates each were
used for each datum point. Values are the means + one standard error for total splenic CFU-E content.
Uninjected controls also were evaluated on Day 0 and Day 8 and are shown in solid circles.

substantial quantities of endotoxin. Since
the molecular weight of bacterial endotoxin
is in the range of 10° daltons, a variety of
procedures such as column chromatogra-
phy, gel electrophoresis, or density gra-
dient centrifugation would be expected to
separate this contaminant from CSF. How-
ever, as shown in these studies, care must
be taken in the collection of fractions. Al-
though CSF is readily separated from en-
dotoxin by density gradient centrifugation,
previous purification schemes which col-
lected samples by gravity (13) led to recon-

tamination of the CSF fractions. As shown
in the present studies, simple aspiration of
the top half of the gradient obviated this
problem.

The CSF samples used in these studies
were derived from 10-liter pools of serum
free conditioned media; each contained ap-
proximately 107 units of CSF activity.
Using the technique outlined herein, en-
dotoxin activity in these samples was re-
duced to 0.0001 to 0.05 ug/ml. Although
this still represents low-level contamina-
tion, the large quantity of CSF in each pool

TABLE III. BoNE MARROW PROGENITOR CELL RESPONSE TO REPETITIVE INJECTIONS OF ENDOTOXIN"

Treatment 6 hr Day 2 Day 4 Day 6 Day 8
CFU-E/Femur
Buffer 18,445 + 1,356 24,664 + 818 37,490 += 3,450 37,268 = 1,635 25,108 = 2,509
Endo 0.01 ug 19,059 = 2,458 24,016 = 1,017 20,818 = 1,420 16,974 = 706 32,872 = 4,508
Endo 0.1 ug 10,569 = 536 22,651 + 518 24,346 = 1,382 43,963 = 1,134 28,811 += 1,132
Untreated 15,944 + 203 nd nd nd 18,017 = 1,957
controls
CFU-C/Femur
Buffer 29,917 = 2,810 35,736 + 2,157 41,216 = 5,002 38,236 = 5,611 44,237 = 2,946
Endo 0.01 ug 35,230 = 2,505 44,161 = 3,426 46,216 = 2,279 36,147 = 1,058 47,824 + 5,880
Endo 0.1 ug 25,584 = 3,471 43,850 + 3,866 43,469 = 7,795 55,742 += 5,101 60,098 + 1,721
Untreated 23,955 + 7,082 nd nd nd 40,248 = 3,117
control

* Values represent mean total femoral CFU-E or CFU-C = 1 S.E. on the indicated days of treatment. Five
animals per point were injected I.P. every 6 hr for the duration of the experiment, with Tris—buffer, 0.01 ug or
0.1 ug of E. coli endotoxin (Endo). Untreated controls were evaluated only on Days 0 and 8.
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TABLE 1IV. SEruM CSF RESPONSE TO REPETITIVE
INJECTIONS OF ENDOTOXIN®

Injection 6 hr Day2 Day 4 Day 6 Day 8
Buffer 1240 800 720 480 600
0.01 g endotoxin 780 790 750 620 1040
0.1 ug endotoxin 1720 920 840 640 400
Uninjected 840 nd nd nd 790

control

" Values represent CSF assays on pooled serum samples.
Each group contained five animals. All mice received the indi-
cated test material ip every 6 hours for intervals up to 8 days.

can be diluted at least 100-fold in pyrogen-
free buffer for in vivo studies. Thus, the en-
dotoxin concentration can readily be re-
duced to less than 0.001 wg/ml.

The in vivo studies with known quantities
of E. coli endotoxin showed marked
changes in splenic progenitor cell content
with repetitive doses of 0.1 ug of this bacte-
rial lipopolysaccharide. Only minimal
changes were observed following adminis-
tration of 0.01 wg. Serum CSF assays indi-
cated a similar level of sensitivity. Mice in-
jected with 0.1 wg of endotoxin had an
acute rise in serum CSF whereas no
changes were observed with a dose of 0.01
ug. Collectively, these observations show
that CSF can be rendered free of biologi-
cally significant levels of endotoxin. Future
in vivo studies with CSF should be carefully
controlled for this important contaminant.

Summary. Limulus lysate assays showed
that several samples of purified L-cell CSF
were markedly contaminated with endotox-
in. Several pools of material contained 1 to
10 pwg/ml of this bacterial lipopoly-
saccharide. Ultracentrifugation in sucrose
density gradients led to a 95% separation of
CSF and endotoxin activities. In four
studies, endotoxin content of the CSF
preparations was reduced to levels varying
from 0.05 to 0.0001 wg/ml. -

In vivo studies with known quantities of
E. coli endotoxin were conducted in mice.
Acute and repeated injections of 0.1 ug of
endotoxin led to increased serum CSF ac-
tivity and increased number of splenic
CFU-C and CFU-E. In contrast, similar
injections of 0.01 wg of endotoxin produced
virtually no effect on these parameters of
hemopoiesis. Thus, the removal of endotox-
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in from CSF as outlined herein will permit
in vivo studies of the effects of CSF on
hemopoiesis, without concern for the com-
plicating effects of endotoxin.

The authors gratefully appreciate the excellent tech-
nical assistance of Florence Boegel, Lea Einsporn,
and Francine C. Levin.

1. Chervenick, P. A., Boggs, D. R., Marsh, J. C.,
Cartwright, G. E., and Wintrobe, M. M., Proc.
Soc. Exp. Biol. Med. 126, 891 (1967).

2. McCulloch, E. A., Thompson, M. M., Simino-
vitch, L., and Till, J. E., Cell Tissue Kinet. 3, 47
(1970).

3. Quesenberry, P. J., Morley, A., Miller, M., Rick-
ard, K., Howard, D., and Stohlman, F., Ir.,
Blood 41, 391 (1973).

4. Reissmann, K. R., Udupa, K. B., and Labedski,
L., Proc. Soc. Exp. Biol. Med. 153, 98 (1976).

5. Schade, S. G. and Fried, W., Amer. J. Physiol.
231, 73 (1976).

6. Siegel, S. E., Shore, N., Ortega, J., and Dukes,
P. P., Fed. Proc. 33, 608 (1974).

7. Zuckerman, K. S., Quesenberry, P. J., Levin, J.,
and Sullivan, R., Blood 54, 146 (1979).

8. Quesenberry, P., Levin, J., Zuckerman, K., Ren-
cricca, N., Sullivan, R., and Tyler, W., Brit. J.
Haematol. 41, 253 (1979).

9. Graber, S. E., Bomboy, J. D., Jr., Salmon,
W. D., Jr., and Krantz, S. B., J. Lab. Clin. Med.
93, 25 (1979).

10. Quesenberry, P., Halperin, J., Ryan, M., and
Stohlman, F., Jr., Blood 45, 789 (1975).

11. Metcalf, D., Immunology 21, 427 (1971).

12. Shadduck, R. K., Exp. Hematol. 2, 147 (1974).

13. Waheed, A., and Shadduck, R. K. J. Lab. Clin.
Med. 94, 180 (1979).

14. Shadduck, R. K., Boegel, F., Pope, F., and
Waheed, A., Exp. Hematol. 6, 355 (1978).

15. Levin, J., Tomasulo, P. A., and Oser, R. S., J.
Lab. Clin. Med. 75, 903 (1970).

16. Levin, J., Poore, T. E., Zauber, N. P., and Oser,
R.S., N. Engl. J. Med. 283, 1313 (1970).

17. Shadduck, R. K., and Waheed, A., Blood Cells 5,
421 (1979).

18. Morley, A., Shadduck, R. K., Howard, D., and
Stohlman, F., Jr., Radiat. Res. 41, 70 (1970).

19. Shadduck, R. K. and Nagabhushanam, N. G.,
Blood 38, 559 (1971).

20. Shadduck, R. K., Carsten, A. L., Chikkappa, G.,
Cronkite, E. P., and Gerard, E., Proc. Soc. Exp.
Biol. Med. 158, 542 (1978).

21. Rosen, F. S., N. Engl. J. Med. 264, 919 (1961).

Received December 3, 1979. P.S.E.B.M. 1980, Vol.
164.



