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Summary.-The growth of mouse bone marrow colonies in agar diffusion chambers
(ADCs) was evaluated using host mice injected with saline or with cyclophosphamide
(CY) before chamber insertion. The mice pretreated with cyclophosphamide
proved more effective hosts than control (saline pretreated) mice, indicating that
cyclophosphamide causes the elaboration of a stimulating factor acting on colony
precursor cells. Assays of the factor for colony stimulating activity against mouse
bone marrow cells in agar culture in vitro suggest that potentiation may be due
to a slight temporary increase in the level of colony stimulating factor (CSF) in
the chamber environment, although a parallel increase was not detected in the
serum.

Stem cell recovery from the ADCs, measured by spleen colony formation, suggests
that the stimulus may act by increasing differentiation at the level of the pluri-
potential stem cell.

THE ROLE of humoral regulation of
granulopoiesis is less well defined than
that of erythropoiesis. Clarification of
humoral mechanisms is complicated by
the presence of a storage compartment
of mature granulocytes which may be
mobilized by appropriate stimuli. Some
agents which are able to induce peripheral
blood leucocytosis have been reported
(Gordon et al., 1964; Boggs, Cartwright
and Wintrobe, 1966); however, these
neutrophil releasing substances appear
to act on post-mitotic cells rather -than
by stimulating granulopoiesis directly.
Although it is possible that depletion of
the storage pool stimulates earlier pre-
cursors via a feedback loop, such a relation-
ship has not been demonstrated.

The in vitro agar colony assay for early
granulocytic precursor cells (Pluznik and
Sachs, 1965; Bradley and Metcalf, 1966)
allows study of humoral factors at an
earlier stage of haemopoiesis. This tech-
nique has been used to study the humoral
regulation of granulopoiesis by a factor
operationally termed colony stimulating

factor (CSF). More recently, bone marrow
culture in cell-proof intraperitoneal dif-
fusion chambers has been used as a
convenient method for studying granu-
locyte kinetics and for investigating
humoral effects on cells incubated in pre-
treated mice (Rothstein et al., 1971; Boyum
et al., 1972; Tyler et al., 1972). An
additional advantage of this technique is
that the in vitro culture conditions are
replaced by a more physiological milieu.
Quantitation of the results from diffusion
chamber experiments usually depends on
total and differential cell counts on samples
recovered at the end of the incubation
period (Boyum et al., 1972) rather than
on the colony forming ability of the bone
marrow. Using this system, Boyum
et al. (1972) and Tyler et at. (1972) have
reported increased growth of granulocytes
and macrophages when chambers were
incubated in irradiated or cyclophospha-
mide pretreated mice.

Clonal growth of mouse bone marrow
cells in diffusion chambers has been
achieved by suspending the cells in agar
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medium (Gordon, 1974) and these colonies
have several features in common with the
bone marrow colonies (CFU-C) stimulated
by CSF in vitro.

This paper describes the stimulation
of colony formation in ADCs incubated
in host mice pretreated with cyclophos-
phamide. The effect of the stimulus on
haemopoietic stem cell proliferation and
its relationship to CSF have also been
investigated.

MATERIALS AND METHODS

Female C57B1 mice, 2-3 months old, were
used for all experiments. Cyclophosphamide
(Ward, Blenkinsop & Co.) was dissolved in
water and injected 24 h before chamber
insertion. Control mice were injected with
saline.

The ADC technique has been described in
detail elsewhere (Gordon, 1974). Haemo-
poietic cells, suspended in 0.3% agar medium,
are introduced into the chambers. The
sealed chambers are incubated in the perito-
neal cavity of C57B1 mice and the number of
colonies present in each chamber scored
after 7 days.

The stem cell (CFU-S) content of the
diffusion chambers was determined usinig
the spleen colony assay of Till and McCulloch
(1961). The contents of the chamber were
dispersed and diluted in Fischer's medium
and a volume containing 0-2 of the chamber
contents was injected intravenously into
each lethally irradiated (900 rad 60Co y)
recipient mouse. The spleen colony method
was also used to measure the number of
stem cells in the femurs and spleens ofchamber
bearing mice. Eight-10 recipient mice were
used for each experimental point and the
number of nodules on their spleens was
counted, after fixation in Bouin's fluid, 8 days
after irradiation and transplantation.

In other experiments, empty chambers
were implanted into groups of CY pretreated
and control mice and the fluid transudate
entering the chambers was harvested after
4 days incubation. The colony stimulating
activity of the fluid was assayed against
mouse bone marrow cells in vitro using the
method described by Millard, Blackett and
Okell (1973). A control series of plates
containing an optimum concentration (5%)
of post-endotoxin mouse serum CSF was

used as a standard for each in vitro experiment.
The resulting colonies were scored after 7 days
incubation.

RESULTS

Pretreatment of ADC hosts with
cyclophosphamide results in a dose
dependent enhancement of colony forma-
tion (Fig.1). A dose in excess of 100 mg
kg-1 had no additional effect on colony
number and a standard dose of 100 mg kg-1
was used in the experiments to be
described below.

Colony stimulating activity of diffusion
chamberfluid and serum

Fluid recovered 4 days after implant-
ation ofempty chambers in the peritoneum
of cyclophosphamide pretreated and con-
trol mice was assayed for colony stimu-
lating activity against mouse bone marrow
cells in agar culture in vitro. The dose-
response relationships shown in Fig. 2
are identical in form for the two samples
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FIG. 1.-The relationship between the dose of
cyclophosphamide administered to the host
mouse and the number of ADC colonies.
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this series of chambers show that there is
a slight transient increase in the level of
CSF in the chambers one day after the
injection of cyclophosphamide (Fig. 3)
while at all other time points the level is
not significantly different from the control
value. This result is therefore consistent
with the dose response curves for fluid
derived from saline and cyclophosphamide
pretreated mice shown in Fig. 2.

For comparison, the levels of colony
stimulating activity in the serum of saline
and cyclophosphamide pretreated chamber
bearing mice were also measured. Figure
4 shows that the presence of the chambers
alone increased the levels of CSF in the
serum to reach a maximum 3 days after
chamber implantation, followed by a
decrease to the control level by the 7th
day. In contrast to the increase in CSF
detected in chambers in cyclophosphamide
pretreated mice, the level of serum CSF
was the same as the control value during
the first 3 days of chamber incubation
but lower thereafter.
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FIG. 2. The in vitro colony stimulating
activity of fluid recovered from "empty"
diffusion chambers 4 days after implantation
in saline (0) or cyclophosphamide (0)
pretreated mice.

assayed and, moreover, the chamber fluid
from cyclophosphamide pretreated mice
did not stimulate greater numbers of
colonies than fluid from untreated mice.
Due to rapid diffusion between the peri-
toneal and chamber compartments, assays
of fluid harvested 4 days after chamber
insertion (5 days after CY) will not reveal
earlier changes in CSF level resulting from
administration of cyclophosphamide. To
overcome this restriction, while allowing
the accumulation of sufficient fluid for
assay, the chamber incubation period
was kept constant at 4 days and cyclo-
phosphamide was injected at different
times between chamber insertion and
removal. Assays of fluid harvested from

Measurement of the numbers of CFU-S in
ADCs

The numbers of CFU-S in ADCs were

measured by injecting the diluted chamber
contents into groups of lethally irradiated
mice. The number of stem cells intro-
duced into the chambers was determined
by measuring the CFU-S concentration of
the initial cell suspension.

There is a transient increase in the
number of CFU-S in ADCs incubated in
control mice, reaching a maximum 3 datys
after chamber implantation (Fig. 5). In
cyclophosphamide pretreated mice there
was no appreciable increase in the number
of CFU-S during the 7-day culture period.
These results suggest that either CY
pretreatment decreases stem cell prolifer-
ation or that the stimulation of colony
formation is accompanied by an increase
in stem cell differentiation.

Measurements of the numbers ofCFU-S
present in the femur and spleen of cyclo-
phosphamide pretreated and control
chamber bearing mice are shown in Fig. 6.
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FIG. 5.- The numbers of spleen colony forming cells recovered from ADCs implanted in saline (*) or
cyclophosphamide (0) pretreated mice.

In cyclophosphamide pretreated mice
the number of CFU-S per femur reaches a
nadir 24 h after chamber implantation
(2 days after CY), followed by a rapid
recovery to normal numbers. A second
decline occurs between the 3rd and 5th
days and on the 7th day the number of
CFU-S per femur is approximately 70%0
of the control (pre-implantation) value.
In the spleen of cyclophosphamide pre-
treated chamber bearing mice there is
an initial decline in the number of CFU-S.
Thereafter the number rises rapidly, to
reach a value 19 times the control number
by the end of the 7-day culture period.
The increase in CFU-S number is accom-

panied by an increase in spleen weight
from 49 ± 1 mg to 252 ± 23 mg. In sal-
ine control chamber bearing mice, the
numbers of CFU-S per femur fluctuate
near the control (pre-implantation) range
and there is no significant change in the
number of CFU-S in the spleen.

Administration of cyclophosphamide
also affects the number of circulating
granulocytes. Figure 7 shows that the
maximum number of granulocytes is
attained 5 daysafter chamber implantation.
Measurements in untreated chamber
bearing mice show that the diffusion
chamber also affects the peripheral
granulocyte count.
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FIG. 7.-The peripheral blood granulocyte counts of saline (0) or cyclophosphamide (0) pretreated
chamber bearing mice and the effect of cyclophosphamide alone (0O ) compared with serial measure-
ments from untreated control mice (e).

DISCUSSION
Potentiation of granulocytic colony

formation in cyclophosphamide pretreated
ADC hosts demonstrates the existence of
a diffusible factor that enhances granu-
lopoiesis. This observation is consistent
with the increase in the numbers of
granulocytes in conventional diffusion
chambers incubated in cyclophosphamide
pretreated mice reported by Tyler et al.

(1972) and these authors suggest that a

diffusible substance increases the rate of
granulocytic proliferation. The increase
in colony numbers in ADCs may be due
to increased proliferation by the cells
normally forming "clusters" (fewer than
50 cells), to a greater "seeding" efficiency
or to increased differentiation of an earlier
precursor population. It is difficult to
distinguish between these possible effects,
which are by no means mutually exclusive.

Pretreatment with cyclophosphamide
results in a transient increase in colony
stimulating activity in the chambers.
However, the colony stimulatinig activity

of serum shows that cyclophosphamide
counteracts the increase caused by chamber
implantation alone. This lack of cor-
relation between the levels of stimulation
detected in the serum and in the chamber
fluid from cyclophosphamide pretreated
mice may indicate the presence of other
modifying factors, possibly inhibitors,
which do not reach the chamber environ-
ment. The possibility that the factor
induced by cyclophosphamide is not a
colony stimulating factor per se, but may
be classified as a colony enhancing factor,
cannot be discounted since colony stimulat-
ing activity is present in chambers incu-
bated in control mice. Such an enhancing
factor has been detected in serum from
endotoxin treated mice (van den Engh,
1973) and may be provided by the addition
of red blood cell lysates to in vitro cultures
of bone marrow cells (Bradley et al.,
1972).

The presence of colony stimulating
activity chambers suggests that colonies
growing in diffusion chambers are closely
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related to CFU-C grown in agar in vitro.
Further evidence of this relationship is
provided by the similar morphology and
development of these colonies and the
levels to which their precursor cells are
killed by 3H-TdR (Gordon, 1974).

The transient increase in the numbers
of CFU-S in ADCs, which is abolished by
prior treatment of the host with cyclo-
phosphamide, favours the interpretation
that the diffusible colony stimulating
factor induced by cyclophosphamide
increases the differentiation of stem cells
(CFU-S) into committed granulocytic stem
cells.

The conclusion that the diffusible
factor induced in mice by treatment with
cyclophosphamide acts at the stem cell
level by influencing cell differentiation
rather than cell proliferation differs from
that of Tyler et al. (1972) who reported that
cyclophosphamide pretreatment of host
mice increases the number of CFU-S in
conventional diffusion chambers.

In addition, Gregory et al. (197 1) found
that cyclophosphamide caused trans-
planted haemopoietic stem cells to regen-
erate more rapidly in the marrow of leth-
ally irradiated recipients in which irradia-
tion itself produces a considerable stimulus
for regeneration. Fried et al. (1973)
reported that this effect was due to modi-
fication of the marrow micro-environment,
although a possible humoral effect was
not ruled out.

Morley et al. ( 1971) suggested that there
was a close relationship between the colony
stimulating activity of serum and the
level of granulocytopenia in irradiated
mice. The results presented here do
not support this proposal since higher
serum CSF levels were detected in control
mice in the absence of granulocytopenia.

The changes in number of stem cells
in the bone marrow and spleen of cyclo-
phosphamide pretreated chamber bearing
mice imply that some control mechanism,
possibly humoral in nature, also coordin-
ates the total stem cell population. The
secondary decline in the femoral stem cell
number correlates with the dramatic

increase in the number of these cells in
the spleen. These changes in stem cell
level in the CY treated hosts may be
related to the production of the diffusible
factor stimulating colony growth in ADCs.
The splenic increase in the number of
CFU-S may be due to migration from the
marrow similar to that found in anaemic
mice (Rencricca et al., 1970), or to com-
pensation for reduced marrow haemopoie-
sis as shown by the massive increase in
the number of splenic CFU-S in mice
whose marrow has been selectively ablated
by internal 89Sr irradiation (Bogg, 1973).

Cyclophosphamide pretreatment is
not unique in stimulating cells cultured in
diffusion chambers. Irradiation of host
mice also increases the number of colonies
scored in ADCs (Gordon, 1974 unpublished
data) and the numbers of cells recovered
from the more conventional type of dif-
fusion chamber (Boyum et al., 1972).
The number of colonies in ADCs is also
influenced by factors such as the level of
erythropoiesis in host mice, as shown by
experiments using bled and polycythaemic
animals (Gordon, 1974 unpublished data).

There are several points along the
granulocytic pathway at which specific
control mechanisms may be expected to
act. The CSF used in the in vitro culture
of granulocytic bone marrow colonies
(Bradley and Metcalf, 1966) may be an
agent acting at the level of the committed
granulocytic stem cell and this factor has
been shown to have haematological effects
in vivo (Metcalf and Stanley, 1971). How-
ever, there are many sources of CSF which
are able to stimulate the formation of
mouse bone marrow colonies in vitro
(Bradley, Stanley and Sumner, 1971;
Stanley, Bradley and Sumner, 1971). The
heterogeneity of factors stimulating colon-
ies in vitro, possibly also having different
in vivo significance, may indicate that this
culture system does not distinguish be-
tween different substances which share
this property. Moreover, in vitro assays
alone provide little indication of in vivo
effectiveness or optimum concentrations
for their action.
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Further work is required to determine
the importance of these factors in con-
trolling haemopoiesis. However, any
humoral factor which can stimulate haemo-
poiesis, and particularly the serum factor
shown by Millar, Hudspith and Blackett
(1975), to markedly increase the survival
of otherwise lethally treated mice may
have important implications in the amelior-
ation of marrow toxicity resulting from
the use of cytotoxic agents in cancer
chemotherapy. An indication that such
factors are found in man is given by the
ability of serum from cyclophosphamide
treated patients to increase 3H-TdR up-
take by normal and leukaemic myeloid
cells in vitro (Burke, Diggs and Owens,
1973) although this effect was also shown
using non-haemopoietic cells.
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