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Abbrevations:

CFU(s): Colony forming unit(s). The stem cell present in the
haernopoietic tissue; upon injection to the lethally
irradiated mice it lodge in spleen and gives rise to a
visible colony.(11)

CFC : Cell from haemopoietic tissue which, in the presence of
CSF, gives rise to a colony of granulocytic and/or macro-
phage cells in soft agar culture of bone marrow cells.
(3)

CSF: Colony stimulating factor, a neuraminic acid containing
glycoprotein which is essential for the formation of
colonies in soft agar cultures of bone marrow cells. (3)

"f"f" number: "seeding" efficiency; the fraction of CFUs which
home in spleen. (2)

Do: the increment of dose which reduces surviving fraction f
to f.e~T or 0.37f, once the survival curve has become
exponential (T. Alper et al., Brit.J.Radio!. 35, 722
(1962). ~~

VBL: vinblastine, HP: hypoxia pretreated, HT: hypertrans-
fused.
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PART I

1. MODIFICATION OF THE PROLIFERATE CAPACITY OF TRANSPLANTED BONE

MARROW COLONY FORMING UNITS BY CHANGES IN THE HOST ENVIRONMENT

M. Beran and B. Tribukait

SUMMARY: Regulation of the proliferation of transplanted colony

forming units (CFUs) was investigated in lethally irradiated mice,

pretreated by methods known to accelerate hemopoietic recovery after

sublethal irradiation. Prospective recipients were exposed to

either hypoxia, vinblastine or priming irradiation and at different

intervals thereafter lethally irradiated and transplanted with bone

marrow. Repopulation of CFUs was determined by counting the number

of splenic colonies in primary recipients or by retransplantation.

Regeneration of grafted CFUs was greatly accelerated and their

self-renewal capacity increased in mice grafted within 2 days after

hypoxia. Also the number of splenic colonies formed by grafted syn-

geneic CFUs as well as by C57B1 parent CFUs growing in BC3F1 hosts

was significantly increased. The effect was not dependent on the

seeding efficiency of CFUs and apparently resulted from hypoxia

induced changes in the hosts' physiological environment. Proliferative

capacity of grafted CFUs increased remarkably in hosts receiving

vinblastine 2 or 4 days prior to irradiation. Priming irradiation

given 6 days before main irradiation accelerated, given 2 days before

impaired regeneration of CFUs. The increased rate of regeneration

was not related to the cellularity of hemopoietic organs at the time

of transplantation. The growth of CFUs in diffusion chambers

implanted into posthypoxic mice was only slightly improved which does



indicate that the accelerated regeneration of CFUs in posthypoxic

mice is mainly due to the changes in the hemopoietic microenvironment.

A short conditioning of transplanted CFUs by host factor(s) was

sufficient to improve regeneration. The results might suggest that

the speed of hemopoietic regeneration depends on the number of CFUs

being induced to proliferate shortly after irradiation, rather than

on the absolute numbers of CFKs available to the organism.

INTRODUCTION

By the use of the in vivo spleen colony forming assay (Till and

McCulloch, '61) it has been shown that after sublethal (Porteous

and Lajtha, '66; Brecher et al., '67; Beran, '73) or lethal irradia-

tion followed by transplantation of hemopoietic cells (McCulloch and

Till, '64; Lahiri and van Putten,' '69) a dip in the number of trans-

plantable colony-forming units (CFUs) in the bone marrow and spleen

occurs two or three days before the exponential increase commences.

In mice previously conditioned by vinblastine, vincristine (Smith

et al., '68) colchichine (Brecher et al., '67) endotoxin (Smith et al.,

'66) cyclophosphamide (Fried and Johnson, '68) or hypoxia (Beran,

'72 '73) the endogenous colony formation is greatly promoted and the

dip in the CFU assay values that follows irradiation or transplanta-

tion is reduced or even eliminated.

The common feature of these experiments is that the improvement in

the recovery kinetics of CFUs does not appear to depend on the

surviving fraction. It was suggested that a feedback loop, initiated

by the drug, inducing deletion of the progenitor cells could be

responsible for the earlier onset of proliferating cf CFUs in

vinblastine treated mice (Smith et al., '68) but it is doubtful if a

mild reduction of cellularity, in the hemopoietic organs, by endotoxin

or hypoxia pretreated mice could elicite a similar process.

In assaying the number of CFUs in pretreated animals after sublethal

irradiation by either transplantation or endogenous techniques, it is

not possible to decide whether the improvement in the CFU proliferation

is due to an earlier commencement of proliferation following sublethal

irradiation by CFUs which are already proliferating, or to preselection

of CFUs endowed with a greater capacity for proliferation and self-



renewal or perturbation of extrinsic factors such as humoral balance

and local microenvironment. In hypoxia pretreated mice the preliminary

results indicated that the improved recovery of the CFCs after

irradiation (Beran, '72) might result from the changes in the physiolo-

gical environment. The main purpose of the experiments to be reported

here was to study the role of the host environment in the proliferation

and self-renewal of transplanted bone narrow CFUs using lethally

irradiated recipients pretreated by hypoxia, vinblastine of priming

irradiation.

MATERIALS AND METHODS

Mice. The following strains of mice were used in the present experi-

ments :

1) Consequently random-bred Swiss albino NMRI mice (originating from

the inbred colony of U.S. Naval fled.Res.Inst.) were purchased from a

commercial breeder. 2) Inbred C57B1 (hereafter called B mice) mice

supplied by National Institutet of Defense, Stockholm. 3) C3H/Tif/Bom.

4) Hybrids between 2 and 3 (hereafter called BC3F1) were breed at the

institute. Mice were 8-12 weeks old and care was taken that the

groups to be compared originated from the same batch of animals

housed under exactly same conditions.

Irradiation Procedures. Mice were irradiated with either a Co source

(lGCR/min at a distance of 90 cm from the target) or with 250 kV

X-rays (15 mA, KVL of 0.5 mmCu, 68R/min).

Hypoxic Treatment was given by the means of a decompression chamber.

Both donor and recipient mice referred to as hypoxia pretreated (HP)

have been conditioned for 10 days at the simulated atmospheric

pressure of 354 mm Hg. HP donors were killed within 2 hours after

cessation of hypoxia, HP recipents were irradiated and transplanted

with bone marrow 24 hours after release from the decompression chamber

if no other specification is given.

Priming Irradiation (300R of Co gamma rays) was given to primary

recipients 6 and 2 days before lethal irradiation and transplantation

of bone marrow.

Vinblastine sulphate (Velbe, Eli Lilly & Co, 0.5 mg/kg) was injected

i.p. 4 and 2 days before the transplantation procedure. No death of

mice after this dose of vinblastine has been observed.

Spleen Colony Assay. An appropriate number of bone narrow or spleen

cells suspended in Hanks" solution was injected intravenously into

supralethally irradiated (1000R of 6 0Co, 850 or 1050R of X-rays)
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recipient mice. Macroscopic colonies on the surface of the spleens

fixed in Bouins' fluid were counted eight to nine days later (Till

and McCulloch, '61). The radiation dosages used were sufficiently

high to depress the endogenous colonies below 0.1 colonies per spleen.

Because no more than 15% of non-grafted pretreated or control mice

survived 11 days, the background number of CFUs in femur or spleen

was measured in retransplantation experiments on day 9 instead of 11

to 14 (see Table 4).

Seeding Efficiency of CFUs.

The fraction (/) of injected CFUs homing in the spleen and femur of

a irradiated mouse was determined according the method introduced

by Siminovich et al., ('63). Primary normal or HP recipient mice

were irradiated with 1000R and injected with varying numbers of bone

marrow cells (10 to 10 nucleated cells/mouse) from either normal

or HP donors. After 2 and 24 hrs, 5-6 of these mice were killed and

their spleens and femurs excissed. The cells from each organ were

suspended in Hanks' solution, cellularity per organ calculated and

suitable dilutions made for reinjection into a group of 15 normal

secondary, 1000R irradiated recipients (2 x 10 to 14 x 10 nucleated

cells/mouse). Colony counts were made after 9 days. The / numbers

were calculated by relating the number of CFUs recovered from one

femur or spleen to the number of CFUs injected 2 or 24 hr previously.

Assays on the Effect of the Host on the Regeneration of Transplanted

Bone Marrow CFUs.

Two approaches were used in studies on the effect of hypoxia pretreat-

ment on the regeneration of CFU:

1) Double transplantation. With this technique the regeneration was

studied both in the spleen and bone marrow. The pilot experiments

showed that the effect of the host on the transplanted cells can be

studied with advantage when a relatively small numbers of cells

(5-20 x 10 nucleated bone marrow cells) are allowed to proliferate

for about two weeks in irradiated (1000R of Co) recipients. After

VI, 13 and 14 days, cell suspensions were prepared from femur or

spleen of at least 5 primary recipients, the number of nucleated

cells was determined and assayed for their CFUs content by injection

into secondary irradiated recipients.

2) Single Transplantation. Mice were supra!ethally irradiated 850R or

1050R of X-rays) and transplanted with a suitable number of bone

marrow cells. After 8 to 9 days colonies on the splenic surface of
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recipient mice were counted and the mean CFU ratio per 10 injected

nucleated cells was determined. Application of this assay to hypoxia

pretreated mice requires the elimination of the plethoric state which

interferes with the development and quantisation of macroscopic

colonies in the spleen. In present experiments mice were rendered

normocythemic by phlebotomy within 6 hr after cessation of hypoxia.

Providing that identical volume of blood is removed per g of body

weight, the hematocrit values can be easily corrected to the desired

levels. This was achieved by bleeding of mice via retroorbital

Duncture by the use of graded Pasteur pippets. To control that the

changes in regeneration of CPUs are related to hypoxic pretreatment

and not to the bleeding per se, groups of mice were made polycythemic

to comparable degree by hypertransfusion and bleed afterwards in the

same way as hypoxia pretreated littermates.

Measurement of the Capacity of CFUs for Self-Renewal.

The experiments were carried out using a double transplantation

technique and whole spleen design (Worton et al., '69). Groups of

30 control and HP mice (one third of the latter being rendered normo-

cythemic immediately after hypoxia) were irradiated and injected with

5 x 10 nucleated bone marrow cells. Nine days later, one third of

controls and the normocytheiri c HP mice were killed and splenic colo-

nies were counted. On day 11 and 13, cell suspensions were prepared

from the spleens of at least 5 control or HP mice and aliquots of

suspension were injected into secondary irradiated recipients. The

number of CFUs per primary colony (self-renewal capacity) was calcula-

ted by relating the total number of CFUs per spleen determined on day

11 or 13 to the number of splenic colonies counted in primary reci-

pients on day 9.

Mi 11 i pore Diffusion Chambers Culture Technique. The method is de-

scribed in detail by Benestad ('70). Cell impermeable, sterile

chambers with 0.22 pm porosity Millipore membranes were filled with

3 x 10 nucleated bone marrow cells in 100 /jl of Hanks' solution, and

implanted into peritoneal cavity of irradiated (500R of X-rays) con-

trol or HP'mice. After 5 and 6 days of in vivo culture, chambers

were removed and the cells recovered quantitatively after treatment

with 0.5% pronase for 60 min. The content of 5-6 chambers was pooled,

cells ware counted and assayed for their CFUs content by injection

into irradiated (850R of X-rays) recipients. The proportion of granu-

locytic cells in cell suspensions was determined on smears stained for

peroxidase (Kaplow '65).
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Statistical Procedure: Probability figures were calculated using

Student's t test.

RESULTS

Determination of the Fraction (/) of Injecced Colony Forming Cells

which Lodge in the Spleen and Femur.

A knowledge of the fraction of CFUs homing in hemopoietic tissues is

a prerequisite for comparative studies on CFUs proliferation in diffe-

rent experimental situations. Pretreatment of the donors of cells by

various means was shown to influence the / values (Fred and Smith,'68)

and therefore the effect of hypoxia pretreatment on both donors and

recipients was tested in present experiments. To discriminate between

the role of intrinsic (preselection of CFUs) and extrinsic (microenvi-

roninental changes) factors, CFUs from identical samples of bone marrow

of either normal or HP donors were injected into lethally irradiated

normal and HP recipients.

As shown in table 1, the 2 hr fractions of normal bone narrow CFUs

lodging in the spleens of normal and HP primary recipients are similar

and agree well with those quoted by others (Siminovitch et al.,'63;

Kretchmar and Conover, '68, '69; Lahiri and van Putten, '69 e.g.). The

fraction of CFUs recovered from the spleen after 24 hr was only about

0.35 and 0.20 of that recovered at 2 hr from the spleens of normal

and HP primary recipients respectively. This agrees with figures re-

ported by Kretchmar and Conover ('69) in normal mice. On the other

hand the 2 hr fraction recovered from the femur was slightly higher

than that reported by Kretchmar and Conover ('69) and Lahiri and van

Putten ('69) and was lower after 24 hr than 2 hr following transplan-

tation.

In conclusion, the numbers of CFUs recovered from the femur after 2 hr

and the numbers of CFUs recovered from the spleen 24 hr after the

injection of bone marrow cells from normal donors were lower in HP

than in normal hosts. In other combinations, no differences between

normal and HP donors and recipients were noted.

The Effect of Hypoxia Pretreatment on the Growth of Transplanted Bone

Marrow Cells.

The ability of injected bone marrow CFUs from normal and HP donors to

repopulate the femurs and spleens of lethally irradiated normal and
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HP recipients was used as the criterium for the elucidation of the

mechanism by which the hypoxic pretreatment of mice influences the

growth of CFUs. Lethally irradiated recipient mice were injected

with 50 x 10 (Table 2, 3) or 2.0 x 10 (Table 4) bone marrow cells

and at different times thereafter the number and relative concentra-

tion of CFU in their femurs and spleens were determined by injection

into irradiated secondary recipients.

The results of at least 2 separate experiments for each donor-recipient

combination are summarized in table 2 for bone marrow and in table 3

for spleen. Despite of variations between different experiments the

data shows that previous hypoxic treatment of primary recipients has

induced changes in the physiological environment of the host which

greatly improved the repopulation of radiation depleted hemopoietic

tissues by transplanted bone marrow CFUs. Moreover, the higher cellu-

larity of the bone marrow and spleen of HP than normal recipients in-

dicated also an increased output of stem cells into more differentia-

ted compartments. Because the number of CFUs in respective organs is

increased rather than reduced the proliferation of CFUs m ,st have been

considerably increased in HP hosts. This is also confirmed by the

experiments which revealed an increased self-renewal of CFUs in spleen

of HP host (Table 3).

The results were confirmed using the C3H strain of mice (Table 4) and

it was further shown that the improved CFU regeneration is not rela-

ted to the plethoric state of HP recipients. Comparable results were

obtained with HP mice made normocythemic by phlebotomy immediately

after hypoxia but not with hypertransfused, bleed mice (Table 4).

In these experiments both the irradiation and the transplantation

procedures were applied one day after cessation of hypoxia. To deter-

mine the period of time for which the environmental changes leading to

the improved repopulation of transplanted CFU persists, groups of

mice were lethally irradiated and injected with 5 ,. 10 marrow cells

at different time intervals after hypoxia. On day 13 the cell suspen-

sion was prepared from femurs and spleens of primary recipients and

assayed for their CFU content. The results of a representative expe-

riment (Table 5) show the disappearance of the stimulative effect of

the host environment on the growth of transplanted CFUs in the spleen

after the first day and in the bone marrow after the second posthy-
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poxic day.

Growth of Parenterai CFUs in F, Hybrid Hosts.

The experiments described above showed that by hypoxia pretreatment

of mice the proliferation of transplanted CFUs can be modified by

physiological means.

In order to further test the effectiveness of this manipulation, the

influence of hypoxia pretreatment of BC3F1 recipients on the poor

growth of parenteral B CFUs (?1cCulloch and Till, '63) was studied.

The single transplantation procedure with phlebotomy after hypoxia

has been used as described in "Methods". Hypertransfused, bleed mice

were used to control the effect of phlebotomy.

The results showed in table 6 will be summarized as follows:

1) The number of splenic colonies in BC3F1 hosts after injection of

cells from B parents varies between 10 to 15% of that formed by BC3F1

cells. The degree of repression was somewhat lower than that quoted

by others (HcCulloch and Till, '63; Cudkowicz and Stimpfling, '63).

2) Pretreatment of BC3F1 recipients with hypoxia significantly

(P -<. 0.001) increased the mean CFU ratio/10 of injected cells from

B parents by a factor of approximately 3. The mean CFU ratio/10 of

injected BC3F1 cells was increased by a factor 1.5-2.0 (P-=l 0.01).

3) The experiments using hypertransfused mice with hematocrits before

and after treatment comparable to those in HP animals excluded the

possibility that the observed results were due to bleeding per se.

Growth of CFUs in Diffusion Chambers in vivo.

Using this approach an attempt has been made to evaluate the importance

of circulating humoral factors in the above described phenomenon by

cultivating bone marrow cells in diffusible chambers where they are

exposed only to substances diffusible into the chambers through the

cell inpermeable filters.

Only in two of three separate experiments a slight although signifi-

cantly higher number of CFUs was recovered from chambers. In these

two experiments the number of recovered nucleated cells was approxi-

mately the same as in chambers from controls whereas the number of

peroxidase positive cells was lower.

firowth of Transplanted CFUs in Mice Pretreated by Vinbiastine (VBL)

or Priming Irradiation.

To further investigate the mechanism underlaying the accelerated
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regeneration of CRJs observed in sublethally irradiated mice pretrea-

ted by VBL (Smith et al., '68) or priming irradiation (Fried et al.,

'71) we studied the proliferation of injected bone marrow cells (5 x

10 nucleated cells) into lethally irradiated pretreated and control

NMRI recipients. The number of CFU was determined in femur and spleen

of primary recipient on day 13 after irradiation. The results summa-

rized in fig. 1 are representatives of 3 replicate experiments.

Priming irradiation given six days before lethal irradiation and

marrow injection significantly (P-^10.01) improved regeneration of

CFUs in the bone marrow but not in the spleen. In mice preirradiated

2 days before the transplantation procedure, the number of CF'Js in both

organs was even lower than in control recipients.

Vinblastine given to the recipients 2 or 4 days before the irradiation

and transplantation accelerated repopulation of both the bone marrow

and splenic CFU compartments. The effect was clearly time dependent.

On day 13 the number of CFUs in the bone marrow and spleen of recipi-

ents injected with vinblastine 2 days before irradiation was approxi-

mately 25 times higher than in nontreated controls. In recipients

pretreated with vinblastine 4 days before the transplantation proce-

dure, the corresponding value in the bone marrow was six times and

in the spleen twice as high as in non-treated controls.

DISCUSSION

Previous studies demonstrated that sublethal irradiation of mice

within a certain period after exposure to hypoxia (Beran, '72, '73),

VBL (Smith et al., '68) or priming irradiation (Fried et al., '71)

results in an accelerated repopulation of CFU compartment. Moreover

it was showed that the pretreatment of animals with hypoxia (Beran

and Tribukait, '72) or VBL does not change the survival of CFUs.

Results of experiments reported here present evidence that the improv-

ed growth of CFUs in these mice is largely due to changes in the

physiological microenvironment of the host resulting from the previous

manipulation.

Two and 24 hr after grafting, the fraction of injected CFUs found in

the femur and spleen of HP recipients of CFUs from normal or HP donors

16



was similar to or lower than that found in normal recipients. This

excludes the possibility that the results reported here are due to an

enhanced ability of CFUs from conditioned donors seed out in hemopoie-

tic organs of irradiated recipients and/or due to a more effective

trapping of circulating CFUs by the histological microenvironment of

a conditioned host. The seeding efficiency was not studied in VBL

injected or priming irradiated hosts but it wa^ shown by others

(Shadduck et al., '71) that irradiation of the host two davs before

transplantation decreases rather than increases the recovered fraction.

Furthermore if the seeding efficiency is influenced by the cellularity

of the host spleen (Lord, '71) one would expect it will be rather

lower in spleen and bone marrow depleted by drug pretreatment.

The ability of the host to induce an accelerated regeneration of CFU

is evident in both HP and VBL pretreated mice and is dependent on the

time elapsed between the particular treatment and the grafting of the

marrow cells. An improved recovery of the hemopoiesis in subiethally

irradiated mice and their enhanced survival (Smith et a h , '67; Beran

and Tribukait, '72) is similarly related to the time between pretreat-

ment and irradiation. It appears therefore that besides an increased

number of surviving stem cells, restitution of hemopoiesis and conse-

quently the survival of animals may also depend on the capacity of the

host environment to induce the proliferation of stem cells.

The importance of the inductive process for the repopulation of CFU

is evident from the present observation that a short conditioning of

transplantated cells by some host factors greatly increased their

capacity for self-renewal and generation of descendant cells measured

10 to 14 days later. The measurable effect disappeared on the third

day after hypoxia, which might indicate that after short conditioning

there is no need for the presence of the stimulus for the continued

growth of CFUs. This is supported by the observation that the onset

of the proliferation of B6 CFUs injected into B6C3F1 recipients is

delayed but once it begun, it has continued with doubling time identical

to that in syngeneic animals (Gregory et al., '72). Transfer experi-

ments with diffusion chamber cultures of hemopoietic cells (B0yum

et a h , '72) and from our previous observations in sublethally irra-

diated mice (Beran, '72, '73) point in the same direction.

The mechanism by which improved regeneration of CFUs in HP hosts is
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accomplished cannot be satisfactory explained at present. Somewhat

increased numbers of CFUs were recovered from diffusion chambers

implanted into HP hosts than from those of controls. The difference

was, however, marginal when compared to the differences in recovery

of CFUs from hemopoietic organs of HP and normal recipients. This

seems to rule out possibility that a circulating, diffusible humoral

regulator is responsible for the most of the observed improvement and

suggest that an intim contact with the hemopoietic inductive microen-

vironnent -HIM (Trentin, '68), McCluskey et al., '72) appears necessary

for the mediation of the host effect on transplanted cells. This

indicates that the pretreatment may directly or indirectly affect

components of the HIM which are responsible for the regulation of the

growth of CFUs. Using a model in which the basis of the poor growth

of parent B6 CFUs injected into lethally irradiated B6C3F1 recipients

(McCulloch and Till, '63, Cudkowicz and Stimpfling, '64) was studied,

McCulloch and Till ('70) and Gregory et al., ('72) presented evidence

that the induction of the growth of CFUs may depend on their short-

range interaction with some managerial cells possessing regulatory

properties. An increased number of CFUs (derepression) in hosts pre-

treated with cyclophosphamide (Santos and Hagshenass; '68, Sensenbren-

ner and Santos; '69, McCulloch and Till, '70) or isoantisera (Gregory

et al., '72) has been considered to be a result of a modification of

components on the cell membrane of host cells responsible for the CFU

repression fenomen. In the present experiments it was shown that a

significant derepression of the growth of B CFUs in BC3F1 recipients

can be also obtained after pretreatment of recipients by physiological

means i.e. hypoxia preconditioning.

The number of splenic colonies (or CFUs in the bone marrow and spleens

when retransplantation technique was applied for quantitation purposes)

was, however, increased not only in randomly breed NMRI mice and BC3F1

recipients of cells from B parent donors but also in C3H and BC3F1

recipients of syngeneic bone marrow cells. Because the fraction of

CFUs homing in respective organs 24 hr after transplantation was not

increased in HP recipients, and increased number of colonies in spleens

is likely due to induction of colony formation by those CFUs in which

this process is delayed, possibly because they are more refractory to

the action of the inductive stimulus. The more rapid growth of

colonies leading to the visualization of otherwise submacroscopic

colonies as the basis for increased colony numbers is not consistent
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with the results of retransplantation experiments.

These experiments raises the possibility that because of heterogeni ty

of transplanted CFUs with respect to their sensitivity to inductive

stimulus, 5 proportion of transplanted CFUs remain in a resting state

for some period of time but can be triggered into proliferation if a

stronger stimulus is available. Although certainly open to discussion,

this explanation is consistent with the present results and with the

general concept of regulator-target cell interactions. The linear

relation between the concentration of colony stimulating factor (CSF)

and the number of colonies produced by progenitor cells in culture

(Metcalf, *70) shows differences in the sensitivity of the progenitor

cells to the action of CSF. If the assumption is correct, the

improvement of CFU regeneration produced by videly different means

described here and elsewhere (Gregory et al., '71) would be explained

by their direct of indirect action upon, for instance, the regulatory

activity of cells composing the hemopoietic microenvironment.
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Table 1

Calculated / numbers for the femur and spleen of normal and posthypoxic NMRI mice.

Exp

1

1

2

2

3

3

Donors

Normal

Normal

Normal

Normal

HP2

HP

Primary
recipi-
ents

Normal

HP

Normal

HP
Norm

HP

Interval
(hr)

2

2

24

24

24

24

Total

Femur

7.0

4.1

1.6

1.3

4.4
2.3

cells recovered
(x 106)

Spleen

48.6

41.3

27.8

29.2

32.2

35.8

Primary recipients

CFU per 10^ recovered cells

Femur

1.

0.

0,

0,

1,

1

2+0.1

,5+0.1

.5+0.2

.5+0.2

.0+0.2

.9+0.2

Spleen

1.6+0.1

0.9+0.2

1.1+0.1

0.4+0.1

1.6+0.1

1.3+0.4

Fraction of
recovered^

Femur

1.86+0.09

0.74+0.14

1.19+0.09

0.24+0.10

0.22+0.04

0.22+0.02

injected CFU

Spleen

17.3+1.2

15.3+3.3

6.8+0.9

2.9+0.8

2.6+0.2

2.3+0.3

1 Mean+SE calculated from the CFU concentration in the initial inoculum and the colony counts of at least
8 secondary recipients.

Donors killed within 30 min. after 10 days of hypoxia.
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Table 2
Effect of hypoxia pretreatment on repopulation of femur CFU compartment of le thal ly irradiated NMRI mice with
transplanted bone marrow c e l l s J

Source
of
cells

Normal

HP

Recipi-
ent
mice

Normal

HP

Normal

HP

Exp.

1

2

3

6

1

2

3

4

5

4

5

Hematocrit (%)2

After
HP or HT

-

-

-

67.0+1.5

67.4+0.8

67.4+1.7

-

-

68.3+1.7

66.2+0.5

On retrans-
plantation

32.6+2.8

21.3+0.4

14.6+3.1

-

51.0+2.0

47.3+1.7

38.2+2.9

12.2+2.2

-

36.4+7.1
-

Days

11

12

13

13

11

13

13

11

13

11

13

Cell recovery af ter

Nucleated ,
ce l ls (x 10°)

Femur

1.38

2.40

1.43

2.49

9.37

14.44

12.64

3.45

2.74

6.26

11.17

growth in

.3
CFU/1OS

0.9+0.2

0.5+0.3

1.4+0.3

2.5+0.6

17.4+1.7

17.4+3.1

20.8^1.9

0.5+0.4

1.0+0.2

3.2+0.7

11.9+1.5

primary recipients

Total CFU3

Femur

12+ 4

13+ 7

19+ 5

52+ 14

1633+160

2513+150

2632+248

19+ 15

28+ 6

199+ 42

1329+169

Survival
(%)

60

55

60

65

64

52

58

45

42

63

43

1 50
Repopulation of femur and spleen (see Table 3) was studied in ident ica l animals i r rad ia ted with 1000R of Co and
transplanted with 50 x 10^ bone marrow cel ls from normal or hypoxia pretreated (HP) donors.

Meaa+SE of at least 6 primary rec ip ients . Hematocrit of normal mice of th is s t ra in is 45+2.

Mean+SE based on the number of nucleated ce l l s in femur (spleen) of primary recipients and on colony counts in at
least 10 secondary rec ip ients .



Table 3

Effect of hypoxia pretreatment on repopulation of splenic CFU compartment of lethal1y irradiated NMRI mice transplanted
with bone marrow cells. Also shown the capacity of splenic CFU for self-renewalJ

Source
of
cells

Normal

HP

Recipient
mi ce2

Normal

HP

Normal

HP

Exp.

1

2

3

6

1

2

3

4

5

4

5

Cell

Days

11

13

13

13

11

13

13

11

13

11

13

recovery after

nucleated ,
cells(x 10°)
spleen

15.09

24.26

24.04

41.47

27.14

43.94

52.49

25.25

44.82

51.52

151.33

growth in

CFU/105

0.5+JD.2

1.9+0.3

1.8+0.6

1.8+0.6

10.4+0.7

7.7+0.9

6.5+0.7

2.1+0.3

0.8+0.2

2.2+0.2

7.2+0.9

primary recipient

Total CFU
spleen

81+ 1

468+ 86

501+150

736+233

2839+187

3372+390

3398+350

536+ 83

358+101

1137+112

10972+1367

Self-renewal

Colonies for ,
primary spleen

13+1

13+1

7+1

21+2

21+2

18+1

12+3

7+2

21+2

18+1

CFU/colony4

6

35

70

135

160

188

44

51

53

609

1

ro
in

Animals and other conditions identical with those described in table 2.

Whole spleen design (Norton et al.'69) was used. Mean (+SE) number of CFUs per spleen, determined on days 11 and 13
was related to the mean (+SE) number of colonies counted" in littermates on day 9.

Mean+SE of colony counts on day 9.

Calculated by dividing the mean number of CFU determined on days 11 or 13 by the mean number of splenic colonies
counted day 9.
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Table 4

Effect of bleeding subsequent to hypoxia or hypertransfusion on the repopulation of spleen and bone marrow CFU
compartments of irradiated C3H mice by transplanted bone marrow cells from normal donors.

Pretreatment
of
recipients

Hypoxia,bleeding

Hypoxia,bleeding

Hypertransfusion
bleeding

Hypoxi a

Hypoxi a

Hypertransfusion
bleeding

Exp

1
1

1

2
2

2

Cell
number
(x 103)

03

200

200

200

200

200

After
HP or
HT

67+1

67+1

65+1

67+1

67+2

66+2

Hematocri t

After
blee-
ding

47+5

47+1

42+1

-

-

42+1

On retrans-
planta-
tion

17+3

25+3

15+2

30+4

33+1

20+3

Days

9

13

13

14

14

14

Cell irecovery

Nucleated
cells(x106)

Femur

0.9

4.2

2.3

4.3

6.2

1.9

Spleen

20

183

81

199

167

74

after growth in primary recipients^

CFU/105 CFU/organ

Femur Spleen Femur Spleen

0 0 0 0

3.3+1.1 3.6+0.5 137+46 6624^,890

1.7+0.4 1.9+0.6 45+10 1524+532

8.4+1.1 2.7+0.2 360+48 5303+440

2.6+0.2 - 4445+369

2.2+0.2 2.4+0.5 41+13 1766+358

Sur-
vival

70

45

78

80

80

80

1 Mean+SE of at least 6 primary recipients. HP-hypoxia pretreatment; HT-hypertransfusion.

Mean+SE calculated from the mean number of nucleated cel ls in primary recipients and the mean colony count in 15 secondary
recipients.

Because less than 15% of animals survived 11 days, the controls fo r endogenous CFUs counts were done on day 9. Similar
resul ts , obtained with HP, hypertransfused and control mice are not included.



Table 5
Repopulation of bone marrow and spleen CFU compartments of lethally irradiated, bone marrow grafted
(nice as a function of elapsed time betv/een hypoxia and irradiation.

Irradiation
and trans-
plantation
(days after
hypoxia)

C

C

1

2

3

4

2
Hematocri t

21.3+0.4

14.6+3.1

47.2+4.3

52.2+3.3

44.1+4.1

30.8+4.8

Nucleated fi
cells x 10°

2.39

1.43

4.86

4.77

3.93

2.23

Cell

Femur

CFUs/105

0.5+0.3

1.4+0.2

6.8+1.0

7.4+0.7

0.9+0.3

1.4+0.4

recovery

CFUs/
femur

12.7+ 7.

19.1+ 5.

331.5+49.

356.2+33.

36.6+11.

31.4+_ 9.

after growth

7

4

7

3

5

5

in primary

Nucleated
cells x 10

24.64

24.04

17.40

16.68

11.09

9.40

recipients

Spleen

6 CFUs/105

1.9+0.3

1.8+0.2

13.2+0.6

2.9+0.7

4.5+1.1

2.0+0.4

CFUs/
spleen

462+ 86

501+ 72

2305+116

487+123

503+118

187+ 39

Mice were irradiated with 1000R of 60Co and injected with 50 x 103 bone marrow cells.On day 13 after transplantation
the number of CFUs in the femur and spleen of at least 5 primary recipients was determined by retransplantation
to secondary recipients. Values regarding CFUs are means+_SE calculated from the mean number of nucleated cells per
respective organ and the mean colony count in 10 secondary recipients.

Mean+SE of at least 6 recipients on day 13 after irradiation. Hematocrit of normal mice 50+1.



Table 6

Effect of hypoxia pretreatment,on colony formation in lethal1y irradiated hybrid mice transplanted with syngeneic
or B parent bone marrow cells.

Exp. Donor
strain

Recipi- Cell Pretreat-
ent number ment of
strain (x 105) recipient

Hematocrit(%) Mean CFU
After After Day ratio/lO6

HP or HT bleeding 9 cells

Mean colony
number/spleen

Si vi val
at 9 days

41 A BC3F1
-
-
B
B
B
B
B

BC3F1
BC3F1
BC3F1
BC3F1
BC3F1
BC3F1
BC3F1
BC3F1

0.5
0
0
4
4
1
1
1

0
0

HP+BL
0

HT+BL
HP+BL
HP+BL
HP+BL

46+3
45+2
67+1
46+1
68+1
68+2
66+1
66+1

-
_

44+1
-

50+1
44+1
45+1
43+1

31+2
32+4
32+3
39+1
39+1
39+1
41+"1
40+2

180+6
Ö
0

44+5
36+2
138+5
125+6
114+14

9+2
Ö
0

18+2
14+1
14+1
12+1
11+1

88
80
100
66
83
88
90
60

41 B

41 C

B
B
B

BC3F1
BC3F1
B
B

BC3F1
BC3F1
BC3F1

BC3F1
BC3F1
BC3F1
BC3F1

3
3
3

0.5
0.5
4
1

0
HT+BL
HP+BL

HT+BL
HP+BL
HT+BL
HP+BL

50+1
68+1
66+1

60+1
70+2
60+1
70+1

43+1
54+1
50+2
49+1

40+1
46+2
40+2

32
47
33
40

29+4
5+"l
>60

152+13
333+31
26+5

114+9

9+1
2+0.4
>26

8+1
16+1
10+2
11+1

100
100
100

100
100
100
75

Values are means+_SE of 10 animals per group. Mice were irradiated with 850R of X-rays (one day after pretreatment
procedure).

Refers to: ten days of hypoxia (HP); hypertransfusion (HT); bleeding immediately after HP or HT (BL),



Table 7

The effect of hypoxia pretreatment of the host on the growth of CFU in diffusion chambers.

Chamber
recipients

Strain of
mice/
No of
chambers

Days
of
culture

Nucleated cells x

Implanted Recovered0

Peroxi dase posi ti ve
cells x 103

Implanted Recovered0

CFUb

Implanted Recovered

no
10

Controls

Posthypoxic

C3H/5
C3H/6

NMRI/6

C3H/5

C3H/6

NMRI/6

5
6

6

5
6

6

300
300

300

300

300

300

649
807

551

573

829

730

189
189

175

189

189

175

489
581

429

395

356

518

48+3
48+3

57+4

48+3

48+3

57+4

45+10
97+ 4

27+ 2

66+ 6C

129+24d

25+ 4

a Pooled values from all chambers in the experimental group.

Mean+SE based on colony counts in 10 test animals.

c Varies significantly from controls (P 0.05).

Varies significantly from controls (P 0.01).



Groups of animals

Fig. 1.
The effect of priming irradiation (PR) and vinblastine(VBL),given to
the NMRI recipients 2, 4 or 6 days before lethal Irradiation.on the
proliferation of transplanted CFUs.
In all experiments 5 x 104 bone marrow cells, injected into lethaiiy
irradiated (1000R of 60Co) recipients, was allowed to probferate for
13 days After this period the number of CFUs in the bone marrow and
spleen was determined by retransplantation into 12 secondary recipients.
Data from 3 replicate experiments per group and time interval are
expressed as the weighted mean+ one SE of the mean.



2. SERUM COLONY STIMULATING FACTOR AND INHIBITOR

LEVELS AND REGENERATION OF GRANULOCYTE

PROGENITOR CELLS IN IRRADIATED MICE.

M. Beran

SUMMARY: The effects of hypoxia and hypoxia followed by

irradiation on bone marrow colony forrring cells in culture

(CFC ), serum levels of colony stimulating factor (CSF) and

serum inhibitors were studied. Ten days of hypoxia resulted in a

reduction in the number of CFC to 45% of control values. CSF in

sera increased after hypoxia and continued to rise, reaching a

peak on posthypoxic days 2-3. Inhibitor levels, which -were slightly

increased after hypoxia, fell to almost zero on day 2 and than

slowly returned to control values. During the post-irradiation

period CSF activity in sera from which inhibitors had been

extracted increased to a peak on day 7 and than decreased. In

irradiated posthypoxic mice the serum CSF level reached a peak on

day 2 and decreased thereafter to a very low level one week after

irradiation. In both irradiated controls and posthypoxic mice the

serum levels of inhibitors varied inversely with the CSF levels.

The repopulation of CFC in irradiated posthypoxic mice was

accelerated and experiments with hypertransfused mice indicated

that hypoxic pretreatment, but no polycythemia, was responsible
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for the accelerated regeneration of CFC .

The levels of serum CSF and inhibitors in irradiated controls and

posthypoxic mice were compared and the relation between CSF and

inhibitors as well as the significance of their levels in sera for the

regeneration as well as the significance of their levels in sera for

the regeneration of CFC is discussed.

INTRODUCTION

Exposure of mice to hypoxic treatment depresses granulopoiesis

(1, 2) but after cessation of hypoxia the rryeloid compartment

rapidly reassumes its normal size (2). Irradiation of mice withi i

three days after hypoxia results in a greatly accelerated repopula-

tion of granulocytic cells (3). This effect does not appear to be

due to an increased cell survival or to suppression of erythropoie-

sis (3, 4, 5. ) and evidence is available which indicates that this

may be due to differences in hemopoietic microenvironment or

humoral balance (6, 7).

By the use of a suitable in vitro system (8, 9) it was possible to

demonstrate the presence of factors in the serum of mice which

stimulate (10, 11) or inhibit (12) formation of granulocytic and

macrophage colonies in vitro. Similar activity of these factors in

vivo has not yet been shown but. at least for colony stimulating

factor (CSF), there is some evidence of participation in the

regulation of granulocyte and macrophage production (13, 14, 15).

The aim of the present experiments was to study the serum level

of these factors in irradiated control and hypoxia pretreated (HP)

mice. Regeneration of granulocytic progenitor cells (colony

forming cells in culture-CFC ) and the serum levels of CSF and

inhibitors were assessed in both groups of mice and an attempt

was made to correlate serum levels of both factors with the

pattern of regeneration of overall bone marrow cellularity and
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CFC .c

MATERIALS AND METHODS
Mice. 6-10-weeks-old male mice of the randomly bred albino

VNMRI strain maintained in the Institue were used. In experiments

with hypertransfused animals, C H/Ti Bom males and females

were used. To avoid variations due to housing conditions, mice

from the same batch of animals were randomized in control and

experimental groups and, with the exception of hypoxic treatment,

•were kept under identical conditions.

Hypoxic treatment. Mice were exposed to lowered pressure

(354 mm of Hg) for 10 days in a decompression chamber. At

different intervals up to four days after cessation of hypoxia

blood was collected by orbital puncture and serum was prepared

from pooled blood samples from 6 to 30 animals. Each pool •was

divided into two parts and assayed for CSF or inhibitor levels as

described below. The determination of nucleated cell counts and

CFC was performed in the same animals as were used for serum

studies.

Hyper transfusion. A polycythemic state was established by i .v .

injection of 1 ml of a 70% suspension of syngeneic red blood cells

in Hanks' solution. After one day duration of polycythemia mice

were irradiated together with appropriate controls and haema-

tocrit values were determined. The number of CFC in one femur
c

was determined 6, 7 or 10 days after irradiation.

Radiation. HP or hypertransfused (HT) mice were irradiated 1

day after hypoxia or hypertransfusion, together -with normal

controls. Animals were exposed to different doses of whole body

X-irradiation (250 kV, 15 mA, 0,5 mm Cu; 68R/min) while

moving freely in a 20 x 20 cm perspex box. Within fifteen minutes

or 1, 2, 4, 6, 8, 10 or 15 days after irradiation animals in both
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control and HP groups were bled and serum was prepared from

pooled blood. Thereafter mice •were killed and the numbers of

nucleated cells and CFC in one femur were determined.
c

Preparation of sera. Blood was collected from the orbital plexus

and allowed to clot at room temperature for 1-2 hours. Sera were

removed by centrifugation (twice at 5000 g for 10 min) and were

stored at -20 until used.

Culture technique. The semi-solid agar culture technique (8, 9)

•was used. One part double strength Dulbecco medium supplemen-

ted •with foetal calf serum (15%), horse serum (20%) and

trypticase soy broth (0. 6%) •was mixed •with one part of 0. 6% agar

to give a final concentration of 0.3% agar in the medium. All sera

were pretested to show that they supported maximal colony growth.

The agar medium mixture was used both in the assay of serum

factors and CFC numbers. In CSF and inhibitors assays the

cultures •were incubated for 7, in CFC assay for 10 days at

37 C in a:1 automatically regulated atmosphere of 95% relative

humidity and 7. 5% CO in an air. Colonies were counted on

replicate cultures at x 25 magnification and classified according

to the approximate numbers of cells in the colony as small (12-30

cells) medium (30-50 cells) or large (more than 50 cells). For

convenience, the CFC was defined as a cell which gave rise to

a colony of more than 50 cells during the 10 days of cultivation.

Assay for CFC . The femur content of CFC in individual mice

was assayed in duplicate 1 ml cultures containing different numbers
4

of nucleated bone marrow cells, ranging from 5 x 1 0 from non-

treated mice to 2 x j 0 at short intervals after irradiation. If the

numbe.r of nucleated cells was higher than 10 , cultures were

placed on top of a 1 ml cell-free underlayer of 0.5% agar medium

containing similar amount of stimulus as the cell layer. A stimulus

provided by a medium conditioned by mouse embryo fibroblasts
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and sho'wn to support maximal colony gro-wth was used

throughout at a concentration o'f 15% in agar medium. The

activity of the medium was regularly checked against a standard

stimulus consisting of 0. 05 ml of a 1:1 dilution of pooled serum

from C H mice injected with 10 fig of endotoxin (S. typhosa,

Difco) 3 h previously and extracted with ether for 16 hours. With

this standard plateau numbers of colonies were obtained. Assay

runs always included cultures of normal NMRI bone marrow,

Assay for CSF. The method was essentially that of Robinson et

al. (10) but the tested sera -were previously extracted with ether

(16) to remove most inhibitors (17). Assays were performed in

duplicate cultures with 10% concentrations of ether-extracted
4

serum in a ci-lture of 4-6 x 10 bone marrow cells. At the end of

the 7 day incubation period, colonies were counted and classified

as described under ."culture technique". The number of colonies

obtained after stimulation -with 10% serum -was used to express

the colony stimulating activity.

Assay for inhibitors. The capacity of the tested serum to inhibit

colony formation elicited by a standard pool of conditioned medium

of known stimulating activity was used for the quantitation of

serum inhibitor levels (18). Different amounts of serum -were

pipetted into empty Petri dishes to which 1 ml agar medium
4

containing 5x10 bone marrow cells and 10 or 15% of CM was

adde .. The inhibitory capacities of sera were tested at final

concentrations between 3 and 15 per cent. The level of serum

inhibitors was expressed either as the mean percentage reduction

in the colony counts found in cultures with conditioned medium

alone or as the percentage of colony numbers obtained on control

plates with conditioned medium.
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RESULTS

The effect of hypoxia on the bone marrow CFC . The results
c

presented in Fig. 1 show that ten days of hypoxia led to a fall in

colony forming ability of the bone marrow cells. Since the same

standard stimulus for assessing the numbers of CFC was used

throughout, it can be concluded that the observed decrease -was

due to a decrease in the number of CFC during hypoxia. The

depression persisted for 24 hours and •was followed by a return

to the normal level 2 days after hypoxia.

Serum level of inhibitors after hypoxia. Table 1 presents the

results of two separate experiments. Immediately after hypoxia

and during the first posthypoxic day a somewhat higher level of

inhibitors was found in all batches of sera tested, as compared to

control sera. The level of inhibitors decreased below normal level

On day 2 (in one experiment the serum inhibitory activity was only

marginal) and thereafter slowly increased, approaching

approximately normal values at the end of the six day observation

period.

Serum level of CSF after hypoxia. In ether extracted sera of

control NMRI mice a very low level of CSF was found. After 10

days of hypoxia serum CSF activity was increased and the level of

CSF continued to rise to a peak on day 2 after hypoxia. Four days

after hypoxia the serum level of CSF was still far above the levels

in normal animals (Table II).

Repopulation of bone marrow cells and CFC after 65OR of .

X-irradiation.

In HP mice an initial increase in the total cell numbers was

observed on day 4 after irradiation and normal values •were reached

after two •weeks. In control animals the cellularity decreased until

day 4 after irradiation. The first increase was noted on day 6 and

on day 15 after irradiation the cell numbers -were approximately
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25% of controls (Fig. 2a).

The po stir radiation recovery of CFC (Fig. 2b) was closely

related to the recovery of the overall marrow cellularity. The

initial decrease was followed by a lag period in both normal and

HP mice during which the number of CFC was maintained at the

postirradiation level. Between days 6 and 8 the CFC numbers

rose sharply in HP mice. In controls the firat increase was

observed after 10 days irradiation. At day 15 the number of

CFC in HP mice reached approximately 50 %, in controls 1.5%

of tbe normal level.

Repopulation of bone marrow cells and CFC in hypertransfused

mice. The number of CFC in the bone marrow of normal adult

mice is influenced by suppression of erythropoiesis subsequent

to hypertransfusion (19). Since polycythemia, which develops in

mice during the hypoxic treatment, effectively suppresses

erythropoiesis in mice after cessation of hypoxia and might per se

influence the repopulation of the CFC compartment, experiments

•were carried out to evaluate this factor in animals in •which the

polycythemic state was established by hypertransfusion. The

results summarized in Table III show somewhat accelerated

CFC repopulation in hypertransfused mice after 3 00R. However,

after larger doses the repopulation of CFC was accelerated in

HP but not in hypertransfused mice.

Serum level of inhibitors after irradiation. Experimental data

are summarized in Fig. 3. Serum pools •were assayed at

concentrations of 3. 7% and 7. 5% in the culture medium. Striking

differences in the amounts of inhibitors in the sera of 650R irra-

diated controls and HP animals were noted. In irradiated controls

the inhibitory activity was detected only at a concentration of

7.5%. It declined continuously between days 2 and 6 and could not

be detected after day 10. The addition of sera at a final
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concentration of 3. 7% slightly enhanced the colony formation at

most intervals after irradiation. Immediately after irradiation,

the inhibitor level in the sera of HP mice was higher than in

controls and fell dramatically to a negligible amount on day L.

Thereafter it rose to give almost 100% inhibition between days 4

and 6 and after day 6 it decreased again. On day 15 only slightly

higher inhibitory activity was found in the sera of HP mice

compared to controls. The initial decrease in the sera of

irradiated HP mice followed by rise during the first week after

irradiation was similar to the pattern observed in non-irradiated

mice after hypoxia (Table I).

Serum level of CSF after irradiation (Table IV). Stimulatory

activity was determined in serum pools, previously used for

assay of inhibitors, after extraction with ether. In irradiated

controls serum CSF activity remained unchanged until day 2, rose

to a maximum on day 8, declined on day 10 and rose again on day

15. In HP mice the level of CSF increased to a maximum on day 2

after irradiation, fell continuously to a very low level on day 6 and

remained low until day 15 when a small rise was observed. The

magnitude of the response was almost identical to that in non-

irradiated animals after cessation of hypoxia.

DISCUSSION

The results show that the number of CFU in the bone marrow
c

decreased to about 40% of the normal level. The decrease was

approximately of the same magnitude as that observed previously

for the number of granulocytic cells (2, 3, 4) and the colony

forming units-CFUs (3, 5). A similar effect of hypoxia on the

lymphoid cell compartment of bone marrow (2) and thymus (2, 20)

suggests a possible direct effect of hypoxia on cells. There is,

however, another possibility, that the decrease of CFUs is a

consequence of an increased red cell production. Both CFC and

erythroid cell precursors seems to share a common ancestor
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(21) and the competition between erythropoietic and granulopoietic

demands(21, 22) for this ancestor could also contribute to the

decreased differentiation into granulocytic pathway.

After irradiation, there was a lag period before the onset of

CFC repopulation. This period was shorter in HP mice than in

controls and was followed by a rapid repopulation of bone marrow

CFC compartment as compared to the irradiated controls. The

rapid increase of CFC in HP mice can not be explained by self-

- replication becouse it would require a doubling time shorter than

eight hours which is unlikely, particularly if the rapid increase in the

number of nucleated cells suggests an appreciable differentiation

of CFC into the more differentiated cells. CFC are not capable

of extensive self-replication(2 1) and it must therefore be conclu-

ded that the increase after irradiation was due to differentiation

of precursor cells into the CFC . The only known candidate are

the CFUs and it has been shown that after irradiation their compart

ment repopulates more rapidly in HP than in control mice(3,6).

Since the evidence is available that following the depletion of CFU

compartment the differentiation into descendant cells starts only

after a certain threshold compartment size is reattained(23, 24), the

earlier repopulation of CFC compartment in HP mice can be explai-

ned by the accelerated regrowth of CFUs in these animals. The expla-

nation is compatible with both the observed lag period and the rapid

increase in the CFC number in HP mice. The effect of posthypoxic

supression of erythropoiesis on CFC repopulation is not of a primary

importance as can be seen from the experiments with the hypertrans-

fused mice.

The comparison of the CFC regrowth and the serum CSF levels

in irradiated HP and control mice does not support the idea that the

increase in the serum CSF level is of importance for the regeneration

of CFC and their descendants after irradiation as indicated by results
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week after irradiation. In irradiated mice this fluctuations were

inversely related to fluctuations of CSF levels. A similar relation

between both factors was also observed in sera of chronically

irradiated mice (Beran, to be published). Recently the decrease

in the serum inhibitors was also found to parallel the increased

capacity of bone adherent cells of producing CSF in vitro (33 .

The role of serum inhibitors is still unknown. Their relation to

haemopoietic tissue is, however, supported by the finding that

their decrease after irradiation can be prevented by the grafting

of large numbers of haemopoietic cells (34). Whether they are

involved in the production of CSF is the subject of further studies.

ACKNOWLEDGEMENTS
This research was supported by grants no 71:36 from Konung
Gustav V:s Jubileumsfond and no 72:75 frorr Cancerföreningen
i Stockholm . The technical assistance of Mrs. I. Gullfeldt and
Mrs. A.Niclasson is gratefully acknowledged.

REFERENCES

1. J.M. Yoffey.R. V.Jeffreys, D. G.Osmond, M.S. Turner, C.S. Tashin
and A.R. Ni ven, Studies on hypoxia.VI. Changes in lymphocytes and
transitional cells in the marrow during the intensification of hypo-
xia and rebound. Ann. N. Y.Acad. Sci. 149, 179-192(1968).

2. M. Beran and B. Tribukait, Post-hypoxic bone marrow and spleen
composition. Scand. J.Haemat. ji, 5-15(197 1)

3. M. Beran, Hemopoietic recovery in posthypoxic mice: repopulation
of CFUs and morphologically identifiable cells in the bone marrow
and spleen. Radiat. Res. 53_:> 468-479(1973).

4. M. Beran and B. Tribukait, Quantitative aspects of post-irradiation
granulocytic recovery. The effect of the erythropoietic supression

subsequent to hypo ia and hypertransfusion. Scand. J.Haematol.

5. M. Beran and B. Tribukait, Haemopoietic aspects of the changes in
the natural radioresistance of mice after hypoxia.Acta Radiol.
(Stockholm^l_l_,225-239(1972).

6.M. Beran, Accelerated regeneration of haemopoietic stem cells after
irradiation of mice pretreated with hypoxia. Strahlentherapie 144,
719-727(1972).

7. M. Beran and B. Tribukait, Modification of the proliferative capacity
of bone marrow colony forming units by the changes in the host
environment. J, Cell. Physiol. in press .

40



8. D.H.Pluznik and L.Sachs, The cloning of normal "mast" cells in
tissue culture. J. Cell. Physiol. 66,319-324(1965).

9. T.R.Bradley and D.Metcalf, The growth of mouse bone marrow
cells in vitro. Aust. J. Exp. Biol. Med. Sci. 44,287-300(1966).

1 O.W. Robinson, D. Metcalf and T.R. Bradley, Stimulation by normal
and leukaemic mouse sera of colony formation in vitro by mouse
bone marrow cells. J. Cell. Physiol. 69, 83-92(1967).

11. D. Metcalf and R. Foster, Bone rr=>rrow colony stimulating activity
of serum from mice with viral induced leukaemia. J. Nat. Cane,
inst. 39, 1235-1245(1967).

12. E.R. Stanley, W.Robinson and G. L.Ada, Properties of the colony
stimulating factor in leukaemic and normal mouse serum .Aust. J.
Exp. Biol. Med. Sci. 4^,715-726(1968).

13. D. Metcalf, Studies on colony formation in vitro by mouse bone
marrow cells. II. Action of colony stimulating factor. J. Cell. Physiol.
76,89-97(1970).

14. T.R.Bradley, D.Metcalf, M.Sumner and E. R.Stanley, Characteris-
tic of in vitro colony formation by cells from hemopoietic tissues.
ImHemic cells in vitro(P. Fames ed.)4, 22-35(1969).

15. D.Metcalf and E. R. Stanley, Haematological effect in mice of parti-
ally purified colony stimulating factor(CSF) prepared from human
urine. Brit. J. Haemat. 21,485-496(1971).

16. L. Gross, Influence of ether, in vitro, on pathogenic properties of
mouse leukaemia extracts. Acta Haematol. 15, 275-279(1956).

17. S. H. Chan, D. Metcalf and E.R.Stanley, Stimulation and inhibition
by normal human serum of colony formation in vitro by bone marrow
cells. Brit. J. Haemat. 20, 329-341 (1971).

18. S.H.Chan and D. Metcalf, Inhibition of bone marrow colony formati-
on by normal and leukaemic human serum. Nature 227,845-847(1970).

19. T.R. Bradley, W. Robinson and D. Metcalf, Colony production in vit-
ro by normal,polycythaemic and anaemic bone marrow.Nature 213,
511-512(1967).

20. B. Tribukait, Uber die Änderungen der Naturlichen Strahlenresistenz
der Maus nach mehrtägigem Aufenthalt in Hypoxie. Organgewichte Nor-
males and Strahlenresistenter Tiere nach Bestrahlung.Strahlenthe-

rapie, 140,540-552(1970).
21. D. Metcalf and M. A. S. Moore, Haemopoietic cells. North Holland

Publ. Comp. , Amsterdam, 1971.
22. B.Kubanek.O.Bo k, W. Heit, E. Bock and E. B.Harris, Size and Pro-

liferation of stem cell compartment in mice after depression of ery-
thropoiesis. In: Haemopoietic stem cells, Ciba Found.Symp. 13 , 243-
255(1972).

23. P. A. Chervenick, and D.R. Boggs, Patterns of proliferation and diffe-
rentiation of hematopoietic cells after compartment depletion. Blood
37,568-580(1971).

24. S. S. Boggs, P. A. Chervenick and D.R. Boggs, The effect of postirra-
diation bleeding and endotoxin on proliferation and differentiation of
hematopoietic stem cells. Blood 40, 375-389(1972).

25.K.A.Rickard , A . Morley, D.Howard and F. Stohlman, Jr. , The in
vitro colony-forming cell and the response to neutropenia. Blood
37,6-13(1971).

26.A. Morley, K.A.Rickard, D.Howard and F. Stohlman, Jr . , Studies on

41



the regulation of granulopoiesis. IV. Possible humoral regulation.
Blood 37, 14-22(1971).

27.S. H.Chan and D. Metcalf, Local production of cdony- stimulating
factor within the bone naarrow:role of nonhematopoietic cells.
Blood 40̂  646-653(1972).

28.B.M.Hall, The effect of •whole body irradiation on serum colony
stimulating factor and in vitro colony-forming cells in the bone mar-
row. Brit. J. Haematol. IT, 553-561(1969).

29. A. Morley, P. Quesenberry, P. Balmear, F. Stohlman, Jr . , andR. Wil-
son, Serurr colony stimulating factor levels in irradiated germfree
and conventional CFW mice. Proc. Soc . Exp. Biol. Med. 140,478-
480(1972).

30. D. Metcalf, Acute antigen-induced elevation of serum colony stimu-
lating factor(CSF) levels.Immunology 21,427-436(1971)

3 1. R. Foster, D. Metcalf and R. Kirchmeyer, Induction of bone rrarrow
colony stimulating activity by a filtrable agent in leukaemic and
normal mouse serum. J. Exp. Med. 127, 853-860(1968).

32. D. Metcalf, R. Foster and M. Pollard, Colony stimulating activity
of serum from germfree normal and leukaemic mice. J. Cell. Physi-
ology _70, 131-139(1967).

33. S.H.Chan and D. Metcalf, Local and systemic control of granulocytic
and macrophage progenitor cell regeneration after irradiation. Cell
and Tissue Kinet. jS, 185-191(1973).

34. M. Beran, Serum inhibitors of in vitro colony formation:relation to
hemopoietic tissue in vivo. Exp. Hematol. , in press.

42



D 1 2
OAYS AFTER HYPOXIA

Fig. 1 Total number of nucleated cells and CFC in femur of
c

control (c) and posthypoxic NMRI mice (upper) and the relative

concentration of CFC in bone marrow of identical mice (lower).

MeaniS.E. of six animals per point. Shaded area represents

2 S.E. of the mean
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Fig. 3. The effect of different concentrations of sera from

irradiated control and HP mice on in vitro colony formation

stimulated by 0. 1 ml conditioned medium. At each interval

serum pooled from 8 to 10 mice was tested at two dose levels.

The number of colonies stimulated in the presence of tested sera

is expressed as a percentage of the number of v-olonies in plates

containing stimulus alone (horizontal line = 100%) C-sera from

normal mice.
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Table I.

Inhibitory activity of sera from control and hypoxia pretreated NMRI mice at various

time intervals after cessation of hypoxia.

Source of

pools

Controls

HP mice

Time after
hypoxi a

serum

2 hr

4 hr
6 hr
24 hr
29 hr

2 days
3 days
4 days
6 days

Exp.l.
medium

100
100

100
100

100
100

100

69
72
87

% inhibition9 of colony formation

Mouse embryo conditioned

Sera tested at final concentration

10% 3%

, 100 45
, 91

,99 61, 62

, 100 55, 62
59

-
33

-
43
52
30

stimulated by

Exp. II. Mouse
endotoxin sera

in medium

8%

90, 60
63

100, 100

-
-

100, 97
-

0, 11
-

6?, 72
—

Each number represents inhibitory activity of sera pooled from 10 to 30 mice (Exp.l)
or 6 mice (Exp.II).
On day 7 of culture, colonies containing more than 50 cells were counted and the
inhibition refers to the decrease in the number of colonies.



Table II
Fluctuations in CSF activity in sera from HP NMRI mice at various time
intervals after cessation of hypoxia.

Source of serum
pools

Normal
mice

HP mice

Days after

hypoxia

-

1/12

1

1

2

2

4

4

Colonies stimulated by

Si2e distr ibution

12-30

70

35

54

118

145

99

88

49

67

0.1 ml of

of colonies

30-50

6
1

27

43

20

27

27

15

13

ether extracted seraa

(cells/colony)

=•50

4

0

25

82

33

132

83

35

70

a Results are expressed as the number of colonies formed in the presence of
0.1 ml sera (pools from 6 mice).



T a b l e I I I

RepopuUtion of CFC in the fw*ur of irradiated mice as influenced by polycythemia subsequent to hypoxia or

hypertransfusion. Mean+S.E. of 6 mice per group.

Lxp. no Croup

Normal

Normal

of mice

control

cortrol

s t r a i n dosea(R!

C3H(o*)

)n Days after
) radiation

-

-

^ematocrit

at at
irradiation sacrifice

46.2*1.5

50.5*2.0

Total
cells

18.44

15.32

X

• 0 .

• 0 .

Bene

106

36

33

marrow (Feniur)a

CFCC/1O6

cells

2100*340

1650+60

Total
CFCC

37740*

25383*

9926

1572

Control IIMR!(b") 780

Hypertransfi>sed " " 780

6
10

6
10

46.5+1.1

65.4*1.2

43.0*1.9
23.5+4.1

54.7+2.0
35.7*1.2

0.67*0.U 2.2*1.2 1.1*0.5
0.59+0.08 31.É+8.8 29.6*15.9

0.52+0.07
1.40*0.09

2.8+1.6 1.0*0.4
2.2*"0.3 1.6*0.3

Control

Posthypoxic

NMRI(<f) 650

650

6
10

6
10

46.2*1.5

67.5*0.9

1.37+0.29
4.7510.55

10.8*3.3
4.2*3.8

2.21*0.33 21.2+7.7
15.28*"1.11 208.0*72.0

17.0*7.7
24.6T2.2

»j.5*16.9
3318.0*9295.0

III Control C3h(d
1) 300 7 49.5*0.3 47.0*0.5 12.88+0.56 20fl*34 2581+403

Kypertransfuseo" " " 300 7 67.7+1.4 57.0+1.0 10.83+1.51 330+70 3623^1'CJ

IV Control C3K(o) 300 10 51.0+0.4 49.0*0.5 13.96+0.93 310+40 4250*494

Hypertransfused " " 300 10 68.4+0.6 54.0*1.9 14.43+0.67 C7O*6O 6810*896

Colonies containing more than 50 cells.
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Table IV
Colony stimulating activity in ether extracted sera from normal and HP NMRI
mice during recovery from exposure to 65OR of X-rays.

Source of
serum pool

Normal NMRI d* 0
2

Days after 650R 4
6
8
10
15

HP NMRI o* 0
2
4
6
8
10
15

Colonies stimulated

Size distribution

12-30

88
152
144
183
127
103
103

40
140
105
80
103
68
89

by 0.1 ml ether

of colonies (eel

30-50

10
11
20
35
47
19
29

3
30
18
9
15
9
20

extracted seraa

Is/colony)

^=•50

12
12
54
97
120
22
92

.
70
25
3
15
6
25

Results are expressed as a mean number of colonies formed in the presence
ä

of 0.1 ml sera (pools from 8-10 mice)in the 7 days old cultures of 4 x 10
bone marrow cells.



3. THE RESPONSE OF SERUM REGULATORS OF IN VITRO COLONY FORMATION
TO THE LONG-LASTING PERTURBATION OF HEMATOPOIESIS

Miloslav Beran

SUMMARY: Using soft agar cultures of bone marrow cells, the serum

level of colony stimulating factor (CSF) and inhibitors and their

relation to the hematopoietic status was studied in two strains of

mice irradiated daily with a single dose of 1OOR of Co gamma rays

or 78R of X-rays. The bone marrow responded to the repeated

irradiation by a continuous depletion of proliferative granuiocytic

cells and mature neutrophils. The depletion of granulocyte proge-

nitor cells, marrow granuiocytic cells, mature granulocytes and

peripheral leucocytes was biphasic, the rapid decrease during the

first week being followed by very slow decrease thereafter. Despite

this rapid cell decrease during the first 7-10 days, the serum CSF

activity and the serum level of inhibitors stayed on the preirradia-

tion level during the first 2 weeks of irradiation; the sharp

increase in the serum CSF activity thereafter was shown to be a net

increase and was parallelled by the decrease in the serum level of

inhibitors. The high level of CSF activity in the sera was maintained

until the death of the animals. Whereas in C3H mice the inhibitors

were virtually absent from the CSF rich sera after day 16 of irradia-

tion, in sera of NMRI mice some inhibitory activity was present during

the whole experimental period of 30 days. It is concluded that the

serum level of CSF is not directly regulated by size of the granulo-

cyte precursors or mature neutrophils and the possible functional

relationship between the serum inhibitors and CSF activity is dis-

cussed.

INTRODUCTION

Humoral factors capable of mediating proliferative stimuli via
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body fluids are a requirement for a continuous and to the demand

rapidly adaptable production of mature granulocytes by stem- and

progenitor cells widely spread throughout the organism. It was not

until recently the first information about humoral factors possibly
12 3 4involved in the regulation of granulopoiesis has been obtained ' ' ' .

With the use of semi-solid cultures of bone narrow ' the existence

in sera of factors which stimulate - colony stimulating factor

(CSF) ' or inhibit ' ' the formation of granuiocytic and macro-
/ - r i p

phage colonies, each growing from a single progenitor cell ' ' ,
has been documented. The available evidence indicates that CSF,

13 14which is a glycoprotein; ' could be involved in the granulocyte

and monocyte production control in vivo ' ' ; information about
the nature and role of inhibitors is still lacking.

In some experimental situations the increase in the CSF activity in
18 19 20

the sera was related to a neutropenia ' ' but this relationship

was not confirmed in others . It is still uncertain to which

degree the depletion of mature neutrophils, proliferating granuiocytic

precursors, tissue damage, endogenous bacteriemia and endotoxemia

or other mechanisms, such as the decrease in the level of serum

inhibitors, are involved in the increased production and/or release

of CSF. It was therefore present experiments were undertaken with

the aim of investigating the relation of serum levels of CSF and

inhibitors to the haemopoietic status under conditions of long-

lasting depletion of hematopoietic cells in mice, the hematopoietic

system being perturbed by chronic irradiation.

MATERIALS AND METHODS

Two strains of 3-months-old male nice were used: C3H/TifBom and

conventionally bred albino NMRI. To avoid variations due to

housing conditions and latent infections, the mice were housed in

the same room and conditions were identical in all experiments.

The irradiation was performed with either a Co unit (distance

from the focus was 90 cm, the dose rate was 100R/inin) or with a

X-ray machine (250 kV, 15 mA, HVL of 0.5 mm Cu; the dose rate was

68R/min).

In each of two experimental s ries one group of C3H and one group
of NMRI mice were simultaneously subjected to a radiation regime
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of 100R of Co or of 78R of X-rays given daily as a single dose.

After accumulation of different doses of radiation and 24 h after

the last dose, groups of 8-10 mice of each strain were bled, the

prepared whole or ether extracted sera tested for CSF and inhibitor

levels. Blood and bone marrow samples were simultaneously taken

for cytology.

In C3H mice the total number of nucleated cells was determined in

one femur. On bone marrow smears the percentage of peroxidase
22positive (PE) granulocytic cells was determined and their number

per one femur was calculated. Hematocrit and leucocyte counts

were determined by conventional methods.

In NMRI mice bone marrow samples from 6 animals were pooled, mean

number of nucleated cells was determined and differential counts

were carried out on Mav-^rlinwald-Giemsa stained smears.

In a separate experiment C3H female mice received daily a single

dose of 68R of X-ravs. After accumulation of different doses and

24 h after last dose groups of 6 mice were killed and their femurs

assayed for the number of CFC .

Simultaneously, groups of NMRI and C3H mice were irradiated with a

single dose of 650R or 800R respectively. At different intervals

thereafter sera were prepared from the pooled blood of 8-10 mice,

extracted with ether and assayed for CSF activity.

Preparation of sera. Because of only a small amount of blood which

can be collected from mice irradiated over a long period of t.me, it

has been proved necessary to pool the blood samples for obtaining

a sufficient amount of sera. For the purpose of comparison blood

was pooled also in all other mice, Mice were bled by retroorbitel

puncture. Blood samples from 8-10 mice were pooled, the prepared

serum was divided in two parts; one steril filtered by passing

through 0.22 JJ Mi 11 i pore filters, the second was extracted with

ether to remove inhibitors befoi

were stored at -20°C until used.
ether to remove inhibitors before steriIfiItration. The sera

Conditioned medium was prepared from mouse embryo fibroblast cultu-

res^. CSF activity of the batch used in the present study was

tested against a CSF standard (0.025 ml serum from mice injected

with 10 pg of lipopolysaccharide from S.typhosa 3 h previously)
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and was found to stimulate 60% of plateau number of colonies when

used at concentration of 10% in medium.

Bone marrow culture technique. The single layer soft agar culture

technique"^ has been used with minor modifications . The medium

consisted of 0.3% Bacto agar in Dulbecco medium supplemented with

10% horse serum, 7.5% fetal calf serum and 0.6% trypticase soy broth.

The cells were added and one ml of the medium and cell mixture was

pipetted together with samples of sera or media to be assayed into

35 mm plastic Petri dishes (Falcon Co). Three plates were set

up for each assay. On day 7 or 10 of incubation (37 C, 7.5% v,0«

in air, 90% rel.humidity) colonies of more than 50 cells were

counted. Alternatively, colonies were grouped according to their

size in three categories: small (12-30 cells), medium (30-50) and

large (more than 50 cells) and the results were calculated inclu-

ding colonies of different size.

Assay for inhibitors ' '. 0.05 or 0.1 ml of whole sera were

mixed with 1 ml agar medium containing conditioned medium as a

standard stimulus (10% of final concentration) and 50 000 bone

marrow cells. The level of inhibitors was expressed as a mean

percentage reduction of colony counts in the presence of sera as

compared to counts in cultures containing stimulus alone or as a

percentage of colony counts in plates containing a standard

stimulus alone.

Assay for CSF activity. Samples of untreated or ether extracted

sera were placed into Petri dishes to get final concentration of

4% and 11% after mixing with 1 ml agar medium containing 50 000

bone marrow cells. The CSF activity was expressed as the number

of colonies obtained after stimulation with the respective dose

of sera or as a percentage of the colony numbers in plates con-

taining a standard stimulus.

Assay for CFC . The number of cells in the bone marrow, producing

colonies of more than 50 cells within 10 days of cultivation was

assayed in the standard culture containing different number of

cells and a stimulus consisting of 0.025 ml endotoxin sera. The

stimulus was sufficient to gain plateau number of colonies (2-3

colonies per 10 bone marrow cells from normal 3-month-old C3H

mice) in the used culture system.
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RESULTS

Bone marrow and blood response of C3H mice to chronic irradiation

(100R ^Co/day). Figure 1 shows a rapid depletion of nucleated

bone marrow cells until day 8 which is followed by a plateau with

minor fluctuations. The number of PE cells continued to decrease

down to the zero level on day 20 when mice accumulated 2000R and

first death occured. Apparently, the plateau in the number of

nucleated cells was maintained due to proliferation of other than

granulocytic, PE positive cells. After day 8 the number of

leucocytes was below 400/cmm and approached zero on day 20. The

neutrophils never exceed 50 percent of blood leucocytes.

CFC numbers in chronically irradiated mice. With the regime of
• C •— ' " " '

78R/day the marrow CFC response was biphasic. The sharp fall

during the first eleven days was followed by plateau between day

11 and 15 (Fig, 2). On day 20 CFCc could not be detected in the

bone marrow although all cells from one femur were cultivated per

one Petri dish.

Serum CSF activity. Like sera from normal controls, whole sera

from chronically irradiated C3H mice (100R of Co/day) collected

during the first 12 days of irradiation, failed to stimulate

colony formation (Fig. 3). A sharp rise in the serum CSF activity

appeared on day 16 and CSF activity of the whole sera stayed at

high level up to the death of animals. In the next step the level

of CSF in identical pools of sera was assayed after remowal of

inhibitors by ether extraction. The results show (Fig. 4) that

the CSF activity was not elevated during first 8 days of irradia-

tion. Repeated experiments with mice irradiated with X-rays give

similar results (Fig. 5). The drastic decrease in the number of

granulocytic cells in the bone marrow and a profound and long-

lasting neutropenia apparently did not influence the absolute

serum level of CSF.

Whole sera of NMRI mice, maintained under identical radiation

regime, were stimulatory only on days 3 and 14 of irradiation

(Table 1). The ether extraction of sera showed, however, that as

with the serum of C3H mice the serum CSF activity increased but

this increase was partially masked by inhibitors (Fig. 5).
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Serum level of inhibitors. The variation in the inhibitory activi-

ty of sera from chronically irradiated C3H mice is shown in Figs. 4

and 5. The degree of calculated inhibition was only slightly in-

fluenced by the size of colonies counted in the test system (Table 1,

Figs. 3,5). The inhibitor levels decreased as the serum CSF activi-

ty increased and their disappearance from the sera after approxima-

tely two waeks of irradiation was accompanied by a sustained high

level of CSF (Figs. 4,5).

Like the results with C3H mice, inhibitors in the sera of NMRI mice

decreased during the first two weeks of irradiation but never

completely disappeared. The cytological analyse of bone marrow of

these mice (Table 2) revealed a continuous depletion of lymphocytes

and non-proliferative granulocvtic cells. The size of the prolife-

rative granulocvtic compartment decreased rapidly during the first

week of irradiation but a slight increase was observed after this

time. The erythroid precursors decreased to almost zero numbers

on day 7 of irradiation, thereafter their numbers increased

substantially and remained relatively high for the rest of the

observation period.

Serum level of CSF in sera of single dose irradiated mice. Assays on

serum CSF activity in the ether extracted sera of C3H and NMRI mice

irradiated with a single dose of 800R and 650R respectively showed

a netto increase in serum CSF activity in both strains with the

peak level between days 6 and 8 after irradiation (Fig. 6).

DISCUSSION

The chronic irradiation of mice with 100R of Co or 78R of X-rays

daily resulted in a progressive depletion of bone marrow granulocytic

precursors and a profound leukopenia within one week of irradiation

in both strains of nice used. In C3H mice the depletion of the

myeloid compartment to approximately 10% and the fall of CFC far

below 0.01% of control values on day 8 were not able to significant-

ly influence the serum CSF activity which remained on preirradiation

level. Similar results were obtained with NMRI mice although here

a slight and temporary rise was noted on day 5. We interpret these

results as evidence that the serum level of CSF is not directly

influenced by the long-lasting neutropenia or depletion of granulo-

cyte progenitors and more mature granulocyte precursors in the bone

marrow. Consequently it appears that the production of CSF as
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judged from its level in the sera is not directly regulated by the

size of the granulocyte precursor or mature end-cell compartments.

This i5 in agreement with the finding that neutropenic animals do
or oc pc

respond to administration of endotoxin ' or bacterial antigen

by a rise in the serum CSF level which is comparable to the

response in normal mice.

In irradiated mice the increase in the CSF in the sera is observed
•JO 1 1

about one week after irradiation ' and the present data confirms
21the previous observations that this is a net increase and not

merely and "unmasking" effect due to disappearance of inhibitors.

This characteristic increase in the serum CSF activity in irradia-
27ted mice has not been observed in germ-free animals and bacteriemia

or endotoxemia were suggested as being the important factor in
28eliciting the serum CSF response. In preliminary experiments the

blood and spleen of chronically irradiated mice were found sterile

at the time of maximal increase in the serum CSF activity but the
29endogenous endotoxemia could not be excluded as responsible for

the observed CSF response.

The serum inhibitors fluctuate characteristically during chronic

irradiation. They gradually disappeared from the sera, the first

decrease being noted after approximately ten days of irradiation

and their decrease was characteristically followed by an increase

in the serum level of CSF. A similar decrease was observed in
21 30

mice irradiated sublethallv by a single dose of irradiation '
and after higher doses their decrease was parallelled by an

21increase in the serum CSF activity . In the sera of C3H mice the
inhibitors began to decrease with a delay of approximately 2-4 days

after the first precipitous decrease of granulocytic cells of the

blood and bone marrow. A similar delay appears to exist between

the decrease in the marrow cellularity and the decrease in the
21 30level of serum inhibitors after single dose irradiation . Others ,

however, reported a dose related decrease a short time after irra-

diation. Somewhat different results were obtained with NMRI mice

in which the serum inhibitory activity persisted for a longer time

during the chronic irradiation. It is possible that the slower

depopulation of bone marrow and the considerable hematopoietic

activity in the spleen of chronically irradiated NMRI but not C3H
28mice could explain this discrepancy.
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Although the degree of specificity of action of serum inhibitors

on the in vitro colony growth is yet to be established, the

presented results indicate some functional relationship between

hematopoietic cells, serum inhibitors and serum CSF. Recently

it was suggested that the inhibitors could participate in the

regulation of CSF production in vivo, possibly by affecting the

CSF production on the local level . The evidence that the serum

level of inhibitors in irradiated mice is dependent on the size
28of the bone marrow graft and the presence of hematopoietic tissue

indicates that the inhibitors are related to some class of

hematopoietic cells and gives some support to the idea that they

could represent a feed-back mediator by which the granulocytic

cells influence the basal production of CSF. The finding that

the decrease of the hematopoietic cells to extremely low numbers

is a prerequisite for a complete disappearance of inhibitors

from the sera leaves much uncertainty about the mode of action

of this mechanism in vivo and this remains a matter for specula-

tions . However, at least in vitro, the production of CSF by

bone associated cells decreases in the presence of inhibitors

containing sera and this decreased CSF production seems to be

related to the amount of ether extractable inhibitory factors in

these sera.
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Table 1. CSF and inhibitors activity in whole sera of chronically (100R/day) irradiated NMRI mice.

Concentration of tested sera
in culture medium

Size of colonies used for
ca1culations(cell/colony)b 12

% inhib i t ion of

5.5%

30 50

colony formation

11%

12 30 50

CSF

5.!

12

activi

5%

50

ty-whole sera

1 1 *

12 50

Normal mice

Chronically irradiated mice

(100R 60co/day)

Days of irradiation

50 46 45 100 100 100 0 0

3
7

10
14
17
23
30

0
46
12
18

7
48
14

CVJ

40
10
15

7
52
16

3
47

3
6
0

46
0

24
58
51
25
28
86
71

20
70
55
38
18
89
78

16
71
54
37
12
89
76

15
10

5
30

8
0
0

0
0
0
3
0
0
0

10
0
2

37
12

0
0

0
0
0
7
2
0
0

Values represent assays on sera pooled from 8-10 animals.

Different columns shows per cent of inhibition when colonies containing more than 12, 30 or 50 cells per
colony were counted in cultures.

4% of sera used instead of 5.5%.

Number of colonies stimulated by respective concentration of sera in a culture of 50 x 10 bone marrow cells.



Table 2. Mean values of various morphologic compartments of femoral marrow of NMRI mice irradiated daily with

100R (60r,o). cell counts and di f ferent ia ls were made on marrow pooled from 6 mice at each interval .

Total ce l lu lar i ty

Nyeloblasts and
promyelocytes

Myelocytes

Metamyelocytes and
segments

Erythroid precursors

Lymphocytes

Control

%

2.3

4.5

37.8

17.0

35.6

xlO5

204.4

4.6

9.4

77.4

34.8

72.8

3

%

2.1

8.5

69.0

20.5

5.3

xlO5

137.4

2.9

11.7

95.1

28.2

73.9

7

%

0.6

0.4

44.4

0.2

40.1

Days

xlO5

67.2

O.4

0.2

30.0

0.1

27.1

of i rradiat ion

11

%

0.2

4.0

38.4

44.5

5.3

xlO5

93.7

0.2

3.7

36.0

41.7

5.2

%

1.3

4.6

13.9

57.6

7.0

14

105

32.5

0.6

1.5

4.5

18.7

2.3

17

%

3.2

4.0

12.7

72.9

3.4

xlO5

28.0

0.9

1.1

3.5

20.4

0.9
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4.SERUM INHIBITORS OF IN VITRO COLONY FORMATION: RELATION TO

HEMOPOIETIC TISSUE IN VIVO.

Mi los lav Beran

INTRODUCTION

The formation of granulocyte and macrophage colonies in

vitro (Pluznik & Sachs 1965, Bradley & Metcalf 1966) is blocked by-

inhibitors found in the lipoprotein fraction of the sera (Stanley

et al., 1968, Chan & Metcalf 1970, Chan 1971). The biological

significance and the site of origin of these inhibitors are at

present unknown. The characteristic fluctuations of their serum

levels in various disorders of hemopoiesis (Chan & Metcalf 1970,

Chan 1971, Metcalf et al., 1971) and in single dose or chronically

irradiated mice (Beran 1973a, b) suggest their relation to the

hemopoietic system but do not permit speculation as to their site

of origin. Inhibitors gradually disappear from the serum of mice

following irradiation (Beran 1973a, b, Chan & Metcalf 1973). This

suggest that the system responsible for the maintenance of the

serum level of inhibitors is radiosensitive, however, the complexity

of radiation damage does not permit its identification.

Like CSF (Sheridan & Stanely 1971), inhibitors might be produced

by various tissues and the experiments reported here were designed'

to evaluate the role of hemopoietic cells in the fluctuation of

inhibitor levels following irradiation. The results show that the

fall of inhibitors following irradiation can be prevented by the

transplantation of viable bone marrow cells or by the shielding of

a part of the hemopoietic tissue.
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MATERIALS AND METHODS

Male adult C3H/TifBom and albino NMRI mice were irradiated using

an X-ray machine (250 kV, 15mA, HVL of 0.5 mm Cu, dose rate

68R/min). The dose varied between 650R and 800R in different

experiments. Basal fluctuations in the serum levels of inhibitors

during the postirradiation period were determined in sera prepared

from the pooled blood of groups of 6-8 animals irradiated by 650R

at different times previously. Other groups of mice were irradiated

with either 750 or 800R + within 2 hrs were injected i.v. with

different numbers of synceneic marrow cells - the efficiency of the

transplantation being checked by the determination of the number of

CFC or nucleated cells in the femur. Groups were also injected

i.v. with marrow cells killed by heating thp suspension to 60 C for

1 hr and with saline. A groups was irradia;ed with 800R a hind

limb being shielded by 0.5 mm of lead. Between post irradiation

days 2 and 8, sera were prepared wither from pooled blood or from

the blood of individual animals and assayed for inhibitor levels.

The capacity of the sera to inhibit colony formation elicited by

a standard stimulus (0,1 ml of Weymouth medium conditioned by mouse

embryo fibroblasts, or 0.05 ml of pooled, ether extracted serum

from C3H mice injected 3 hrs earlier with 10 ug lipopolysacharide

from S.typhcsa) was tested. The stimulus was placed in replicate,
n

empty 35 mm plastic culture dishes (Sterilin , Richmond, Surrey)

and mixed with different doses of test sera the final concentration

of which varied in culture between 4.5 and 9.0%. In control

cultures, the test serum was replaced by an equal volume of Hank's

solution. Bone marrow cells (40.000 to 70.000 per dish) were added

in 1 ml of 0.3 per cent agar Dulbecco medium supplemented with 10%

horse serum, 5% foetal calf serum and 0.6% trypticase soy borth.

All culture components were pretested to show they supported

maximal colony growth. Each assay run included reference cultures

containing an internal standard stimulus from a large pool of ether

extracted serum from endotoxin treated C3H mice. This serum pool

was also used in experiments in which the number of CFC was

determined. After incubation of the cultures for 5 or 7 days at

37 C in an automatically regulated, fully humified atmosphere of

7.5% COp in air, the colonies were counted and depending on their

total number of cells, divided into 3 groups: 12-30 cells, 30-50

cells and more than 50 cells. Inhibitor levels were expressed as
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the percentage reduction of the colony count in the presence of

the test serum as compared to colony counts in cultures containing

a standard stimulus alone. The importance of the size of the

colonies for the obtained degree of inhibition was evaluated by

inclusion of colonies of different size in calculations.

RESULTS

Using this in vitro system an appreciable amount of inhibitors was

found in the sera of normal NMRI mice. After irradiation the in-

hibitors gradually disappeared from the sera; values near zero were

reached after about one week (Fig. 1).

The injection of syngeneic bone marrow cells immediately after

irradiation significantly influenced the postirradiation behaviour

of serum inhibitors. In the grafted N.MRI mice receiving 13 x 10

bone marrow cells the haemopoietic recovery was significantly

improved. The fall in the level of serum inhibitors, invariably

found in irradiated controls, was prevented and their concentration

was maintained at the preirradiation level throughout the observa-

tion period (Table 1). This was confirmed by experiments with C3H

mice (Table 2). Furthermore, a decrease in the serum levels did

not occur in NMRI mice with a partially shielded haemopoietic

tissue (Table 3). When irradiated C3H mice were injected with

different numbers of bone marrow cells (between 0.5 and 20 x 10 )

and their sera were assayed for inhibitors 8 days later, a positive

correlation was found between the size of the bone marrow graft and

the level of inhibitors. Heat killed cells failed to prevent the

disappearance of inhibitors from sera of irradiated mice (Table 4).

Studies on the influence of the size of scored colonies on the

calculated inhibitory activity of sera showed that inhibition was

slightly higher when only colonies of larger size were included

(Table 1, 3, 4). Similarly, the results were only to a minor degree

influenced by the age of test cultures (Table 1). In cultures con-

taining standard stimulus as well as in cultures to which sera from

mice irradiated one week previously were added, colonies of granulo-

cytes, macrophages or both were found without degenerated cells.

In contrast, in the presence of sera from either normal mice, mice

at earlier intervals after irradiation and from irradiated grafted

animals, almost all colonies were composed of macrophages. At

higher concentrations of sera, small clusters of degenerating cells
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were usually found in both 5 and 7 days old cultures.

DISCUSSION

The results reported here show that the decrease in the level of

serum inhibitors in irradiated mice is prevented by the transplan-

tation of sufficient numbers of viable syngeneic bone marrow cells

and that the serum level of inhibitors one week after irradiation

appears to be a function of the number of transplanted cells. The

sparing during irradiation of a part of haemopoietic tissue by

lead shielding also prevents the fall in serum inhibitors. This

implies that cells of bone marrow origin either directly or indi-

rectly contribute to the maintenance of the level of serum inhibi-

tors in vivo and is against the possibility that the inhibition

of colony formation is an in vitro artefact.

The characterization of the class of haemopoietic cells involved

in the production of inhibitors in vivo must await further studies.

Mature granulocytes have been repeatedly reported to exert an

inhibitory effect on colony formation in vitro (Paran et al.,1969,

Hashill et al., 1969, Chervenick & Lo Buglio 1972). Yet, the

nature of this inhibition as well as its relation to the granulo-

cytic chalone, a substance inhibiting DNA synthesis in proliferating

myeloid cells and produced by mature granulocytes (Rytömaa &

Kiviniemi 1968, Rytönaa 1973) remains to be clarified. According

to present knowledge the inhibitors of colony formation appear to

be, or are associated with, large molecules and have some characte-

ristics of the lipoproteins (Stanley et al., 1968, Chan 1971),

whereas the granulocytic chalone is apparently a polypeptide of low

molecular weight (Paukcvits 1973).

The present data are of interest with respect to the relationship

between inhibitors and CSF and the role of both substances in the

regulation of the leucocyte production. The CSF level in the sera

varies inversely with the level of inhibitors after acute (Beran

1973a) as well as during chronic irradiation (Beran 1973b). The

increase in the serum level of CSF found in irradiated mice becomes

significantly smaller when the mice are injected with bone marrow

cells after irradiation (Beran unpublished). Again, as shown in

the present experiments, sera of such irradiated, bone marrow

transplanted mice contain high levels of inhibitors. This findings

are against the possibility that the inhibition in vitro is merely
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an artefact and lend experimental support to the notion that the

formation of granulocytes and macrophages might be, at least to

some degree, regulated via the production of inhibitors, possibly

by mature end cells. The inhibitors may in turn modulate the

production of CSF and/or its action upon the progenitor cells. The

observation that the in vitro production of CSF is influenced by

the inhibitors containing sera (Beran unpublished) lends further

support to this interpretation.
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Fig. 1. The level of inhibitors in the sera of NMRI mice
irradiated with 650R of X-rays. The sera were tested at
2 dose levels ( m m 9%, m • 7.5% in culture
medium).
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T a b l e 1 .

I n f l u e n c e o f b o n e m a r r o w g r a f t i n g o n t h e l e v e l o f i n h i b i t o r s i n t h e s e r a o f i r r a d i a t e d ( 8 0 0 R o f X - r a y s ) m a l e N M R I m i c e
a t d i f f e r e n t t i m e s a f t e r i r r a d i a t i o n . T h e i n f l u e n c e o f t h e a g e o f t e s t c u l t u r e s a n d s c o r i n g o f c o l o n i e s o f d i f f e r e n t
s i z e o n t h e r e s u l t s i s a l s o s h o w n . T h e v a l u e s a r e m e a n s + s t a n d a r d e r r o r s o f i n d i v i d u a l s e r a f r o m 6 - 1 0 m i c e .

S o u r c e o f t e s t e d
s e r a

N u m b e r o f b o i e
m a r r o w c e l l s
grafted x 106 irradiation

Number of Age of
nucleated cells culture
in femur x 10^ (days)

% inhibition of formation of colonies
of different size (cells/colony) by
0.1 ml whole sera
:>12 >30 >50

Normal controls 18.44+0.36 66+ 3
48+ 8

81+ 3
56+ 9

88+ 2
59+ 9

Irradiated controls

Irradiated, grafted 13

0 . 1 7 + 0

0 . 4 1 + 0

1 . 1 4 + 0

7 . 9 0 + 1

.04

.08

.06

.60

5
7

5
7

5
7

5
7

7 7 + 9
8 0 + 1 0

8 1 + 1 4
8 5 + 1 4

0
0

6 8 + 1 4
8 0 + 1 1

8 6 + 6
8 3 + _ 1 0

8 0 + 1 8
8 5 + 1 4

0
0

7 0 + 1 6
8 3 + 1 1

9 3 + 4
8 5 + 1 0

8 3 + 1 6
8 5 + 1 4

0
0

7 4 + 1 4
8 3 + 1 0

Irradiated controls

Irradiated, grafted 13

Irradiated, grafted 13 12x) 5.80+1.30 76+14
83+ 9

80+J3
36+10

82+14
87+10

x) Al l irradiated controls died between days 8 and 11 after i r radiat ion



Table 2.

The effect of injection of 15 x 10 bone marrow cells on the number of in vitro colony forming cells (CFC ) and the
level of inhibitors in the sera of male C3H mice after irradiation with 800R of X-rays. Colonies of 50 ce"lls and
more scored.

a) Mean+SE of 6 animals.

b) Each number represents inhibitory activity of sera pooled from 3 mice.

Source of tested
serum

Days after
irradiation

Hetnatocrit CFC number per

106 cells femur

Concentration of
sera in culture

% (v/v)

% inhibition of
colony formation13

Irradiated controls

Irradiated, grafted

Irradiated, grafted

36.2+0.8

44.6+0.3

44.0+0.1

79.5+U.5

1 5

10934+475 5

5

0, 0

62, 95

85, 100



Table 3.

The effect of shielding of the hind limb on the postirradiation level of serum inhibitors in male NMRI mice irradiated
with 750R of X-rays. The sera were tested at 2 different concentrations in culture. The influence of the size of
colonies on the calculated inhibition is also shown. Mean+SE error of individual sera.

Source of
tested sera

Normal controls

Whole body
irradiated

Limb shielded

Whole body
irradiated

Limb shielded

Days after
irradiation

-

4

4

8

8

Number of sera
tested

6
6

7
7

9
10

9
10

9
9

Concentration of
sera in culture

% (v/v)

5
9

5
9

5
9

5
9

5
9

% inhibition of
different size

>12

81+ 8
100

59+ 9
63+J5

57+10
83+ 6

3+ 2
55+J2

53+10
100

formation of
(cells/colony)

>30

86+ 6
100

72+ 7
74+14

69+ 8
95+ 2

5+ 4
57+14

58+11
100"

colonies of

>50

91+ 4
100

82+ 5
73+16

75+ 6
96+ 2

8+ 5
59+10

62+10
100



Table 4.

Serum inhibitors in irradiated (800R of X-rays) male C3H mice injected with different numbers of bone marrow from
identical source. Sera were sampled 8 days after irradiation and bone marrow transplantation. Mean+standard error
of individual sera. ~

Source of
tested sera

Irradiated,

Irradiated,

Irradiated,

Irradiated,

Irradiated,

controls

grafted

grafted

grafted

grafted

Number of
cells
grafted x

-

0.5

8.0

20

20 killed

Number of
r sera

10 tested

15
15

10
10

10
8

10
10

cells 9
3

Concentration of
sera in culture

% (v/v)

9.0
4.5

9.0
4.5

9.0
4.5

9.0
4.5

9.0
4.5

% inhibition of
different size
>12

0
0

19+10
0~

70+14
7+7

82+10
19T14

0
0

formation of
(cells/colony)
>30

11+ 4
0

32+19
0

84+ 8
8+ 8

84+10
27+17

0
0

colonies of

> 5 0

11+ 4
0

34+22
0

88+ 7
9+ 9

86+ 9
27+18

0
0



5. RELATION BETWEEN SERUM CSF LEVEL AND THE GROWTH
OF BONE MARROW CELLS STUDIED BY DIFFUSION CHAMBER
TECHNIQUE.

Miloslav Beran

INTRODUCTION

Serum colony stimulating factor-CSF is a glycoprotein (1) the
continuous presence of which is essential for the formation of
granulocytic and macrophage colonies by bone marrow cells in
vi'ro (2, 3). It has been proposed that CSF is also involved in
the regulation of haemopoiesis in vivo (4). Although direct proof
of this is still lacking, the increase of the CSF in the sera of mice
following irradiation and the relation of this increase to the
postirradiation reactions of the haemopoietic tissue (5) seems to
support this possibility.

Regeneration of granulocytopoietic cells in irradiated germfree
mice is similar to that in conventional littermates (6), being not
remarkably affected by the absence of the postirradiation rise in
serum CSF level of germfree animals (7). This, together with
the observed discrepancies between the serum level of CSF and
the regeneration pattern of granulopoietic tissue under particular
experimental situations (8) throws some doubt on the
physiological role of serum CSF in vivo.
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Recent evidence indicates that an appreciable amount of CSF may

be produced locally (9, 10). Thus, even if the serum CSF possess a

biological activity in vivo, it may form only a fraction of CSF

available to target cells in situ.

In the present experiments bone marrow cells were cultivated

in vivo in diffusion chambers, isolated from the influence of local

factors. The aim of the study was to show whether the growth of

cells bears any relevance to the fluctuations in levels of

circulating CSF, at different times, after irradiation.

MATERIALS AND METHODS

Mice and irradiation. The mice used in the present study were

3-4 month-old males of two strains bred at the Institute - random

bred NMRI and inbred C3H/Tif/Bom. Whole body irradiation was

given by the use of an X-ray machine operating at 250 kV, 15 mA,

HVL 0.5 mm Cu, dose rate 68R/min. All animals received 450R

while freely moving in a lucite box at a distance of 50 cm from the

radiation source.

Diffusion chamber technique. The technique was the same as that

described by Benestad (11). Donors öf the bone marrow cells were

always four mice of identical strain and age as the chamber

recipients. Sterile suspensions of cells were prepared in Hanks

solution, diluted to a cell concentration of 3 x 1 0 cells per ml and

kept in ice water. Each chamber was inoculated with 100 fil of the

cell suspension and one chamber was implanted into the peritoneal

cavity of each mouse. After a 3 days' culture period the chambers

were recovered and the cells harvested folio-wing treatment with

0.5 % Pronase (Merck, 70 000p.u.k./g) solution at room

temperature. The volume of the cell suspension was measured and

the number of cells calculated by counting in a haemocytometer.

Two experimental series were carried out, in the first C3H mice

were used alone and in the second both C3H mice and NMRI mice.

In each identical strain donor cells were implanted into groups of

syngeneic non treated control mice and into mice irradiated l/l2

3, 5, 6 or 9 days previously. 6-10 mice were used per group and

interval.

Assay for serum CSF activity. Serum pools obtained from another

series of groups of 6 to 8 NMRI mice at each interval after whole

body irradiation (600R) were extracted with ether to remove

inhibitors (13) and stored at -20°C until used. Serum CSF activity

was assayed in vitro by adding aliquots of the test serum

(0. 1 ml/dish) to triplicate cultures of 33 000 normal bone marrow

cells suspendeded in 1 ml of semisolid agar culture medium as

described in detail elsewhere (8, 13). Culture plates containing

cells, medium and serum were then incubated for 7 days (37°C,

fully humified atmosphere of 7.5% CO ). At the end of this period,
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colonies containing more than 50 cells (formed as a result of the
CSF activity in the serum) were counted. Results were expressed
as the mean number of colonies formed per culture dish.

Statistics. The significance of the differences between cell numbers
harvested from chambers cultured in normal and irradiated hosts
and between hosts irradiated at various times before implantation
of chambers was assessed by Student's t-test.

RESULTS

Serum CSF activity. In normal mice, of both strains used in the
present study, the CSF activity of ether extracted sera is very low
and both str'.ins shows a similar pattern of fluctuations in the
serum CSF level after irradiation (14). In the present study NMRI
mice were irridiated with 600R and the serum CSF activity was
determined at different intervals following irradiation (Fig. 1).
During the first two days the serum activity was not different from
that of normal controls. On day 4 it rose, reached a peak level

™ '"O.

a a

S-t/Q-12 Pi 0.01

rh

4 .

2 2 .

Control» 2 4 6 8 10

DAYS AF7ER IRRADIATION

3/5-1 P<OJ»S T

Conlioli 0-3 3-6 5-1 6-» 9-J2

Fig. 1. LEFT: Serum level of CSF in normal and irradiated mice
expressed as the mean number of colonies stimulated by 0. 1 ml
sera (pools from 6-8 mice at each interval after irradiation).

RIGHT: Number of bone marrow cells harvested from diffusion
chambers, cultivated for 3 days in normal and irradiated hosts.
Each column represents men ± S.E. of 6-10 chambers.
Significance against cultures from control hosts is given within
columns, between groups of irradiated mice in the upper parts of
the graphs. In E-II, statistical significance was computed only
for groups of mice of identical strain.



between 6 and 8 days after irradiation and then fell abruptly on
day 10.

Diffusion chamber culture of bone marrow. The irradiation
of the host before implaniation of chambers seems to improve the
survival and subsequent growth of cultivated bone marrow cells
(15, 16, 17). To test whether this effect is related to a particular
time after irradiation, diffusion chambers containing bone marrow
cells were implanted into mice at different times after irradiation
and cultivated for three days.

The number of cells at the end of the three days culture period
was taken as an indicator of the level of circulating humoral
factors capable of influencing the survival and the growth of
the bone marrow cells.

Results of two different experiments are summarized in Fig. 2.
The number of cells in chambers cultivated in normal hosts was
about one third of the numbers initially implanted and was not
increased during the first three days after irradiation. Thereafter
the number of cells recovered from chambers increased with
increased interval after irradiation. A. peak stimulation of cell
growth was obtained between days 5 and 8 and than declined again.
When compared to controls the effect of irradiatedhosts was
statistically significant at all intervals after the third post-
irradiation day. The statistical significance of differences between
the groups of irradiated hosts is depicted on Fig. 2.

DISCUSSION

A stimulatory effect of the irradiated hosts on the survival and
growth of bone marrow cells was demonstrated using a diffusion
chamber culture technique. The effect was characteristically
related to the time after irradiation, increasing to a maximum
between days 5 and 8 following irradiation and decreasing
thereafter. During the first three days after irradiation only a
marginal effect was observed which suggests that the cell growth
was prompted by a circulating humoral substance(s) released by
surviving host cells rather than by dead or dying cells.

The monitoring of the levels of CSF in the sera of mice during
similar periods after irradiaton showed that the in vivo growth
of bone marrow cells in diffusion chambers almost exactly
followed the fluctuation in the serum level of CSF. The number
of cells harvested from chambers was largest between 5 and 8
days after irradiation when the CSF level reached ^lso a peak
in the sera. This suggests that th«= CSF responsible for the
stimulation of granulocyte and macrophage growth in vitro and
the factor (s) promoting the growth of bone marrow cells in vivo
are identical. In the present experiments the differential counts
on diffusion chamber cultures have not been performed. However,
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the diffusion chamber system monitors primarily the growth and
differentiation of granulocytic cells and macrophages along with
their progenitors (18). It appears therefore relevant to expect the
observed findings to be mostly due to growth variations of these
cells.

An effect of irradiaton of the hosts on granulopoiesis and
macrophage formation in diffusion chambers was noted previously
although the relation to a particular time after irradiaton was not
studied (15, 16, 17). A rise in the level of diffusible humoral
factor (s), stimulating the proliferation of myeloblasts and
promyelocytes, was not detected before 3 days after irradiation
by Rothstein et al, (17). In subsequent studies with diffusion
chambers implanted for 24 h into mice treated with endotoxin
these authors (19) detected peak activity in the in vivo active
substances after the CSF disappeared from sera and concluded
that the in vivo active substance(s) is probably different from CSF
(19). This might be due to differences in the sensitivity of used
methods and further studies are required to solve this controversy.
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6. THE INFLUENCE OF FACTORS IN MOUSE SERA ON COLONY FORMATION AND

ON THE PRODUCTION OF COLONY STIMULATING FACTOR (CSF) IN VITRO

Mi los lav Beran

SUMMARY: Results of the studies on the in vitro production and

release of colony stimulating factor (CSF) by bone associated cells,

cultivated in the presence or absence of mouse sera is presented.

Tissues from three strains of mice hrve been shown equally effective

in the production of CSF in vitro. Priming of the tissue donors by

endotoxin 4 hr previously or by irradiation 1,7 or 15 days previously

significantly increased CSF production. Addition of sera from normal

mice to the culture medium had no effect on the CSF production by

tissue from normal mice but regularly inhibited CSF production by

bones from irradiated animals. Inhibition was not due to the toxic

effect of the sera on CSF producing cells. The inhibition was more

pronounced in cultures of NMRI than C57B1 tissues. Some inhibition

was also observed in cultures of tissue from endotoxin primed NMRI

mice. The extraction of sera with ether removed inhibitory material.

The sera which inhibited the CSF production in vitro also inhibited

the growth of granulocyte and macrophage colonies in soft agar

cultures but not the grout',. ;nd DNA synthesis of the cultured L-cells.

INTRODUCTION

The sera of mice contains a factor known as colony stimulating

factor-CSr- (1,2) which stimulates the formation of granulocytic and

macrophage colonies in senvisolid agar cultures of bone marrow cells

(3,4).
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The regulation of the in vivo production of this factor and its

level in the sera is poorly understood. The entry of microbial

products into the body is believed to have an important role (5,6)

in the regulation of serum CSF levels. The importance of this

regulatory pathway for the basic CSF production and granulopoiesis

in vivo is questioned by the finding of small but definite CSF

activity in the sera of germfree mice (7) and the observation that so

far no essential differences with respect to granulocyte formation

have been found between germfree and conventional animals (8,9).

Moreover, after irradiation, the regeneration of granulocytopoiesis

in germfree mice is not essentially different from that in conventio-

nal littermates (10) in spite of the absence of the increase in the

cerum level of CSF in germfree animals (5). Thus, if the CSF is an

important regulator of granulopoiesis in vivo, its basal production

must be regulated by other mechanism than simply by microbial

products. The level of the CSF in the sera varies with the strain of

mice (11,12) and its levels fluctuate characteristically in conditions

where the granulocytopoiesis is perturbed, for instance, by acute

(13,14) or chronic (15) exposure to ionizing radiation. The serum CSF

level in different strains of normal mice (12) after irradiation is

inversely related to the level of inhibitors (14,15). Recent report

(16) indicating the importance of the local production of CSF and

the experiments reported here were designed to investigate whether

the production of CSF by bone associated cells in vitro (a) varies

with the strain of mice, (b) is influenced by the serum factors, par-

ticularly CSF inhibitors (11,17,14) and (c) whether the sensitivity

of CSF producing cells to the serum factors is influenced by their

functional state.

MATERIALS AND METHODS

Mice and irradiation

Three month old male inbred C57B1, C3H/Tif/Bom and randomly bred

albino NMRI mice, housed under identical conditions were used. Donors

of tissue were either normal or irradiated (250 kV, 15mA, HVL of

0.5 mm Cu, 68R/min) one day, seven days (500R) or two weeks (300R)

prior to sacrifice. Mice referred to as endotoxin-primed were injec-

ted i.p. with lO^ug of lipopolysaccharide from E.ccli 055:BS prepared

according to the method of Westphal and purchased from Difco) 4 hours

before sacrifice.
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Source and preparation of sera.

Sources of different pools of sera are summarized in table 1. Blood,

obtained by retroorbital puncture from 8-20 mice was pooled, allowed

to clot for 1 h at 37°C and centrifuged twice at 6000 g for 10 min.

Serum was passed through 0.22ju Mi 11 i pore filters and until used

stored at -20°C. To remove inhibitors, one part of serum pool 2 (see

Table 1) was extracted with ether. Serum pools were assayed for CSF

and inhibitors activity using assay systems described below.

Culture of CSF producing tissues.

Both femurs from each mouse were removed and carefully cleaned from

surrounding tissue and bone marrow cells. One femur was placed in a

35 mm plast Petri dish (Sterilin product, Richmond, Surrey) containing

1 or 1.5 ml of serum free Dulbecco medium and 10-20% of Hanks'solution.

The contralateral femur from the same mouse was placed in an other

dish containing 10-20% (v/v) of mouse serum pool along with medium.

Both dishes were marked with the animals number and cultivated for

6 days in an incubator with automatically regulated culture condi-

tions (37°C, 90% humidity, 7.5% C02 in air). At the end of the cul-

tivation period conditioned media (CM) were collected, centrifuged

once at 3000 g for 10 min. and dialyzed for three days against

approximately 100 times their volume of destilled water containing

of both penicillin and streptomycin. After the dialyzing

procedure CM were centrifuged for 10 min at 5000 g, passed through

0.22.JU Mi 11 i pore filters and stored at -20°C until used.

To evaluate a possible cytotoxic effect of the sera on CSF producing

cells, conditioned medium was removed on day 6 and both experimental

and control cultures were washed twice with Hanks'solution. There-

after 1 ml of serum free Dulbecco medium was added, cultures w.?re

continued for the next 5 days and resulting conditioned medium

processed as described above.

Assay for colony stimulating activity.

Sera and conditioned media were assayed for the CSF activity in re-

plicate cultures of 33 000 or 100 000 C57B1 bone marrow cells in

1 ml 0.3% agar-Dulbecco medium as described in detail elsewhere

(14,15). After 6 days of cultivation colonies were scored at X20

magnification. Aggregates of 12-30, 30-50 and 50 and more cells

were scored separately.

Quantitation of CSF production in culture.

Because of a sigmoid relationship between the concentration of CSF
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in culture and the number of colonies produced by a known number of

bone marrow cells, the amount of the CSF in a specimen can be satis-

factory quantified providing that the activity in the tested sample

lies within the exponential part of the dose response curve (18). In

the assays this was controlled by including control cultures in

which the maximal colony formation was stimulated by an internal

standard stimulus of known colony stimulating activity (<;ther extrac-

ted serum from C3H mice injected with lO^ug polysaccharide from S.

typhosa (Difco) 3 h before collection of blood for serum preparation).

With this stimulus the incidence of colony forming cells in cultures

was determined.

The colony stimulating activity was expressed as the number of colo-

nies produced by 1/10 (0.1 ml) of medium conditioned by one femur and

related (as a percentage) to the number of colonies produced by a

standard to assure that the CSF activity lies within the exponential

portion of the dose response curve. When the CSF activity from

different experimental runs was compared in terms of colony numbers

obtained by the CSF produced by one femur, the corrections of colony

numbers for a variations in the incidence of colony forming cells

(CFC ) in different test bone marrow suspensions was made on the

basis of the mean frequence of CFC determined by the use of an in-

ternal standard.

The ability of sera to influence the CSF production was expressed

either as a percentage of the number of colonies produced by CM

from the contralateral femur of the same mouse which was cultivated

in a serum free medium, or the activities in both control and serum

containing cultures were expressed as a percentage of the colonies

in the standard cultures.

Assay for inhibitors of in vitro colony formation.

The quantitation of inhibitors (17) in the tested sera was based on

the ability of sera to inhibit colony formation elicited by a stimu-

lus of known stimulating activity (0.05 ml of sera from endotoxin

treated mice)in an agar culture of 33 000 bone marrow nucleated

cells. The level of inhibitors was expressed as the mean percentage

reduction of the colony count in the presence of tested sera as com-

pared to colony counts on plates containing stimulus alone.

Effect of mouse sera c. '•»e growth and DNA synthesis of L-cells.

L-cells (supplied by the Institute for Cell Research, Karolinska

institute) were cultivated in 35-mm plastic dishes (Falcon Plastics)
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in Eagle's minimal essential medium supplemented by 10% fetal calf

serum with antibiotics. In the first expe, iment 10% of tested

mouse sera was added to the triplicate cultures. After 4 days,

before the cells became confluent, the cultures were sampled and the

number of cells per dish determined by counting in Burker chamber.

In the second experiment 15% of tested mouse sera was added to the

cultures of exponentially growing I.-cells. Six hours later TJJCI of
o

H-thymidine (spec.act. 20 Ci/mMol) was added per ml of culture

medium. One hour later, the cells were sampled and cell numbers per

dish was determined along with the radioactivity in the acid inso-

luluble fraction. The H-thymidine uptake was expressed as the

number of desintergrations per minute (dpm) per 10 cells.

The statistical significance of the obtained results was computed by

the use of the Student's t-test.

RESULTS

Production of CSF by bone associated cells in vitro.

Cells associated with bones of similarly aged normal mice have been

shown tci produce a considerable amount of CSF in vitro. The CSF

producing capacity of bones from donors of similar age and strain

varies only slightly. Tissues from C57B1 mice produced slightly

but significantly higher amount of CSF than tissues from NMRI mice

of the same age (Table 2).

Irradiation of donors 18 h prior to sacrifice significantly increased

the CSF production in one experiment but not in the other. Irradia-

tion 7 or 15 days prior to sacrifice lead to increased production of

CSF in vitro by femurs from the three strains of mice used in the

present experiments (Table 1). Priming of both C5781 and NMRI donors

of tissues by endotoxin 4 h prior to sacrifice increased several

times the subsequent CSF production in vitro {Table 5).

Stimulatory and inhibitory properties of mouse sera in the soft agar

cultures of mouse bone marrow.

Before being used in -tudies on the in vitro production of CSF, sera

were tested for their content of CSF and inhibitors. The results

(Table 1) shows that with the exception of pool 4 and the standard,

sera strongly inhibited the formation of granulocyte and macrophage

colonies in vitro and revealed only very low stimulatory activity.

The ether extraction (pool 2) removed inhibitors but did not increase

the CSF activity substantially.
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The effect of mouse sera on the growth and H-thymidine uptake of

L-ceiis,

Pools of sera with a different capacity to inhibit colony formation

by bone marrow cells were further tested for their ability to influ-

ence the K-thymidine uptake and growth of cultured L-cells. The re-

sults show (Table 1) that with only one exception, the addition of

sera stimulated DNA synthesis in exponentially growing L-cells. There

was no correlation between the level of inhibitors or CSF in the se-

rum specimen and its effect on H-thymidine uptake in the acid inso-

luble fraction of L-cells. The pool of sera which did not increase

DNA synthesis was inhibitor free as was the endotoxin standard which

in addition contained an extremely high level of CSF. Sera which

inhibited 90-100% of colonies of bone marrow resulted in an increase

in the DNA synthesis by L-cells of between 15%-358% as compared with

controls. A similar effect on the growth of L-cells was observed

when the cells were exposed to mouse sera over the whole cultivation

period of 4 days and the number of cells per dish was used as the

criterium for the serum effect (Table 1).

The effect of mouse sera on the production of CSF in vitro.

The effect of sera on the CSF production by bone associated cells

in vitro was calculated by comparing the amount of CSF produced by the

two femurs of the same donor, one cultivated in serum free medium,the

other in the presence of tested sera (Table 3, Fig.l). At the con-

centration of 10%-20% (v/v) in culture medium, normal mouse sera did

not inhibit the CSF production by bones from normal NMRI or C57B1

mice (Table 3, Fig.l) despite the showed inhibitory effect of identi-

cal sera on the colony formation (Table 1). However, the sera invari-

ably depressed the CSF production by femurs from previously irradia-

ted donors. The inhibitory effect was more pronounced in cultures of

tissues from donors irradiated 18 h and 15 days than donors irradia-

ted 7 days previously. The results indicate strain related differen-

ces in the effect of sera on CSF production (Table 3). The inhibi-

tion was significantly (P^'O.OOl) higher in the cultures of tissues

from NMRI than from C57B1 mice, both irradiated 15 days previously.

The extraction of sera with ether (pool 2) removed the material

which inhibited colony formation and also the production of CSF.

Such ether extracted sera has been even shown to increase the pro-

duction of CSF (P^0.05, Fig. 1).

It was suggested that the inhibition of the CSF production may be
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due to a toxic effect of sera on the CSF producing cells. Bones

were therefore cultivated for six days in the presence of serum, the

contalateral bones from the same animals being cultivated in a serum

free medium. Thereafter the media were harvested and cultivation of

femur pairs was continued for another 5 days in serum free medium.

The results (Table 4) show that the production of CSF was then not

decreased by the previous cultivation with serum shown to be inhibi-

tory for the CSF production, both femurs producing near equal amounts

of CSF during the second and serum free culture period.

Injection of a bacterial endotoxin is followed by CSF release and

probably increased production by tissues in vivo (19) and in vitro

(20). The previous experiments suggested that the increased sensi-

tivity of CSF producing cells from irradiated mice is related to

their increased CSF production. This hypothesis was tested using

cultures of femurs from endotoxin-primed donors. The results (Table

5) show no inhibition of CSF production in the presence of 10% (v/v)

sera in culture media. Higher concentration of sera (20% v/v) inhi-

bited CSF production in the femurs fro- NMRI (P< 0.05) but not in

the femurs from C5781 mice.

DISCUSSION

In the present work the production of CSF by bone associated cells

and the possible role of seru^ factors in the regulation of CSF

production in vitro was studied. The results confirmed the observa-

tion that in mice, the cells intimately related to the bones produce

a considerable amount of CSF in vitro (16,21). The tissues from

donors belonging to mouse strains, the sera of which contains widely

different levels of CSF and inhibitors,produced comparable amounts

of CSF in vitro. This does suggest that different levels of CSF

in the sera of the mice of these strains are not due to genotype

related differences in the capacity of CSF producing cells but

rather due to differences in the mechanisms which regulate the CSF

production and its level in the sera in vivo.

The addition of sera, containing a high level of inhibitors of

in vitro colony formation,has no effect on the CSF production by-

tissue from normal donors. However, when the tissues from mice

irradiated up to 15 days previously were used,the CSF production

was invariably and significantly depressed by the sera. It has been

reported by others (21) and also shown in the present experiments

that the irradiation of donors increased the subsequent CSF produc-
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tion in vitro. This might indicate that the increased activity of

CSF producing cells renders them more susceptible to the action of

serum inhibitors. Yet, the damage caused by irradiation could not

be excluded as the source of sensitization, although the CSF produ-

cing cells have been shown to be considerably resistent to radiation

damage (21).

The priming of donors with endotoxin increased the in vitro produc-

tion of CSF to a much higher degree than the ionizing radiation. The

in vitro sensitivity of CSF production to the action of sera was,

however, demonstrated only when the concentration of sera was in-

creased to 20% in the medium in cultures of tissues from NMRI mice.

The lesser inhibitory effect of sera on the cultures of tissues from

endotoxin primed mice than from irradiated donors may reflect diffe-

rences in the action of endotoxin and radiation on CSF producing

cells.

The CSF producing cells from pretreated C57B1 mice were shown to be

more resistant to the action of sera in vitro. Whether this in vitro

observation has any relevance to the differences in the serum CSF

levels in both strains must await further studies-.

The outstanding question is that of ths mode of action of the sera

upon the production of CSF and the characterisation of the factors

responsible for the observed inhibition, which is only partly answe-

red by the present results. It was shown that the inhibitory action

of sera is abolished by ether extraction, a procedure which is known

to eliminate also inhibitors of colony formation (17,14,15). A re-

placement of the medium containing inhibitory sera, after six days

of in vitro culture, by serum free medium leads to a continued

release of CSF by cultivated cells at a rate which was not signifi-

cantly different from that of control cells from the same donor,

cultivated previously in serum free medium. This implies that the

inhibition is not related to a toxic effect of sera on the CSF

producing cells. Invariably improved growth and DNA synthesis of

L-cells in the presence of pools of sera containing different levels

of inhibitors and of CSF also indicates that these sera have no

effect on the vital functions of at least L-cells in vitro.
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Table 2. Production of CSF in vitro by bone associated cella from normal and irradiated mice of different strains.
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::o of individual produced by one Differences
femurs tested femur (P)

l.:ean ± So

oT standard

I .'lortaal aiee 1048 ̂  83

1042 ± 93

1495 1 92 0.025

5c' i 5

5S t 5

53 i 5

II Irradiated mice

945 ± 85

1620 i 113

0

<0,025

53 i 5

90 i 6

7d/5oo.i mail
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C 3«f

9

9

14

1998 ± 93
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202S ± 101
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0

74 ± i
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75 i 3
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•i 0,0005
<.0,0005

1J3 * 5
99 * 5
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Table 3. The inhibition by mouse sera of in vitro production of colony stimulating factor by bone associated

cells from normal and irradiated mice.

Source of tissue

I Hormal mice

11 Irradiated mice
18 h/5OOR

7 d/500R

16 d/3O0R

NMRI

NMRI

C57B1

NMRI

MMRI

C 5 7B,

C3H

N1RI

= 5 7 "

Number o f
femur pa i rs
tested

5

5

8

7

6

6

5

7

9

Material
added to
cultures
(10; v/v)

Serum pool
Hanks

Serum pool
Hanks

Serun pool
rtanks

Serum pool
Hanks

Serum pool
Hanks

Serum pool
Hanks

SeruP pool
Hanks

Serum pool
Hanks

Serum pool
Hanks

3

2

2

2

7

7

5

1

1

CSF act iv i ty in
(% of standard)

72+5
60*3

65+4
67+5

84+4
8975

32+5
5475

71+5
61+4

67+4
62+5

83+5
89+5

30*6
54*6

62*2
8272

57+5
76+4

60+6
6473

44+9
12076

157+18
205+11

0.1 ml CM

> 5 0

68+5
5675

64+4
58+5

79+6
8375

25+5
53*5

6?*4
7571

51*4
6575

57+6
66*4

38+8
113*6

127*18
175*9

Difference
(P) >12

0
0 0

9 0

0 10+

0.0020 41*

0.0005

0.01

0

0.0005

0.01

; inhibition

>30

0

0

10*

38*.

25*3

27*7

,2+8

7D+10

25*5

> 5 0

0

0

11 +

55+

22*3

28*6

18+8

73*10

31*5

Jeole 4. V.-.e effect of cultivation of bones in the preeonce of 10 .'. (v/v) mouse sera on the subsequent production
of OOF in serun free medium.

Source Number Davs of medium
of of

tissue nice Conditioning/

Days of culture

03? ae t iv i ty a in mediun conditioned by
Left femur bone Bignt fenur bone

Pool of
serum number of colonies Serua Number of colonies
added of different size added of different size

12-30 30-50 >5O 12-30 30-50 >50

Difference

IWRI

18 »i after 5O0H 7

(I)

6/0-6

5/6-11

2 5-1 511 18M O 6-2 512 3813 -0,0025

2 4-1 2-0, / 10-4 0 5-0,5 4^1 2714 -0,01

0 7^2 4-! 3812 0 812 511 4113 0

W3I
16 a after 500:1
(ID

r,/0-6

•>/6-4i

2ET

2ET
2112

6 - 1

9=2

5=1
7613

4415

0

0
21-4
2012

3313

11i2 66-5 <O,005

411 5213 0

1,410,6 4^0,5 36i2

C-*? activit. i3 expressed as the number of colonies stimulated by 0,1 ml conditioned sodium in the culture of
Z'j 030 bor.o" narrow cells» Values are raeanli* 3.E,

\ppro\-inativenunber of cells/colony.
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Table 5. Stimulation of the CSF production by bone associated cells from endotoxin primed donors.

The effect of the addition of normal mouse sera to the cultures is also shown.

Exp
No

Source
of
tissue

Number
femur
tested

of
pairs

Material
added to
cultures8

Total CSF activity
produced by
one femurb
Mean+SE

Differences
(P)

% inhibition
in the presence
of sera
Mean+SE

NMRI Serum pool 11
Hanks

38451-226
4190+269

7+4

II NMRI Serum pool 11
Hanks

Serum pool 11
Hanks

3211+220
4413+625

3786+475
4020T527

0.05

0 11+5

Exp. I 10%, Exp. II 20% (v/v) Of mouse sera added to cultures.
Number of colonies.



PART II

A. RESULTS AND GENERAL DISCUSSION

1. INTRODUCTION

The haemopoietic tissue represents a highly integrated cell-renewai
system (1) responsible for the continous supply of mature
functioning cells as they becomes exhausted due to natural "death"
or to performance of their function. The classes of differentiated
cells are replenished by proliferation and differention of more
primitive precusors. Such a steady state equilibrium between cell
production and cell loss obviously requires the presence of a
reservoir of stem cells which are self-maintaining and capable of
replenishing the more differentiated compartments. The third
property, though!, to be mandatory for these cells, sensitivity to
regulatory mechanisms is an obligatory requirement for their
adaptability in proliferating and differentiating into descendent
cells according to the demand placed upon them in different
situations (2, 3).

This general consideration shows that the continued formation
of short lived mature blood cells is dependent on the extensive
proliferation of their precursors and is therefore extremely
vulnerable to agents interfering with this property, such as
ionizing radiation (5) and drugs effecting the cell cycle (4).
Haemopoietic failure is now the generally accepted cause of death
in mammals exposed to mid-lethal doses of whole body irradiation
(5-8). The lethal effect of irradiation can be prevented by the
injection of haemopoietic cells or by shielding a part of the
animals' haemopoietic tissue (7, 8). This protection is due to a
repopulation of haemopoietic tissue by progenitor cells, transplanted
or present in the shielded region (6, 8). Using chromosomal
markers (9, 10) it has been demonstrated that these progenitors
have stem cell properties by which each of them is being capable
of differentating into all haemopoietic cell lines (6, 9, 10).

It thus follows that the haemopoietic stem cells are responsible
for the repopulation of haemopoietic tissue and, consequently for
the survival of the organism after exposure to mid-lethal doses
of ionizing radiation. This discovery brought the haemopoietic stem
cells to the attention of radiobiologis t and experimental
haematologist. The development of the spleen colony assay in mice
(11) provided a necessary quantitative technique for detecting of
haemopoietic stem cells (colony forming unit - CFU) (2, 12, 13, 14)
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and allowed studies on their radiosensitivity and the role they play
in the response of the haemopoietic tissue and of whole organism
to ionizing radiation.

It was demonstrated early that the survival of CFUs is an
exponential function of the radiation dose (11, 15). This implied
the importance of the size of the CFU compartment at the time of
irradiation and the radiosensitivity of the CFUs for the surviving
fraction of CFUs, regeneration of haemopoietic tissue and survival
of animals. Experiments designed to study the association
between the survival of animals and the size of their CFU
compartment (16-20, 22) or the surviving CFU fraction (15, 19,
23-25) showed, however, that the survival of mice was related to
these variables only in certain experimental situations. These
observations indicates that several other variables must be
taken into account if the relation of CFUs to the occurence of
"haemopoietic death" is to be recognized.

From the functional structure of cell renewal systems (1) it is
obvious that the continued viability of the haemopoietic system
after irradiation ultimately depends on its surviving stem cells.
On the other hand the survival of irradiated mice is dependent on
the capacity of the haemopoietic tissue of producing a minimal
number of functional mature cells within a certain critical period
after irradiation (26). At least in mice it is good evidence (5, 27,
28) that the lack of mature granulocytes and the consequent
decreased resistence to bacterial infection is the most significant
factor resulting in haemopoietic failure and mortality. The
development of mature cells from stem cells is, however, a
complicate process regulated by a considerable number of
mechanisms, each of them more or less capable of influencing the
number of cells produced (29). The size of the stem cell
compartment is therefore of importance above all in relation to the
number of stem cells which can leave the compartment and become
available for differentiation.

One approach to the investigation of some of the variables involved
in the regeneration of haemopoietic tissue and their relevance to
the survival of irradiated mice is the analyse of haemopoietic
reactions after modification of the radioresistance of the animals
by various means. An increased survival of animals can be
achieved principally in three different ways. 1) By administration
of chemical radioprotectors (29). 2) By variety of agents which
can be called biostimulant protectors. These include endotoxin
(3 0) phenylhydrazine (31) alpha-macroglobulin (32) and
oestrogen (33) e.g. Cell cycle active drugs like vinca alkaloids
(34), colchicine (35, 36) or urethan (37) also promotes survival.
A common feature of all of these agents is that they do induce
early haemopoietic recovery. 3) An increase in survival can be
achieved also on a physiological basis and has been observed in
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course of the readaptation -jf mice to normal environmental
conditions after a period of treatment in hypoxia (20, 38, 39).

We chosed the third alternative! the pretreatment of mice by
exposure to lowered atmospheric pressure as it is known to results
in characteristic variations in the natural radioresistance
following cessation of hypoxic treatment (40, 41, 21). Irradiation
of animals between 6 and 18 hours after cessation of hypoxia
results in an increased mortality occuring between days 4-6 (39)
•which is characteristic of intestinal death (5). The 30 day
survival of mice, irradiated immediately after and between days
1 and 3 following hypoxia, is greatly increased due to decreased
mortality between 8 and 15 days after irradiation e.g. by
prevention of the death due to bone marrow failure. After the
third posthypoxic day the radioresistance of mice returns to the
normal level (41).

As hypoxia is wellknown for its pronounced influence on
haematopoiesis and the observed variations in the radiosensitivity
are highly reproducible, this experimental system is well suitable
for studying the differenf aspects of bone marrow death after
irradiation. The starting point and the general aim in this work
was an analysis of the posthypoxic changes of the haematopoietic
tissues on the morphological and stein cell level and its relations
to radiation response and survival of animals.

The following main questions, asked in the course of the
experimental series (Papers I-VIII) are hereby summarized:

1. How does the particular hypoxic treatment affect the
different cell compartments of the haemopoietic tissue?

2. Does the size of the CFU compartment after hypoxia, and the

suppression of erythropoiesis have any relation to the survival

of mice ?

3. Are there differences in the radiation sensitivity and early
repair of CFUs in normal and posthypoxic mice?

4. Does the postirradiation pattern of regeneration of haemopoietic

tissue, particulary of CFUs, bear any relation to the time of
irradiation after cessation of hypoxic treatment?

5. What is the basis for the accelerated regeneration of CFU in
sublethally irradiated posthypoxic mice? Is the suppression of
erythropoiesis a factor of importance for the speed of
regeneration of the CFU compartment? How is the regeneration
of granulocytic and erythrocytic cells related to the repopulation
of CFU compartment after irradiation? What is the possible
basis for the abortive pattern of regeneration of granulocytic
and erythrocytic cells?

6. Could the accelerated regeneration of CFU after the
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pretreatment of sublethally irradiated animals by hypoxia or
vinblastine be explained by the conditioning of CFUs or is it due
to the modification of the regulatory mechanisms controlling the

growth of CFUs?

With the progress of the experiments it became apparent that the
speed of regeneration of haemopoiesis is determined by the action
of regulatory mechanisms on the proliferation and differentiation
of the surviving stem cells and their progeny rather than by the
number of surviving cells per se. For the survival of the organism
the formation of granulocytes is of particular importance. Recent
evidence indicates that some of the factors in the sera, particulary
the colony stimulating factor (CSF), which do regulate proliferation
of granulocytic cells in vitro might also regulate granulopoiesis
in vivo (3). This prompted us to investigate some aspects of
regulation of the serum level of these factors and their relation to
the haemopoietic status of irradiated mice (Papers IX-XIII).

2. PERTURBATION OF HAEMOPOIESIS BY HYPOXIA

a) The effect of hypoxia on bone marrow and spleen cells.

The effect of hypoxia on erythropoiesis is a well recognized
phenomenon (41). Its effect on the other cells of the haemopoietic
system 'was not studied until recently (42). Experiments employing
different degree of hypobaric hypoxia showed that the changes in
the bone marrow cell composition of guinea-pigs are dependent on
duration as well as on the degree of hypoxia (42-46).

Our experiments (II, III) were primary designed to evaluate the
haemopoietic status of animals at the end of a ten days period of
hypobaric hypoxia which results in the changes of natural
radioresistance (38, 39) and to provide basic data on the degree of
alteration of the different cell compartments of bone marrow and
spleen by this hypoxic treatment. The morphological characteristics
of the haemopoietic cells and the quantitative composition of the
bone marrow and spleen in the normal mice are described in
paper I.

The level of erythropoiesis is principally controlled by the ratio
of the oxygen supply to the oxygen need (41, 47, 43). It is
increased after hypoxia and as judged by the increase in the number
of erythroid precursors present in the spleen, this organ had
taken over a substantial part of erythrocyte production (II).

A pronounced fall in the number of circulating lymphocytes and
bone marrow lymphoid cells was accompanied by a greatly reduced
mitotic activity within this compartment (II). It is difficult to
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know whether to contribute this to direct effects of hypoxia on
marrow lymphoid cells or to a secondary response to the
expansion of erythropoiesis in the limited bone marrow space.
The thymus is more affected by hypoxra than the lymphonodes
(49, 50) and the fact that the number of splenic lymphocytes
decreased only marginally (II) suggest that the hypoxia directly
affects the rapidly renewing cells such as lymphocytes of the bone
marrow (51, 52) and thymus (53).

The total number of granulopoietic cells was reduced to about one
half of the control value and the number of all cell types of the
neutrophil and eosinophil series was decreased (II). The CFC ,
believed to represent the granulocyte progenitor cells (3) were
similarly decreased after hypoxia (IX). The mitotic activity of the
proliferative granulocytic compartment was significantly below
normal (II). This does indicate that under hypoxic: conditions the
production of both granulocytes and lymphocytes is reduced.

The reason hypoxia leads to increased erythropoiesis to the
detriment of the other marrow cell lines is not clear. A fall in
the number of small bone marrow lymphocytes during hypoxia has
also been observed by others (42-46) and it was claimed that the
decrease was due to discharge of small lymphocytes from the
bone marrow or to their transformation into transitional and blast
cells (55). Our observation that small marrow lymphocytes as
well as transitional and blast cells are similarly affected (II) do
not, however, support this explanation. The origin of marrow
cells from a common stem cell (9, 10) actualizes also another
possibility that, because of an increased demand for erythrocytes,
a decreased number of stem cells become available for the other
differentiation pathways and this results in a decreased cell
production.

The number of marrow stem cells measured by spleen colony
technique (11) decreased as a result of hypoxic treatment to
between 40 - 60% of normal levels (III, IV). A similar but lesser
decrease of marrow CFUs was reported by others (56, 60)
whereas the number of splenic CFUs decreased more profoundly
(56-59). An increased demand for erythroid differentiation which
feeding back to the stem cell level presses the CFUs to
differentiate into the erythropoietic pathway was suggested as
responsible for the fall in CFU numbers (56, 61). Although evidence
is available supporting such a feed-back effect (62), experiments
have also been reported v/hich are strongly indicative of a direct,
suppressive effect of hypoxia on the CFU (58, 61, 63, 64).
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b) Cellular changes of the bone marrow and spleen

during the posthypoxic period.

The decrease of erythropoiesis is the most characteristic feature
of the posthypoxic haemopoiesis. In contrast to rats (65-67), guinea
pigs (68-69) and rabbits (70), erythropoiesis in mice is more
effectively suppressed by the hypoxia induced plethora of
circulating erythrocytes (71-73, II). The erythroid cells gradually
disappear from the bone marrow and spleen (II). The suppression
by the plethora of the production of erythropoietin is believed to
be responsible for the depression of erythropoiesis (41).

The posthypoxic behaviour of granulocytic progenitor cells (IX) and
morphologically identifiable classes of granulocytic precursor (II)
was characterized by a rapid recovery to normal levels after
hypoxia. Only a slight overshoot on day 2 and 3 was noted. Numbers
of mature granulocytes in the blood and in the bone marrow also
rapidly attained their normal levels on day 1 and 3 respectively.
The regeneration of different classes of bone marrow lymphoid
cells started at the level of blast cells which reached control
numbers on day 1 , being followed by repopulation of transistional
cells and small lymphocytes on days 3 and 4 respectively (II).
Six days after hypoxia small lymphocytes considerably exceeded
the normal values and by two weeks had returned to the normal
level.

The inverse relationship between the number of small lymphocytes
and erythroid precursors during stimulation and suppression of
hypoxia has been thoroughly studied in guinea pigs (68, 69) and
mice (74) and has been the subject of speculation on the
haemopoietic functions of the marrow lymphocytes (69, 55).

The quantitative studies on the size of the transplantable CFUs
compartment during posthypoxic period showed an increase of the
number of CFUs in the bone marrow (III, 75, 76). A similar
increase was observed in the spleen (75). In our studies (III, IV)
the femoral CFU numbers reached normal level between the 2nd
and 3rd day after hypoxia and an overshoot between the 4th and
6th day. The number of splenic CFUs has been shown to exhibit
a similar pattern (7 5).

As discussed previously, there is evidence that the decrease in
the CFU numbers during hypoxia could be attributed to a direct
effect of a reduced oxygen tension. The maximal increase in the
number of CFUs in the bone marrow coincides with the period of
the suppression of erythropoiesis as revealed by the number of
erythroid precursors (II) or radioactive iron uptake (75, 77). This
finding indicates that the increment in the number of CFUs in post-
hypoxic plethoric animals might be merely a consequence of a
reduced output into erythropoietic differentiation pathway. This
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interpretation gains support from the studies of animals in which
the suppression of erythropoiesis was induced by hypertransfusion
(78). The increase in CFU number after the suppression of
erythropoiesis by actinomycin D also indicates that the increase
is a direct result of a suppression and erythropoiesis per se (79).
From the radiobiologjcal point of view, these data provided
evidence that the increased radioresistance of animals irradiated
immediately and between day 1 and 3 after hypoxia is not due to a
haematological advantage of these animals, e.g. enlarged
compartment of stem cells. The stem cell compartment size was
subnormal on day 1 and approximately normal on days 2 and 3 after
hypoxia (III). Similarly the size of granulocytic progenitor cell
compartment (IX) was also rather below normal levels or was
normal as well as was the overall number of granulocytic
precursors (II). The erythropoiesis was greatly reduced and the
number of lymphoid cells in the bone marrow was also below
normal (II). In spite of the enlargement of the stem cell pool after
3rd day after hypoxia (III), the radiosensitivity of the mice returns
to the normal (39) at this time.

The posthypoxic mice are polycythemic which raised a question
as to whether the radioresistance may be a result of the
suppression of erythropoiesis. The simulation of the posthypoxic
suppression of erythropoiesis by transfusion induced poiycythemia
showed, however, that the suppression of erythropoiesis per se is
not the factor of importance for the increased survival (IV). This
conclusion was further confirmed by the observation that the
elimination of the posthypoxic poiycythemia by the bleeding of
posthypoxic mice either immediately after hypoxia, immediately
after irradiaton or 5 days after irradiation did not affect their
radioresistance (IV).

3. REACTIONS OF HAEMOPOIETIC TISSUE
IN IRRADIATED CONTROLS AND
HYPOXIA PRETREATED MICE.

a) Acute response of bone marrow CFUs
to ionizing radiation.

Considering the high radioresistance of maturing and functional
haemopoietic cells (5) and the only limited proliferative capacity
of commited cell compartments (3) the injury to the stem cell
compartment is of the greatest importance for the restoration of
haemopoieis (5, 26).

Using the spleen colony assay (11) a number of studies on the
radiation response of stem cells tinder various experimental
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conditions have been carried out (11, 15, 80-87). It was shown
that the survival of CFUs is an exponential function of the
radiation dose with D varying from 69 to 164 rads and with an
extrapolation number of 0.8 to 2.5 The variation in
radiosensitivity was dependent on the source of the CFUs; e.g.
CFUs from foetal liver being less radiosensitive than CFUs from
the adult bone marrow and spleen (86, 87). The radiosensitivity
of CFUs appears to be modified by microenvironmental conditions
(86), the age of animals (88) as well as by their position in the
cell cycle (89).

It was suggested (90) that the somewhat increased radiosensitivity
of CFUs in mice irradiated immediately after hypoxia (90) might
be due to increased proliferation of these cells during this period.
An analysis of the proliferative state of CFUs during first 4 days
after hypoxia (IV) was carried out using the tritiated thymidine
suicide technique (91). It-was shown that immediately and 1 and
4 days after hypoxia the fraction of CFUs killed by the action of
H-thymidine in vitro was the same as in controls. 2 days after

hypoxia the fraction was slightly lower (IV).

The radiation sensitivity of CFU was thereafter tested on day 2
after hypoxia. Irradiation of mice at this time results in enhanced
survival (38, 39) and the radiation response of CFUs was therefore
of particular interest. The obtained D» vaUie for CFUs was,
however, similar to that in non-treated animals. The lower
surviving fraction at most dose levels indicated a diminished
shoulder portion of the survival curve, which suggests a decreased
capacity to repair the sublethal damage (92).

The ability of cells of repairing the sublethal damage was first
demonstrated in cell cultures (92) and later it was observed to
occur in CFUs (93). It has been shown (92) that when the total dose
of irradiation is given in two fractions rather than as a single
exposure, and the fractional survival is plotted as a function of
the time interval between the two doses, the surviving fraction
increased to a maximum at about a one hour split interval. A
longer delay between the doses results in a decreased survival
with a minimum for an interval of 4 to 6 hours and then survival
increase again (19). Almost exactly the same pattern of repair
kinetics was observed for both the CFUs from normal and
posthypoxic mice (IV). However, the surviving fractions for
posthypoxic CFUs were lower at all split intervals which indicates
a decreased ability of posthypoxic CFUs to repair radiation damage.
A reduced or absent capacity of non cycling CFUs for sublethal
injury repair was recently shown (94). Thus, the higher proportion
of non-cycling CFUs found at two days after hypoxia (IV) might
account for the observed decreased repair capacity of the overall
CFU population in these animals.
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b) Regeneration of CFUs in haemopoietic organs

after sublethal irradiation.

The comparison of the size of CFU compartment before irradiation
(III) and the radiosensitivity of CFUs and their capacity for early
repair of injury (IV) did not reveal any differences which could be
considered as advantageous for the survival of posthypoxic animals.

These results suggest that the basis for the increased
radioresistance of posthypoxic mice must be sought in the events
occuring during the regeneration process. This consideration gains
some support from the comparative studies using strams and
species of different radiosensitivities (95, 96).

In an attempt to investigate some of the variables involved in the
process of the regeneration of the haemopoietic tissue, groups of
normal mice and mice rendered radioresistant by previous exposure
to hypoxia were sublethally irradiated and various aspects of
regeneration of haemopoiesis were compared in both groups of
animals, with a particular emphasis on the regeneration of CFUs.

The first evidence of improved haemopoietic regeneration in
posthypoxic mice was obtained by quantitation of the number of
nucleated cells in the femur of animals sublethally irradiated 10
days previously (III). This interval after irradiation -was chosen
because of the occurence of death from the bone marrow failure
around this time, Moreover, the time elapsing after irradiation is
sufficiently long to permit progeny of stem cells surviving
irradiation leave the bone marrow as mature granulocytes or
erythrocytes. The number of nucleated cells a* this time does
therefore reflect the proliferating and differentiating capacity of
the surviving stem cells. The number of nucleated cells has been
shown to be several times higher in mice irradiated within 3 days
after hypoxia than in irradiated controls or in mice irradiated on
the 6th or 7th posthypoxic days (III, IV, VI).

The results (III, V) obtained with endogenous spleen colony
techniques (97, 98, 102) showed that the pretreatment of mice by
hypoxia does affect the postirradiation behaviour of CFUs in a
rather complex way. Irradiation during the early period after
hypoxia results in a greatly increased number of endogenous
colonies as compared with non-treated controls. When the
irradiation was given one day after hypoxia (V) the recovery of
the endocolonizing potential of bone marrow CFUs was greatly
accelerated (V). Furthermore, the proliferation of CFUs in the
shielded leg of whole body irradiated posthypoxic mice was also
increased as compared with normal littermates (V). All these
results indicates an accelerated regeneration of CFUs after
irradiation of mice during the first 2 days after hypoxia. The
observation that the migration of CFU (99-100) is altered in
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posthypoxic mice (V) complicates, however, the interpretation of
the obtained results and prompted us to apply the transplantation
assay of Till and McCulloch (11) to further studies of the
mechanisms underlying the regeneration of CFUs in sublethally
irradiated normal and posthypoxic mice.

This method is based on the assaying of the number of CFUs in
bone marrow and/or spleen by the transplantation of a suitable
number of cells from these organs into lethally irradiated
recipients (11). Method as a quantitative assay for the study of stem
cells kinetics has been recently rewieved (2, 14). This spleen-
colony assay is based on the detection of the fraction of
transplanted CFUs that reach the spleen. Its strenght as a
quantitative assay is primarily dependent on a knowledge of this
fraction (f). The concept of "f" is of particular importance in the
interpretation of the results of kinetic studies. The determination
of the "f" is based on the double transplantation technique (13,
103-105, 199) and on the assumption that this fraction in the
secondary recipient is the same as in the primary recipient (106).

The "f" varies dependent upon the source of the CFUs (102, 107,
108) and the variations in the density (109), size and physiological
properties of the CFUs (110). Changes in "f" can be induced by
pretreatment of the donor of CFUs by various agents such as
vinblastine, endotojvin or priming-irradiation (106). Consequently
when the haemopoietic tissues from the two groups of mice are
compared in terms of colony-forming efficiency, observed
differences may result either from a different content of CFUs in
their organs, or, from a different "f" values (2). The "f" value
was, however, not changed in posthypoxic mice (VIII). Thus the
differences in the content of CFUs in haemopoietic organs of control
and posthypoxic mice does reflect the true size of CFU
compartments.

Irradiation with 3 00R reduced the number of CFUs in the femur of
both normal and posthypoxic mice to the same degree, in the
spleen the decrease was somewhat larger in posthypoxic animals
(VI). The studies on the regrowth of CFU in the bone marrow and
spleen as a function of time after irradiation showed (VI) as the
most important finding the lesser magnitude of the postirradiation
dip in the CFU number in the spleen and above all in the bone
marrow of posthypoxic mice. In the spleen the duration of the dip
was also shortened. On the basis of previous data on the radiation
sensitivity and early repair of CFUs (III, IV) and their repopulation
in relation to the repopulation of the descendant cells (VI) it was
concluded than an earlier onset of proliferation of CFUs in
posthypoxic animals was entirely responsible for the accelerated
repopulation of the CFU compartment in the bone marrow and, to
some degree in the spleen (VI). A similar reduction or elimination
of the postirradiation dip was reported after pre-irradiation
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treatment of mice by vinblastine (111), colchicine (36) and

endotoxin (112). This was also related to the accelerated

regeneration of CFUs.

In sublethally irradiated mice it is not possible to decide if this
improvement in the onset of CFU regrowth is due to an earlier
commencement of proliferating after the pretreatment procedure as
suggested by some authors (111) or due to perturbation of
mechanisms controlling proliferation of CFUs. However, when the
hypoxia pretreated mice were lethally irradiated and transplanted
with CFU from either normal or posthypoxic donors it could be
shown, that the accelerated regeneration of CFUs was mediated by
the effect of the host environment. The CFUs from posthypoxic
donors did not regenerate more rapidly after transfer to lethally
irradiated hosts than did CFUs from normal donors (VIII).

Another characteristic of the CFU regrowth was the observation
that once the growth of CFUs commenced there were no qualitative
differences in the slopes of the growth curves of controls and
posthypoxic mice although the differences in the CFU numbers in
the bone marrow were almost of the order of one logaritm between
days 1 and 8 after irradiation (VI).

After sublethal irradiation of mice the regrowth of CFU in bone
marrow and spleen is usually reported to be exponential until the
nearly normal values are attained (2, 14, 113). In our experiments,
the growth curves of CFU in femur and spleen indicated 3 distinct
periods each characterised by different growth rates: l)an
exponential growth phase with identical growth rates in all
experimental situations until 4th day 2) a plateau growth between
4th and 8th day. This slowing down of the regrowth was not
dependent on the actual size of the CFU compartments and was
noted in both bone marrow and spleen 3) a second period of
exponential growth where growth rates were dependent on the
degree of compartment repopulation at the onset of the growth. The
reason for the observed differences in growth rates is not known.
Jt may be speculated that it is an expression of the sublethal
damage to a fraction of CFUs which ceased proliferation after
completing only a few division. It is also possible that the measured
growth retardation is more apparent than real being a consequence
of increased differentiation.

c) The role of humoral factors
and the physiological microenvironment

in the proliferation of CFU after irradiation.

The improved postirradiation recovery of CFUs observed in mice
pretreated by various means (1-6) or hypoxia (V, VI) at certain
time intervals before sublethal irradiation appears to have some
common characteristics. The treatment of the animal per se
usually decreased the marrow cellularity and often also the size of
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the stem cell compartment. Moreover the improved regeneration
of CFUs after hypoxia (V, VI) or vinblastine (111) is not a result of
an increased surviving fraction of CFUs (V, 111). Another common
characteristic is a reduction ordls«|3pearance of the postirradiation
dip in mice previously treated by vinblastine (111) colchicine (3 6)
endotoxine (112) or hypoxia (V)). It was concluded that these
differences in the recovery kinetics must be qualitative and depend
on a readiness to enter cell division which is not abolished by the
irradiation (111).

From kinetic studies on CFU regeneration it also became apparent
that the accelerated regeneration was not accomplished by the
shortening of the doubling time of CFUs (VI); once the proliferation
began the growth slopes were similar in pretreated and control
animals (VI, 111). This indicates that the events taking place
early after irradiation entirely determined the speed of the
repopulation of CFUs. Like the improvement of the repopulation
of nucleated cells in the bone marrow (III, IV) and endogenous
colony formation (V), the earlier onset of CFU growth after
irradiation was observed only when irradiation was given within
2 to 3 days after hypoxia; irradiation 6 days after hypoxia was
folio-wed by repopulation kinetics which was the same that of
controls (VI, Fig. 1).

On the basis of these results it was suggested that induction of the
growth of CFU was the result of the effect of hypoxia on the
physiological microenvironment regulating growth of CFUs. To
test this possiblity, the growth of CFUs transplanted into hosts
supralethally irradiated after pretreatment by hypoxia has been
studied (VIII). Using this approach, it was excluded thaf the earlier
onset of regeneration of CFUs in irradiated posthypoxic mice (VI)
was due to the conditioning effect of hypoxia pretreatment upon
CFUs which enabled them to commence their proliferation earlier.

It was shown (VIII) that the regeneration of grafted CFUs was
greatly accelerated and their self-renewal capacity increased in
mice grafted within 2 days after hypoxic treatment. This was in
agreement with the results obtained with the endogenous technique
(V) and further showed the importance of the inductive process for
the repopulation of CFUs. This conclusion is also supported by
results of transfer experiments using diffusion chambers (196) and
by a recent observation (118) that the decreased number of colonies
in the spleens of lethally irradiated Fl hybrids after injection of
parents CFUs is due to delayed induction of the growth of CFUs.
The pre-irradiation physiological microenvironment thus appears
to control the triggering of CFUs into the cell cycle.

Recently, evidence has been accumulated suggesting existence of
long-range acting mechanisms regulating proliferation of CFUs via
circulating humoral substances (115, 118, 119, 120). The growth of
CFUs in diffusion chambers inplanted into the peritoneal cavity of
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irradiated mice was, however, only marginally improved in
irradiated posthypoxic mice (VIII). This finding suggests that an
intim contact with the haemopoietic microenvi- ->nment is
necessary for the mediating of the host effect on the transplanted
CFUs. The short-range cell-to-cell interaction and regulation of
CFU proliferation, possibly via stromal or ''managerial" cells,
was recently proposed (121). There is also other evidence which
stresses the dependence of haemopoiesi- on specialized
haemopoietic stroma (122-125). Reduced CFU recovery rates after
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Fig. 1. Repopulation of bone marrow CFU compartment
after irradiation of mice (300R of X-rays) on day 2
(HP-2) and 5 (HP-5) following cessation of hypoxia. Also
shown growth curves of irradiated controls and hyper-
transfused (HT-2) littermates.
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repeated irradiation were shown to be due to damage to
haemopoietic milieu rather than to damage to the cells themselves
(126). The more rapid regeneration of CFUs transplanted into
lethally irradiated hosts after 24 h instead of immediately
following irradiation (127) was interpreted as a consequence of the
decreased inhibitory effect of surviving host cells upon the
proliferation of CFUs (127). This speculation was further advanced
(128) by an attempt to correlate the number of each cell type in the
bone marrow of hosts at the time of irradiation with the observed
differences in the onset of proliferation of transplanted CFUs in
such hosts given cyclophosphamide at different times previously
(128). From the results it was concluded that myeloid cells might
display an inhibitory effect on the proliferation of CFUs. As shown
by studies on the composition of the bone marrow after hypoxia
(II) and after sublethal irradiation (VH this theory can not, however,
explain the observed effect of hypoxic pretreatment (VIII). Like
hypoxia, the pretreatment of the host by vinblastine and to some
degree also by priming irradiation has been shown to greatly
accelerate the regeneration of transplanted CFUs (VIII). Thus,
the ability of the host to induce an accelerated regeneration of
normal transplanted CFUs is evident in both hypoxia pretreated and
vinblastine pretreated mice. In either case it is dependent on
the time elapsed between the particular treatment and the
irradiation and grafting of cells. An improved recovery of the
haemopoiesis in sublethally irradiated mice and their enhanced
survival (111, VI, IV) are similary related to the time between
pretreatment and irradiation. This support the idea that besides
of an increased number of surviving stem cells, restitution of
haemopoiesis and consequently the survival of animals depends
also on the capacity of the host environment to induce the
proliferation of stem cells (VIII).

d) Repopulation of differentiated cell compartments
in the haemopoietic tissues after irradiation.

There is evidence that both erythropoiesis and granulopoiesis are
supplied from a multipotential stem cell (3, 9, 10). The lack of
mature neutrophils and the decreased resistance to bacterial
infection is the significant factor in mortality whereas the
depression of erythrocyte production in irradiated animals is of
minor importance (5, 129, 195). It is therefore the recruitment
of stem cells and their availability for the differentiation into
granulocytopoietic pathway which really matters in the survival of
mice after irradiation.

Therefore, as part of the analysis of the relation of the increased
survival of posthypoxic mice (38, 39) to the radiation response of
the haemopoietic system, the regeneration pattern of different
morphologically identifiable cells in the spleen and bone marrow
was studied (VI, VII) along with the regeneration of CFUs (VI).
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Special emphasis has been laid upon the granulocytic cells (VII).

The most characteristic feature of the postirradiation
haemopoiesis in rodents (129-131, 197} is the abortive pattern of
the repopulation of granulocytic and erythroid cells. The
mechanism of this is poorly understood. The commonly used
explanation is that the abortive recovei y is tiip result of the activity
of sublethally damaged stem cells which have lost the capacity for
extensive proliferation but are still capable of a limited proliferation
and differentiation into their progeny. The exhaustion of these
stem cells therefore accounts for the fall in these progeny, i.e.
granulocytic and erythroid cells at a certain period after irradiation
(5), This explanation neglects the importance of the descendants
of stem cells because of their limited proliferative capacity.

The data obtained in papers VI and VII do appear to be in
disagreement with this explanation. In irradiated controls the
characteristic abortive repopulation was observed for granulocytic
but not for the erythroid cells. Furthermore, the abortive
rise-fall-rise pattern of granulocyte repopulation was slightly
diminished in hypertransfused and absent in posthypoxic mice in
which the repopulation had a substained character. The
repopulation of erythroid cells in the bone marrow was delayed in
hypertransfused mice and •was of an abortive nature in posthypoxic
animals. This does indicate that the suppression of erythropoiesis
in the bone marrow was complete in hypertransfused mice
whereas in posthypoxic some erythropoiesis continued after
irradiation. Detailed analysis of the granulocytic compartment
cell populations of the bone marrow further showed, that the initial
increase is first observed in the least mature cell population and
subsequently can be seen to proceed throught the more differentiated
cell groups. The decrease follows the same pattern (VII).

The magnitude of the initial rise of granulocytic cells in irradiated
controls, hypertransfused and posthypoxic mice was identical
during the first six days following irradiation and did not reflect
the large differences in the regeneration of the CFU compartments
(VI). The subsequent decrease in the number of marrow
myelocytes, metamyelocytes and polymorphs was exponential in
irradiated controls suggesting the cessation of the input from the
progenitor compartirent. This decrease was significantly lower
in hypertransfused mice and absent in posthypoxic animals. In
controls.after an abortive rise, the first significant decrease of
metamyelocytes was noted on day 8, of mature polymorphs on day
10 (VII). In all three groups of mice the extent of this decrease
bears a striking relation to the size of the CFU compartment
noted 2-4 days previously (VI).

The transition time between CFU and metamyelocyte is not known
but the transit time between blood born immediate granulocyte

112



precursors and metamyelocytes was estimated to be about 48 h
(132). A similar delay in the increase in metamyelocytes relative
to CPU indicate that it probably takes a minimum of 2-3 days for
CFU to produce a metamyelocyte and 4 days a polymorph if the
maturation from metamyelocyte to polymorph takes about 18 h
(133-135). This agrees well with the observed delay between the
rise and fall of metamyelocytes and polymorphs (VII). Moreover,
these calculations suggest that the extent of the secondary
granulocytic decrease might be a function of the size of CFU
compartment. A minimal threshold size of the compartment,
permitting the differentiation along with self-renewal of stem cells,
was recently suggested to explain the delay between the onset of the
growth of CFUs after irradiation and the onset of CFUs compart-
ment differentiation along the erythropoietic pathway (136-138).
The experimental data indicated (136, 138) that the depletion of
CFU compartment below the 10 % of control values was followed
by self-renewal only, until this threshold was attained. Thereafter
the regrowth of the CFU compartment proceed along with
differentiation (136, 138). The quantitative data on CFU
repopulation shows (VI) that until day 10 following irradiation the
size of the CFU compartment in control mice was below 10%
whereas in posthypoxic animals the 10% level was attained already
on the second postirradiation day (VI, Fig. 1).

The initial postirradiation rise in the number of granulocytic cells
was, however, the same in all groups of mice until the 6th day, in
spite of differences in the regeneration of CFUs. On the basis of
the observed sequence in the increase of granulocytic cells of
different maturity and of the importance of the CFU size for the
onset of differentiation it appears that the abortive rise of
granulocytic cells particularly of metamyelocytes and polymorphs
is the result of the proliferative activity of the surviving
granulocytic transit population and possibly commited granulocyte
progenitors.

There is some evidence that this transit population of cells have
retained some capacity for self-renewal (139) and that the growth
fraction of promyelocytes and myelocytes may expand and the
death fraction of myelocytes decrease (140, 141); these processes
would result in the increased production of non-dividing
granulocytic cells in emergency conditions such as the depletion
of progenitor cells by ionizing radiation. Others (198), however,
have proposed that the only way of increasing granulocyte
production is by increased the feeding of granulocytic transit
compartment from unipotent progenitors (142).

In any case all commited cell have a limited proliferative capacity
(3) and their exhaustion, in the absence of a sufficient input from,
the still below critical level depleted, CFU compartment could
result in the observed abortive decrease of granulocytic cells after
the initial regrowth (VI).
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In the hypertransfused and also posthypoxic animals the diminished
demand for stem cells due to the decreased erythropoiesis might
also valuably influence the granulocytic recovery on the basis of
proposed competition for stem cells (142-148). The comparison of
posthypoxic and hypertransfused mice shows that this accounts for
only a smaller improvement in the granulocytic recovery. On the
basis of present experiments with sublethally irradiated animals
it appears that the production of granulocytes during the critical
postirradiation period depends on the proliferative capacity of
surviving granulocytic cells during the period of abortive
rise. Thereafter, the continuous production depends on the supply
from stem cell pool; the speed of its re growth may be the factor
determining the appearance and depth of the abortive fall of
granulocytic cells.

4. SERUM REGULATORS OF GRANULOCY™^
AND MACROPHAGE FORMATION IN VITRO.

The formation of clones of granulocytic and macrophage cells in
soft -agar cultures of haemopoietic cells has been shown to depend
on the presence of factors with regulator-like properties (149-150).
Initially, the factors was derived from feeder-cells of different,
origin (149-152) and was called colony stimulating factor-CSF
(153) or iiiducer (154). Subsequently it was demonstrated that
different kinds of normal and malignant cells (3, 155-158)
produced and/or released CSF in culture, especially large amounts
of CSF being obtained in vitro from mouse lung cells and stromal
cells firmly adherent to the wall of the bone marrow cavity (159-
161, XII). Different amounts of CSF can be also extracted from
many tissues (162) and its physical properties appears to differ
considerably depending on its source (3, 159, 161, 163). CSF can
also be detected in various quantities in the sera of normal mice
and humans (168-171). Action of CSF in vitro appears to be specific
with respect to the target cell (155). Colonies of granulocytes
and macrophages are of clonal origin and arise by the action of
CSF on a single cell - the in vitro colony forming cell-CFC (3,
164). The growth of colonies is, however, dependent on the
continuous presence of CSF in culture (165, 166). The CFC seems
to be a common ancestor of both granulocytes and monocyte-
macrophages (164-167). Most experimental data suggests that the
target cell is a progenitor or commited stem cell of the
granulocyte-macrophage system corresponding to the
erythropoietin sensitive cell of the erythropoietic series (3),

By analogy to erythropoietin and based on the in vitro observations,
CSF has been considered to play a similar physiological role
in granulopoietic regulation (3). Other evidence on •which a proposed
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physiological role for CSF is based comes from experiments
where crude (172) or partially purified (3, <73) material with CSF
activity was injected into adult or baby mice. Resulting
granulocytosis and monocytosis were suggested to be due to an
increased granulocyte production rather than a leucocyte
releasing action (3, 173).

The general difficulties with the interpretation of the results of
this type of experiment comes not only from the inpurity of injected
substances but also from the lack of the methods capable
of suppressing granulocytopoiesis which made this assay fairly
insensitive to small amounts of injected CSF. Moreover, an
uncontrolled endogenous production of CSF possible acting in high
concentrations localy might result in the injected CSF producing a
minimal increase in the concentration of CSF impinging on the
target cells and thus in an insignificant response.

Indirect evidence on a physiological role CSF, comes from the
results of studies based on the deterrrination of the serum level
of CSF in experimental situations known to alter haemopoiesis.
Increased level of CSF in sera in situations in which mice were
rendered neutropenic by various means (174-176) and the
correlation between the increased level of CSF and reactions of
granulocytopoiesis after irradiation (174) or injection of endotoxin
(177-179) was interpreted as evidence for a regulatory role of
CSF in granulocytopoieeis.

There is however, some uncertainity about the production and/or
release of CSF in vivo . Since CSF might be liberated non-
-specifically as a response to particular treatment we examined
in a series of experiments the relationship of the fluctuations of
serum CSF levels to the changes in haemopoiesis after irradiation
(IX, X, XII). An attempt has also been made to identify factors
which might regulate the production and/or release of CSF ir .vo
and in vitro (IX, X, XI).

An increased level of CSF observed in the sera of irradiated mice
•which roughly correlates with the neutropenia (174, IX) is, however,
not a constant finding (180, 181). In most strains of mice the
detection of CSF is complicated by the presence of various amounts
of inhibitors (i82, 183). It was suggested that their decrease after
irradiation (IX, 181) could therefore allow the detection of
otherwise "masked" CSF and thus account for the observed increase
in the level of CSF. Inhibitors can be extracted from sera with
ether treatment (183). The application of this method to the sera of
irradiated mice showed that the increase in the CSF activity after
irradiation (IX, X) was due to an increased net production and not
merely due to an unmasking effect of inhibitors. After a single dose
of irradiation the serum CSF level began to rise after two days,
reached a peak approximately one week after irradiation and
decreased thereafter (IX, X). On the other hand the serum CSF

115



level of mice pretreated by hypoxia failed to show a similar
pattern of increase in the serum CSF activity, despite a similar
decrease in the marrow granulocyte precursors (VII, IX) and
blooc1 neutrophils (VII). This cast some doubts on the suggestion
that neutropenia per se (174-176) does elicit an increase in the
CSF production and/or release. The experiments in which the
long lasting neutropenia and depletion of granulocyte precursors
from the bone marrow was induced by chronic irradiation showed
that these factors per se are not linked with the increase in the
serum CSF level (X). Absence of CSF increase after irradiation of
germfree mice point in the same direction (184).

The correct estimation of the level of CSF in sera is possible only
after removal or destruction of the material with characteristics
of low density lipoproteins which inhibits the colony formation
(182, 183, IX, X). The high level of CSF in the sera of certain
strains is accompanied by a low level of CSF inhibitors and vice
versa (182, 185). This together with their fluctuations in the course
of certain haemopoietic disorders (183, 186-188) and above all
after irradiation (IX, X, XI, 181) is intriguing and deserves
attention. Their level in the sera can be quantitated (187) and it was
shown that they fluctuate during the recovery period after
irradiation (187, IX, X, XI). This fluctuation is inversely related
to that of CSF, an increase of one being accompanied by the
decrease in the level of the other (IX, X). It has also been recently
reported that the fall in the serum level of inhibitors after
irradiation preceeds the rise in the capacity of bone associated
cells to produce CSF in vitro (187). These observations indicate
that the inhibitors might be in some way related to the haemopoietic
tissue and possibility that they are involved in the regulation of
CSF production was suggested (187). They appears to block the
action of the CSF in vitro (183) by some unknown mechanism. This
indicates an other explanation for an inverse relationship between
both factors in the sera of mice, namely, that they could bind and
inactivate the CSF released by cells.

The tissue source of the serum inhibitors is not known. In an
attempt to clarify this matter we studied whether the decrease in
the serum inhibitors, invariably occuringafter irradiation (IX, X)
and parallelling the depletion of haemopoietic cells, could be
influenced by transplantation of bone marrow cells to irradiated
animals. It was shown that this is indeed possible and in this way
the decrease in the serum inhibitors was prevented (XI). The
results also revealed a dependence of the behaviour of inhibitors
on the dose of transplanted bone marrow cells. Injection of killed
cells failed to influence a fall in the inhibitors (XI). These results
suggest that under particular conditions the serum level of
inhibitors is either dependent on their production by some
haemopoietic cells or on their supply by other tissues which is
dependent on the presence of minimal amounts of haemopoietic
cells.
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There is controversy about the functional importance of the
increase in the serum level of CSF. Its increase after irradiation
(174) is correlated in time and magnitude with neutropenia and
granulocytic hyperplasia. The changes in the granulocyte
compartment after adminstration of endotoxin has also been
considered to be related to the increased serum level of CSF
(177, 178). However, in our experiments, considerable
discrepancies were noted between the serum level of CSF in
irradiated normal and posthpoxic mice (IX) on one hand and
regeneration of the granulocytic compartment in the bone marrow
(VII) of both groups of mice on the other. Another finding which
questiones the importance of serum CSF for the regeneration of
granulopoiesis in vivo is the observation that after irradiation
there are no substantial differences in the regeneration of
granulocytic cells in the bone marrow of germfree and conventional
mice (189, 190) in spite of the complete absence of the increase
of CSF activity in the sera of germfree animals (184).

A possible explanation for these discrepeancies is that the level
of CSF in the serum does not mirror the actual concentration of
CSF impinging on the presumable target cell in the bone marrow.
There is some evidence from in vitro experiments supporting
this. Stromal cells associated with bones are a powerful source
of CSF (181, 191, XII) and their production capacity is further
increased by preirradiation of the donor up to two weeks before
sacrifice (181, 191, XII) or by injecting the donor by endotoxin
(XII). After irradiation the increased production of CSF by these
cells in vitro (XII) is observed before and long after the serum CSF
levels regain their normal levels (IX). Interestingly, the in vitro
production of CSF by tissues from norrral donors is not influenced
by inhibitors containing sera, but if the tissues from irradiated
mice are cultivated in vitro, the production appears to be inhibited
by the presence of sera. Similary, a lower degree of inhibition was
noted in preliminary experiments with tissues from endotoxin
treated donors (XII). This implies an importance of the production
of CSF by local environment and furthermore suggests a possible
role for serum factors in the regulation of CSF production under
particular circumstances.

An important question remains however, about the biological activity
of circulating CSF. To study the significance of the increased serum
level of CSF after irradiation, diffusion chambers with bone
marrow cells were implanted into the peritoneal cavity (192) of
normal mice and mice irradiated at different times previously
(XIII). Using this approach, the cells were spared of the effect of
the bone marrow environment anr1. were exposed only to the
influence of circulating factors. It was found that the number of
cells recovered from chambers cultivated between 0 and 3 days
after irradiation was only slightly higher than that from chambers
cultivated in normal mice for the same period of time. Thereafter
the recovered numbers increased reaching a maximum between 5and
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8 days after irradiation and decreased again (XIII). The
improvement in the growth correlated with the fluctuations in the
levels of CSF in the sera of irradiated mice (XIII). Using a
similar technique but slightly different criteria the circulating
diffusible factors do show similar kinetics during the first 5 days
after irradiation (193) although the authors on the basis of the
later experiments with endotoxine treatment concluded that the
stimulation was due to a "diffusible granulopoietic stimulator"
different from CSF (194). A final decision is not possible on the
basis of our experiments but it can be concluded that if an
other humoral factor was responsible for the results of our
study, its fluctuations in the body fluids of irradiated animals
follows a pattern nearly identical to that of CSF.
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B. GENERAL SUMMARY

The importance of various factors in determining the response of
the haemopoietic tissue to ionizing radiation was studied in normal
mice and in mice rendered radioresistant by previous exposure to
hypoxia. In irradiated mice the level of the serum regulators of in
vitro colony foriration and their possible relationship to the
haemopoietic status of the animals was also investigated.

Ten days of hypoxia treatment greatly enh~:-ced erythropoieis,
particularly in the spleen and the number of all other cells including
haemopoietic stem cells and granulocyte progenitors was
significantly decreased. After the cessation of hypoxia erythrocytic
precursors gradually disappeared from both bone lnarro'w and spleen
as a consequence of the posthypoxic plethora. Haemopoietic stem
cells (CFUs), granulocytic progenitor cells and granulocytic cells
in the bone marrow reattained normal levels within three days and
the lymphoid cells within six days after the cessation of hypoxia.

The increased radioresistance of mice immediately following and
between 1 and 3 days after hypoxia was not related to the post-
hypoxic polycytherr.ia per se and was not eliminated by rendering the
mice normocyterr ic by bleeding. The enlargement of the CFUs
compartment after the 4th posthypoxic days was not related to the
survival of the animals. The immediate response of CFUs to
ionizing radiation was similar in controls and posthypoxic
radioresistant mice with a slightly decreased capacity for
intracellular repair in the latter. The size of the stem and
differentiated cell compartments and/or their radioresistance were
not increased in posthypoxic radioresistant mice.

The repopulation oi bone marrow nucleated cells was accelerated,
however, in mice irradiated within 3 days after hypoxia and in the
spleens of these mice an increased number of endogenous splenic
colonies was also observed. The irradiation of posthypoxic mice
was followed by an increased migration of CFUs. An accelerated
recovery of endocolonizing potential was noted in posthypoxic leg
shielded animals who also showed an increased proliferation of
CFUs in the shielded bone marrow as compared to controls.

The repopulation of the transplantable CFUs,after compartment
depletion by ionizing irradiation, was greatly accelerated in
posthypoxic mice tl.e normal values being reached one week earlier
than in controls. In hypertransfused mice the repopulation of CFUs
was r-omewhat improved initially but in the final analyses was much
slower than in posthypoxic mice. This indicates a subordinate role
for the posthypoxic suppression of erythropoiesis in the acceleration
of the CFUs repopulation in posthypoxic mice.

Once the CFU proliferation after irradiation commenced, the slopes
of the regrowth curves were similar in posthypoxic, hypertransfused
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and control mice and it was concluded that the events regulating the
onset of CFU proliferation after irradiation are of decisive
importance for the speed of CFU repopuiation. The transplantation
of bone marrow CFUs from normal and posthypoxic donors into
supralethally irradiated normal and posthypoxic hosts showed that
the earlier commencement of CFU repopulation in the irradiated
posthypoxic mouse was a result of the effect of hypoxia pretreatment
on the physiological environment and not on the CFUs themselves.
Regeneration of CFUs was acceleratedandtheir self-renewal
capacity increased in lethally irradiated hosts grafted within 2 days
after cessation of hypoxia. A similar effect was observed in lethally
irradiated, vinblastine pretreated hosts. A short conditioning of
the transplanted CFUs by the posthypoxic host environment was
sufficient to improve the growth of CFUs. The number of splenic
colonies formed by syngeneic as well as by C57BL parent CFUs
grafted into BC3F1 hosts, was significantly increased. The increase
was not a result of an incs^f'sed seeding efficiency of CFUs but was
apparently rrediated by the hosts haerropoietic microenvironment.

The regeneration of granulocytic cells in the bone marrow of
sublethally irradiated normal mice was abortive with a great
decrease in cell nv.r-iers at the end of the second week after
irradiation. The regeneration of these cells in posthypoxic mice
was, however, sustained with an earlier return to the
preirradiation level. An accelerated repopulation of granulocyte
progenitor cells in posthypoxic animals was also observed.

In both irradiated controls and posthypoxic mice the serum levels of
CSF and inhibitors of in vitro colony formation inversely fluctuated
during the postirradiation period. A similar inverse relationship
between the levels of these factors in the sera was observed in
chronically irradiated mice. The experiments with single dose and
chronically irradiated mice showed that the increase in the CSF in
the sera of irradiated mice is not elicited by the depletion of
granulocyte precursors or mature granulocytes.

Fluctuations in the body fluids of long-ranged humoral agents
capable of stimulating the growth of bone marrow cells in diffusion
chamber cultures in vivo, was observed after irradiation. The
fluctuation pa.ttern was almost the same as that of the CSF in the
sera of irradiated mice which indicates a relationship between the
in vivo and in vitro (CSF) active factors.

In contrast to CSF, the serum level of inhibitors decreased after
irradiation. It was shown that this decrease can be prevented by
the grafting of large numbers of bone marrow cells into the
irradiated animals. This effect •was dependent on the viability and
dose of injected cells and suggests a relationship of serum inhibitors
to the haemopoietic tissue in vivo.

The regulation of the local production of CSF was approached by
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quantitation of the CSF produced in vitro by bone adherent cells.
It was shown that the amounts of CSF produced in vitro increased
with preirradiation or endotoxin treatrrent 01 the tissue donor.
Addition of mouse sera containing inhibitors to the cultures of CSF
producing cells did not influence the production of CSF by bones
from normal donors but inhibited CSF production by bones from
irradiated donors and to some degree inhibited CSF production
by bones from endotoxin primed donors. The inhibition of CSF
production does not seem to be due to a toxic effect of sera on the
CSF producing cells. Extraction of the sera with ether removed the
inhibitory rraterial. A similar amount of CSF was produced by the
tissues from different mouse strains; their sensitivity to the
inhibitory effects of sera varied, however, with the strain of origin
of the CSF producing tissue.
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