
? r: b ,
tS-mi —12996 -̂  • ' '< J 0 {)

UNIVERSITEIT ANTWERPEN
UNIVERSITAIRE INSTELLING ANTWERPEN

DEPARTEMENT BIOLOGIE

STUDY OF MURINE STROMA IN FETAL AND
POSTNATAL HAEMOPOIETIC ORGANS AND

AFTER RADIOCONTAMINAT1ON WITH
241-AMERICIUM IN UTERO AND AS ADULTS.

STUDIE VAN HET STROMA IN FOETALE EN
POSTNATALE BLOEDVORMENDE ORGANEN

VAN DE MUIS EN NA RAD1OACTIEVE BESMETTING
MET 241-AMERICIUM VAN MUIZEN TIJDENS DE

ZWANGERSCHAP EN ALS VOLWASSENEN.

Proefschrift ingediend met het oog op net examen voor de graad van
Doctor in de Wetenschappen aan de Universitaire Instelling Antwerpen
te verdedigen door Rosette Van Den Heuvel

Promotor: Prof. Dr. O. Vanderborght

Antwerpen, 1990



UNIVERSITEIT ANTWERPEN
UNIVERSITAIRE INSTELLING ANTWERPEN

DEPARTEMENT BIOLOGIE

STUDY OF MURINE STROMA IN FETAL AND
POSTNATAL HAEMOPOIETIC ORGANS AND

AFTER RADIOCONTAMINATION WITH
241-AMERICIUM IN UTERO AND AS ADULTS.

STUDIE VAN HET STROMA IN FOETALE EN
POSTNATALE BLOEDVORMENDE ORGANEN

VAN DE MUIS EN NA RADIOACTIEVE BESMETTING
MET 241-AMERICIUM VAN MUIZEN TIJDENS DE

ZWANGERSCHAP EN ALS VOLWASSENEN.

Proefschrift ingediend met net oog op het examen voor de graad van
Doctor in de Wetenschappen aan de Universitaire Instelling Antwerpen
te verdedigen door Rosette Van Den Heuvel

Promotor: Prof. Or. 0. Vanderborght

Antwerpen, 1990



Voor moeder en vader



DANKWOORD

Langs deze weg wil ik alle mensen danken die mij geholpen hebben bij het

tot stand komen van dit proefschrift.

De promotor, Prof. Dr. 0. Vanderborght, dank ik voor de gelegenheid die hij

mij bood om op dit onderzoeksterrein te werken.

Speciale dank gaat uit naar Greet Schoeters voor haar enthousiasme,

kritisch inzicht en wetenschappelijke steun bij de begeleiding van deze

verhandeling.

De uitstekende praktische hulp, toewijding en sympathie van Hilde Leppens

waardeer ik heel erg.

Ik dank Hilda Witters, Johan Bierkens en Jef Vangenechten, zij waren

aangename collega's ; Sylvain Van Fuymbroeck waarop ik steeds beroep kon

doen voor zijn technische en chemische kennis ; Louis Tessens, Frank Vander

Plaetse en Eddy Janssens bij wie ik steeds terecht kon voor praktische

hulp ; alle studenten voor hun interesse en enthousiasme tijdens hun

eindverhandeling en in het bijzonder Sigrid Versele en Eric Mathieu voor

hun wetenschappelijke bijdrage ; en alle studenten, stagiairs en tijdelijk

tewerkgestelden die enige tijd in het labo hebben doorgebracht voor de

gezellige sfeer.

Ook dank ik alle mensen uit de wetenschappelijke wereld wiens interesse

steeds weer een nieuwe stimulans gaf. Verder dank ik het secretariaat en in

het bijzonder Kris Gielen voor het typen van dit werk an voor haar goede

service.

Ik dank het S.C.K. en het departement stralingsbescherming voor het ter

beschikking stellen van de infrastructuur.

Tenslotte, een speciale dankvermelding voor Michel en onze kinderen Tinne,

Lieve en Johan voor hun opoffering en geduld tijdens het maken van dit

werk.



Verder dank ik mijn schoonvader ("f*) i alle familieleden, vrienden en

kennissen voor hun interesse en steun en in het bijzonder diegenen op wie

ik steeds kon rekenen voor huishoudelijke hulp en kinderoppas.

En last but not least, zou ik mijn ouders heel erg willen bedanken zonder

wiens onschatbare hulp en aanmoediging dit werk nooit tot stand gekomen zou

zijn.

Dit onderzoeksproject werd financieel gesteund door het I.W.O.N.L.

(Instituut ter aanmoediging van het Wetenschappelijk Onderzoek in de

Nijverheid en de Landbouw) en de contracten BIO-D-566-B4-B en CCE-OO81/B

afgesloten tussen de Commissie van de Europese Gemeenschappen en het S.C.K.



- 1 -

TABLE OF CONTENTS

P.

I. INTRODUCTION

A. Aims and Scope 3

B. Haemopoietic and stromal system 6

B.I. The haemopoietic system 6

B.2. The stromal system 14

B.3. Fetal haemopoiesis 24

C. Radiation exposure 28

C.I. 241-americium 28

C.2. Irradiation at fetal and young age 30

C.2.1. External irradiation 31

C.2.2. Internal irradiation 36

D. References 41

II. PRELIMINARY EXPERIMENTS 67

11.1. Quantitative problems with murine colony forming units 68

of fibroblasts (CFU-f) from adult bone marrow

11.2. Increased efficiency of CFU-GM production after 72

miniaturization of long-term bone marrow cultures

III. STUDY OF THE STROMAL COMPARTMENT IN FETAL AND PERINATAL 83

HAEMOPOIETIC ORGANS

Part A. Study of the stromal stem cells (CFU-f) from 83

haemopoietic organs (yolk sac, liver, spleen and

bone marrow) of pre- and postnatal mice

A.I. Stromal stem cells (CFU-f) : 84

concentration and morphology

A.2. Stromal stem cells (CFU-f) : 99

proliferative activity



- 2 -

Part B. Study of long-term cultures from haeroopoietie organs 110

(liver, spleen and bone marrow) of pre- and postnatal

mice

Q.I. Long-term cultures : CFU-GM production 112

B. 2. Long-term cultures : strotnal and haemopoietic 123

cell compartment

B,3. Long-term cultures : characterization of the 141

stromal adherent layer

B.4. Long-term cultures : production of colony 167

stimulating activity

IV. EFFECT OF 241-AMERICIUM ON BONE MARROW STROMA 188

Part A. 241-americium contamination at adult age 189

Part B. 241-americium contamination at fetal and young age 206

B.I. In vitro haemopoiesis in long-term cultures 207

derived from BALB/c mice contaminated during

lactation and/or in utero
241

B.2. Study of the radiation damage after Am 218

contamination in utero and during lactation

V. CONCLUSIONS 237

VI. SAMENVATTING 244



- 3 -

I. INTRODUCTION

A. AIMS AND SCOPE

Blood forming organs are composed of haemopoietic cells and stromal

elements (including stromal cells and their extracellular matrix). The

latter constitute an haemopoietic microenvironment necessary for blood cell

maintenance, proliferation and differentiation ^n vivo and in vitro.

A short-term and long-term _in vitro technique are available to study the

stromal compartment. The concentration of stromal stem cells (CFU-f) can be

estimated by an in vitro cloning method.

haemopoiesis ±n vitro can be realized in so-called long-term cultures

(LTC). The development of an adherent stromal cell layer is essential for

sustained haemopoiesis. The LTC system allows to study ^n vitro many

aspects of the regulation of haemopoiesis. The animal model used in this

study was the mouse. The short and long-term stromal marrow culture

technques are both used. The quantification of short term CFU-f and the

adaptation of LTC for growth of stroma from fetal haemopoietic organs are

discussed in chapter II.

The regulation of haemopoiesis is very complex, involving a number of

haemopoietic growth factors, extracellular matrix components as well as

cellular interactions. Two approaches are used in this work to elucidate

the functional role of the stroma in the regulation of haemopoiesis.

(a) comparison of the stroma from haemopoietic active organs and organs

with a low haemopoietic activity ;

(b) study of the effect of ionizing alpha-particles on stromal regulation

of haematopoiesis.

(a) Study of the stromal system in fetal and neonatal haemopoietic organs

(Chapter III)

During fetal development, haemopoiesis is subsequently located in yolk sac,

liver, spleen and bone marrow. The latter being the main haemopoietic organ

at adult age. This switch of blood formation from one organ to another

suggests that the microenvironment alters during development and that the



- l i -

of the stromal cells to maintain haemopoiesis changes. We performed

comparative studies between stroma from different haetnopoietic organs (yolk

sac, liver, spleen and bone marrow). The stromal stem cell (CFU-f)

population was characterized (III, Part A) : stem cell concentration and

proliferation activity were investigated in function of time.

Long-term cultures were initiated of these organs (III, Part B) : CFU-GM

maintenance, morphological study of the adherent layers and haemopoietic

growth factor production were studied.

(b) Study of the effect of internal alpha irradiation after injection with

241-americium (Chapter IV)

Toxic agents of industrial origin are released to the environment and

subsequently transferred through the food chains, through inhalation or

through wound contamination to animals, including pregnant animals. When

these agetits are transferred through the placenta they can present a

potential danger to the foetus in utero. The distribution of toxic agents

in the foetus includes haemopoietic organs like yolk sac, liver, spleen and

skeleton.

The proposed research involves elucidating the radiotoxic effects of

241-americium on haemopoiesis in adult, fetal and neonatal mice.
241

Am is an important by-product of the nuclear industry. It is mainly an
alpha-emitter which accumulates at bone surfaces. It has been demonstrated

241
that Am crosses the placenta and accumulates in the foetus. Yolk sac,

liver and skeleton were shown to be the major deposition sites.

The occurrence of bone tumors and leukemia are the most frequently studied

long-term radiation effects after contamination cf experimental animals

with bone-seeking radionuclides. There is a lack of knowledge about what

happens at the cellular and molecular level during the long latency period

before long-term effects appear. The target cell population for tumor

induction is not yet defined, but the stromal bone marrow cells are

candidate target cells. Stromal cells have an osteogenic potention. Stromal

ceils are essential for the regulation of haemopoiesis. It may therefore be

interesting to search for connections between defects in the stroma and

haematological disorders.
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Radiation damage becomes rapidly manifest if cells are proliferating. In

growing organs with many DNA synthetizing cells radiation may induce more

damage than in organs with low cell turn-over. Therefore developing

organisms which contain expanding cell populations are considered at higher

risk.

The goals of our study are :

- to detect radiosensitive haemopoietic and stromal populations ;

- to provide information on the toxicity of internal alpha irradiation on

the function of stromal cells, which constitute in liver, spleen and bone

marrow the microenvironment in which haemopoiesis develops during

gestation ;

- to compare the toxic effects after contamination at adult age and after

contamination at fetal and young age.
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B. HAEMOPOIETIC AND STROMAL SYSTEM

B.I. The haemopoietic system

Blood cells are produced in the bone marrow and lymphoid organs by a

process known as haemopoiesis. Mature blood cells, except lymphocytes, have

a short, limited life-span (e.g. a few hours (granulocytes) or a few weeks

(erythrocytes)) and large numbers of different lineages have to be produced

in the body throughout normal life. Many cells also have to be produced

under conditions of haemcpoietic stress, such as after infections or loss

of blood.

The mature cells are highly specialized cells which are themselves

incapable of further growth. Their numbers must therefore be replaced

through proliferation and development of more primitive cells, known as

stem cells. The haemopoietic system may be devided into three main

compartments (Figure 1) (Ogawa et al., 1983).

The first compartment consists of haemopoietic stem cells, which in adults

are restricted mainly to the bone marrow. The stem cells have functional

properties which distinguish them from other cells. They have the ability

to give rise to new haemopoietic stem cells (self-renewal) and they are

pluripotent. They have the potential to undergo development into all the

different blood cell lineages. The neutrophiles, monocytes and macrophages,

eosinophils, basophils, erythrocytes, megakaryocytes (platelets), B

lymphocytes and T lymphocytes are all derived from a common stem cell (Till

and McCulloch, 1961 ; Spangrude et al., 1988). This was shown using

radiation-induced chromosome markers (Wu et al., 1968) and using retroviral

markers (Bick et al., 1985 ; Keller et al., 1985 ; Lemischka et al., 1986).

Stem cells cannot be morphologically recognized in the bone marrow. The

number of multipotent stem cells was initially estimated by counting the

number of colonies that formed in the spleen of lethally irradiated mice

(Till and McCulloch, 1961). Spleen colonies are derived from a cell which

is able to self-renew (Siminovitch et al., 1963) and to produce cells of

different lineages (erythrocytes, granulocytes, monocytes and

megakaryocytes).
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Attempts have been made to assay stem cells jLn vitro. When marrow cells are

removed from the body and plated in nutrient growth media they can be

induced to proliferate and form colonies containing various cell types.

Colonies containing cells of two or more haemopoietic lineages, for

example, granulocytes-erythrocytes-macrophages-megakaryocytes colonies

(CFU-GEMM = CFU-Mix) are derived from multipotent cells (Hara and Ogawa,

1978 ; Fauser and Messner, 1979 ; Johnson, 1980). Nakahata and Ogawa (1982)

described an assay developing colonies consisting of only undifferentiated

blast cells. When these blast cells are replated, they give rise to various

haematopoietic lineages.

Obervations suggested that a structured hierarchy of multipotentdal

haemopoietic stem cells assayable in culture and jin vivo exists (Ogawa et

a!., 1983). The earliest stem cells have a high self-renewal capacity and

are the most important in the establishment of a successful graft.

Early-appearing spleen colonies are derived from monopotent progenitors,

whereas late-appearing spleen colonies are multipotential and have a high

self-renewal capability. The progenitors for blast cell colonies possess

extensive self-renewal capacity and appear to be more primitive than the

progenitors for macroscopic multilineage colonies (CFU-GEMM).

The exact relationship between CFU-GEMM and CFU-s in the hierarchy is not

clear.

The second compartment consists of progenitor cells. Further proliferation

of multipotent stem cells leads to a progressively more mature cell with a

concomittant restriction in their proliferative potential. Progenitor cells

are committed to differentiate in a given haemopoietic lineage.

These cells are assayed i£ vitro as CFU (colony forming unit) that give

rise to colonies containing mature cells representing only one or two cell

lineages. Methods have been described for the clonal growth of granulocyte

and/or monocyte precursor cells (CFU-G, CFU-M, CFU-GM) (Bradley and

Metcalf, 1966 ; Pluznik and Sachs, 1966), eosinophils (CRT-EOS), erythroid

precursor cells. (CFU-E) and early erythroid precursor cells (BFU-E)

(Stephenson et al., 1971), megakaryocytes (CFU-Meg) (Metcalf et al., 1975a)

and lymphoid cells (Metcalf et al., 1975b ; Fibach et al., 1976 ; Sredni et

al., 1976). Progenitor cells represent a continuum of stages of maturation

in each cell lineage, reflected by changes in surface phenotype, size,



- 8 -

sensitivity to growth factors and proliferative potential (Sieff et al.t

1982 ; Bol and Williams, 1980 } Gregory, 1976).

By means of these ±n vitro systems it has been possible to build up a cell

hierarchy and define the nature of the various differentiated cells (Cline

and Golde, 1979).

The third compartment consists of precursor cells in the marrow and of

mature cells which migrate to the peripheral blood. Mature cells have

specialized functions and have lost the ability to proliferate. Precursor

cells are morphologically recognizable cells and will divide only a few

times.

Haemopoietic progenitor cells can survive, proliferate and develop into

mature blood cells in semisolid culture systems, provided that the cultures

contain the appropriate growth stimulating factors. This led to the

discovery of a group of specific regulatory glycoproteins, called

haemopoietic growth factors (Metcalf, 1989b ; Dexter, 1987 ; Metcalf,

1989a).

The best characterized group of haemopoietic growth factors are those

controlling the granulocyte-macrophage lineage. They are known as

colony-stimulating factors (CSFs) because these proteins were initially

identified through cell culture colony formation assays. In the murine

system, four CSFs have been clearly identified (Clark and Kamen, 1987 ;

Metcalf and Nicola, 1983 ; Metcalf, 1985 ; Metcalf, 1986 ; Metcalf, 1989a ;

Metcalf, 1989b ; Whetton and Dexter, 1986). These CSFs have been purified

to homogeneity (Burgess et al., 1977 ; Stanley and Heard, 1977 ; Nicola et

al., 1983 ; Ihle et al., 1982), their genes cloned, active recombinant

proteins produced (DeL amarter et al., 1985 ; Kindler et al., 1986 ;

Metcalf, 1986) and their amino acid sequences determined (Whetton and

Dexter, 1986 ; Metcalf, 1989b). A prefix indicates the main cell type

stimulated by low concentrations of the CSF. Thus, G-CSF is primarily a

stimulus for granulocyte formation and M-CSF for monocyte-macrophage

formation ; GM-CSF and multi-CSF (interleukin-3) stimulate the production

of both granulocyte and macrophage cells. In addition, 11-3 stimulates the

proliferation and development of erythrcid, megakaryocytic eosinophil,

mast, stem and multipotential cells (Metcalf, 1986).
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Based on these observations, Clark and Kamen (1987) postulate the existence

of a hierarchy of progenitor cells along the various cell lineages. In this

model, G-CSF and M-CSF support the growth and proliferation of only

relatively late progenitors already committed to their respective lineages,

GM-CSF, in contrast, is presumed to interact additionally with somewhat

earlier progenitor cells that are still capable of differentiating into

neutrophils, eosinophils, or monocytes. The multiplicity of activities

attributable to 11-3 is believed to be a consequence of its ability to

support the growth of cells from relatively early pluripotent progenitors

to mature cells of multiple lineages (see table 1). In the human system, a

set of four analogous factors has been described (Clark and Kamen, 1987 ;

Ketcalf, 1986 ; Kawasaki et al., 1985 ; Sieff, 1987 ; Wong et al., 1985 ;

Yang et al., 1986),

CSFs are not the only haemopoietic growth factors. Analogous regulatory

glycoproteins exist for hematopoietic cells in other lineages. For example,

erythropoietin (epo), which stimulates the committed erythroid precursors

(BFU-E and CFU-E) to proliferate, lnterleukin-2 (11-2) is a growth factor

for T and B lymphocytes (Taniguchi et al., 1983).

In addition several other cytokines originally identified because of their

activities on lymphoid targets have proven to have important effects on

myeloid cells as well (Ikebuchi et al., 1987 ; Metcalf, 1989a). These

include 11-1 (interleukin-1 = haemopoietin-1) which is believed to induce

stem cells to become responsive to other CSFs (Stanley et al., 1986). Thus

11-1 may have a major role in differentiation and commitment of stem cells.

11-1, acting alone, has no proliferative action on haematopoietic cells but

acts in synergy with growth factors. 11-4 (B cell stimulatory factor-1 =

BSF-1) is a potent mast cell growth factor (Lee et al., 1986). Acting

alone, 11-4 has no proliferative effects on haemopoietic progenitor cells

but enhances colony formation stimulated by G-CSF, M-CSF or epo. By

contrast, 11-4 inhibits colony formation stimulated by multi-CSF. 11-5, a

B-cell growth factor, stimulates the proliferation of eosinophil precursors

and the functional activity of mature eosinophil (Sanderson et al., 1955).

11-6 has a broad range of actions on many cell types. The effects of 11-6

on the proliferation of murine GM progenitors are direct : 11-6 is a weak

stimulus for granulocyte and macrophage colony formation (Wong et al.,

1988 ; Suda et al., 1988). The combination of 11-6 and 11-3 acts
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synergistically to yield blast cell, and multilineage, granulocytic and

macrophage colonies. This indirect effect results from a decrease in the Go

period of Che seem cells which shorten the time course of appearance of

colonies (Ikebuchi et al., 1987).

Growth factors have a much wider range of action than the control of cell

growth (Sporn and Roberts, 1988). CSFs exhibit four functional activities

(Metcalf, 1986 ; Metcalf, 1989b) : (1) they are necessary for the survival

of precursors and mature cells in vitro, (2) they can induce bipotential

progenitors to differentiate to a restricted lineage, (3) they can induce

cellular maturation (which is an irreversible process) and (4) they can

activate the function of mature cells, for example, survival, cell

mobility, shape, phagocytic activity, synthesis of biologically active

molecules, autofluorescence and expression of various membrane markers.

Unique membrane receptors exist for each CSF and are found on murine

granulocyte-macrophage progenitor and mature cells. Most cells

simultaneously exhibit receptors for three or four CSFs. There is no direct

competition for receptor binding between the CSFs on one cell, but binding

of one CSF can influence the behaviour of receptors for other CSFs

(Metcalf, 1986 ; Metcalf, 1989b).

Depending on the concentration, the CSFs can stimulate different

proportions of granulocytic and macrophage colonies. All the CSFs car.

stimulate the proliferation of cells in other lineages (Metcalf, 1986).

Combinations of CSFs can act additively (Williams et al., 1987) or

sequentially (Metcalf, 1989a ; Sachs, 1987).

The proliferation, maturation and functional activity of blood cells is

controlled by complex interactions between haemopoietic growth factors. It

remains unlikely that the CSFs regulate directly every detail of maturation

(Metcalf, 1989b). Sachs (1987) postulates that normal blood cells require

different proteins to induce cell multiplication (growth inducers,

including the 4 CSFs) and cell differentiation (differentiation inducers).

Growth inducing proteins induce the production of differentiation inducing

proteins. Differences in the time of switch-on of the differentiation

inducer determines the amount of cell multiplication before
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differentiation. A differentiation inducer can in turn switch on the

production of a growth inducer to ensure viability and function of mature

cells. This induction of differentiation inducers by growth inducers and

vice versa is an effective mechanism to control growth and differentiation.

Evidence is present that CSFs originally identified iji vitro, also have an

action in vivo (Metcalf, 1989b ; Clark, 1987 ; Dexter, 1987). Injection of

recoiubinant CSFs into animals (Dcmahue et al., 1986 ; Metcalf et al.,

1987 ; Schuening et al., 1989 ; Welte et al., 1987 ; Tanikawa et al., 1989)

and human (Groopman et al.., 1987 ; Vadhan-Raj et al», 1988 ; Brandt et al.,

1988) closely reproduces the actions of the CSFs seen ta vitro. Results

indicate that there are effects on white cell levels, organ cellularity,

content of progenitor cells and marked elevations of peritoneal cell

levels. The application of growth factors ±n vivo, can be of clinical

benefit (Sachs, 1987 ; Metcalf, 1989c ; Souza et al., 1986 ; Fabian et al.,

1987).

Haemopoietic growth factors are produced by several cell types, such as

fibroblasts, macrophages, endothelial cells, lymphocytes and bone marrow

stromal cells (Metcalf, 1989a ; Sachs, 1987). The role of the growth

factors in controlling haemopoiesis in vivo under normal conditions has not

been established yet.
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Figure 1.

Haemopoietic cell populations.

(derived from Dexter, 1987).
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Table 1.

Haemopoietic growth factors and their target cells (derived from Metcalf,

1989b ; Dexter, 1987 ; Clark and Kamen, 1987 ; Mstcalf, 1989a).

Factor

Granulocyte-macrophage

colony-stimulating factor

Granulocyte-colony-

stimulatir.g factor

Macrophage colony-

stimulating factor

Multipotential colony

stimulating factor

Erythropoietin

Interleukin-1

Interleukin-2

Interleukin-A

Interleukin-5

Interleu kin-6

Symbol

GM-CSF

G-CSF

M-CSF

Multi-CSF

11-3

Epo

11-1

11-2

11-4

11-5

11-6

M, G,

G, M,

M, G,

G, M,

stem,

E

stem

T, B

B, T,

E, eo

B, T,

Target cells

eo, meg, multi, mat, E

mat

mat

eo, meg, mast, multi,

E, mat

mast

G, multi

Abbreviations

E, erythroid ; M, macrophage ; G. neutrophilic granulocyte ; eo,

eosinophil ; meg, megakaryocyte ; mast, mast ; multi, multipotential

progenitor cells ; stem, stem cells ; T, T lymphocyte ; B, B lymphocyte ;

mat, mature cells.
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B.2. The stromal system

Apart from the haemopoietic cell populations, the bone marrow contains

supportive elements which are collectively called the stromal cell

compartment. They form the haemopoietic tnicroenvironment, essential for

haemopoietic cell proliferation and differentiation. This stromal complex

consists of heterogenous populations of cells, which include endothelial

cells, macrophages and reticular cells (= adventitial reticular or

fibroblastic cells) and an extracellular matrix (Owen, 1978 ; De Bruyn,

1981 ; Lichtman, 1981 ; Westen and Bainton, 1979). The extracellular matrix

contains collagen type III and to a lesser extent type I, IV and V ;

laminin in the basement membrane of blood vessels and sinuses ; fibronectin

and glycosaminoglycans (Oguri et al., 1987 ; Reilly et al., 1985 ; Gordon,

1988 ; Bentley et al., 1981a)„

In the main sites of haemopoiesis in vivo, the marrow and lymphoid organs,

the developing haemopoietic cells are found in association with this

stromal cell network. The distribution of the haemopoietic elements within

the marrow is not random, but highly organised (Trentin, 1971 ; La Pushin

and Trentin, 1977).

Fixed macrophages of the marrow are associated with developing erythrocytes

(Westen and Bainton, 1979). Reticular cells are associated with foci cf

granulocytic precursors (Weiss and Chen, 1975 ; Weiss, 1976 ; Weston and

Bainton, 1979). Adipocytes, thought to be derived from adventitial

reticulum cells, are found in areas of mature granulopoiesis (Weiss, 1980).

In light of these jLn situ observations, a role of the stromal cells in the

regulation of haemopoiessis can be postulated.

Several other observations exist which give evidence that the stromal cells

are not simply supplying a supportive environment for cell lodgement but

that the stroma may have an active role in haemopoietic cell growth and

differentiation (Russell, 1979 ; McCulloch et al. , 1965 ; Chen and Weiss,

1975 ; Patt and Malony, 1975 ; Friedenstein et al., 1974b). The SL/SL cr

'steel1 mouse is a well-described murine model in which normal haemopoietic

progenitors are found in a defective haemo^oietic microenvironment which

results in a decreased production of all lines of haemopoietic cells

(Russell, 1979 ; McCulloch et al., 1965). Several data indicate that the

appearance of haemopoietic cells is preceeded by the establishment of a
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stroma, for example, in the embryonal development of human bcne marrow

(Chen and Weiss, 1975), after bone marrow injury due to e.g. irradiation

(Patt and Malony, 1975 ; Werts et al.f 1980) and after transplantation

(Tavassoli and Khademi, 1980 ; Friedenstein et al., 1974b^ ,

Control of the production and maturation of the blood cells is an extremely

complex process involving cellular interactions. The interactions that

occur among the stromal cells and the mechanisms by which stromal cells

interact with haemopoietic cells (stem, progenitor and mature cells) have

not been defined (Torok-Storb, 1988).

Evidence for a critical role of the extracellular matrix (ECM), produced by

stromal cells, in haemopoietic cell growth and differentiation is present

(Tsai et al., 1987).

The ECM does not only provide a three-dimensional structure. But by its

capacity to retain growth factors (Gordon et al., 1987), and to present

them in the biologically active form to haemopoietic cells, the ECM can

influence progenitor, cell development (Roberts et al., 1988).

Changes in the expression of surface receptors for ECM components can

mediate the retention and release of maturing cells (Patel and Lodish,

1986, 1985, 1984 ; Campbell et al., 1987).

* The stromal stem cell (CFU-f)

The best approximation for a stromal stem cell is the CFU-f (Colony Forming

Unit of Fibrobiast) (Owen, 1985). Clonal growth of the stromal stem cell,

yields adherent colonies of fibroblast-like cells (Friedenstein et al.,

1970, 1974a ; Wilson et al., 1974).

A well-defined hierarchy between the haemopoietic cell populations exists

(Cline and Golde, 1979). Much less is known about the stromal system. One

can assume, that in comparison with the haemopoietic system, a stromal stem

cell can proliferate and differentiate along different cell lineages. For

instance, differentiation towards endothelial cells, reticular cells or

osteogenic cells (Owen, 1980).
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Several investigators claim that the fibroblast-like colonies are derived

from a stem cell which is different from the haemopoletlc stem cells

(Wilson et al., 1974, 1981 ; Friedenstein et al., 1974a ; Zipori et al.,

1979 ; Kuz'menko et al., 1972 ; Bentley et al., 1981b ; Greenberg et al.,

1978 ; Golde et al., 1980). In contrast, Islam (1985) described the

existence of a couimon stem cell for the haemopoietic and stromal cell

populations.

In addition to their function in the regulation of haemopoiesis, strcmal

cells have an osteogenic potential (Friedenstein et al., 1970, 1974a,

1974b ; Oven et al., 1978, 1980 ; Schoeters et al., 1988).

Studies have been performed to characterize the CFU-f. These studies

include density distribution (Castro-Malaspina et al., 1980 ; Piersma et

al., 1985 ; Zipori et al., 1979), sensitivity to external irradiation (Xu

et al., 1983 ; Imai et al., 1987 ; Kuz'menko et al., 1972 ; Werts et al.,

1980 ; Friendenstein et al., 1981 ; Wilson et al., 1976 ; Mori et al.,

1981 ; Kreja et al., 1989).

A distribution study of the CFU-f in the bone marrow has been performed

indicating that the CFU-f concentration decreases towards the marginal

regions of the bone marrow (Xu et al., 1981 ; de Vernejoul, 1982).

Several investigations report characteristics of the fibroblast colonies

after clonal growth of the stromal stem cell. The colonies contain

extracellular matrix components, like fibronectin (Reincke et al., 1982 ;

Castro-Malaspina et al., 1980) and collagen type I and III (Reincke et al.,

1982 ; Castro-Malaspina et al., 1980 ; Friedenstein et al., 1981 ; Wilson

et al., 1974). The fibroblast-like cells have cytochemical properties

different from those of monocytes (Castro-Malaspina et al., 1980 ;

Friedenstein et al., 1981 ; Zipori et al., 1979 ; Bentley et al., 1981b).

CFU-f, in adult marrow in steady state, are slowly proliferating cells as
3

was shown by their inability to incorporate HTdr (Castro-Malaspina et al.,

1980).

* Long-term bone marrow cultures (LTC)

In the semisolid culture systems, the self-renewal of the stem and

progenitor cell populations is very limited. Dexter (1977) developed a

liquid culture system in which proliferation of haemopoietic stem cells,
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production of granulocyte precursor cells and extensive production of

mature myeloid cells, particularly granulocytes, can be maintained In vitro

for several months (Dexter et al., 1977, 1982, 1984, 1985). The continuous

production of myeloid cells in these long-term cultures occurs in the

absence of exogenous CSFs. The presence of ar. adherent stromal cell layer

is an absolute requirement for the long-term maintenance of stem and

progenitor cells jln vitro. In the absence of such adherent cells,

haemopoietic cell numbers rapidly decline.

An analogous murine system has been developed in which lymphopoietic

lineages can be supported (Witlock and Witte, 1982 ; Johnson and Dorshkind,

1986).

Erythropoiesis does not occur in LTC, unless the production of erythrocytes

is stimulated by the addition of erythropoietin (Eliason et al., 1979).

Although originally described for mice, a long-term culture system has now

been developed for several species including humans (Gartner and Kaplan,

5 980 ; Rocking and Golde, 1980).

The long-term culture system is a good ^n vitro model to study the

regulation of haemopoiesis. Evidence that this system reproduces the

physiological regulatory mechanisms and can be equated with the bone marrow

microenvironment, is the duplication of the genetic defects of the
v d

microenvironment in LTC established with marrow fiom anemic W/W and Sl/sl

mice (Dexter and Moore, 1977).

Cultures consist of an adherent and non-adherent cell population.

Xcn-adherent cells are of haemopoietic origin and contain large amounts of

mature myeloid cells (granulocytes and monocytes). Haemopoietic progenitor

cells are preferentially located in the adherent layer (Coulombel et al.,

1983 ; Lipschitz et al., 1984).

The stromal cell layer is heterogenous, consisting of endothelial cells,

adipocytes, macrophages and fibroblast-like cells (Allen and Dexter, 1984 ;

Wilson et al., 1981 ; Song and Quesenberry, 1984).

Only macrophages are of haemopoietic origin. The fibroblast like cells are

the dominant cell type of the adherent layer. They are large, flattened,

polygonal cells with a large nucleus (Werts et al., 1980 ; Song and

Quesenberry, 1984). Refeeding cultures with haemopoietic cells revealed
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that myeloperoxidase-positive c^lls adhere predominantly to the colonies

containing polygonal cells (Song and Quesenberry, 1984).

Macrophages in LTC show variations in their morphology. They can be

rounded, elongated or stellate shaped (Reincke et al., 1982 ). Haemopoletic

cells are found in clusters in the adherent layer, called "cobble-stone

areas".

The presence of lipid containing cells is dependent on the addition of

hydrocortisona in the culture medium. Contradiction exists about their

presence as being essential for sustained haemopoiesis (Allen and Dexter,

1984).

However, the importance of any one of these cell types for haemopoietic

cell proliferation and differentiation has not yet been determined.

Isolation cf these various cell types is necessary before their function

can be accurately described.

In addition, an extracellular matrix is formed in the adherent layer

consisting of fibronectin, laminin, collagen (type I, III and IV) and

glycosaminoglycans (Zuckennann, 1984 ; Zuckermann and Rhodes, 1985). The

latter might play an essential role by their ability to absorb and

compartimentalize haemopoietic growth factors within the stromal

microenvironment (Gordon et al., 1987 ; Roberts et al. , 1988). Also in

vitro, haemopoietic cells are found in close association with the ECM

(Bentley and Tralka, 1983 ; Tsai et al., 1987).

Regulation of haemopoietic cell development is a complex process involving

interactions between differentiating haemopoietic cells with stromal cells,

extracellular matrix molecules and a variety of growth factors. The

long-term marrow cultures are a suitable tool for studying many aspects of

haemopoietic cell development. In long-term marrow cultures a balance

exists between the different compartments of haemopoietic ceil populations

(stem, progenitor and mature cells) as is found in_ vivo (Dexter et al.,

1985).

LTC and haemopoietic growth factors

In semisolid culture systems the self-renewal of progenitor cells is very

limited. Clonal growth of haemopoietic stem cells is absolutely dependent
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on the presence of CSFs. Survival, long-term maintenance and

differentiation of stem and progenitor cells can be achieved in the

presence of cultured stromal cells. Cell proliferation and differentiation

under such conditions, did not require the addition of exogenous CSFs.

Attempts to detect production of haemopoietic growth factors in LTC have

led to conflicting results.

A first approach to demonstrate growth factor production was by bioassays

based upon the development of granulocyte-macrophage colonies in agar by

fresh marrow cells, stimulated by medium conditioned by the adherent

stromal cells. Several investigators failed to detect colony stimulating

activity (CSA) in the conditioned medium (CM) (Dexter et al., 1977 ;

Reimann and Burger, 1979 ; Bentley and Foidart, 1980 ; Gordon, 1981 ; Oblon

et al., 1983). CSA activity was not found in CM obtained from canine fetal

bone marrow cultures whereas fibroblasts from fetal liver produced a

stimulating factor for CFU-GM (Klein et al., 198A). Medium conditioned by

human bone marrow fibrcblasts could not stimulate the colony formation of

marrow containing few or no spontaneous CFU-GM and actually were inhibitory

to the growth of CFU-GM when the target marrow contained large numbers of

spontaneous colonies or was incubated in the presence of CSF (Greenberg et

al., 1981 ; Nagao et al., 1986 ; Castro-Malaspina et al., 1980 ; Gordon et

al., 1980 ; Gordon, 1981). Experiments done by Gupta (1989) supported the

idea of a spatial regulatory role of fibroblast-like ceils for CFU-GM

within compartments of mouse bone. CM obtained from the CFU-f colonies

isolated from the marrow cavity or endosteum did not demonstrate CSA,

whereas CM obtained from CFU-f originating from compact bone exhibited CSA

for CFU-GM. However, CM from the femoral shaft and endosteum derived CFU-f

expressed inhibitory activity in the presence of external added CSF in the

CFU-GM cultures. Similar results were previously obtained by Chan and

Metcalf (1972).

Shadduck et al. (1983) reported the production of detectable levels of CSA

by radioimmunoassay. Zipori. et al. (1982) and Gualtieri et al. (1984)

detected CSF activity by bioassay when the supernatants were concentrated.

Exposure of cultures to extremely high doses of irradiation (100-500 Gy),

permitted the detection of CSA in unconcentrated CM (Gualtieri, 1987 ;

Naperstek et al., 1985). Using antibody neutralization analysis, Gualtieri
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et al. (198?) demonstrated the presence of M-CSF and GM-CSF. The production

of Il~3 could not be demonstrated in the CM.

As another approach towards the study of the production of CSFs, confluent

adherent layers are overlayed with a fresh bone marrow target cell

population in a semi-solid medium. Induction of CFU-GM in the target marrow

was measured. In making use of this bioassay, or the same assay employing a

double layer of agar (Nagao et al., 1986 ; Gualtieri et al., 1984), the in

vitro production of growth factors was demonstrated (Heard et al. , 1982 ;

Song and Quesenberry, 1984 ; Naperstak et al., 1985 ; Greenberg et al.,

1981 ; Wilson et al. , 1974, 1976 ; Quesenberry et al. , 1985 ; Gordon et

al., 1980).

When an exogenous source of CSF was added, inhibition of colony formation

was observed (Song and Quesenberry, 1984 ; Nagao et al., 1986 ; Zipori and

Sasson, 1980).

The inhibition could be relieved when a thin agar layer separated the

adherent cells and the target bone marrow cells or by the addition of

glucose to the culture medium (Zipori, 1981a, 1981b, 1981c).

In contrast, several studies could not demonstrate CSF like activity in an

overlay assay (Dexter et al., 1977 ; Werts et al., 1980 ; Klein et al. ,

1984).

More recently, mRNA jln situ hybridization was applied to detect CSA

production (Fitzgerald et al., 1988 ; Eliason et al., 1988). Six hours

after medium replacement, GM-CSF mRNA was detected but was no longer

detectable 24h after feeding. 11-3 mRNA was net detected at any time

(Eliason et al., 1988).

Both chemotherapy and irradiation resulted in an enhanced capacity of

stromal elements to produce growth factors (Quesenberry et al., 1985 ;

Gualtieri, 1987 ; Naperstek et al., 1985).

A difficulty in comparing data from the reports is the lack of uniformity

in techniques, such as the presence or absence of external added CSF, the

number of spontaneous CFU-GM in target marrows, the number of contaminating

macrophages, the culture conditions, the methods for the growth of adherent

cells in coculture (single or double agar layer). For instance, Klein et

al. (1984) showed that after successive passages, fetal liver fibroblasts

gradually loose their capacity to inhibit colony formation from the fourth

to the eleventh passage.
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Studies were undertaken to characterize the nature of the colony

stimulating activity produced by the stromal cells in long-term bone marrow

cultures. Morphological analysis of the colonies induced in the presence of

adherent cells or after stimulation by conditioned medium revealed that the

colonies contained predominantly, macrophages, monocytes and granulocytes

(Zipori et al., 1981b ; Gualtieri, 1987 ; Gualtieri et al., 1984 ;

Naperstek et al., 1985 ; Heard ef. al., 1982 ; Gupta, 1989 ; Song and

Quesenberry, 1984).

Zipori et al. (1981b) have shown that medium conditioned by adherent cells

has the capacity to induce survival of CFU-GM on short-term cultures.

Using antibody neutralization studies, factor-dependent cell lines and in

situ hybridization, several investigators indicated that stromal cells from

LTC can produce and release M-CSF and GM-CSF while the presence of 11-3

could not be demonstrated (Shadduck et al., 1983 ; Gualtieri et al., 1987 ;

McGrath et al., 1985 ; Alberico et al., 1985 ; Eliason et al., 1988).

GM-CSF mRNA was detected six hours after medium replacement but was no

longer detectable 24h after feeding (Eliason et al., 1988).

Heard et al. (1982) suggested that the produced CSF is consumed by

differentiating myeloid cells.

However, neutralizing antiserum against M-CSF, GM-CSF and 11-3 had no

effect on haemopoiesis in LTC (Dexter et al., 1980 ; Eliason et al., 1988).

Which cell type is responsible for the CSF production ?

It is very likely that not one stromal cell type is solely responsible for

growth factor production in the microenvironment but that a variety of

stromal cells act in concert to produce an appropriate milieu of growth

factors for haemopoietic regulation. The stromal cell population is

heterogeneous and it has yet not been possible to precisely identify the

cellular source of the growth factors. There is no conclusive evidence that

the fibroblast-like cells are responsible because in all the experiments

described, CFU-GM bioassay using CM or overlay bioassays, the presence of

macrophages in the adherent layer was not excluded (Brockbank and van Peer,

1983 ; Gualtieri, 1987 ; Werts et al., 1980 ; Quesenberry et al., 1985).

There are a number of cell types within the LTC that may contribute to the

CSF activity. For instance, fibroblast-like cells, macrophages and

endothelial cells are constitutive producers of CSF upon stimulation
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(Zucali et al., 1986 ; Rennick et al., 1987 ; Thorens et al., 1987 ;

Quesenberry et al., 1980 ; Fibbe et al., 1988, 1989 ; Lee et al. , 1987).

Additionally, a wide variety of stromal cell lines derived from LTC have

been described that release growth factors (Harigaya et al., 1981 ; Lanotte

et al., 1982 ; Piersma et al., 1984 ; Song et al., 1985 ; Li and Johnson,

1985 ; Li et al., 1987 ; Garnett et al., 1982 ; Zipori et al., 1984 ;

Fitzgerald et al., 1988 ; Itoh et al., 1989). Oblon et al. (1981) have

separated cells from the adherent layer of LTC on the basis of velocity

sedimentation. They demonstrated that the cells within the GM-CSF producing

fractions wer>2 enriched with monocytes and macrophages.

Monocytes and macrophages have also been shown to produce factors, such as

11-1 and TNF (tumor necrosis factor) which do not directly stimulate

haemopoiesis but which can recruite other cells (fibroblasts, endothelial

cells, lymphocytes) to produce haemopo+etic growth factors (Rich, 1986a,

1986b ; Sieff et al., 1987 ; Bagby et al., 1987 ; Broudy et al., 1986).

Studies employing single-cell identification techniques, such as in situ

hybridization with RNA probes, should be useful in establishing the

contribution of specific stromal cell types to haemopoietic growth factor

production.

To reconcile conflicting data on CSF levels in LTC several theories have

been suggested. The failure to detect a colony stimulating activity (CSA)

in conditioned medium may be due to (1) extremely low CSA concentrations as

a result of a high rate of CSA consumption by haemopoietic cells (Brockbank

and van Peer, 1983 ; Heard et al., 1982 ; Bartocci et al., 1987 ; Lipschitz

et al., 1987) or (2) a low rate of production by stromal cells (Brockbank

and van Peer, 1983) or (3) the existence of inhibitory cells or inhibitors

in the stromal adherent layer which inactivate the CSF (Dexter et al.,

1977 ; Dexter and Shadduck, 1980 ; Shadduck et al., 1983 ; Zipori et al.,

1986). This inhibitory function is only effective at short range because

inhibition of granulocyte/macrophage colony formation can be relieved by an

agar barrier physically separating the adherent cells from the target cells

(Zipori et al., 1981c ; Zipori et al., 1985) or (4) the ability of the

extracellular matrix to r°t.r' in growth factors (Gordon, 1987).

Several reports have suggested that the regulation of CFU-GM development

occurs through short-range mechanisms or by direct cell-cell contact

(Dexter, 1982 ; Nagao et al., 1986). Support for this mechanism is found in

several observations : (1) the finding that cultured stromal cells support
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the growth of CFU-GM in overlay cultures but do not release CSF into the

culture supernatant ; (2) addition of CSF to LTC failed to effect

haemopoiesis and (3) antiserum against CSF did not interfere with

granulocyte/macrophage development. Heard et al. (1982) suggested that

these direct cellular interactions do not exclude a long-range activity.

Based on his experiments, Zipori et al. (1981a) proposed a hypothetical

model of cell interactions. The fate of a given CFU-GM progenitor cell is

determined by its position relative to the stromal cells. Inhibitors of

differentiation and resident CSF, produced by the stromal cells, show a

concentration gradient as a function of distance, with the highest

concentrations being in. close proximity to the adherent cell layer. Self

renewal and maintenance of progenitors occurs in the close vicinity of

stromal cells, where the activity of exogenous CSF is restrained. At a

further distance the differentiation inhibition is partially relieved by

the CSF resulting in cell maturation.

In order to understand the mechanisms regulating haemopoietic stem cell

production, it is of interest to determine the role of CSFs in LTC.

Studies have examined the effects of exogenous M-CSF (Dexter et al., 1980)

and GM-CSF (Williams and Burgess, 1980 ; Eliason et al., 1988). In both

cases, no significant effect of the factors on CFU-s and CFU-GM maintenance

and on the cellularity of the mature cells in the non-adherent phase was

observed. Eliason et al. (1988) found that the addition of 11-3 to LTC

resulted in an increased production of erythroid progenitors. However,

GM-CSF appeared to be specifically removed from the medium whereas 11-3

could be recovered. This indicates that 11-3 is not required for long-term

maintenance of haemopietic cells _in vitro (Eliason et al., 1988). These

results suggest that the interactions between stromal and haemopoietic

cells are not influenced by exogenous stimulatory factors.

After preincubation of bone marrow with recombinant human GM-CSF prior to

initiation of LTC, Haas et al. (1989) observed a 1.5 fold increase of

non-adherent cells in the LTC. This increase was due to an expansion of the

mature myeloid cells while the number of CFU-GM was only slightly

increased.



In summary, the LTCs provide a model for the study of stromal function in

the regulation of haemopoiesis. Studies of in vitro interactions between

haemopoietic cells and adherent stromal cells have revealed the existence

of a number of regulatory molecules> produced by the stroma, acting on stem

cells (CFU-S) (Toks'oz et al., 1980 : Lord and Wright, 1984) and myeloid

progenitor cells. These regulators include growth factors which stimulate

cell proliferation and differentiation and inhibitors which restrain

myeloid proliferation and differentiation. Evidence is present that the

extracellular matrix play an important rols in the regulation of

haemopoiesis. The mechanisms how haemopoiesis is regulated is not yet

completely resolved. For instance, the observation that multipotential

haemopoietic cells can proliferate and differentiate when cultured on fixed

3T3 cells, in the absence of 11-3, indicates that active metabolism is not

essential, that the extracellular matrix alone is not sufficient and that

membrane components seem to be important (Roberts et al., 1987).

B.3. Fetal haemopoiesis

Haemopoietic stem cells appear first in the extra embryonic yolk sac, later

in the fetal liver and finally in spleen and bone marrow (Metcalf and

Moore, 1971).

Moore and Owen (1967) hypothesized that the sequential appearance of

haemopoietic cells in these different organs could be explained by the

migration of the haemopoietic cells to liver, spleen and bone marrow. This

theory is called 'the migration stream hypothesis'.

The initial haemopoietic stem cell proliferation takes place in the blood

islands in the extra embryonic yolk sac. This is the only time in

development that haemopoietic cells arise from undifferentiated mesenchyraal

cells. From this point onwards, haemopoietic stem cell migration via the

circulation is responsible for the appearance and colonization of

haemopoietic cells in the fetal liver, spleen and finally bone marrow.

After stem cell migration from the yolk sac into the fetus, the first

developing organ encountered is the liver, which is heavily vascularized.

Circulation is probably slowed down through this tissue, promoting

entrapment of haemopoietic cells. At this stage, the liver provides a

permissive environment for further proliferation. Colonization of the

spleen by migrating haemopoietic stem cells probably proceeds in the same

manner for the same reasons as it occurs in the liver. During the time of

active stem cell proliferation in fetal liver, fetal bone is developing
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from cartilage. After vascularization, a marrow cavity is formed. During

this resorption period, the first haemopoietic stem cells appear, having

been brought to the developing marrov by the circulating blood. By birth,

nearly al] haemopoietic cells are lodged in the marrow and to a lesser

degree in the spleen.

Many experiments have been done to test the migration stream hypothesis.

Direct proof of the migration of yolk sac haemopoietic stem cells into the

embryo was provided by Moore and tfetcalf (1970). They placed mouse embryos

either with intact yolk sacs or with the yolk sac removed into in vitro

organ culture. From these experiments, it was established that

intraembryonic haemopoiesis required the presence of an intact yolk sac.

To prove that the embryonic liver is seeded with haemopoietic stem cells

via the circulation rather than arising de novo from hepatic cells, Johnson

and Moore (1975) did a series of grafts of fetal livers into adult hosts.

In all grafts of livers already containing haemopoietic tissue,

haemopoiesis declined. In the grafts of pre-haemopoietic livers, the liver

continued differentiating but no haemopoietic tissue was observed. However,

when pre-haemopoietic livers were grafted into Sl/Sl mice, which have a

genetic micro-environmental defect, hepatic haemopoiesis was observed

presumably resulting from the exogenous supply of haemopoietic stem cells.

Injection of tritiated thymidine-labeled myeloid or lymphoid cells into

murine embryos at different gestational ages revealed that the embryonic

spleen is colonized by circulating haemopoietic cells (Metcalf and Moore,

1971).

Several transplantation studies have demonstrated that haemopoietic stem

cells are brought to the marrow cavity by the circulating blood (Metcalf

and Moore, 1971).

Extensive histological studies and studies of the haemopoietic stem cell

populations (CFU-s and CFU-GM) of the different haemopoietic organs have

been performed during murine, canine and human development (Metcalf and

Moore, 1971 ; Rifkind et al., 1969, 1974 ; Rugh, 1968 ; Bessler et al.,

1976 ; Fliedner et al., 19SC ; Nothdurft et al., 1981 ; Klein et al.,

1983 ; Hann et al., 1983 ; Wintrobe, 1967).
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The course of haemopoiesis during mouse development is described below. In

the yolk sac, CFU-s are first detected on the 8th day of gestation. Their

number is very low and increases in frequency to a maximum on the 11th day.

CFU-GM are first detected on the 7th day of gestation and reach maximal

levels on the 10th day. By the 13th day, stem cell populations have

decreased to zero. In the yolk sac, haemopoietic cell differentiation is

restrained. The differentiation of stem cells is restricted to the

production of primitive erythrocytes, granulopoiesis does not occur in the

yolk sac. However, yolk sac CFU-s are multipotential, as is shown by their

repcpulating ability in irradiated mice where they differentiate towards

the myeloid as well as the lymphoid lineages. The yolk sac, CFU-GM can form

colonies of granulocytes and macrophages in vitro.

At the 10th day of gestation, circulating blood stem cells of yolk sac

origin, colonize the fetal liver. The earliest cells are undifferentiated

blast cells. Between 10-llth day of gestation erythropoiesis starts,

followed by the appearance of megakaryocytes and granulocytes. A large

proportion of the haemopoietic cells in the liver belongs to the erythroid

series. CFU-s and CFU-GM populations increase rapidly between 10-13 days. A

plateau phase is maintained between 13 days and birth. After birth

haemopoiesis decreases rapidly. The factors involved in the postnatal

decline in hepatic haemopoiesis are not clearly understood. Possibly

maturation of liver parenchymal cells and loss of haemopoietic inducing

capacity of the hepatic microenvironment forces stem cell emigration to the

more favourable environment of the developing marrow cavities (Moore and

Metcalf, 1971).

In the spleen, probably populated by circulating stem cells, erythropoietic

activity is detectable at the 15th day of gestation. At the 17th day

granulop'oiesis predominates. Lymphocytes first appear at or shortly after

birth. Initiation of splenic haemopoiesis on the 15th day is associated

with the appearance of CFU-s and CFU-GM. At this time, the yolk sac is no

longer a functioning haemopoietic organ, consequently migration of stem

cells from foetal liver to spleen is probable. Until birth, the populations

increase. Maximum numbers are maintained in the spleen till 3 weeks after

birth and thereafter the two populations (CFU-s and CFU-GM) decline.

Just before birth, the spleen undergoes further development into a lymphoid

organ, accompanied by a decline in haemopoietic activity. The spleen is
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colonized by lymphoid cells, migrating from primary lymphoid tissue

(thymus).

Bone marrow haemopoiesis is initiated in the femoral shafts on the 17th day

of gestation and at this stage, both CFU-s and CFU-GM can be detected.

Marrow becomes populated by migrating haemopoietic stem cells from the

liver. The progressive expansion of marrow haemopoiesis in the first two

months of postnatal life is associated with a decline in liver haemopoiesis

in the first week of life and a decline in splenic myelopiesis after the

third week.

Erythropoiesis is not observed until after birth.

Bone marrow haemopoiesis, once initiated by circulating cells, is probably

autonomous this means that haemopoiesis proceeds by expansion of the

initial stem cell population rather than by continuous recruitment of

circulating cells.

In mans yolk-sac haemopoiesis is initiated in the blood islands, between

21-28 days of gestation. Liver haemopoiesis starts during the second month

(42 days) of gestation.

Spleen haemopoiesis (predominantly erythropoiesis and lymphopoiesis) is

initiated in the third month of gestation. In the human fetus, myelopoiesis

is fcund at the 11th week of gestation in the femur ar.d humerus.

Haemopoiesis is first detected in the clavicula (Metcalf and Moore, 1971).
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C. RADIATION EXPOSURE

C.I. 241-amerieium

241
Justification of the use of Am

90
Uranium, radioactive fission products of uranium (e.g. Sr) and the

transuranium elements are a potential risk for contamination in the near

future. Transuranes are those elements which follow uranium in the table of

Mendeliev (atomic number greater than 92). These elements show a non-stable

nucleus. Emission of alpha and beta particles occurs.when desintegrating,

often accompanied by gamma-rays.
3 4

The importance of 241-Am will increase at medium-term (10 to ln -10 years)

and it will become the major component in alpha-contaminated radioactive

waste (Hamstra and Van der Feer, 1981 ; ICRP 30, 1979).

Besides some very small amounts of Pu, all transuranion elements present in

the environment are the result of human activities (Archer, 1987 ; Guary,

1980 ; Anonymous, 1978 ; Allard et al., 1984 ; Edgington, 1981 ; Davis et

al., 1982 ; Templeton, 1981 ; Robertson et al. , 1973). Transuranes were

introduced into the environment via the fallout from nuclear weapon testing

in the atmosphere. Between 1940 and 1965, this radioactive deposition was

the major source of plutonium (with traces of americium, curium and

neptunium) release into the environment. Other sources of americium are the

underground nuclear explosions, the effluentia of nuclear power stations

and nuclear fuel processing plants, the dumping of radioactive waste in the

deep ocean and stockage in geological stable strata (e.g. salt mines,

clay-layers).

241
Physical properties and metabolism of Am

Americium (atomic number 95) is an actinide. Actinides are those 14

elements following actinium (atomic numbers between 90 and 103). 13

isotopes cf americium are known, from which 241-americium is of frequent

occurrence (Nenot and Stather, 1979). Americium is an artificial element,
241

formed in thermic and fast breeding nuclear plants. Am originates from

Pu by 3 decay. Am desintegrates by emitting alpha-particles (Helium
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237
nucleus) (5.49 MeV) and gamma rays (60 KeV) and its daughter Np is

?41
formed. The physical half life of Am is 433 years. Its specific activity

9
amounts 120.25 x 10 kBq/g.

241
The toxicity of Am is mainly due to its alpha-activity. The large alpha

particles have a low penetration capacity compared to beta and gamma rays.

They lose their energy over a short distance (40 urn in soft tissue) by

coming into collission with cells. Thus, cells in the vicinity of Am

deposition are bombarded with alpha-particles and are at risk for the

induction of cellular and molecular changes (Harly, 1976 ; Nenot and

Stather, 1979).

Actinides can enter the body by inhalation, via the gastro-intestinal tract

and through the skin (ICRP 48, 1986). Once they have gained access to the

blood stream, they are distributed in the body. In the blood *" Am is bound

to transferrine (Cooper and Gowing, 1981).
241

The distribution of Am is not homogenous in the organism. The skeleton

and liver amount for most of the total Am deposition (90% of total

deposition) (ICRP 48, 1986). There are a number of minor deposition sites,

like gonades, kidney and thyroid (Lloyd et al., 1970 ; ICRP 48, 1986).

The partition between liver and skeleton varies widely between species

(Seidel, 1973 ; Mays and Dougherty, 1972 ; Guilmette et al., 1980). In the

liver, Am shows a shorter retention than in the skeleton (Seidel, 1973 ;

Guilmette et al., 1980 ; Lloyd et al., 1970 ; ICRP 19, 1972 ; Schoeters and

Vanderborght, 1983 ; Williamson and Vaughan, 1974). Americiutn, like Pu, is

deposited on bone surface (ICRP 30, 1979 ; Unscear, 1976). Due to its

chemical property, Am cannot be exchanged with Ca in the bone. Am is not

indefinitely retained en the bone surfaces. As a result of bone

remodelling, the surface deposit can be buried by apposition of new bone or

resorbed and retainted within osteoclasts and macrophages in the marrow.

The microdistribution in the skeleton is important to assess the

alpha-irradiation upon the cell populations in the bone marrow.
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241
Toxicity of Am

Lung, liver and skeleton are considered as target organs after

contamination with actinides (ICRP 30, 1979).
241

At medium term, lung damage after inhalation of Am (ICRP 31, 1980 ;

Thomas et al., 1972 ; McClellan et al., 1986 ; Masse et al., 1975), changes

in the peripheral blood cell population and bone lesions (like fractures,

osteoporosis, necrosis) (Thomas et al., 1972 ; Buldakov et al., 1979) have

been described in dogs.
241

At long-term after Am contamination, cancers appear (Nenot and Stather,
241

1979). Inhalation of Am induces lung cancer (Morin et al., 1977). Eone
241

cancer induction after Am contamination has been reported in different

species including rats (Taylor and Bensted, 1969 ; Lafuma et al. , 1975 ;

Durbin, 1973), dogs (Lloyd et al., 1972) and mice (Nilsson and

Broome-Karlsson, 1976 ; Schoeters, 1989). A few myeloid leucemia have been

observed in rats (Taylor and Bensted, 1969).

Effects at the haemopoietic stem cell populations have been studied

(Schoeters et al., 1983 ; Schoeters et al,, 1984). Changes in CFU-s numbers

were observed very early after injection. The radiation response of CFU-GM

was slower and less pronounced than that of CFU-s. The higher the injected
941

activity of " Am, the more important the changes in number and

concentration of stem cells. At high doses stem cell populations decreased

due to direct radiation killing. At lower doses increases are often

observed. This indirect effect may be due to qualitative changes on

regulatory mechanisms for cell proliferation and cell functioning.

C.2. Irradiation at fetal and young age

The induction of cancer is the main late somatic effect that may arise

following exposure to ionizing radiation. An increasing concern exists

regarding the risk to the developing embryo and fetus following the release

of radionuclides into the environment.

There is evidence that the sensitivity to radiation of the developing

embryo and fetus and young mammal may be significantly different to other

population groups. Many of the biological parameters used to calculate

exposure limits of adults to radioactive materials are inappropriate for
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the rapidly growing infant and child or for the pregnant female. Radiation

limits should be set to protect the youngest members of society as they

have the longest latency period (Jones, 1989).

C.2.1. External irradiation

The induction of cancer is the main late effect that may arise following

exposure to low doses of ionizing radiation, but much remains to be

elucidated regarding its mechanism. Many mechanisms may be operative in

causing the elevated cancer incidence, for example, mutations in somatic

cells, activation or mutation of oncogenes (Weinberg, 1985) or dysfunction

of the immune system (Akiyama et al., 1989). Radiation risk estimations

have mainly been based on epidemiological studies of exposed populations.

Information on the risk of radiation-induced cancer following whole body

irradiation in humans comes from a number of different studies. These

include follow-up of the Japanese atomic bomb survivors at Hiroshima and

Nagasaki, persons treated with external radiation or incorporated

radionuclides for medical reasons (e.g. high-dose total body irradiation

followed by bone marrow transplantation for the treatment of malignancies

such as leukemia and aplastic anemia), groups who were occupationally

exposed and accident cases (Stather et al., 1988).

The main source of information is the A-bomb survivors in Hiroshima and

Nagasaki. Among the survivors, the incidence of leukemia increased

proportionally to the radiation exposure dose, and 40 years after the

A-bomb explosion, the risk of death due to various solid tumors -A

has been shown to be still increasing (Preston et al., 1987).

Cytogenetic studies of peripheral lymphocytes and bone marrow cells in

atomic bomb survivors have demonstrated radiation-induced chromosome

abnormalities even after more than 30 years. Amenomori et al. (1988) found

that the chromosome aberrations are present in multipotent haemopoietic

stem cells common to myeloid and lymphoid lineages. It may be possible that

such chromosome aberrations have a role in the pathogenesis of leukemia and

other late radiation effects.

Tumor induction after external irradiation has been demonstrated in rodents

(mice and rats) and larger animals such as monkeys ar.d dogs (reveiwed by

Broerse et al., 1989).
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Radiation induced cancer risk tends Co vary with age at exposure (Stather

et al., 1988). In the case of leukemia, follow-up of the A-bomb survivors

suggests that the relative risk is highest for those irradiated under the

age of 10 years. For all cancers other than leukemia, the relative risk

decreases with increasing age at exposure. The relative risk is defined by

the observed number of deaths divided by the expected number of deaths in

an unirradiated population.

Ionizing radiation is a known carcinogenic agent in adults, however, its

effects in the fetus and neonates are not that well understood.

The development in mammals is usually divided into three major phases : the

pre-implantation phase, lasting from fertilization to the settling of the

embryo into the uterine mucosa, the period of major organogenesis ar.d the

phase of foetal development, lasting until birth and characterized by the

growth of the structures formed during organogenesis (see table 2) . There

is ample variation between animal species in the relative duration of these

phases. Radiation effects are very different in nature and degree within

the three periods.

The principal effects of radiation on the mammalian conceptus are :

embryonic, fetal and neonatal death, malformations, growth retardation,

postnatal functional impairment and malignant diseases or cancer induction

(Michel, 1989). These effects are strongly dependent on the developmental

stage at exposure and on the radiation dose.

Pre-implantation death is the main response to radiation in the

pre-implantation phase. Neo-natal death and malformations (e.g. skeleton,

the brain, the eye) are associated with organogenesis. Irradiation during

the foetal stage does not normally lead to gross malformations but rather

to more subtle changes as defects of growth (e.g. in the central nervous

sytem and gonads) (Unscear, 1985).

Among the many effects produced by prenatal external irradiation in

experimental animals and man (summarized in Unscear, 1985 ; Michel, 1989),

only a few interesting data are presented below.

Study of the mortality during the period 1945-1969, of persons exposed to

the A-bombs while in utero (exposure in the third trimester) revealed an

increased mortality with radiation dose (Kato, 1971). This increase

occurred during the first year of life, while no increase was observed
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during the next 9 years of life, but mortality again increased with dose

after 10 years of age.

A radiation related mental retardation among in utero exposed survivors of

the atomic bombing of Hiroshima and Nagasaki has been reported (Mole, 1982,

1987a, 1987b).

The period of greatest sensitivity of the developing fetus is between 8 and

15 weeks of gestation, with a lower risk between 16 and 25 weeks.

These developmental stages are characterized by proliferation and migration

of neuronal cells within the cerebral cortex.

No damage is apparent for exposures before 8 weeks and after 25 weeks.

Data on the induction of cancers by prenatal irradiation in human may be

subdivided into two groups : those obtained from the A-bomb survivors in

Hiroshima and Nagasaki, and those derived from medical exposures.

Reports on the Japanese survivors have shown no evidence of excess cancer

death among persons irradiated in utero at the time of explosions (Jablon

and Kato, 1970).

A causal association between exposure in utero to diagnostic X-rays and an

increased risk of cancer (leukemia and other cancers) during childhood was

suggested (UNSCEAR, 1985), although this remains controversial.

The largest survey on children exposed for medical reasons while in utero

is the Oxford Survey of Childhood Cancers. This study is an on-going case

control study of childhood cancer deaths under 16 years of age in Great

Britain. It was started in 1955. Analysis has shown that children who

received low dose radiation in utero by diagnostic radiography of their

mother during pregnancy, have an increased risk for developing cancer in

childhood (Stewart and Kneale, 1970). The magnitude of this increase is

similar for leukemia and for solid tumors. There is a suggestion that the

relative risk of cancer is higher for children irradiated in the first

trimester of pregnancy (Oilman et al., 1988).

One strong argument in favour of a causal relationship between pre-natal

irradiation and childhood cancer was the finding of a similar excess of

leukemia and solid tumours in children born of single or twin pregnancies,

in spite of the fact that the latter had a much higher rate of radiological

examinations (Mole, 1974).
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Further evidence for an association has come from independent studies in

the USA and England which showed an increased risk of developing leukemia

among children irradiated in utero compared to non-irradiated children

(McMahon, 1962 ; Hopton et al., 1985 ; Harvey et al., 1985 ; Bithell,

1988).

Other data tended to disprove the causality of the association between

X-ray exposure and tumour induction :

- No relationship could be observed between prenatal irradiation and the

subsequent development of leukemia and cancer during childhood in the

A-bomb survivors from Japan (Jablon and Kato, 1970). The fact that higher

doses are involved in the bomb exposure is a further unsolved fact ;

- Studies exist which fail to show an increased leukemia incidence

following diagnostic exposures in utero (Griem et al., 1969 ; Shiono et

al., 1980) ;

- It can be questioned whether the increased risk is due to the radiation

itself or due to the medical conditions which demanded the use of X-rays

(Totter and McPherson, 1981 ; Oppenheim et al. , 1974). However, Knox et

al. (1987) claimed that illness and drugs masked rather than exaggerated

the cancer risks.

A recent finding is the increased incidence of lymphcid leukemia in young

children, aged 0-9 years, in the vicinity of nuclear installations in

England, especially at Sellafield and Dounreay (Forman et al. , 1987 ;

Wilson, 1989). Epidemiological resarch has been inconclusive in attempts to

prove or disprove a link between radioactive discharges and an increase in

the incidence of leukemia. Prenatal induction in this disease has been

thought off. Another theory is that the increased leukemia incidences might

result from viral infections. The observation that the mortality rate from

leukemia in young people is higher not only near existing UK nuclear power

stations but also near places being considered as future power station

sites, is against the radioactive discharges of leukemia (McGourty, 1989).

Very recently, increased leukemia incidence has been associated with

preconceptive irradiation exposure of the father. Six-fold increases in

risk factors are obtained if radiation doses during 6 months pre-conception

cumulated to 10 mSv (Gardner et al., 1990).

An association exists between the exposure to outdoor terrestrial gamma

radiation in Britain and childhood cancer mortality (Knox et al., 1988).
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Irradiation of dogs beginning in utero, results in a high Incidence of

myeloproliferative diseases (Stitzel et al., 1982). In mice, Sasaki and

Kasuga (1983) demonstrated that neonatal mice were more susceptible to bone

tumor induction after gamma irradiation, while myeloid leukemia developed

at higher incidences in mice irradiated as young adults.

Effects of prenatal irradiation (on day 10.5 of gestation) on fetal,

neonate and young adult tnurine hemopoiesis have been observed (Weinberg,

1983). Fetal liver cellularity and hemopoietic progenitor cell

concentration reflected injury. In the 15 day-old mice, spleen cellularity

was more affected than bcne marrow cellularity while the haemopoietic

progenitor population was more damaged in the bone marrow. The bone marrow

of the 13 week old mouse also showed alterations in the haemopoietic

progenitor cell concentration.

Klein et al. (1984) found a relationship between increased radioresistance

of marrow fibroblasts (CFU-f) and the hematopathologic state of dogs

irradiated in utero.

Perinatal gamma-irradiation in dogs caused an increase in the development

of neoplasia (Benjamin et al., 1986b) and fetal irradiation gave an

increased risk for lymphoid neoplasia (Benjamin et al., 1986a).

A causal relationship exists between leukemia and the nuclear fallout

derived from atmospheric nuclear bomb explosion in the United States. A

strong association is demonstrated with acute and myeloid leukemia among

children (Archer, 1987). Exposure comes from internal decay (mainly from

Sr and Cs in milk and food) and from external gamma rays.

Table 2.

Approximate time of the beginning and of the end of the major developmental

periods in some mammalian species (days post conception) (UNSCEAR, 1985).

Species

Hamster

Mouse

Rat

Rabbit

Guinea-pig

Dog

Man

0 - 5

0 - 5

0 - 7

0 - 5

0 - 8

0 -17

0 - 8

r

6

6

8

6

9

18

9

organogenesis

- 12

- 13

- 15

- 15

- 25

- 30

- 60

Foetal

13 -

14 -

16 -

16 -

26 -

31 -

60 -

period

16.5

19.5

21.5

31.5

63

63

270
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G.2.2. Internal irradiation

Transplacental transfer

The amount of radioactivity to which the fetus will be exposed depends on

the transfer of radioactive isotopes from the maternal blood, across the

placenta to the developing fetus (Stieve, 1987).

The majority of experimental data on the transfer of actinides across the

placenta relate to plutonium.

Most information on the transfer of Pu to the fetus has been obtained in

rats. Results show very little transplacental transfer of Pu to the fetus.

The concentration in the fetus is about a tenth or less the average

concentration in maternal tissues. The concentration of Pu in the placenta

is higher than in the fetus. The concentration in the fetal membranes is

even higher than in the placenta (Weiss and Walburg, 1978b ; Hacket et al.,

1979 ; Sikov and Mahlum, 1968).

The retention of the nuclides in the placenta and fetal membranes is

influenced by the physico-chemical form. Sikov and Mahlum (1968) showed

that the transfer of ionic 239-Pu was different from colloidal Pu.

Sikov and Andrew (1979a) showed that after the initial accumulation of Pu

by the feto-placental unit it continues to cross the placenta, presumably

as a result of translocation from depot sites in the maternal skeleton and

liver. After injection of the mother on the 9th day of gestation, the fetus

contained < 0.002% of the injected activity and 0.02% on the 22nd day of

gestation.

Administration later in pregnancy results in a greater accumulation of Pu

(Sikov and Andrew, 1979a) and Am (Hisamatzu and Takizawa, 1982) by the

fetal rat. This reflects the increased blood supply to the fetus in late

pregnancy.

Proportionally more Pu (Weiss and Walburg, 1977, 1978a, 1978b) and Am

(Weiss and Walburg, 1978a, 1980) is transferred after injection of a low

activity than after a higher one.
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Comparative studies in mice (Weiss and Walburg, 1980) and rats (Sikov and

Mahlum, 1968 ; Hisatnatsu and Takizawa, 1982) indicate that 10-25 times less

americium than plutonium is transferred across the placenta.
•Ml

In mice injected at the 14th day of gestation with " Am, 0.02% of the

injected activity reaches each fetus by birth (Schoeters et al., 1987).

Some data are available for other actiriides. Sikov and Mahlum (1968)

obtained broadly similar results for the amounts of neptunium-237 and

uranium-233 transferred to the rat fetus as for plutonium-239.

Data from other species are very limited : transplacental transfer of

plutonium has also been demonstrated in gravid baboons (Andrew et al.,

1977 ; Sikov et al., 1978a): r_ .̂T/T-J , in guinea-pigs (Kelman and Sikov,

1981 ; Morgan et al,, 1989) and in cattle (ICRP 48, 1986).

Cross placental transport of plutonium and americium has been demonstrated

in humans (ICRP 48, 1986 ; Abe and Takizawa, 1978). Fall-out plutonium has

been measured in a fetus, a stillborn and in pooled placenta samples

(Mussalo et al., 1980). Americium and plutonium have been measured in human

fetal tissue (Weiner et al., 1985).

Two studies have been reported in which the transfer of plutonium from

depot sites in the mother to the fetus has been measured (Green et al.,

1979 ; Hackett et al., 1977). In mice injected prior to mating,

translocation of Pu to the fetus from maternal tissues depends cr the

period between the contamination and the onset of pregnancy (Green et al.,

1979).

Metabolism in the fetus and neonate

Only a small fraction of the activity administered to the mother reaches

the fetus. The actinides accumulate in the placenta and fetal membranes

(Sikov and Mahlum, 1968 ; Hisamatsu and Takizawa, 1982 ; Green et al. ,

1979 ; Weiss and Walburg, 1978b ; Lord et al., 1988 ; Mason et al., 1989).
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Several studies have examined the distribution of actinides within the

tissues of the fetus, Pu is deposited preferentially ir the liver and

skeleton as in adult mice (Sikov and Mahlum, 1968 ; Green et al., 1979).

However the distributions within the fetus are dissimilar to those found in

the dam. Sikov and Mahlum (1968) found, 24 hr after contamination at the

19th day of gestation, a high concentration of Pu in fetal bone.

An autoradiographic study of the distribution of americium in the rat fetus

showed that the major sites of deposition in the fetus are the skeleton and

the liver (Hisamatzu and Takizawa, 1982). A detailed distribution and
241

retention study of Am has been performed in the mice (Schoeters et al.,

1987 ; Schoeters et al., 1990 ). Liver and skeleton concentrated Am. In the

skeleton various bones like mandible and calvarium showed a high Am

concentration compared to the femur. The amount of Am which initially

deposits in a bone depends on the Ca concentration of the bone at that

time. The retention differs between various bones : when the growth rate of

a bone is high, the Am concentration decreases rapidly. Comparison of Am

distribution between fetal and adult organs shows that the hepatic

incorporation in the fetus is less. However, the retention in the fetal

live-, remains constant till one month after birth while the adult liver

looses Am fast.

Besides crossplacental transfer, actinides present in the mother can reach

the offspring during lactation. The higher amount of Pu in the 18-day-old

sucklings, compared with first-day neonates, showed that plutonium present

in the milk can contribute to the Pu burden in the rat (Green et al. ,

1979). The partition of Pu between skeleton and liver was markedly

dissimilar in the 18-day-old suckling mice and adult mice, the former

having a much higher skeleton-to-liver ratio.

Schoeters et al. (1987, 1990) demonstrated that the Am transfer through

lactation results in an increase in Am content by a factor of 3 at the age

of 3 months. The incorporation occurs in the skeleton.
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Evidence is present that, compared with adults, young rapidly-growing

animals show relatively higher deposition in the skeleton and lower

deposition in the liver because of the differences in metabolism (Mahlum

and Sikov, 1974 ; McClanahan and Mahlum, 1983 ; Lloyd et al. , 1978 ;

Stevens et al., 1977).

Toxicology

The effects of internal emitters in fetal and young animals are poorly

studied.

Joshima et al. (1977, 1978) contaminated rats with Pu-239 at the 9th day of

gestation, the period of yolk sac haemopoiesis. The effects on embryonic

and fetal (respectively 5 and 10 days after injection) haemopoiesis was

evaluated. A decrease in the concentration of mature erythrocytes was

observed. Yolk sac, liver and spleen cellularity was decreased but no

differences were observed in the percentage of cell types.

In the same study, the investigators showed that fetal weight and raortality

were affected.

Pu-239 exposures in utero of rat affected the growth and survival of the

offspring (Andrew and Sikov, 1979).

A large study on the late effects of 239-Pu in rats was performed by Sikov

et al. (1978b, 1979b, 1982, 1983). Effects were compared between rats

exposed to Pu as fetuses (at the 9th, 15th and 19th day of gestation),

newborns, weanlings and adults. Bone tumor incidence was higher in rats

exposed at 19th day of gestation than in those earlier in gestation. The

cross-fostered animals that were exposed in utero and nursed by control

mothers showed a greater incidence of bone tumors than rats exposed to the

same dose and kept with their mothers. This can be explained by the

decreased ability of contaminated pregnant rats to rear their offspring.

Variations in the anatomic distributions of bone tumors, with age at the

time of exposure were seen. In perinatally exposed animals bone tumors

appeared predominantly in the heads while in the vertebral columns and

extremities of rat exposed as adults. Perinatal rats are more sensitive to

bone tumor induction than adults on the basis of total cumulative radiation

dose to bone, but are less sensitive on an uCi/kg (injected activity)

basis.
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Survival of the offspring exposed in utero with Pu at the 19th day and in

the postnatal age groups decreased with increasing dose level. Survival was

less affected in these exposed at 15th day and was unaffected in those

exposed at day 9 of gestation. Rats exposed prenatally showed no

alterations in terminal body weight and organ (liver, kidneys, femur)

weight.

There is a clear increase in the percent of animals with liver hyperplasia

after in utero exposure and a trend towards increasing severity with

increasing dose.

Quantitative and qualitative effects on the haemopoietic stem cell
239

population were studied in mice after contamination with Pu in utero at

day 9 and 13 of gestation (Mason et al., 1989). CFU-s in liver, spleen and

marrow of the offspring were investigated up to 10 weeks after

contamination. After contamination at day 13, CFU-s concentrations were

reduced in some marginal regions of the bone marrow by 4 and 8 weeks

post-partum. However the quality of the CFU-s population remained normal.

After contamination at the 4th day of gestation, fetal liver CFU-s and

marginal marrow CFUs were reduced. The quality of splenic and marrow CFU-s

remained lower by 8 weeks post-parturn.

Damage to the microenvironment was also seen after Fu exposure in utero (at

mid gestation) (Lord, unpublished results).
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II. PRELIMINARY EXPERIMENTS

Experiments were performed to improve frequently useu cell culture

techniques.

The first article is a report on the amelioration of the CFU-f assay s a

culture system to assess the number of stromal stem cells.

In the second article a miniaturization of the long-term bone marrow

culture technique is described.

This chapter is based on two articles :

11.1. Quantitative problems with murine colony forming units of fibroblasts

(CFU-f) from adult bone marrow.

R. VAN DEN HEUVEL

- Br. J. Cancer 53. (VII), 169-170 (1986).

11.2. Increased efficiency of CFU-GM production after miniaturization of

long-term bone marrow cultures.

R. VAN DEN HEUVEL, G.E.R. SCHOETERS, O.L.J. VANDERBORGHT

- Archives of Biology .99, 157-167 (1988).
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II.1. QUANTITATIVE PROBLEMS WITH MURINE COLONY FORMING UNITS OF FIBROBLASTS

(CFU-F) FROM ADULT BONE MARROW

Abstract

The in vitro CFU-f technique yielding adherent colonies of fibroblast

cells, allows us to get information about the stromal cell compartment of

the bone marrow. Despite a high colony forming efficiency (0,5-4 CFU-f/10

bone marrow cells), differences appear in CFU-f colony numbers between

similar experiments with identical culture conditions. We tried to solve

this quantitative problem : first, by improving the CFU-f technique which

increased the CFU-f number, secondly, by enzymatic treatment of the bones

with trypsine and collagenase which liberated a cell population with a

higher CFU-f concentration. Despite the higher CFU-f yield, variability was

maintained. The concentration of CFU-f was not significantly different in

left and right femur of one individual mice. This implicates that our

technique to assess the number of fibroblast-like cells is reproducible,

but that individual variability between the animals is responsible for the

quantitative differences between similar experiments. A qualitative

approach is preferable.

Introduction

The bone marrow stromal cells have been implicated as an integral part of

the hemopoietic microenvironment, which is responsible for the iji vivo

regulation of adult hemopoiesis (Dexter & Testa, 1977). Stromal stem cells

give rise to adherent colonies of fibroblastlike cells _in vitro. This CFU-f

assay allows to study functional characteristics and qualitative and

quantitative responses of the stromal cells. Experiments to determine CFU-f

concentrations in femoral bone marrow pooled from 3 till 8 normal adult

mice gave results which were not reproducible. From one experiment to

another mean CFU-f concentrations varied from 0.5 to 4 CFU-f/10 bone

marrow cells though all the experiments were performed with identical

culture conditions according to a standard procedure for CFU-f assay. In

this study we found that the variability was due to important individual

variations in the concentration of CFU-f between different animals.
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Material and methods

Experimental animals were inbred BALB/c mice from S.C.K. breeding, kept

under specific pathogen free (SPF) conditions. Mice were killed by cervical

dislocation and bones were removed (femur, sternum, 4 lumbar vertebrae).

The bone marrow was collected by grinding the bones in a-MeM (Gibco,

Belgium) or in trypsine solution 0,2 Z (ICN Pharma, Belgium) (3 x 10 min at

room temperature) for enzymatic release of the cells. At the end of

trypsinization Fetal Calf Serum (FCS) was added. The bone marrow cells were

sedimented by centrifugation (150 g, 10 min) and resuspended in a-MeM.

Tissue culture medium consisted of a-MeM, 0,22 2 NaHCO , gentamicine (100

M-g/ml a-MeM), 10 2 fetal calf serum and 10 Z horse serum (Gibcc, Belgium).

CFU-f cultures were prepared using the technique previously described (Van

den Heuvel et al. , 1984a). 2 x 10 nucleated cells/ml were inoculated in

plastic petridishes (Nunc, Gibco, Belgium) and grew at 37° C and 5 Z CO .

GCT (Giant Cell Tumor) conditioned medium (100 p-l/ml a-MeM) (Gibco,

Belgium) was used as a colony stimulating factor. Cultures were fed at

intervals of 3-4 days. Results were recorded after 10 days by counting the

adherent fibroblast colonies.

Results

Despite pooling of bone marrow fragments for 3 to 8 animals CFU-f

concentrations varied from 0.5 to 4 between similar experiments. To solve

this quantitative problem we tried to improve culture conditions and to

increase CFU-f yield. Three different procedures were followed : (1) change

of the culture conditions (feeding procedure, use of serum-free medium,

covering of petridishes with poly-D-lysine), (2) use of other colony

stimulating factors (conditioned serum derived from mice injected with an

endotoxin, /3-mercaptoethanol, feedercells), (3) enzymatic treatment of the

bones with 0,2 2 trypsine solution. Toxicity tests revealed that trypsine

treatment was not toxic for the stromal stem cells. Only the last procedure

liberated a cell population with a much higher stromal stem cell yield.

Despite the higher CFU-f numbers, variability between experiments

persisted.



- 70 -

To test further the reproducibiliuy of our CFU-f assay, the concentration

of CFU-f in left and right femur was compared in individual mice.

Experiments with different mouse strains (BALB/c, RfJ, C57BL), different

ages (2 ; 2.5 ; 3 ; 4 month-old) and different treatments of the bone

marrow (with and without trypsine treatment) were carried out.

In 55 of 66 experiments, there was no significant difference between left

and right femur (p < 0.05). A linear correlation existed between CFU-f

numbers in left and right femur of each mice (r - 0.9219, Y = 1.1 x 0.9x).

Next, the CFU-f concentration between the femurs of different animals was

compared. Bones of each mice were treated in the same way. Extreme

differences appeared between the animals. CFU-f numbers ranged between 5

and 30 colonies per 1 x 10 cells. The same was observed for CFU-f numbers

in the sternum (0.5 - 18 CFU-f / 1 x 10 cells) and in lumbar vertebrae (6

- 64 CFU-f / 1 x 10 cells) from different animals.

Discussion

Variability in CFU-f concentrations was not due to non-optimal culture

conditions. Attempts to increase the CFU-f number per 10 bone marrow cells

with trypsine treatment of bone fragments were succesfull. This indicates

that a considerable number of CFU-f is not easily released from the bone

marrow matrix (Latsinik et al., 1981 ; Friedenstein et al., 1982).

The concentration of stromal stem cells in left and right femur of one mice

are not different regardless of mice strain, age of the animal or treatment

of the bone. This indicates that our technique to assess the stromal stem

cell number is reproducible, and is not responsible for quantitative

differences between similar experiments.

Comparison of stem cell numbers between different animals revealed

considerable differences for each bone marrow fragment examined. These

results demonstrate that the differences in CFU-f concentrations are due to

individual variability. In human bone marrow, CFU-f numbers varied also

from one donor to another (Castro-Malaspina et al., 1980).



71 -

Experiments with quantitative responses of stromal stem colls must be

interpreted very carefully because of individual variability. Quantitative

evaluations are possible insofar as left and right femur can be

experimentally treated in different ways. A qualitative approach is

preferable and has given results with the investigation of functional

changes in CFU-f population after contamination with an a-emitter (Van den

Heuvel et al., 1984b).
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II.2. INCREASED EFFICIENCY OF CFU-GM PRODUCTION AFTER MINIATURIZATION OF

LONG-TERM MURINE BONE MARROW CULTURES

Abstract

A modification of the conventional long-term hemopoietic culture system is

described. A miniaturized method to study hemopoiesis in vitro using 24

multiwell petridishes is developed and optimalized.

The use of 24-multiwell dishes is preferable to flasks for several

advantages :

1) There is a 2 to 4 fold increased efficiency in granulocyte-macrophage

progenitor cell (CFU-GM) production compared to conventional cultures in

large culture flasks.

2) Small volumes and small cell numbers are required.

3) It allows to study adherent cells from replicate cultures. This adherent

layer contains more than 9OZ of the total CFU-GM population per well.

We conclude that this microwell-method creates optimal conditions for the

maintenance of CFU-GM in culture.

INTRODUCTION

Long-term marrow cultures (LTC) offer an In vitro approach to study

hemopoietic stem cell-proliferation and differentiation. The adherent

stromal layer is essential for the long-term survival of blood forming

progenitor cells.

Several investigators have modified the Dexter culture system (Dexter and

Testa, 1977). Recharging with a second cell inoculum of the adherent layer

seems not necessary for sustained hemopoiesis (Spooncer et al., 1983 ;

Reincke et al., 1982). Investigation of the non-adherent and adherent cell

populations learned that the majority of CFU-GM (granulocyte/macrophage

progenitor cell) and CFU-s (multipotential stem cell) stem cell? are lodged

in the adherent phase (Lipschitz et al., 1984 ; Coulombel et al., 1983 ;

Mauch et al., 1980). In this paper we describe an efficient modification

and miniaturization of the long-term marrow culture technique. The

efficiency of the LTC was tested by means of the number of CFU-GM obtained

from the cultures. Optimal culture conditions were investigated by



- 73

different incubation temperatures, and by different manipulations for

harvesting the cells.

MATERIALS AND METHODS

I. Mice

Male, inbred Balb/c mine from SCK/CEN breeding under specific pathogen free

(SPF) conditions were used. Mice were 3-months of age.

II. Long-term adult bone marrow cultures

1. Preparation of long-term cultures of adult bone marrow

Adult Balb/c mice were anaesthetized with nembutal (1.225 mg/0.25

ml/mouse). Bone marrow cells were collected by flushing the content of the

femurshaft into alpha-MeM medium, supplemented with 10Z horse serum, 10Z

foetal calf serum, 12 L-glutamine, 1Z gentamicine (all from Gibco, Belgium)

and 10" M hydrocortisone sodium hemisuccinate (Sigma, Belgium). This

medium was also used for further incubation of the cells. A single cell

suspension was obtained by aspirating the marrow cells through a 26 gauge

needle. After haemolysis of the cell membranes with the detergent Zaponin

(Gibco, Belgium) the number of nucleated cells was counted with an

electronic counter (Coulter Counter ZF).

Long-term marrow cultures were studied in two wp.ys.

1) A modification of the Dexter type system (Dexter and Testa, 1977) was

used without recharging and with the addition of hydrocortisone sodium

hemisuccinate in 50 ml culture flasks (25 cm2 surface area, Nunc, Belgium).

Each flask was inoculated with 16 x 10 cells (2 x 10 cells/ml), in a

total volume of 8 ml ;

2) A modification of the method developed by Lipschitz et al - (1984) was

used. Cells were cultured in 24 multiwell petridishes (0.95 cm2 surface

area, being 1/26 of a flask, Nunc, Belgium). 1.6 x 10 cells were added to

each well (2 x 10 cells/ml) in a final volume of 0.8 ml (one well

containing one-tenth of the number of cells of a flask).
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All the cultures were initiated with cells from one cellsuspension derived

from pooled femura of ten mice.

Half of the cultures were incubated at 33°C, the other half at 37°C in a

humidified atmosphere of (85 + 10)Z relative humidity with 52 CO,. Four

days after inoculation and later once a week, the liquid phase containing

the nonadherent cells was removed and replaced by an equal volume of fresh

medium.

2. Evaluation of long-term cultures

k, 7, 10 and 11 weeks after the first medium replacement, flasks and wells

incubated at 33°C and 37°C were terminated. Cultures were always evaluated

4 days after the last refreshmenc. Different procedures were used to

analyse the cult ires,

2.1. Separation of adherent (A) and nonadherent (NA) cells

2.1.1. Nonadherent (NA) cells : NA cells were harvested by removing the

supernatant liquid.

- wells : the cellularity of four separate wells (1 ml aliquots) was

counted. The NA suspension of another four wells was used for CFU-GM

determination.

- flasks : the number of nucleated cells was counted in the NA suspension

of a flask. One half of the supernatant was used for the CFU-GM assay. The

other half was centrifuged (275 g, 15 min.), resuspended in the same volume

of fresh culture medium (a-MeM (alpha-minimum essential msdium) + 10% horse

serum + 10Z fetal calf serum + 12 gentamicine) and tested for the presence

of CFU-GM.

2.1.2. Adherent (A) cells : adherent cells were removed from the bottom

either mechanically in fresh medium using a rubber policeman or

enzymatically with trypsine-EDTA (2 x 10 min of 1 : 10 dilution, Gibco.

Belgium). In the latter case, cells were centrifuged (275 g, 15 min) and

resuspended in alpha-MeM. All cellsuspensions were tested for their CFU-GM

content.
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2.2. No separation of adherent and nonadherent cells. Adherent cells are

mechanically removed from the bottom. A and NA cells were pooled and tested

for the presence of CFU-GM progenitor cells. In one experiment the pooled

cells were centrifuged (275 g) during 15 minutes and resuspended in fresh

culture medium. Centrifugation was carried out in order to suspend cells in

fresh medium thus CFU-GM growth could not be influenced by a lack of

essential nutrients in the four-day-old medium.

3. CFU-GM assay

The harvested cells (NA, A or NA + A cells) were assayed in a single-layer

soft agar system (0.32 agar) for the presence of granulocyte-macrophage

differentiated stem cells. The technique was described in detail previously

(Schoeters and Vanderborght, 1983). Culture medium consisted of alpha-MeM

supplemented with 102 horse serum, 102 fetal calf serum and 12 gentamicine.

Serum of mice injected with an endotoxin (lipopolysaccharide B from

Salmonella abortus equi) was used as a colony stimulating factor

(CSF).Cultures were incubated at 37°C in a humidified 52 CO atmosphere.

Colonies were counted on day 7. CFU-GM assays from cell suspensions derived

from flasks were performed in triplicate. Two replicate cultures per well

were made of the cell populations originating from the 24-multiwell dishes.

RESULTS

A comparison of long-term bone marrow cultures (LTC) in flasks and in

24-multiwell petridishes is summarized in table 1 and 2. Values are

expressed as total CFU-GM yield per well or total CFU-GM numbers per flask.

Remind that 1 well comprises 1/10 of the volume of a flask. The number of

total nucleated cells per well or per flask is also given.

At least 4 wells and 1 flask of each temperature group were examined at

each point of time.

1. Growth of the LTC

Similarities in the appearance between long-term cultures in flasks and in

multiwell dishes are observed. This includes the formation of an adherent
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layer. Confluency of the cells was achieved 3 to 4 weeks after inoculation.

Also the morphology of the adherent cells which includes non-phagocytic

fibroblastic cells, phagocytic macrophages and lipid containing cells, was

similar in wells and in flasks. Supernatant cell recovery was comparable in

multiwell cultures and standard large-flask cultures.

2. Effect of separation of A and NA cells

Analysis of the CFU-GM yield in the adherent phase and in the non-adherent

phase, learns that the majority of the hemopoietic progenitor cells is

associated with the adherent layer (see table 1). In wells, the adherent

CFU-GM comprise about 982 of the total CFU-GM content. In flasks, 911 of

the CFU-GM stem cells is found in the adherent layer. Pooling A and NA

cells was the most efficient method to obtain high CFU-GM numbers per well

or per flask. Up to 40 times more CFU-GM were obtained after pooling A and

NA cells than after separating the cell populations (compare results in

table 1 and 2). Possibly, this higher efficiency is due to the fact that

there are less manipulations when A and NA cells are kept together.

Secondly, we cannot exclude the existence of reciprocal influences between

A and NA cells such as cell-cell interactions or the production of

modulating factors which affect CFU-GM differentiation,

3. Comparison of the efficiency of CFU-GM production in flasks and in 24

multiwell dishes

When we compare the efficiency of wells and flasks, regardless how adherent

cells are removed, and reminding that 1 well contains 1/10 of the cell

number of a flask, the stromal layer in wells produces approximatively 2 to

4 times more CFU-GM than the adherent cells grown in flasks (see table 1

and 2).

4. Effect of temperature

Stromal cells seem to grow better at 33°C. In wells, the cellularity is 2

to 5 times higher at 33°C and more lipid containing cells are present in

the adherent layer. CFU-GM numbers are increased (1 to 4 times) in cultures



TABLE I. Comparison of CI-'U-GM production and cclluluriiy from long-term adull bone marrow cultures in Husks or in 24 uuilliwell dishes. Adherent
and nonadherent cells separated.

cell compartment

nonadherent cells

adherent cells
'removed mechanically

•removed cnzymaticaly

weeks

4 weeks

10 weeks

4 weeks

4 weeks

10 weeks

in culture

cellularily al

cru-GM"'
cellularity al

CFU-GM b>

cellularity a'
CFU-GM

% of total c>
cellularily
CFU-GM
% of total
cellularily
CFU-GM
% of total

multi-well
33°C

0.4 ± 0.5
5 ± 8.5
1.32± 0.6
0 ± 0

10.7 ± 6
273 ±208

96.8%
9 ± 1.8

220.5 ±277
97.8%

4.5 ± 0.33
11.9 ± 7.9

100%

dishes d>
37°C

0.17± 0.18
0.25 ± 0.8
1.17 ± 1.13
0 ± 0.00

5.2 ± 2.9
246 ± 114

99.9%
5 ± 1.8

249 ±430
99.9%

2.9 + 0.98
3.75 ± 9.5

100%

flask
33°C 37°C

1.4
13
25.0
0

34
427

97.6%
170

2440
75.9%

42
28

100%

0.8
13
3.3
0

38
973

95.7%
30

2050
96.4%

13.2
18

100%

a) multiplied with 10s gives the number of nucleated cells per well or per flask
b) total CFU-GM number per well (mean of 4 wells ± 95% confidence limits) or

total CFU-GM number per ilask (I flask examined)
c) 'A CFU-GM residing in adherent phase of total CFU-GM per well or per flask
d) the volume of a mulliwell dish is one tenth that of a flask. For comparison well-values have to be multiplied by 10.

I

-o



TABLE 2. Comparison of CFU-GM production and cellularity from long-term adult bone marrow cultures in flasks or in 24-mulliwell dishes. No
separation of adherent and non-adherent cells.

weeks in culture

4 weeks

7 weeks

10 weeks + cf d>

- cf

I I weeks

cellularily b>
CFU-GM c>
cellularity
CFU-GM

cellularity'
CFU-GM
cellularity
CFU-GM
cellularily
CFU-GM

multiwell
33°C

10 ± 6.4
555.5 ±339.4

4.85 ± 1.3
11 ± 5.8

10.9 ± 11.6
272 ± 172

4.2 ± 1.9
475 ±200

5.2 ± 0.74
1147.5 ± 95

dishes a>
37°C

6 ± 2.6
314.25 ±316.25

3 ± 1.4
41 ±100.3

6.9 ± 10.5
72 ± 135
2.35 ± 1.8
7 ± 1 3
3.4 ± 0.58

495 ±236

33°C

4
170

64
2286

flask
37°C

2.1
95

18.8
0

a) remind that the volume of a multiwell dish is one-tenth that of a flask. For comparison well-numbers have to be multiplied by iO
b) multiplied with 10s gives the number of nucleated cells per well or flask
c) total CFU-GM number per well (mean ± 95% confidence limits of 4 wells) or

total CFU-GM number per flask (1 flask examined)
d) + cf = with centrifugation of cells

- c f = without centrigugation of cells
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grown at 33°G compared to cultures grown at 37°C, in multiwell dishes as

well as in flasks (see Table 1 and 2).

5. Effect of centrifugation

Centrirugation was performed to remove cells from the old medium and to

give cells the opportunity to form colonies in fresh medium. Nevertheless,

centrifugation was not preferable. We obtained variable results which we

cannot explain. The efficiency did not increase and the morphology of the

CFU-GM colonies changed. After centrifugation colonies are mainly disperse.

Without centrifugation the majority of the colonies is compact.

6. Effect of enzymatic or mechanical treatment

Determination of the number of CFU-GM progenitor cells present in the A

fraction necessitated the development of a suitable method for detaching

and suspending the adherent cells. Enzymatic treatment of the adherent

cells in wells followed by centrifugation does not give a higher CFU-GM

yield than if cells were released by using a rubber policeman. In flasks

however the CFU-GM numbers were increased (see table 1). Washing the cells

and subsequently centrifugation causes numerous large clumps of cells

(trypan blue test). Mechanical detachment proved to be the most simple and

satisfying method.

DISCUSSION

The procedure used for establishing and maintaining cultures was

essentially the same as that described by Greenberger et al. (1982) with a

single inoculum and removing all the old medium at each weekly feeding.

Under these conditions the adherent layer provides a suitable

microenvironment for hemopoiesis. Our LTC have a high cellularity, an

efficient CFU-GM production and similar morphological aspects if compared

with observations from other investigators (Lipschitz et al., 1984 ;

Coulombel et al., 1983). Also wt found that LTC cultivated at 33°C had a

higher production of CFU-GM than if grown at 37°C as earlier reported

(Lipschitz et al., 1984 ; Heard et al., 1982 ; ToksOz et al., 1980 ;



- 80 -

Sakakeeny and Greenberger, 1982 ; Reincke et al., 1985 ; Dexter et al.,

1977).

Further comparison of LTC of adult bone marrow grown in culture flasks and

in 24-multiwell petridishes demonstrates that the use of multiwell

petridishes has some major advantages :

a) Beside the requirement of small volumes of culture medium as has been

put forward by Lipschitz et al. (1984), a major advantage of the

micromethod we used, is the increased efficiency of CFU-GM production. This

can be explained by the fact that the volume in wells is reduced ten times

while the surface area available for cell adherence is diminished much more

(1/26). This suggests that cell packaging is needed for efficient CFU-GM

production which in turn indicates the importance of the microenvironment

and cell-cell interactions in the regulation of hemopoiesis.

b) One-tenth of the cells and medium usually required for cultures in a

flask are plated in multiwell petridishes. This is important for fetal and

neonatal hemopoietic organs which have low ceilularities. By our method, a

larger number of cultures can be set up despite the cellularity.

c) Using multiwell dishes, it becomes possible, to harvest from several

replicate cultures at weekly intervals, adherent cells which comprise more

than 902 of the CFU-GM population.

Our new microtechnique makes it possible to investigate in an easy way

CFU-GM residing in the adherent cell population. There is an important

discrepancy in the total number of progenitors present in the adherent (A)

and nonadherent (NA) fractions. The majority of the CFU-GM are located in

the adherent layer (more than 95Z by 4 weeks in wells, 85Z after 4 weeks in

flasks). AL 10 weeks, the adherent layer is the exclusive site of CFU-GM

presence. This confirms results from other investigators (Coulombel et al.,

1983 ; Mauch et al. , 1980 ; Slovick et al., 1984). All the NA cells were

removed each week. This suggests that the NA cells are derived from the

adherent cell layer. Several investigators have postulated that the

adherent layur serves as a stem cell reservoir (Mauch et al., 1980). Our

results proved that the A fraction contains a quantitative more important

population of hemopoietic progenitors than the nonadherent fraction.
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This study described the development of an efficient long-term culture

system. An appropriate application of this new method is the establishment

of LTC of fetal and neonatal hemopoietic organs like liver, spleen and bone

marrow (Van Den Heuvel et al., 1987).
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III. STUDY OF THESTROMAL COMPARTMENT IN FETAL AND PERINATAL HAEMOPOIETIC

ORGANS
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A.2. Stromal stem cells (CFU-f) : proliferation activity.

Results have been published in
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organs of pre- and postnatal mice.
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- Rad. Res. Ill, 185-191 (1987).
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A.I. STRQMAL STEM CELLS (CFU-f) : CONCENTRATION AND MORPHOLOGY

Abstract

Our results demonstrate that in yolk sac, liver, spleen and femoral bone

marrow of mice at ages ranging between 11 days of gestation and adult life,

important changes in the stromal stemcell population (CFU-f assay) occur

which are correlated with hemopoiesis. (1) In the liver, spleen and bone

marrow, high numbers of CFU-f preceed high hemopoietic stem cell values.

(2) As hemopoiecis starts in the spleen, CFU-f numbers in fetal liver are

low. Similarly, CFU-f numbers decrease in the spleen as bone marrow

hemopoiesis starts. This suggests the existence of a migration stream of

stromal stem cells. (3) In spleen and bone marrow, CFU-f numbers decrease

towards adult life as these organs maintain a stable hemopoietic activity.

Morphological changes iu the CFU-f colonies occur during development. These

changes are correlated with the evolution of the stromal system and with

the course of haemopoiesis.

Introduction

During gestation blood stem cells arising in yolk sac invade subsequently

fetal liver, spleen and bone marrow (Metcalf & Moore, 1971).

This suggests that the microenvironment is rapidly changing in yolk sac,

liver, spleen and bone marrow during the development of fetus and neonatal

mice. Important regulatory functions on lymphohemopoiesis are ascribed to

the microenvironment (Moore & Metcalf, 1970 ; Barker, 1968 ; Barker et al.,

1969 ; Stevenson, 1981). Moreover, toxic products when crossing the

placenta accumulate in fetal hemopoietic tissues (Green et al., 1979 ;

Hisamatsu & Tiikizawa, 1982 ; Hacket et al., 1979 ; Christley & Webster,

1983 ; Bhattacharyya, 1981). There is a lack of information about the toxic

effect of the pollutants on the fetal hemopoietic and stromal system (Sikov

& Mahlum, 1974 ; Sikov, 1982 ; Sikov, 1983 ; Ragan & Surency, 1979).

Changes in. stem cell quantities or changes in specific stem cell functions

may have consequences later on in the new-born offsprings.
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Currently available information points to the existence of a stromal cell

system, consisting of stromal stem cells which yield committed progenitors

each of which is able to generate a stromal cell line (Owen, 1985). The

stromal marrow stem cells can form fibroblastic colonies in vitro, each

derived from a single cell. These cells which can be cloned in vitro are

termed colony forming units of fibroblasts (CFU-f) and are considered

responsible in part for maintaining the supportive hemopoietic

microenvironment. This in vitro assay is the nearest approximation to a

clonal assay for the early proliferative precursors of stromal cells (Owen,

1985).

This study examined the number of hemopoietic and stromal stem cells in

yoik san, liver, spleen and bone marrow of mice between 10 days of

gestation and 3 months postnatal. Clonal assay techniques are used for

pluripotential stem cells (CFU-s), for granulocyte-monocyte progenitor

cells (CFU-c) and for fibroblast colony forming stem cells (CFU-f).

Evaluation of these data gives information about the development of the

stromal system and its relation to the hemopoietic stem cell compartment in

pre- and postnatal mice. Morphological studies were conducted on adherent

cells in CFU-f cultures obtained from murine yolk sac, liver, spleen and

femoral bone marrow at different ages between 11 days of gestation r.nd

adult life.

Materials and methods

Animals. Experimental animals were inbred, specific pathogen free (SPF)

Balb/c mice from S.C.K.-C.E.N. breeding. Adult females and males of 10

weeks old were mated in the evening. The morning after mating, females were

checked for the presence of a vaginal plug. The day on which the mating

plugs were observed, was designated as day 0 of gestation and embryos were

considered to be ~zo days old. At 19,5 days of gestation mice were born.

One day old n?<.•-.-. or mice between 0-24 h old are defined as newborn mice.

Preparation of cell suspensions. Pregnant mice and mice older than 30 days

were killed by cervical dislocation. Neonatal mice were anaesthetized with

chloroform. The uteri of pregnant mice were removed and embryos with yolk
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sac were dissected free. Cell suspensions were prepared from yolk sac and

liver of embryos from 11 to 19 days gestation, from spleen and femur of

embryos from 17 to 19 days gestation and from liver, spleen and femur of

postnatal mice with an age ranging from 1 day to 3 months (adult).

Dissection of the different organs (yolk sac, liver, spleen and femur) and

preparation of cell suspensions occured under aseptic conditions. Isolation

of embryonic yolk sac and liver of 10-13 days old embryos was carried out

under a dissecting microscope.

Each cell suspension is a pool of several (4 to 20) organs. To prepare a

cell suspension the following procedures were carried out. Cells from the

yolk sac were obtained by grinding the membranes in MEM Alpha Medium

(a-MEM) (Gibco, Belgium). The resulting suspension was passed several times

through a 22 gauge needle to obtain a single cell suspension. Livers were

put in culture medium, minced and dissociated by repeatedly flushing

through progressively smaller-bore syringe needles. Cells from the spleen

were collected by repeatedly injecting the spleen with a-MEM. Cells were

passed through a 22 gauge needle to homogenize the cell suspension. Femurs

were removed and the outside of each bone was cleaned with sterile gauze.

Marrow cell suspensions were derived by grinding the bones in a-MEM. Large

fragments in all cell suspensions were allowed to sediment for 10 minutes.

The remaining suspensions were transfered to another aseptic tube with a 26

gauge needle. The cellularity was counted with an electronic cell counter

(Coulter counter ZF) after haemolysis of the red blood cells with a

detergent : Zaponin (Coulter Electronics Ltd.). Culture assays were

performed for each cell suspension.

CFU-c assay. The concentration of granulocyte-macrophage differentiated

stem cells in the cell suspensions was determined by the CFU-c assay

technique (Bradley & M.etcalf, 1966). These committed stem colls are able to

foan colonies of granulocytes and/or macrophages in a single-layer soft

agar system (0.3Z agar) (Bacto-agar, Difco, USA). CFU-c assays were

performed as described in detail previously (Schoeters & Vanderborght,

1983).

CFU-a assay. Adult male Balb/c mice (3 month old) were exposed to 8 Gy

total body irradiation (8 Gy of X-rays, 0.8 Gy/min), 250 kV, focus-skin
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distance 54 cm, 1 mm Cu filter). Cell suspensions were diluted and injected

intravenously in a volume of 0.25 ml within 2 hours after X-irradiation,

For each cell suspension an average group of 5 recipient mice was injected

(Schoeters & Vanderborght, 1980). Aftsr 9 days the mice were killed, the

spleens removed and fixed in Bouin's solution. Macroscopic visible spleen

colonies were counted. The number of spleen colonies is a measure for the

concentration of pluripotent stec cells in the call suspensions (Till &

McCulloch, 1961).

CFU-f assay. The number of stromal stem cells in the cell suspensions is

measured in a liquid-phase culture system by their ability to form surface

adherent fibroblastic plaques (Friedenstein et al., 1970). Concentrations

of 10 or 2 x 10 nucleated cells per ml medium were inoculated into

plastic petri dishes (35 mm, Nunc). Medium consisted of a-MEM, 0.222

NaHCO , gentamicine (100 (ig/ml a-MEM), 102 fetal calf serum and 102 horse

serum (Gibco). Colony formation was stimulated by GCT (Giant Cell Tumor)

conditioned medium (100 (i.l/ml a-MEM, Gibco), although it was not absolutely

required for CFU-f growth.

Quadruplicate cultures were made from each cell suspension. Cultures were

incubated at 37°C, 52 CO and (85 ± 10)2 relative humidity. At intervals of

3-4 days the liquid phase end non-adherent cells were removed and replaced

by an equal volume, of fresh medium. After 10 days the cultures were

terminated. Adherent, cells were fixed, with May-Grlinwald and stained with

Giemsa. Colonies of fibroblastoid cells attaching the bottom were scored.

In additional experiments cells of the adherent colonies were studied.

Latex particles (0.81 nwdiameter, Dow-Latex, Serva, Heidelberg) were added

to the cultures (Castro-Malaspina «t al. , 1980 ; Wilson et al., 1981).

After an incubation time of 1 hr at 37°C, adherent cells were washed

several times with a-MeM, fixed and stained. Electron microscopy was done

on the adherent cells of adult bone marrow (Wilson et al., .1981). Eniym

histochemical staining for alkaline phosphatase (Weston & Bai^con, 1979 ;

Friedenstein et al., '.982) and Masson's trichrome staining (Werts et al.,

1980 ; Reincke et al.f 1932) for the presence of collagen fibers were used.
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Morphology of CFU-f. CFU-f were stained with May-Grtlnwald-Giemsa. A light

microscopic study was performed which focusses on the size, the shape, the

cell package and the cellular composition of the stromal adherent colonies.

Results

Characterization of the adherent cells occured. Two types of adherent cells

could be demonstrated on the basis of their phagocytic capacity :

fibroblastic cells and macrophages. Examination of the fibroblast-like

cells Charge, flattened, stellar-shaped cells) showed that none contained

latex particles. Macrcphageo (small, round or elongated cells) were able to

ingest the particles. The latter cells were observed individually between

or sometimes within the fibroblast colonies. Electron microscopic

observations also revealed the existence of two cell types : fibroblastic

cells and macrophages. Alkaline phosphatase positive cells were

fibroblastlike, while macrophages were always AP negative. Greon staining

for collagen was correlated with the fibroblastic cell type. Macrophages

stained red and never showed evidence for collagen fibers.

Only colonies which contained the fibroblastic cell type were considered.

Figure 1 shows a fibroblast colony.

For each organ at each point of time the experiments were repeated one to

nine times. For each experiment 4 replicate cultures were made from pooled

tissues derived from 3 to 10 mice. At each point of time the mean and the

95 Z confidence limits of all replicate values of the different experiments

are calculated.

Numbers of CFU-f per 1 x 10 cells are summarized in fig.2. The number of

CFU-f in culture per number of nucleated cells inoculated is defined as the

colony-forming efficiency (CFE).

Yolk sac

The CFU-f concentration is very low in the yolk sac. In fetus of 10 days no

stromal stem cells ce-uld be detected. A peak of adherent CFU-f colonies is

seen at 12 days of gestation (6.'. + 3.2 CF.T-f/10 cells). The number

decreases during the following gestational period.



Figure 1

Fotograph of a bone marrow fibroblast colony after 10 days in culture
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Liver

The liver exhibits also small numbers of CFU-f per 10 cells in comparison

with spleen or bone marrow. Liver CFU-f concentration is high (17.2 + 1.7

CFU-f/10 cells) at 12 and 13 days of gestation. At 12 days of gestation,

confluency of CFU-f colonies was seen in 1 of 3 experiments. In 14, 15, 16

day old fetus the livers are characterized by a profound decrease in CFE

(2.0 + 0.8 CFU-f/10 cells). At 17 days of gestation the CFE increases

again to a new maximum at the end of gestation (13.6 + 4.1 CFU-f/10

cells). After birth the CFU-f numbers fall and CFU-f have totally

disappeared at 15 days of age.

Spleen

At 17 days of gestation fetal spleen contains a high concentration of CFU-f

(confluency in 1 of 4 experiments) and at 18 days of gestation confluency

of CFU-f in 2 of 4 experiments occur. A minimum of CFU-f per 10 spleen

cells is observed at 19 days of gestation (10.6 + 5.7 CFU-f/10 cells) in 3

experiments. Just after birth the number increases again to high values

(46.7 + 18.7 CFU-f/10 cells) with confluency in 1 of 4 experiments at 2

days postnatal. In the first week after birth, the CFE drops and becomes

very small one month after birth.

Bone marrow

The bone marrow shows a considerable high CFE between 17 days of gestation

and 2 days post partum. Ccnfluency of CFU-f cultures was frequently

observed in this period (in 3 experiments at 17 days of gestation ,- in 2 of

3 experiments at 18 days of gestation ; in 2 experiments at 1 day postnatal

and in 4 of 7 experiments at 2 days postnatal). Later on, CFU-f

concentration drops towards adult values which are maintained during

further life (22.3 +2.7 CFU-f/105 cells).

Numbers of CFU-s and CFU-c per 1 x 10 cells are presented in fig. 2. The

hemopoietic stem cell populations (CFU-s and CFU-c) become successively

dominant in yolk sac, liver, spleen and bone marrow during the development
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Fig 2. Stromal and haemopoietic stem cell concentrations in developing blood-forming organs from pre- and postnatal mice. In each organ and at
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of fetal and postnatal mice. Numbers of GFU-s and CFU-c are closely related

and change together. No detailed description of the course of CFU-s and

CFU-c stem cells in the different organs is given, because our results

confirm previous studies done by other investigators (Metcalf & Moore,

1971 ; Moore & Metcalf, 1970 ; Barker et al., 1969 ; Matioli et al., 1968).

Morphological differences between stromal colonies of different organs and

between stromal colonies at different gestational ages within one organ

were seen.

When hemopoiesis starts in liver, spleen and bone marrow, stromal colonies

are large (diameter up to 8 mm), densily packed with small numbers of

macrophages and hemopoietic cells present on top of the mainly

fibroblast-like cells. Haemopoietic cells are recognized by their

morphology or by their positive staining for the presence of

myeloperoxidase. The spleen as well as the bone marrow have colonies with

an organ-specific morphology which only appear at the onset of hemopoiesis.

Spleen-specific colonies are large and not-concentricly ordered. Sometimes,

these stellate colonies are arranged in a circle. Bone marrow specific

colonies are remarkable larger (<j) up to 10 mm).

The morphology of the stromal adherent colonies changes when the

concentration of CFU-f decreases. CFU-f colonies become smaller, cells are

less densily packed and the fraction of macrophages is increased.

The morphology of the CFU-f colonies derived from the yolk sac changes but

is not correlated with the hemopoietic activity or the development of the

stromal system in this organ. In these CFU-f colonies, macrophages are

abundant present.

Discussion

Our study clearly evolves a shift of the production sites of hematopoietic

stem cells (CFU-s and CFU-c) during the gestation and postnatal

development. Hemopoiesis is successively located in yolk sac, liver, spleen

and bone marrow. These data agree with the migration stream concept

(Metcalf & Moore, 1971 ; Moore & Metcalf, 1970) and observations of other

investigators (Barker et al., 1969 ; Matioli et al., 1968).
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We investigated the CFU-f numbers, as a measure for the size of the stromal

stem cell compartment, in the hemopoietic organs to see if a relationship

exists with the evolution of hemopoietic stem cell number and localisation.

Our observations indicate that changes in CFU-f numbers are correlated with

the hemopoiesis.

CFU-f per 10 cells in fetal liver, spleen and bone marrow are maximal at

the time hemopoiesis starts. CFU-f numbers in fetal liver are high in 12

and 13 days old fetus, while CFU-c stem cells are increasing and CFU-s

numbers are still very low. At 17 and 18 days of gestation the stromal

cells of the spleen are numerous, although hemopoietic stem cell

populations are still very small. Fetal bone marrow exhibit high CFU-f

numbers between 17 days of gestation and 2 days postnatal. In this period,

CFU-c and CFU-s populations are slightly increasing. The observation that

active hemopoiesis is preceeded by the development of the stromal stem cell

compartment may suggest that these cells prepare stem cell lodgement and

may be linked to control the regulation of the initiation of blood-

formation.

Observations in the same direction affirm the hypothesis. Before

hemopoiesis occurs in the bone marrow of human fetus, an extensive growth

of stromal cells is seen (Hann et al., 1983). In canine fetal bone marrow,

high numbers of CFU-f are found before the appeara-ice of hemopoietic stem

cells (Kltfin et al., 1983). Transplantation experiments (under renal

capsule and subcutaneous) of fresh bone marrow or stromal cells grown in

vitro, result in the induction of a defined, temporal sequence of changes

which starts with bone formation and is followed by a complete

reconstruction of the hemopoietic microenvironment populated afterwards

with hemopoietic stem cells (Friedenstein et al., 1968 ; Friedenstein et

al., 1974 ; Ashton et al., 1980 ; Wientraub et al., 1982).

Liver CFU-f become low when fetal spleen hemopoiesis starts and spleen

CFU-f drop at the time fetal bone marrow hemopoiesis is initiated. After an

initial maximum of CFU-f in the fetal liver, low numbers of CFU-f are

present at 14, 15 and 16 days of gestation. A similar abrupt decrease in

stromal stem cell yield is seen in the spleen at 19 days of gestation.

These decreases may be caused by an emigration of stromal colony forming

cells into the circulation and final repopulation of another organ. Klein
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et al. (1983) reports the existence of stromal stem cells in canine fetal

blood.

After the decrease, the stromal stem cell population re-establishes itself

in fetal liver and spleen. Later on, as hemopoietic activity is maintained

in the spleen and bone marrow, CFU-f yield declines. The CFU-f number in

the liver decreases simultaneously with the heraopoietic stem cell number

after birth. Spleen and bone marrow CFU-f decrease already at 2 days of age

while the CFU-s and CFU-c values are maximal in the spleen and are still

increasing in the marrow. We can postulate that a decrease in CFE of CFU-f

may be related to changes in stromal stem cells, which require different

growth conditions, in order to form an appropriate microenvironment to

maintain a high hemopoietic activity. Observations of Klein et al. (1983)

support this concept.

Through the gestation liver CFU-f, even at maximal numbers, are very low in

comparison with spleen and bone marrow CFU-f. The same observation is

reported in fetal dog liver (Klein et al., 1983).

The stromal cells in the yolk sac behave totally different. Hemopoiesis is

not preceeded by high numbers of CFU-f. The yolk sac exhibit high CFU-f

values at 12 days of gestation, just after the peak of CFU-c. Some CFU-f

colonies are still found at the end of gestation when the yolk sac has lost

its hemopoietic activity. Contamination of the yolk sac cell suspension

with maternal or fetal blood must be considered although no CFU-f could be

detected at 10 days of gestation. Perhaps this exception is due to the

unique place of the yolk sac where de novo blood formation occurs. We can

also take into account the possibility that the stromal stem cells are

newly formed in the yolk sac and migrate to other organs during the

gestation.

Several investigators have hypothesized that changes in the micro-

environment are responsible for the migration of the hemopoiesis to more

favourable organs during the development (Metcalf & Moore, 1971 ; Barker,

1968 ; Stevenson, 1981 ; Symann et al., 1976 ; Brotherton et al. , 1979 ;

Rifkind et al., 1974). Our results demonstrate that changes in the stromal
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system evaluated by means of in vitro CFU-f assay, occur which may indicate

an essential role of this system for the beginning and maintenance of hemo-

poietic stem cell proliferation.

Our study on the stromal cell compartment revealed that this population

develops in relation to the hemopoietic activity in liver, spleen and bone

marrow. Active bloodformation is preceeded by extensive proliferation of

CFU-f per 10 cells ; there is probably a migration of stromal stem cells

from fetal liver to fetal spleen and from fetal spleen to fetal bone marrow

at the time spleen and bone marrow become hemopoietic ; in spleen and bone

marrow the number of CFU-f decreases as hemopoietic stem cells increase to

a stable level.

The simultaneous alterations in (i) the morphology and number of CFU-f

colonies and (ii) the hemopoietic activity of the .perinatal hemopoietic

organs suggest that the morphological changes in the stromal

microenvironment are a reflection of its functional capacity.
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A.2. STROMAL STEM CELLS (CFU-f) : PROLIFERATION ACTIVITY

Abstract

Stromal stem cells (CFU-f assay) from hemopoietic organs of fetuses, in

contrast to adult animals, exhibit a high proliferation activity. This

implies that these CFU-f are radiosensitive and potential target cells

after radioactive contamination of fetuses. Furthermore, the percentage of

CFU-f in DNA-synthesis is correlated with the hemopoietic activity in

liver, spleen and bone marrow. As hemopoiesis starts, high numbers of CFU-f

are in S-phase. In fetal liver, spleen and bone marrow values of 702, hZZ

and 58Z, respectively, are reached. As hemopoietic activity decreases in

the liver and stabilizes in spleen and bone marrow, mitotic activity of

these stromal stem cells becomes undetectable.

Introduction

The distribution pattern of several actinides and toxic metals during

pregnancy includes the organs that are important in foetal blood- and bone

formation : yolk sac, liver, spleen and skeleton (Green et al., 1979 ;

Sikov and Mahlum, 1968 ; Weiss et al., 1980 ; Hisamatzu and Takizawa,

1982 ; Christley and Webster, 1983). Fetal hemopoiesis proceeds from the

blood islands in the yolk sac, through fetal liver and finally into spleen

and bone marrow (Moore and Metcalf, 1970 ; Metcalf and Moore, 1971). This

suggests that the microenvironment of these organs is rapidly changing.

A component of the hemopoietic microenvironment is the CFU-f population.

CFU-f can be detected among the hemopoietic tissue cells by an in vitro

liquid culture system : they give rise to colonies of fibroblast-like cells

(Friedenstein et al., 1970). The adherent cell population is heterogeneous

and contains macrophages (latex-ingestion test) and hemopoietic cells

(myeloperoxidase positive cells) as well. The colonies present at day 10

are composed predominantly of fibroblast-like cells which may themselves be

heterogeneous too. But the stem cells which give rise to these colonies may

be regarded as stromal precursor cells since the cells which are produced

retain the stromal tissue pattern of the original hemopoietic organ and,
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after prolonged cultivation _in vitro the cells are capable of transferring

the microenvironment when transplanted (Friedenstein et al., 1974 ; Patt et

al. , 1982). (ii) Several macromolecules of the extracellular matrix are

produced in vitro as by stromal cells .in vivo (Castro-Malaspina et al.,

1980 ; Gallagher et al., 1983) ; and (iii) after prolonged cultivation of

the adherent cells hemopoiesis jin vitro is maintained for several weeks as

measured by continuous production of granulocyte-macrophage progenitor

cells (CFU-GM). This has been reported earlier for adult bone marrow cells

(Dexter et al.. 1977) and also holds for prolonged cultures of fetal liver,

spleen and bone marrow (Van Den Heuvel et al., 1988).

CFU-f population in developing hemopoietic organs has not been investigated

extensively (Klein et al., 1983 ; Van Den Heuvel et al., 1987). In adult

animals, it is demonstrated that the CFU-f populations from spleen and bone

marrow are important in the regulation of hemopoiesis (Friedenstein et al.,

1974 ; Stevenson, 1981 ; Wilson et al., 1976 ; McCarthy et al., 1984 ;

Lieberman et al., 1984).

Our previous experiments demonstrated that CFU-f numbers in hemopoietic

organs of perinatal mice are related to the hemopoietic activity in liver,

spleen and bone marrow (Van Den Heuvel et al., 1987).

In this study, CFU-f are further characterized with respect to their

proliferation activity. Liver, spleen and bone marrow of mice between 13

days of gestation and 2 weeks of postnatal age will be investigated. To

assess the proportion of colony-forming cells in DNA-synthesis, tritiated

thymidine with high specific activity is used to kill or to inhibit cells

in S-phase of the cell cycle (Becker et al., 1965 ; Iscove et al., 1970).

Materials and methods

Animals

The mice used were inbred, specific pathogen-free Balb/c mice from SCK/CEN

breeding. Three-month-old virgin female mice were mated with sexual mature

male mice during the night. The morning after mating, females with vaginal

plug were separated. This day was designated as day 0 of gestation. At the
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day of birth the age of the mice is defined as day 1. At each developmental

stage which is considered, two or three independent experiments for

determination of the proportion of CFU-f in DNA synthesis were performed.

Each experiment included at least three mice from which the cells were

pooled per organ.

Preparation of cell suspensions

Pregnant mice were killed by cervical dislocation, postnatal mice by an

overdose of chloroform. The liver, spleen and both- femurs were removed and

cell suspensions were prepared as a pool of at least 3 organs. The liver

was minced with scissors into small fragments in tissue culture medium

(Minimum Essential Alpha Medium (= a-MeM), Gibco, Scotland). A homogeneous

cell suspension was obtained by flushing tissue fragments through

progressively smaller-bore syringe needles, the smallest being a 26-gauge

needle (B-D26G 5/8, Becton-Dickinson, Ireland). The same procedure was used

for the spleen.

A bone marrow cell suspension was obtained from femurs ground in a-MeM.

Bone fragments were allowed to sediment for 10 minutes. The remaining

suspension was transferred to an aseptic tube with a 26-gauge needle. The

cell concentration of each cell suspension was measured with an electronic

counter (Coulter Counter ZF), after haemolysis of red blood cells.

CFU-f assay

CFU-f were assayed by the method of Friedenstein (1970). The complete

tissue culture medium consisted of a-MeM supplemented with 10Z fetal-calf

serum, 10Z horse serum and 10Z GCT (Giant Cell Tumor)-conditioned medium

(Gibco, Scotland). The cells were plated in plastic petri dishes (35 mm,

Nunc Gibco, Scotland) containing 1 ml tissue culture medium. The final cell

concentration varied between 1 x 10 and 3 x 10 nucleated cells per ml and

was chosen on the basis of preliminary experiments to yield enough colonies

to allow correct statistical treatment of the data (Diem, 1962). Dishes

were incubated at 37°C in a humidified atmosphere flushed with 5% CO . The

medium was totally renewed every 3 to 4 days. The cultures were stopped at

day 10. The cells were fixed with May-Grlinwald, stained with Giemsa and
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fibroblast colonies were counted. Five replicate cultures were made per

cell pool.

Tritiated Thymidine Suicide Assay

For each organ considered two samples of 3 ml cell suspension were prepared

per experiment ; 100 nCi/ml of '-H-TdR (methyl-3H-thymidine, sp. act. 12.5

Ci/mmol, Amersham, England) in 0.3 ml isotonic medium (Hanks' Balanced Salt

Solution (= H.B.S.S.). Gibco, Scotland) was added to one sample. The nH-TdR

solution was first made isotonic by the addition of 0.9 Z NaCl. The second

tube, serving as control, received an equivalent amount of unlabeled cold

thymidine in the same medium. Both samples were incubated in a water bath

at 37°C for 30 min. Tubes were frequently shaked by hand. The labeling was

stopped by the addition of 5 ml cold (4°C) H.B.S.S. The tubes were

centrifuged at 260 g for 10 min and the supernatans was removed. This

washing procedure was repeated twice before the cells were resuspended in 2

inl tissue culture medium. Cellularity was determined. Cells were assayed

for their CFU-f content by the above described procedure.

Five replicate cultures were made per assayed cell pool. The percentage

loss in colonies between the controls and the 3H-TdR treated suspensions

was taken as a measure for the proportion of CFU-f in DNA synthesis. The

results are expressed as the percentage of CFU-f in DNA-synthesis + their

standard errors. Statistical treatment of the data has been reported

elsewhere (Diem, 1962 ; Lord et al., 1974).

Each series of experiments in perinatal mice included an experiment in

which the percentage of CFU-f and CFU-GM in DNA synthesis was measured in

adult femoral bone marrow to compare the results of the technique described

above with previous observations on the proliferative status of CFU-GM and

CFU-f in adults (Friedenstein et al., 1974 ; Castro-Malaspina et al. ,

1980 ; Iscove et al. , 1970).
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Results

Adult marrow

Ths (*H)TdR suicide technique we used yielded results similar to

observations from other investigators (Friedenstein et al., 1974 ;

Castro-Malaspina et al., 1980 ; Iscove et al., 1970). In control

experiments with adult bone marrow, the number of CFU-f was not

significantly reduced due to administration of (^H)TdR compared to cold

TdR. This implies the specificity of the assay and the absence of a

cytotoxic action of (5H)TdR other than killing cycling cells (Student's

't'-test j P < 0.05). As reported earlier (Schoeters and Vanderborght,

1981), the number of CFU-GM was significantly reduced with 31 + 21 (P <

0.001) in bone marrow cell suspensions treated with (*H)TdR compared with

cell suspensions treated with cold TdR.

Liver

The proportion of CFU-f in DNA synthesis is very high at 13 days of

gestation (702), and 10 days ^n vitro growth of these cells results in

confluent cell layers which can no longer be used to detect CFU-f numbers.

From day 15 of gestation the high proliferation activity of CFU-f occurs

simultaneously with the building up of a CFU-f population in the

hemopoietically active liver. As hemopoiesis decreases in the liver, the

CFU-f proliferation activity also decreases, as well as the CFU-f

population size (Fig.l). Liver cellularity still increases after this age

(Fig.2).

Spleen

At 17 days of gestation the small spleen contains a CFU-f population which

if mitotically very active (Fig.l), and in vitro growth results in a

confluent layer of cells. In contrast, just before birth no significant

number of CFU-f is in S-phase, but after birth the mitotically active CFU-f

population increases its size. In this period the spleen is hemopoietically
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Flo. 2. Cellularity of hemopoietic liver, spleen, and bone marrow of the femur in perinatal mice (age in
days). The mean values are derived from two or three measurements per organ per time point.



- 105 -

very active (Van Den Heuvel et al., 1987). After 4 days postnatal mitotic

activity of CFU-f decreases while spleen cellularity increases quickly

(Fig.2), resulting in a decrease in CFU-f concentration.

Bone marrow

In bone marrow from fetuses of 17 days old, 602 of the CFU-f are in S-phase

(Fig.l), and in vitro confluent cell layers are produced. As in the spleen,

we notice the same abrupt decrease in CFU-f proliferation activity just

before birth. Marrow from the femur of 1-day-old animals contains many

rapid-growing CFU-f which again produce confluent layers _in vitro within a

culture period of 10 days. Between birth and 2 weeks of age there is a

constant proportion of CFU-f in DNA synthesis (402) and a CFU-f population

is built up in the marrow where hemopoietic activity increases. Marrow

cellularity increases rapidly in that period. In mice older than 2 weeks

(3H)TdR killing of CFU-f declines to insignificant levels, and the CFU-f

concentration decreases as a result of further increasing cellularity of

the femoral marrow (Fig.2).

Discussion

The purpose of the present study was to further characterize the stromal

stem cell population from hemopoietic organs of fetuses and young mice, by

measuring the proliferation activity of the stromal stem cells (CFU-f

assay). This stromal stem cell population is important in the regulation of

hemopoiesis (Friedenstein et al., 1974 j Stevenson, 1981 ; Wilson et al.,

1976 ; McCarthy et al., 1984 ; Lieberman et al., 1984). Moreover, toxic

radioactive products accumulate in the fetal hemopoietic organs and

skeleton (Green et al. , 1979 ; Sikov and Mahlum, 1968 ; Weiss et al. ,

1980 ; Hisamatzu and Takizawa, 1982 ; Christley and Webster, 1983). We

wanted to determine if the CFU-f of these developing organs are mitotically

active which implies a high sensitivity to radiation damage. The detection

method used was the tritiated thymidine suicide technique which kills or

inhibits cells in S-phase of the cell cycle by incorporation of
nH-thymidine (3H-TdR) in their DNA (Becker et al., 1965 ; Iscove et al. .

1970). The results of our experiments show that the CFU-f population is, to
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a large extent, in cycling state during fetal development of liver, spleen

and bone marrow. This confirms the suggestion of Keillis-Borok (1972) who

assumed that the in vitro precursors of the fibroblast-like cells of bone

marrow cultures of young guinea-pigs, belong to the pool of DNA

synthesizing cells. Furthermore, mitotic activity of CFU-f seems related to

hemopoietic development.

(1) The high proliferation activity of CFU-f which we measured initially

coincides with the onset of hemopoiesis in each organ. CFU-f growth in

vitro then results in confluent layers which do not allow estimation of the

total number of CFU-f and.which may give false images of decreasing CFU-f

numbers afterwards (Fig.l).

(2) A high proliferation activity of CFU-f coincides with the edification

of a CFU-f population, important in size, during hemopoietic activity

periods : around birth in liver, just after birth in spleen, and from 4

days on in bone marrow. In liver a decrease in mitotic activity of CFU-f

precedes the disappearance of CFU-f and of active hemopoiesis. In spleen

and in bone marrow the decrease in proliferating CFU-f occurs when the

CFU-f population reaches the size which is maintained in the adult

hemopoietic organs. Results of Haas et al. (1969) also demonstrated that

bone marrow of 3-week-old rats is fully developed according to the relative

percentage of the different cell types.

One can only speculate about the abrupt temporary decreases in proportion

of proliferating CFU-f in spleen and bone marrow ; the cause may be the

effect of birth or the transition to a different CFU-f population which

remains in the adult. Also the morphology of CFU-f colonies changes during

development of the hemopoietic organs (unpublished results).

(3) A high proliferating activity of CFU-f does"not necessarily coincide

with the rapid growth phase of the organ (Fig.2) ; this suggests that the

proliferating status of CFU-f is related to the course of hemopoiesis

instead of the growth of the organ.

The fact that cells are more radiosensitive if they replicate more and if

they are less differentiated implicates that this fetal stromal stem cell

is very radiosensitive and could be considered as a possible target cell

for changes after contamination or radiation j£ utero. Radioactive

contamination or radiation during pregnancy give offsprings which are more
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sensitive to induction of osteosarcomas and leukemia (Sikov and Mahlum,

1974 5 Sikov and Cannon, 1982 ; Sikov and Cannon, 198 3 ; Sasaki and Kasuga,

1983 ; McMahon, 1962}.
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Part B. Study of long-term cultures from haemopoietic organs (liver, spleen

and bone marrow) of pre- and postnatal mice

B.I. Long-term cultures : CFU-GM production

Results have been published in

Hemopoiesis in long-term cultures of liver, spleen and bone marrow of pre-

and postnatal mice : CFU-GM production.

R. VAN DEN HEUVEL, G.E.R. SCHOETERS, O.L.J. VANDERBORGHT

- Brit. J. Hematol. _7_2» 273-277 (1988).

B.2. Long-term cultures : stromal and haemopoietic cell compartment

Results are based on the manuscript :

Stromal cells in long-term cultures of liver, spleen and bone marrow at

different developmental ages have different capacities to maintain GM-CFC
proliferation.
R. VAN DEN HEUVEL, G. SCHOETERS, H. LEPPENS, 0. VANDERBORGHT

- Experimental Hematology (accepted).

B.3. Long-term cultures : characterization of the stromal adherent layer

Results are based on the manuscript

Characterization of stromal cells derived from murine (fetal and postnatal)

haemopoietic liver and bone marrow : comparison between stromal stem cell

assay (CFU-f) and long-term cultures.

R. VAN DEN HEUVEL, E. MATHIEU, G. SCHOETERS, H. LEPPENS, 0. VANDERBORGHT

- International Journal of Developmental Biology (submitted).
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B.4. Long-term cultures : production of colony stimulating activity

These results have been published in abstracts :

a) Production of colony stimulating activity for CFU-c differentiation in

long-term cultures of haemopoietic organs from foetal and neonatal mice.

R. VAN DEN HEUVEL, G. SCHOETERS, 0. VANDERBORGHT

- European Stem Cell Club meeting, 26-28 April 1987, Paris.

b) Characterization of a colony stimulating activity for CFU-GM

differentiation produced in long-term cultures of haemopoietic organs

from fetal and neonatal mice.

R. VAN DEN HEUVEL, G. SCHOETERS, 0. VANDERBORGHT

- Book of Abstracts "Factors and vectors in haemopoiesis", 17-20 January

1988, Den Haag.
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B.I. LONG-TERM CULTURES : CFU-GM PRODUCTION

Abstract

The CFU-GM yield in confluent long-term cultures (LTC) derived from liver,

spleen and bone marrow cells at different gestational and postnatal ages

has been studied after reaching confluency of the stromal adherent layer.

The stromal cell compartment of fetal and neonatal hemopoietic organs is

able to sustain hemopoiesis jtn vitro. Moreover, the granulocyte -

macrophage stem cell (CFU-GM) yield of these LTC reflects the CFU-GM

content of the hemopoietic organs from which the cultures are originated.

LTC from the liver produce high numbers (between 100 and 150 CFU-GM per

well) of CFU-GM if the cultures are derived from fetal livers between 13

days of gestation and birth. Cultures from spleens just before and after

birth, give maximal CFU-GM numbers (between 50 and 100 CFU-GM per well).

The CFU-GM yield in long-term bone marrow cultures increases ten times from

17 day old fetus towards adult life (between 700 and 1000 CFU-GM per well).

INTRODUCTION

The bone marrow consists of a heterogeneous mixture of different

populations such as hemopoietic and strcmal cells. The stromal elements

play a major role in the regulation of hemopoiesis. The mechanism by which

stromal cells modulate differentiation and proliferation can be studied in

long-term cultures (LTC) (Dexter et al. , 1977 ; Spooncer et al. , 1983 ;

Heard et al., 1982 ; Toksoz et al., 1980). In this jjn vitro system the

adherent stromal cell layer provides the cellular environment necessary for

the survival and maintenance of hemopoietic stem cells and progenitors.

It has been described that in LTC derived from human fetal liver, CFU-GM

production can be maintained (Cappellini et al., 1984). Whether LTC from

other organs also have this capacity and how the jin vitro hemopoiesis is

related to the in situ hemopoietic activity is not known. During foetal

development the blood formation is subsequently localized in yolk sac,

liver, spleen and bone marrow (Metcalf & Moore, 1971). This suggests a

rapidly changing microenvironment in these hemopoietic organs. Important
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numerical changes are found in the stromal stem cell population of the

hemopoietic organs as tested by colony forming assays for fibroblast-like

stem cells (CFU-f). The changes are correlated with the course of

hemopoiesis : in each of the organs high CFU-f numbers preceed the onset of

hemopoiesis (Klein et al., 1983 ; Van Den Heuvel et al., 1987a).

We investigated whether stromal stem cells of developing hemopoietic organs

are able to establish and maintain in vitro hemopoietic activity as

evaluated by the presence of CFU-GM after that the cultures reached

confluency at 4 weeks after their initiation. We tested for each of the

developing hemopoietic organs in 1) if CFU-GM yield is different if

long-term hemopoietic cultures are started at different ages during

gestation and postnatal life and 2) if eventual differences are related to

the development of stromal or hemopoietic stem cells in. situ.

MATERIALS AND METHODS

I. Mice

Inbred Balb/c mice from SCK/CEN breeding under specific pathogen free (SPF)

conditions were used. The age of the mice varied between 13 days old fetus

and adult mice. Mice were mated in the evening. The next day was designated

as day 0 of gestation. At the day of birth (at 19.5 days of gestation) the

age of the mice is defined as day 1.

II. Long-term cultures of perinatal organs

Cell suspensions were prepared from liver, spleen and bone marrow of mice

from which the age ranges between 13 days old fetus and adult life.

Long-term cultures of each cell suspension were prepared using 24-multiwell

dishes.

1.- Preparation of cell suspensions

Pregnant mice and mice older than 30 days were killed by cervical

dislocation, postnatal mice by an overdose of chloroform.
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Liver, spleen and femurs were removed under aseptic conditions, pooled

(2-20 organs per pool) and put into alpha-MeM medium (Flow Lab., U.K.)

under aseptic conditions. Cell suspensions of livers were prepared by

mincing the tissues in small parts and repeatedly flushing these fragments

through progressively smaller-bore syringe needles. Cells from the spleen

were obtained in the same way. Bone marrow cells were collected by grinding

the cleaned bones. Large fragments were allowed to settle out for 10

minutes. The cells remaining in suspension were transferred to another tube

with a 26 gauge needle and counted (Coulter Counter 2F) after haemolysis of

the red blood cells.

2.- Preparation of long-term cultures

Cell suspensions were diluted in alpha-MeM supplemented with 10% fetal calf

serum (Gibco, Belgium), 10Z horse serum (Gibco, Belgium), 1% gentamicine

(Gibco, Belgium), IX L-glutamine (Gibco, Belgium) and 10~ M hydrocortisone

sodium hemisuccinate (Gibco, Belgium). LTC were established using

24-multiwell dishes (Nunc, Belgium) instead of culture flasks. This method

has been described previously (Van Den Heuvel et al., 1987b) and is an

efficient modification of the long-term marrow culture technique (Lipschitz

et al., 1984). For each cell suspension, 24 wells were charged with one ml

containing 2 x 10 cells derived from the liver or 1.5 x 10 cells derived

from the spleen, or 1.5 x 10 cells derived from bone marrow.

Cultures were first fed after 3 or 4 days of incubation and later at weekly

intervals by removing the complete liquid phase and replacing it with an

equal volume of fresh medium.

3.- Analysis of the long-term cultures

Four weeks after initiation of the cultures, 6 wells with confluent

adherent layers were terminated. Adherent and non-adherent cells were

harvested together in a total volume of 2,2 ml. CFU-GM progenitor cells are

mainly located in the adherent stromal layer. The non-adherent fraction

alone contains less than 102 of the total CFU-GM content (Van Den Heuvel et

al., 1987b ; Coulombel et al., 1983). The adherent layer was detached from

the bottom of the wells with a rubber policeman. Cells were counted
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(200 (il/10 ml isoton) and assayed in a single-layer soft agar system (0.32

agar) for the presence of granulocyte-macrophage differentiated stem cells.

Two replicate CFU-GM assays of 1 ml each were made of each well. Recovery

of CFU-GM in LTC at 4 weeks after initiation of the culture of adult bone

marrow is comparable with results from other investigators (Coulombel et

al., 1983 ; Lipschitz et al., 1984).

4.- CFU-GM-assay

The technique was described in detail previously (Schoeters & Vanderborght,

1983). Culture medium consisted of alpha-MeM supplemented with 102 horse

serum, 102 fetal calf serum and 12 gentamicine. Dishes were incubated at

37°C in a humidified 52 C0_ atmosphere. Colonies were counted on day 7.

Serum of mice injected with an endotoxin (lipopolysaccharide B from

Salmonella abortus equi) was used as a colony stimulating factor (CSF).

RESULTS

The output of CFU-GM was measured 4 weeks after initiation, when all

cultures reached confluency of the adherent layer. Results are expressed as

CFU-GM numbers per well. Liver cells were inoculated at a concentration of

2 x 10 cells/ml. Bone marrow cells and cells derived from the spleen were

seeded at a concentration of 1.5 x 10 cells/ml. The number of CFU-GM

presented in figure 1 is the average CFU-GM number derived from all the

examined wells (4-6 replicate wells for each experiment, 2 to 4 experiments

from each organ at each point of time). Also cellularity per ml is

presented in figure 1. It is obvious that, for each organ a similar number

of cells (adherent and nonadherent cells) is recovered from the cultures 4

weeks after they were initiated. Thus there is no change in cellularity in

the cultures related with the course of hemopoietic activity or cellularity

in the organs ijx situ (Versele et al., 1987 ; Van Den Heuvel et al.,

1987a). As a consequence the course of CFU-GM output per well is similar to

the course of CFU-GM concentration (CFU-GM per 10 cells).

On the other hand, figure 2 shows the CFU-GM population size after 4 weeks

of culture as a percentage of the CFU-GM number in the initial inoculum.
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- Liver

The long-term cultures derived from liver yield high numbers of CFU-GM per

well before birth (numbers range between 108 + 18 and 132 + 23 CFU-GM per

well). After birth the CFU-GM number/well decreases progressively to less

than 10 CFU-GM.

Regardless the age of the liver from which the cultures were started, the

number of CFU-GM recovered after 4 weeks of culture is only a small

fraction (between 2.72 and 12.7?) of the CFU-GM present in the initial

inoculum (Figure 2).

- Spleen

In the spleen, the output of CFU-GM per well is high from cultures

originating from spleens between 17 days of gestation and 5 days postnatal

(range between 53 + 21 and 92 + 18 CFU-GM). Later on, the number of CFU-GM

progenitor cells in the well drops and becomes zero in cultures from

spleens derived from 2 month-old mice (Figure 1).

The CFU-GM output 4 weeks after seeding of spleen cells presented as a

fraction of CFU-GM present in the initial inoculum is higher before birth

than after birth (Figure 2), e.g. there is a factor 18 difference between

cultures from spleens of 17 day-old fetuses and spleens from one-month old

mice.

- Bone marrow

The CFU-GM output per well in bone marrow 4 weeks after onset of the

culture increases progressively with age with two orders of magnitude from

1 3 + 6 CFU-GM at 17 days of gestation to 951 + 331 CFU-GM/well at adult age

(Figure 1).

In LTC from 17-day-old foetal bone marrow the number of CFU-GM harvested 4

weeks after initiation was about 1.5 times the number of CFU-GM in the

initial inoculum. In postnatal marrow however, 4 weeks after initiation of

the culture the number of CFU-GM recovered was 9 to 10 times less than in

the original inoculated bone marrow suspension (Figure 2).
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DISCUSSION

The CFU-GM in 4 week-old cultures (LTC) derived from different hemopoietic

organs at different gestational and postnatal ages is presented. LTC

present an important advance in our ability to study the role of

interactions between stromal cells and hemopoietic stem cells. It is clear

from this study that not only adult marrow stromal cells but also stromal

cells from fetal hemopoietic organs show the capacity to maintain

hemopoiesis in vitro. This has been demonstrated before only in human fetal

liver long-term cultures (Cappellini et al., 1984 ; Slaper-Cortenbach et

al., 1987).

Successively, ^n vivo liver, spleen and bone marrow become active sites of

hemopoiesis (Moore & Metcalf, 1973 ; Van Den Heuvel et al., 1987a). Respite

a substantial loss of cell number (more than 75Z of the initial cells

disappear due to cell death and removement with medium refreshment during

the incubation period of 4 weeks, the remaining cells are able to construct

a microenvironment where hemopoietic stem cells (CFU-GM) can survive and

eventually proliferate. In the LTC system, 4 weeks after initiation of the

cultures, CFU-GM out-put reflects the hemopoietic activity in the organ of

origin at the time the culture was initiated. Before birth high numbers of

CFU-GM are recovered in the LTC derived from the liver. Around birth blood

formation is dominantly ascribed to the spleen. After birth the bone marrow

becomes the major hemopoietic organ. Earlier we demonstrated (using CFU-f,

CFU-GM and CFU-s assays) that the stromal stem cell compartment develops in

relation to the hemopoietic activity in liver, spleen and bone marrow and

high concentrations of CFU-f preceed high concentrations of CFU-GM and

CFU-s (Van Den Heuvel et al., 1987a). However in LTC high CFU-GM output

occurs simultaneously with high CFU-GM numbers in the organ of origin and

not with high concentrations of CFU-f.

All confluent cultures, regardless the age of the organs from which the

cultures originated, have a similar number of adherent cells. Thus a high

CFU-GM yield per well does not correspond with changes in the cell numbers

of the adherent stnmal layer of the LTC. Quantitative differences in the
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stromal compartment cannot account for the observed alterations in the

output of hemopoietic stem cell concentrations.

It is not yet clear whether a high concentration of CFU-GM in LTC is due to

a high concentration of hemopoietic stem cells in the initial inoculum or

that microenvironmental aspects determine the production of CFU-GM in LTC.

In this context, we calculated the ratio of the CFU-GM output, at 4 weeks

after initiation of the LTC, over the CFU-GM number in the initial inoculum

(Figure 2).

LTC from prenatal spleen and bone marrow are obviously much more efficient

in producing CFU-GM than at older age. In fetal bone marrow after h weeks

of culture the CFU-GM stem cell pool size even exceeds the original

inoculated CFU-GM number (1.5 x). The increase in the CFU-GM population

size indicates that stem cell proliferation does occur in this in vitro LTC

system or that CFU-s differentiate to CFU-GM. Question remains if this

phenomenon is an intrinsic property of the hemopoietic stem cells or to

what extent is the stromal microenvironment involved. The observation that

fetal bone marrow produces more CFU-GM per 10 cells than the organ in situ

is also of interest in the view of fetal tissue as an alternative source of

hemopoietic stem cells for transplantation experiments in lethal

hemopoietic diseases.

The LTC system of fetal hemopoietic organs is a useful technique for the

analysis of factors responsible for changes in the hemopoietic

microenvironment during fetal development and is an experimental model for

the study of the role of the fetal stromal microenvironment in the

migration of hemopoiesis to other organs.

The stromal cell population of fetal and neonatal bloodforming organs is

capable of maintaining CFU-GM proliferation ija vitro. The changes in CFU-GM

production seen in vitro are similar with the development of the CFU-GM

population in liver, spleen and bone marrow of the growing mice.
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B.2. LONG-TERM CULTURES s STROMAL AND HAEMOPOIETIC CELL COMPARTMENT

Abstract

Measurements were made of the GM-CFC yield in long-term cultures

established from different combinations of stroma and haemopoietic recharge

inocula derived from haemopoietic organs at different stages of their

embryological development.

Results indicated differences in the supporting capacity of the stroma,

related to the haemopoietic activity of the organ of origin. Stroma derived

from haemopoietic active organs (adult bone marrow, neonatal spleen, fetal

liver) upported the proliferation of GM-CFC to a larger extent than stroma

derived from organs with a low haemopoietic activity (neonatal bone marrow

liver at 2 days, spleen at 3 weeks). Regardless the origin of the

haemopoietic cells, stroma from adult bone marrow displayed the highest

ability to support GM-CFC proliferation.

The capacity of GM-CFC from haemopoietic recharge cell populations to

proliferate on stroma, was not related to the haemopoietic activity of the

organ of origin. Regardless the organ of origin the GM-CFC present in each

of the different haemopoietic recharge populations were able to proliferate

provided that they were seeded on an appropriate stroma.

These experiments showed that stromal cells cultured from haemopoietic

organs at different developmental ages determine the haemopoietic activity

of long-term cultures as measured via GM-CFC recovery.

INTRODUCTION

During embryonic development haemopoietic cells are d_e novo produced in the

blood islands of the yolk sac. Migration of haemopoietic stem cells to

other organs via the blood stream is well established (Metcalf and Moore,

1971). Successively, yolk sac, liver, spleen and bone marrow become active

sites of haemopoiesis. In adult mice, haemopoiesis is mainly associated

with the bone marrow.

Changes in the haemopoietic stem cell number during development, coincide

with alterations in the stromal stem cell content in these respective
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organs (Klein et al., 1983 ; Van Den Heuvel et al., 1987). In liver, spleen

and bone marrow high numbers of CFU-f precede the onset of haemopoiesis.

The underlying reason why stem cells populate an organ and why this organ

remains haemopoietically active only during a limited period, is not known.

Equally, the contribution of the stromal microenvironment in the migration

of haemopoietic stem cells has yet to be defined.

Stromal cells from fetal and neonatal liver, spleen and bone marrow show

the capacity to maintain haemopoiesis .in vitro in human and murine

long-term cultures (Van Den Heuvel, 1988 ; Cappellini et al., 1984). The

yield of GM-CFC in confluent cultures reflect the haemopoietic stem cell

concentration _in vivo (Van Den Heuvel et al., 1988). As a result long-term

cultures provide a system to study the interaction of haemopoietic cells

with their microenvironment and the changes in haemopoietic activity during

development.

The presented study aims to investigate the role of the stroma in long-term

cultures derived from perinatal haemopoietic organs. Are the haemopoietic

stem cells changing themselves during development or, alternatively, does

the capability of the stromal cells, to maintain stem cell proliferation,

change ? As such, co-cultures were performed : adherent stromal layers

derived from liver, spleen and bone marrow at different ages of murine

development were reseeded with haemopoietic cells from liver, spleen and

bone marrow at different developmental ages. The yield of myeloid stem

cells (CFU-GM) in these cultures was followed as a function of time and

taken as a measure of haemopoietic activity.

MATERIALS AND METHODS

Animals

Inbred BALB/c mice (SCK/CEN breeding) have been used throughout the

experiments. Mice were mated in the evening, hence the day after has been

defined day 0 of gestation. The gestation period took 19.5 days.
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Long-term cultures (LTC)

The methods for the preparation of cell suspensions and for the initiation

of long-term cultures have been previously published (Van Den Heuvel et

al., 1988).

The haemopoietic organs used to establish long-term cultures were liver,

spleen and bone marrow. From each haemopoietic organ, two different ages

with previously characterized, different haemopoietic activities were

selected : liver from 13 days old fetus and from two days old juveniles,

spleen from neonates (between 0-24 h old) and three weeks old mice and

femoral bone marrow from neonates (between 0-24 h old) and adult mice.

Cells from different organs were pooled to establish the stromal layers

(5 adult femora from at least 3 mice, 20 to 60 femora and 10 to 30 spleens

from 10-30 newborn mice, 4 or 5 spleens from 3 weeks old mice, 14 to 21

fetal livers from fetus of 2 pregnant mice and 4 to 6 livers from 2-day-old

neonates).

The tissue culture medium used was alpha-MeM supplemented with 10Z horse

serum, 102 fetal calf serum, 12 L-glutamine, 1% penicilline-streptomycine

and 10" M hydrocortisone sodium hemisuccinate (all from Gibco, Belgium).

Long-term cultures were initi?ted in 24-multiwell petridishes (Nunc,

Gibco). Per well 2 x 10 suspended nucleated cells were inoculated.

Cultures were grown at 33°C in a 7% CO humidified atmosphere. Four days

after initiation and weekly afterwards, the medium was completely removed

and replaced by fresh complete medium.

Co-culture of stromal cell layers and haemopoietic cells

The various combinations of stroma and recharge were repeated in 2 to 6

different experiments. The stromal layer reached confluency at 4 weeks

after initiation of the cultures. The cultures were irradiated with 10 Gy

of X-irradiation (1,45 Gy/min) to kill the haemopoietic cells residing in

the adherent stromal layer. Subsequently stromal layers were reseeded with

fresh haemopoietic cells (one ml per well) in various combinations. The

cell concentration of the overlay inoculum depended on the origin of the
4 6

haemopoietic cells and varied between 1 x 10 and 1 x 10 nucleated cells
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(adult bone marrow : 5 x 10 cells ; 1 day old bone marrow : 2 x 10

cells ; one day old spleen : 1.5 x 10 cells j 3 weeks old spleen : 1 x 10

cells ; 13 day old foetal liver : 1 x 105 cells ; 2 days old liver ;

2 x 10 cells). The reseeding concentrations were chosen as to diminish or

exclude re-inoculation of the stromal layer with fibroblast-like cells

present in the reinoculated suspension. Aliquots of the latter suspensions

were tested for the presence of GM-CFC progenitor cells and CFU-f stem

cells. No CFU-f stromal stem cells were detected in selected

concentrations.

After irradiation and before reinoculation (within 3 h after irradiation),

2 or 3 wells were tested for the presence of GM-CFC in the adherent layer.

GM-CFC yield was zero.

Simultaneously with reseeding on stromal layers, haemopoietic cells were

cultured, as a control, in the absence of a stromal layer. Already one week

after seeding, these cultures yielded no GM-CFC.

At weekly intervals the liquid phase containing the non-adherent cell

fraction was•removed and replaced by an equal volume of fresh medium. Four

days after medium change adherent and non-adherent cells of 4-6 replicate

wells were removed and the number of GM-CFC progenitors was measured in

each well. Two replicate GM-CFC cultures of one ml were made for each well.

Colony-forming assays

The medium used in these short-term cultures was composed of alpha-MeM with

10Z horse serum, 102 foetal calf serum and IX penicilline-streptomycine.

GM-CFC were grown in a semi-solid agar culture supplemented with a colony

stimulating factor (CSF) derived from serum of mice injected with an

endotoxin (Salmonella abortus equi) and beta-mercaptoethanol (2 x 10~ M).

After a culture period of 7 days at 37°C and 52 CO , colonies were stained

and counted (Van Den Heuvel et al., 1988).

CFU-f were grown in a liquid culture system at 37°C in a humidified 5Z CO

atmosphere. At a 4 days' interval the medium was replaced. After 10 days

adherent colonies of fibroblast-like cells were stained with

May-Grtlnwald/Giemsa and counted.
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Statistical treatments of the results

The GM-CFC yield in LTC from different combinations was compared in

function of time after recharge via Student's t-test (P = 0.05) (Geige,

1962).

The following criteria were used to define if two stroma were equally

effective in supporting GM-CFC proliferation or to determine if two

haemopoietic cell populations had a different or similar proliferation

' capacity. A stromal or haemopoietic cell population was called

haemopoietically more active if the yields of GM-CFC, measured at the

different points of time after recharge, were significantly higher at most

points of time or similar (this is higher but not significant) but never

significantly lower. Two populations were considered equally active when at

more points of time no significant difference existed between the CFU-GM

yields or when higher yields of GM-CFC were balanced out by diminished

yields of 3M-CFC.

GM-CFC yields per well in the LTC after seeding fresh haemopoietic cells on

the stromal layers were normalised to the GM-CFC number in the inoculated

cell suspension. The GM-CFC recovered after reseeding is thus expressed as

a percentage of the GM-CFC number inoculated on the stroma.

RESULTS

Effect of different concentrations of haemopoietic cells seeded on a

stromal layer

Combining stroma and haemopoietic cells from liver, spleen, bone marrow at

various developmental ages implied that the inoculated haemopoietic cells

may vary in their haemopoietic stem cell content and cell numbers. Another

requirement was that no CFU-f were inoculated on the preexisting stroma.

Therefore, the effect of stromal layers on the proliferation of different

concentrations of haemopoietic cells were assessed.
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Different concentrations of adult bone marrow cells were seeded on stromal

layers. One, 2 and 3 weeks after recharge the GM-CFC yield was determined

(Table 1).

The existence of niches in vitro in which haemopoietic stem cells reside

has been previously demonstrated (Sharp et al., 1986). We investigated in

this experiment whether there existed an optimal number of haemopoietic

stem cells which can be maintained on a given stromal layer.

The GM-CFC in the haemopoietic recharge population all expanded on the

presented stromal layers independent of the number of inoculated

haemopoietic cells.

A two-way analyses of variance (P > 0.05) (Sokal and Rohlf, 1981) yielded

no significant difference between the GM-CFC yields in LTC (expressed as 1

of inoculated GM-CFC number) recharged with different concentrations of

haemopoietic cells.

Table 1 gives the tested combinations of stromal layer and haemopoietic

cell suspensions.

Effect of X-irradiation on the stromal layers

Stroma depleted from haemopoietic activity were obtained via an alternative

way and their capacity to maintain GM-CFC proliferation was compared with

X-irradiated stroma.

Purified stromal layers in which haemopoietic cells are absent were

obtained via 1) X-irradiation of the stromal layers (Greenberg et al.,

1982 ; Zuckerman et al., 1986 ; Slaper-Cortenbach et al., 1987 ,- Bierkens

et al., 1989) and 2) Culture conditions with 252 FCS and without

hydrocortisone instead of growing a stromal adherent layer in 10£ HS and

10Z FCS (Greenberg et al.. 1982 ; Bierkens et al., 1989 ; Reincke et al.,

1985). Their capacity to maintain GM-CFC proliferation was compared. If

such 'purified' stroma were reinoculated with haemopoietic cells and

subsequently tested for GM-CFC proliferation, all GM-CFC recovered will

originate from the recharge (= last inoculation).



Table 1 : GM-CFC recovery after reseeding stromal layers with different concentrations of haemopoietic cells. GM-CFC

output is expressed as percentage of the initial inoculum. GM-CFC numbers (absolute values) are the mean value

(X ± SEM) of 4 wells examined. A two-way ANOVA was performed on each combination. No differences were observed

between the LTC reseedea with different concentrations.

GM-CFC output/well

Stromal layer

adult bone marrow

adult bone marrow

liver 13 d foetus

liver 1 day

spleen 1 day

Inoculated haemopoietic cell population

adult bone marrow 1 x 10** cells/well

5 x 104

1 x 105

bone marrow 2 days 5 x lO*

1 x 105

2 x 105

adult bone marrow 1 x 10*"

5 x 104

adult bone marrow

adult bone marrow

1 x 10

5 x 10*

1 x 10*

5 x 10*

GM-CFC in

inoculum

20

149

354

13

46

90

26

124

26

124

26

124

145

73

41

60

67

60

25

61

7

38

140

143

weeks

1

+ 46

+ 23

+ 24

+ 11

+ 20

+ 6

+ 16

+ 4

+ 3

+ 9

+ i6

+ 16

after

2

75 ±

152 +

127 +

66 +

17 +

70 +

9 +

39 +

19 +

4 +

76 +

83 +

reseeding

34

26

36

43

15

26

7

13

6

2

22

9

3

66 +

50 +

77 +

0 +

0 +
14 ±

24 +

23 +

3 +

1 +

207 +

78 +

38

26

29

0

0

7

21

10

3

1

57

14
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Either fresh adult bone marrow cells or femoral bone marrow cells from one

day old mice were seeded on preirradiated adult bons marrow stroma and on

adult bone marrow stroma grown in serum conditions with 252 FCS.

The GM-CFC yield on both stroma was not significantly different. Both

stroma had an equal capacity to support GM-CFC proliferation (two-way

ANOVA, P > 0.05).

Comparison of the capacities of stromal layers of different origin

When GM-CFC production in function of time after re-inoculation is taken as

a measure for the ability of a stroma to support haemopoiesis (Table II)

stroma derived from haemopoietic active organs was superior for maintaining

GM-CFC proliferation than stroma derived from organs with a low

haemopoietic activity.

Comparison of two stroma derived from the same haemopoietic organ at

different developmental ages, indicated that granulocyte-macrophage

progenitor cells were better maintained on adult bone marrow stroma than on

bone marrow stroma of one day old mice ; spleen stroma from one day old

mice supported GM-CFC proliferation better than spleen stroma of three

weeks old mice and the GM-CFC yield on fetal liver stroma was higher than

on liver stroma of two days old neonates (except after reseeding with

spleen derived haemopoietic cells).

Adult bone marrow stroma maintains GM-CFC proliferation better than any

other stroma, regardless the origin of the haemopoietic inoculum.

Bone marrow stroma and spleen stroma from one day old mice and" fetal liver

stroma were equally effective in supporting GM-CFC proliferation. Three

week old spleen stroma and liver stroma from two day old mice could hardly

maintain myeloid progenitors.

Figure 1 summarizes the GM-CFC yield over a 30 day period in long-term

cultures derived from liver, spleen and bone marrow at different

developmental ages corresponding with periods of high and low haemopoietic

activity. Recharge cell populations originated from adult bone marrow.



Table 2 : Z GM-CFC recovered (expressed as Z of recharge inoculum) from cultures which were different combinations of stroma and

haemopoietic recharge. Values are the mean (X ± SEM) of 4 to 12. wells tested.

BM • bone marrow dg - days of gestation S - spleen

3w - 3 weeks old lday - 1 day old L = liver

Stromal

layer

BM adult i

H

BM 1 day -

Reinoculated

haemopoietic

cell popula-

tion

I- BM adult

v BM 1 day

K S 1 day

I- S 3 w

f L 13 dg

v L 2 days

I- BM adult

l-BHl day

l- S 1 day

t S 3 w

»• L 13 dg

<• L 2 days

7 d

73 + 20

67 + 17

10

396

437

349

391

131

183

88

65

214

117

4

20

d

+ 90

+ 148

+ 41

+ 46

+ 32

+ 63

+ 27

+ 20

± 19

± 21

± 3

+ 10

14

373

17

395

101

d

+ 61

± 13

+ 211

+ 19

Days after

17 d

215 + 52

535 + 108

182 + 22

80 + 13

69 + 31

84 + 25

46 + 8

208 + 3i

121 + 31

57 + 14

0 + 0

6 + 2

reinoculation

21 d

76 + 33

0 ± 0

58 + 19

24 d

6 +

158 +

72 +

40 +

36 +

40 +

6 +

14 +

60 +

45 +

0 +

134 +

4

33

34

21

16

18

2

4

38

12

0

64

28

45

31

80

d

± 24

+ 14

+ 19

31

293

54

0

2

36

21

84

d

± 72

± 15

+ 0

+ 1

± 11

+ 2

+ 43



S 1 day + BM adult

+ BM 1 day

+ S 1 day

+ S 3 w

+ L 13 days

+ L 2 d

S 3 w + BM adult

+ S X day

+ S 3 w

L 13 dg + BM adult

+ BM 1 day

+ S 1 day

+ S 3 w

+ h 13 dg

+ L 2 days

L 2 days + BM adul t

+ S 1 day

+ S 3 w

+ L 13 dg

+ L 2 days

129 + 15

196 + 35

itZ + 8

9 + 4

2 3 + 7

85 + 10

21 + 6

70 + 19

75 + 7

3 + 1

97 + 9

19 + 15

2 + 1

24 + 9

110 + 17

28 + 9

51 + 13

56 + 16

185 + 22

1 + 0

50 + 20

39 + 16

1 ± 1
3 + 1

65 + 10

219 + 71

14 +

1 +

7 +

73 + 15

1 ± 1
77 + 19

74 + 4

0 + 0

23 + 6

0 + 0

12 + 7

2 + 1

12 + 3

2 + 1

9 + 4

1 ± 1
29 + 1

25 + 12

2 + 1

13 + 4

3 + 2

14 + 7

106 + 27

81 + 20

1 6 + 8

0 + 0

1 + 1

2 1 + 8

22 i 7

3 8 + 5

0 + 0

37 + 19

0 + 0

3 + 1

1 + 1

1 4 + 1

1 2 + 2

1 5 + 4

1 0 + 0

1 2 + 3

8 + 1

1 1 + 4

0 + 0

4 + 2

2 + 1

1 + 1

1 + 0

3 + 2

2 + 1

9 + 3

0 + 0

0 + 0

0 + 0

9 + 3

0 + 0
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Figure 1 : Yield of GM-CFC in function of time in LTC with different

stromal layers derived from bone marrow (A), spleen (B) and

liver (C) reseeded with adult bone marrow haemopoietic cells.

GM-CFC numbers are expressed as percentage of the amount of

reinoculated GM-CFC. Error bars indicated the SEM.
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Comparison of the inoculated haemopoietic cell populations

The GM-CFC yield in function of time was taken as a measure for the

proliferation capacity of haemopoietic cells.

GM-CFC originating from haemopoietic organs with a low haemopoietic

activity {liver from 2 days old mice, spleen from 3 weeks old mice) were

proliferating as well as GM-CFC originating from haemopoietic organs with a

high haemopoietic activity, e.g. compare with adult bone marrow inoculum

(Table II ; Figure 2). The supporting stroma determined the success of

GM-CFC proliferation. For example, haemopoietic liver cells of 2 days old

mice seeded on fetal liver or adult bone marrow stroma gave high GM-CFC

numbers. Also, progenitors originating from 3 weeks old spleen proliferated

best when inoculated on a neonatal spleen or adult bone marrow stroma.

Haemopoietic cell populations from different organs showed similar

proliferation capacities. Only, GM-CFC originating from fetal liver had a

lower proliferating capacity compared with adult bone marrow haemopoietic

cells.

Support for the migration theory

In situ during the murine embryonic development, haemopoietic stem cells

migrate from yolk sac to liver and subsequently populate spleen and bone

marrow (1).

One can thus presume that, in vitro, neonatal liver haemopoietic cells

proliferate better on a spleen or bone marrow stroma than on liver stroma,

also spleen haemopoietic cells should do better when seeded on bone marrow

stroma than on liver stroma and bone marrow stroma should maintain bone

marrow haemopoietic cells better than any other stroma.

Can our results provide evidence for this theory ?

LTC with postnatal haemopoietic liver cell recharge have a higher GM-CFC

output when the stroma originates from neonatal spleen or neonatal bone

marrow than neonatal liver. Neonatal spleen haemopoietic cells proliferate

better on postnatal bone marrow stroma than on spleen stroma. Identically,

haemopoietic cells from 3-weeks-old spleen are better maintained on stroma

from neonatal or adult bone marrow or spleen than on spleen stroma derived
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Figure 2 : Comparison of the GM-CFC yields in, function of time in LTC after

reseeding haemopoietic cells from 2-day-old liver (A) or

haemopoietic cells from 3-week-old spleen (B) on different

stromal layers.

GM-CFC recovered at each point cf time are expressed as

percentage of the GM-CFC number inoculated. Error bars indicated

the SEM.
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from 3-weeks-old mice. LTC reinoculated with neonatal bone marrow cells

have the highest GM-CFC yield when the supporting stroma originates from

adult bone marrow.

DISCUSSION

Long-term cultures with different combinations of stroma and haemopoietic

cell compartment were assessed for their GM-CFC yield. The amount of GM-CFC

progenitor cells was assumed to be related to the haemopoietic activity

since GM-CFC descend from pluripotent stem cells (Meyenthaler et al.,

1988).

In vitro radiation exposure of LTC results in an increased production of

growth factors (Gualtieri, 1987 ; Naperstek et al., 1985). The radiation

doses cited (100 Gy ; 500 Gy) were higher than the dose we used in our

study (10 Gy). Our results indicated that X-irradiation of the stromal

layer before recharge did not affect the GM-CFC output of the LTC, compared

with stroma depleted from haemopoietic cells via growth in 252 FCS.

With GM-CFC as a measure, the results indicated that the haemopoietic

activity of an organ is determined by the functional capacity of stroma and

not by the proliferation capacity of the haemopoietic progenitor cells.

Stroma derived from in situ and (in vitro) haemopoietic active organs

(adult bone marrow, neonatal spleen, fetal liver) supported GM-CFC

proliferation in vitro better than stroma from haemopoietic less active

organs (neonatal bone marrow, postnatal liver, spleen 3-weeks). Question is

which component in the stromal layer accounts for these differences. Some

evidence is present that the glycosaminoglycans in the extracellular matrix

and macrophages may be involved (Mathieu et al., 1987 ; Gallagher et al.,

1983 ; Roberts et al., 1988).

Adult bone marrow which is the main haemopoietic organ in adult live seems

to create the most appropriate microenvironment. The GM-CFC output in LTC

with adult bone marrow stroma exceeded the GM-CFC yield in LTC with any

other stroma. Adult bone marrow stroma was superior in supporting GM-CFC

proliferation, regardless the origin of these progenitor cells. This may be
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related with the fact that jLn vivo the fetal liver shows active

erythropiesis and the spleen is the preferential site for lymphopoiesis

(Metcalf and Moore, 1971).

In contrast to our results, human stromal layers of fetal liver and marrow

origin were equally effective in maintaining fetal GM-CFC and adult bone

marrow GM-CFC (Slaper-Cortenbach et al., 1987). A difference between our

murine cultures and human co-cultures is the morphology of the non-adherent

cells in the LTC. The non-adherent cell population in the human LTC was

mainly composed of monocytes and macrophages after a culture period of A to

5 weeks. In contrast, in our murine LTC, as long as GM-CFC could be

measured, the non-adherent cell fraction contained a large proportion of

mature granulocytes (between 50 and 75Z of non-adherent cells) beside

macrophages and monocytes. This may indicate that GM-CFC derived from human

fetal liver cultures were m lly macrophage colonies.

When the stroma of an haemopoietic organ has a low capacity to support

GM-CFC proliferation in vivo (and xn vitro) this does not implicate that

the myeloid progenitors originating from this organ have a low

proliferation capacity e.g. GM-CFC for two-day-old liver and 3 weeks old

spleen haemopoietic cells expanded well on an appropriate stroma.

Experiments indicate that GM-CFC proliferated regardless the organ of

origin or develomental age, the only requirement seemed that the stroma

originated from a haemopoietic active organ.

In the first weeks after recharge, the amount of GM-CFC in some LTC (e.g.

LTC with adult bone marrow stroma) exceeded that of.GM-CFC in the initial

inoculum regardless the origin of the GM-CFC progenitor cells. A GM-CFC

output exceeding the initial inoculum can indicate self-renewal of the

GM-CFC or a microenvironmental stimulation of the CFU-s to differentiate

towards GM-CFC progenitor cells. Because for a given haemopoietic cell

suspension not all the different stroma exhibit similar effects, one may

presume microenvironmental involvement in regulation of cell proliferation

and differentiation.

Migration of haemopoietic stem cells occurs in situ (Metcalf and Moore,

1971). These experiments present a further element for the understanding of
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this migrated hypothesis. Haemopoietic progenitor cells originating from

liver or spleen proliferate the best when inoculated on an adult bone

marrow stroma.

Adult bone marrow stroma is obviously the best microenvironment for all the

haemopoietic cells regardless the organ of origin, yet, in reality adult

bone marrow is not available when the haemopoietic activity in the liver or

in the spleen decreases.

Results indicated that liver haemopoietic cells from liver with a

diminished haemopoietic activity preferred the spleen microenvironment

while spleen haemopoietic progenitor cells from a spleen with decreased

haemopoietic activity preferred the bone marrow microenvironment over

spleen and liver. Bone marrow haemopoietic cells prefer adult bone marrow

stroma to any other stroma.

Probably, migration takes place because the environment changes and other

organs offer a better haemopoietic inductive microenvironment. Haemopoietic

cells populate the organ which provides at that developmental age an

appropriate environment.

No evidence was present that intrinsic properties of the haemopoietic cells

alter and can be responsible for this migration.

The question of tissue specificity arises : whether stroma supported better

the proliferation of GM-CFC when the haemopoietic cells are derived from

the same organ.

Obviously, haemopoietic cells do not prefer a microenvironment of the same

organ of origin as the stroma. All haemopoietic progenitor cells regardless

their origin are better maintained on the adult bone marrow stroma than on

their related stroma.

LTC from fetal and postnatal haemopoietic organs are valuable for

explaining the role of the stromal microenvironment to the haemopoietic

activity of an organ.

Our experiments revealedthat the capacity of the stromal cells to maintain

GM-CFC in LTC depends on their origin. The haemopoietic activity of LTC is

determined by the stromal cell compartment and not by the responsiveness of

the haemopoietic cells.
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During development the proliferation capacity of GM-CFC is not altered but

as shown by our in vitro LTC, the stromal microenvironment of a given organ

fails to support haemopoietic activity while the cells may be captured by

supporting stroma from another organ.
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B.3. LONG-TERM CULTURES : CHARACTERIZATION OF THE STROMAL ADHERENT LAYER

Abstract

The adherent stromal layer in long-term marrow cultures is essential to the

proliferation and differentiation of haemopoietic cells. Adhering cells are

heterogeneous and morphologically not adequately characterized. Comparative

morphological studies were conducted on adherent cells in short-term clonal

assays and long-term cultures derived from liver and bone marrow. Liver and

bone marrow at different developmental ages have different haemopoietic

activities jln vivo and in vitro, as tested via CFU-GM recovery in long-term

cultures. From each organ adherent cells were cultures at an age with high

haemopoietic activity (fetal liver and adult bone marrow) and at an age

with low haemopoietic activity (neonatal liver and bone marrow). The

presence of macrophages, alkaline phosphatase, acid phosphatase,

myeloperoxidase, sulphated and non-sulphated glycosaminoglycans (GAGs) and

fibronectine was compared. For a given organ, CFU-f colonies showed similar

characteristics as the confluent adherent stromal layer in long-term

cultures. The presence of macrophages and GAGs (sulphated and

non-sulphated) in the adherent layer were directly related to the

haemopoietic activity. The amount of alkaline phosphatase positive cells

and the amount of fibronectin showed no correlation with the haemopoietic

activity of the cultures.

Introduction

Haemopoietic organs like fetal and neonatal liver, spleen and bone marrow

are composed of a mixture of different haemopoietic and stromal cell

populations. Much information is available regarding the migration,

concentration and differentiation of the haemopoietic stem cells (Metcalf &

Moore, 1971). In contrast, besides histological studies, little is known

about the characteristics of the stromal cells. Migration of blood stem

cells suggests that the micro-environment changes and that circulating

haemopoietic stem cells recognize and settle in the appropriate organ

(Metcalf & Moore, 1971).
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Haemopoietic organs (liver, spleen, bone marrow) at different development

ages show different haemopoietic characteristics. Stromal cells in these

developing haemopoietic organs are involved in the regulation of

haemopoiesis. Stromal stem cell concentrations in liver, spleen and bone

marrow are correlated with the course of haemopoiesis. High CFU-f numbers

precede the onset of haemopoiesis (Klein et al., 198 ; Van Den Heuvel et

al., 1987). The GM-CFU number recovered in long-term cultures from

haemopoietic organs at different developmental ages reflects the jln vivo

haemopoeitic stem cell concentrations (Van Den Heuvel et al., 1988).

The requirements for haemopoiesis are complex and depend on a mixture of

cell types, extracellular matrix components and regulatory molecules

(Dexter et al., 1985). Long-term maintenance of haemopoietic stem cell

proliferation and differentiation in utero is absolutely dependent upon the

presence of adherent stromal cells (Dexter, 1977). The mechanisms and/or

factors in the inductive micro-environment, underlying haemopoietic stem

cell regulation are not elucidated. We investigated the relative

contribution of components which may be involved in regulation of

haemopoiesis. Their presence will be compared in adherent cell populations

derived from haemopoietic organs exhibiting different haemopoietic

activities.

The adherent cells will be studied for the presence of macrophages,

extracellular components like glycosaminoglycans (GAGs) and fibronectin and

cells which are positive for peroxidase, alkaline phosphatase and acid

phosphatase.

The observation that maturation of both granulocytic and erythroid cells

occurs in close proximity to macrophages, indicates the potential role for

the macrophages in haemopoiesis (Allen and Dexter, 1984). The regulation of

haemopoiesis probably takes place (1) through the production of humoral

factors, including erythropoietin, GM-CSF and burst-promoting activity

(Rich and Kubanek, 1985 ; Rich, 1986a,b ; Sullivan et al., 1985 ; Sieff et

al., 1987 ; Zipori et al., 1984), and (2) by recruiting other cells of the

microenvironment to produce growth factors (Broudy et al., 1986).

GAGs are a component of the haematopoietic extracellular matrix (ECM).

There is experimental evidence for a role of the GAGs in the regulation of
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haemopoiesis. GAGs play a role in growth factor binding and in mediating

the adhesion of immature haemopoietic progenitors (Zuckerman and Rhodes,

1985 ; Spooncer et al., 1983 ; Wight et al., 1986 j Zuckerman and Wicha,

1983 ; Roberts et al., 1988 ; Gordon et al. , 1987 ; Del Rosso et al.,

1981).

The peroxidase enzyme is present in differentiated cells of the myelold

serie. Presence of the peroxidase enzyme in the stroraal layer indicates the

adherence of haemopoietic cells (granulocytes, progenitors of granulocytes

and monocytes) in the cultures (Yam, 1971).

Fibronectin is a matrix-forming glycoprotein, present in many tissues and

synthetized by reticulum cells as well as endothelal cells (Reincke et al.,

1982 ; Zuckennan and Wicha, 1983 ; Fridman et al., 1985). Fibronectin has

been demonstrated as a component of the extracellular matrix in human and

mouse bone marrow cultures (Bentley et al., 1983 ; Castro-Malaspina et al.,

1980 ; Hocking et al., 1980 ; Liesveld et al. , 1989). Fibronectin is

associated with adhesion, migration and differentiation of cells (Yamada,

1978, 1983 ; Critchley et al.", 1979 ; Allen and Dexter, 1984 ; Hynes and

Yamada, 1982 ; Tsai et al., 1987).

Alkaline phosphatase is a rather non-specific membrane bound enzyme,

associated in bone marrow with non-phagocytic fibroblast-like cells which

were found adjacent to areas of granulopoiesis (Westen and Bainton, 1970).

The biological function is yet unknown. ALP is also associated with

osteoblasts and bone lining cells.

Lysosomal acid phosphatase in bone marrow stroma is detected in phagocytic

fibroblast like cells and their location is close to areas of

erythropoiesis (Westen and Bainton, 1979).

Materials and Methods

1. Mice

BALB/c mice from SCK/CEN breeding were used. Mice were mated in the

evening. The next day is defined as day zero of gestation.
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2. Collection of cells

Mice used were fetal mice at 13 days of gestation, neonatal mice of

2-day-old and adult mice (12 weeks old). Adult mice were killed by cervical

dislocation and young mice using chloroform. The haemopoietic organs of

interest were dissected out. Cell suspensions were prepared from fetal

liver, neonatal liver and bone marrow and adult bone marrow (Van Den Heuvel

et al., 1987).

3. CFU-f : short-term clonal assays for stromal cells.

This technique has previously been described in detail (Van Den Heuvel,

1987).

Briefly, bone marrow or liver cells were suspended in alpha-MeM

supplemented with 102 horse serum, 10Z fetal calf serum and 12 gentamycine

(all from Gibco),

35 mm petridishes.

Replicate cultures

for 10 days. Cultures were fed twice by total replacement of the medium.

4. Long-term cultures

Cells were inoculated (2 x 10 cells/ml/well) in 24-multiwell petridishes.

(all from Gibco), 1 ml aliquots containing 2 x 10 cells were inoculated in

Replicate cultures were incubated at 37°C in a 52 CO humidified atmosphere

Alpha-MeM medium was used enriched with 102 horse serum, 102 fetal calf

serum, 1Z L-glutamine, 12 gentamicine and 10" M hydrocortisone sodium

hemisuccinate (all from Gibco, Belgium) (Van Den Heuvel et al., 1988).

Cultures were grown in a humidified 72 CO atmosphere at 33°C. At weekly

intervals the medium was completely removed and replaced. At 4 weeks of

culture, confluency of the adherent layer was reached and the adherent

cells of the cultures were examined.

5. Cytochemical studies

Stromal CFU-f colonies and confluent adherent layers were examined for

several cell types and some extracellular matrix components.
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- Macrophages

Macrophages could be functionally discriminated from fibroblastoid cells on

the basis of phagocytic capacity. One hour prior to fixation latex

particles (Dow Latex, 0 - 0.81 (Jim) (15 |xl latex solution/ml culture medium)

were added to the cultures. Cultures were further incubated at 33°C or

37°C, washed several times with alpha-MeM and stained with

May-GrUnwald-Giemsa (Castro-Malaspina et al., 1980 ; Wilson et al., 1961).

After incubation only a few particles were associated with fibroblastoid

cells, while macrophages were full of latex.

- Alkaline phosphatase

Cultures were fixed with cold 4Z formaldehyde in absolute methanol

(1 min.). Adherent cells were stained for the presence of alkaline

phosphatase using naphtol AS-BI alkaline and fast blue BB base (Sigma kit

n° 86).

- Acid phosphatase

Adherent stromal cells were stained for the presence of acid phosphatase

(Sigma kit n° 387). The presence of two isoenzymes was separately

investigated : tartrate acid-sensitive and resistant phosphatase. Cells

which stain in the presence of tartrate (TRAP-positive cells) may be

related to osteoclasts. This isoensyme is characteristic for osteoclasts in

the mouse (Van de Wijngaert, 1986).

- Sulphated and non-sulphated glycosaminoglycans (GAGs)

Cultures were fixed with a solution of 4Z para-formaldehyde and 0,2Z sodium

acetate. A Feulgen hydrolysation (1 N HC1, 60°C, 10 mm) excludes possible

DNA interference. Cultures were incubated for 18 hr in a mixture of the

met a and para isomeers of N,N-dimethyl-phenyleendiamine. Subsequent

staining with Alcian Blue 8GX (32) (pH 2,3) distinguished between sulphated

(purple) and non-sulphated GAG's (light blue) (Spicer, 1965 ; Scott et al.,

1964). Positive controls involved the staining of femur ends of mice. GAGs
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have been demonstrated in bone marrow stroma in situ (Gordon, 1988 ; Oguri

et al., 1987).

- Fibronectin

Adherent layers were immunohistochemically stained for intracellular and

extracellular fibronectin (fn) by the 3-step peroxidase-anti-peroxidase

(PAP) technique.

The medium was decanted from the confluent cultures end the adherent layers

washed 3 times in PBS (Gibco). To demonstrate intracellular fn, cultures

were fixed with ice-cold absolute methanol (1 min). To demonstrate

extracellular fn, cultures were fixed by incubation with 42

paraformaldehyde for 15 minutes . at room temperature. After fixation

cultures were washed 3 times in PBS. Endogenous peroxidase activity was

destroyed by incubation for 20 minutes with 0,32 hydrogen peroxide (H?0 )

in PBS and cultures were washed again.

Rabbit anti-fn IgG was kindly provided by Prof.Dr. Foidart. The second and

third antibody, goat anti-rabbit IgG and the rabbit antiperoxidase-

peroxidase antisera were obtained commercially from Nordic. Optimal

antibody concentrations were determined using serial dilutions. Adult bone

marrow stroma, which contains fn (Bentley and Tralka, 1983) served as a

positive control. Empty dishes without adherent cells were used as negative

control. The cells were washed (3x15 min.) with PBS between antibody

incubations. The presence of fn was visualized after the addition of

3,3'-diaminobenzidine tetrahydrochloride (0,2 mg/ml) in 0.03M H O (15

minutes at room temperature) which is converted by the peroxidase reaction

into a brown insoluble precipitate.

Quantitative amounts of intracellular, extracellular and soluble

fibronectin were measured via inhibition ELISA. The method used is a

modification of the procedure described by Rennard (1980, 1982) and Tyssen

(1985). Briefly, 100 ng human plasma fibronectin was adsorbed in a 96-well

plate. A standard concentration of fn and the various adherent layers of

LTC were incubated with rabbit anti-fn serum. Afterwards, the supernatans

containing unbound antibodies were added to the fibronectin containing

wells. Goat anti-Rabbit IgG, Rabbit antiperoxidase-peroxidase and

orto-phenyleendiamine reagent (490 run) are added. With a photospectrometer
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(490 nm) the amount of antibodies which bound to the fibronectin in the

coated wells could be measured and was thus inversely related to the amount

of fibronectin antigen present in the adherent layers of the LTC.

- Myeloperoxidase

Cultures were fixed with cold (4°C) glutaraldehyde-aceton for 1 minute and

stained for the presence of myeloperoxidase (Yam, 1971) (Sigma kit n° 391).

Results

A. Colony forming units of fibroblasts (CFU-f)

Only adhering colonies composed of at least 50 cells were considered. CFU-f

colonies were composed of two main cell types : fibroblastic cells and

macrophages. All colonies contained both cell types.

After differential staining, the number of positive colonies was counted

and expressed as percentage of the total CFU-f number. Between 30 and 200

colonies were scored for each staining procedure.

A.I. Macrophages

Results are represented in figure 1.

Fetal liver cultures contained large numbers of phagocyting macrophages.

Macrophages were seen within each CFU-f colony and between the colonies.

CFU-f colonies from 2-day-old liver and adult bone marrow contained less

latex ingesting cells. The relative presence of macrophages in these

stromal cell colonies varied from one colony to another. In neonatal liver

cultures, CFU-f colonies without latex ingesting cells were seen as well as

colonies with a large number of macrophages. In adult bone marrow cultures,

the majority of macrophages were scattered between the colonies, CFU-f

colonies contained a moderate number of phagocyting cells. Bone marrow

CFU-f from 2-day-old mice contained few macrophages.
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Figure 1.

Presence of macrophages in CFU-f colonies and in adherent stromal layers

from long-term cultures.

The indications on the Y-axis are a relative measure for the quantity of

macrophages.

Stromal cells are derived from fetal liver, liver and bone marrow of

2-day-old mice and adult bone marrow.
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A.2. Alkaline phosphatase (ALP) positive colonies

Results ace shown in figure 2A.

ALP activity was present in some of the fibroblastic cells but absent in

macrophages. Fetal liver CFU-f showed no colonies with ALP positive

fibroblast-like cells. Neonatal liver and bone marrow contain low numbers

(respectively 202 and 92) of ALP positive colonies. In contrast, 672 of the

colonies derived from adult bone marrow are ALP positive. The intensity of

the ALP staining varied between colonies and between fibroblastic cells

within a colony. Cells in the centre stained stronger than cells at the

periphery. This could be due to a greater density of the cells.

A.3. Acid phosphatase (ACP) positive colonies

Macrophages as well as fibroblast-like cells stained positive for ACP.

Nearly all liver (fetal (1002) and neonatal (902)) and adult bone marrow

(1002) colonies contained ACP positive cells (Figure 2B). Only 162 of

2-day-old bone marrow adherent colonies showed ACP positive cells.

Different staining intensities were seen between colonies.

A small proportion of the CFU-f colonies regardless the organ of origin

contained a few trapp positive cells. In fetal liver cultures 32, in

neonatal liver cultures 52, in neonatal bone marrow cultures, 3Z and in

adult bone marrow cultures 152 of the colonies contained trapp positive

cells. Positive cells showed no fibroblastic morphology and were scattered

over the colony.

A.4. Presence of GAGs in the colonies

Results are shown in figure 3.

All bone marrow cultures (adult and neonatal) containted, besides negative

colonies, only colonies which after the combined staining of alcian blue

and high iron diamine were positive for both S-GAGs (purple) and non-S-GAGs

(blue). In liver cultures, 4 types of colonies were present : blue stained,

purple stained, mixed colonies (containing blue and purple stain) and

negative colonies. More than half of the CFU-f colonies originating from
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Figure 2.

Characterization of stromal cells grown from fetal liver, neonatal liver

and bone marrow and adult bone marrow.

The number of colonies, containing alkaline phosphatase, acid phosphatase,

and myeloperoxidase positive cells is expressed as a percentage of the

total number of colonies examined.

In the adherent layers of long-term cultures, relative amounts of alkaline

phosphatase and myeloperoxidase positive cells are presented.
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fetal liver (692) and adult bone marrow (87?) contained GAGs. Both liver

(292) and bone marrow (82) of 2-day-old mice showed a considerable lower

number of colonies which were positive for the presence of GAGs.

In fetal liver, more colonies stain positive for non-S-GAGs than for

S-GAGs. In neonatal liver and bone marrow, the presence of sulphated and

non-sulphated GAGs in CFU-f colonies was comparable. In adult bone marrow

the mixed colonies stained stronger for S-GAGs (purple) than for non-S-GAGs

(blue).

A.5. Myeloperoxidase (MP) positive colonies

Results are represented in figure 2C.

Myeloperoxidase is an indicator of the presence of granulocytic cells in

the adherent layer. The number of MP positive cells per colony was very low

and MP positive cells were mainly present in the central part of the

colony. Only a few (82) CFU-f colonies from neonatal bone marrow contained

MP positive cells, while all CFU-f colonies (1002) from adult bone marrow

contained MP positive cells.

A large proportion of fetal liver and neonatal liver colonies contained MP

positive cells (respectively 682 and 802).

B. Confluent stromal layer

Confluent stromal layers in cultures of different origin are evaluated. The

presence of a component is expressed as a relative amount.

B.I. Macrophages

Fetal liver stroma and adult bone marrow stroma contained high amounts of

macrophages (Figure 1). Considerably less macrophages could be detected in

liver and bone marrow stromal layers from neonates. The macrophages in

adult bone marrow LTC had a colony-like distribution where as in the LTC of

other organs the macrophages were dispersely distributed.



- 152 -

B.2. Alkaline phosphatase (ALP) positive cells

Many focal areas with intensively stained ALP positive cells were present

in adult bone marrow adherent stromal layer. Fetal and neonatal liver

stroma showed a disperse distribution of ALP positive cells with a low

intensity. Neonatal bone marrow stroraa contained some small foci of ALP

positive cells with a moderate intensity (Figure 2A).

B.3. Presence of GAGs

Fetal liver and adult bone marrow stromal layers contained a large amount

of GAGs, while neonatal liver and bone marrow stroma expressed lower

quantities of this extracellular matrix component (Figure 3). GAG positive

areas were correlated with areas of high cell density. Similar quantities

of sulphated and non-sulphated GAGs were found in the adherent layers.

B.4. Presence of fibronectine (fn)

Intra- and extracellular fn was determined in the adherent layer of LTC

using PAP-immunohistochemistry (qualitative method) and ELISA (quantitative

method) (Figure 4). The latter technique was also used to examine the

amount of fn in the liquid phase of the LTC.

Fn was present in all the stromal layers regardless their origin. Both

methods showed that extracellular fn was present in higher amounts than

intracellular fn. Using the PAP-method, cultures stained very weak for

intracellular fn. Extracellular fn was present in comparable amounts in the

different LTC and was found in the marginal region of the fibroblast like

cells.

Using ELISA, a significant difference in the amount of extracellular fn was

seen between fetal liver and 2-day-old liver and between 2-day-old bone

marrow and adult bone marrow stroma. Intracellular fn differed (t-test, P <

0.5) between liver (6 + 1 ng/well) and bone marrow (12 + 1 ng/well) LTC,

the latter expressing a higher amount. The amount of intracellular fn was

not significantly different (t-test, P > 0.05) between liver cultures at

different developmental ages or between adult and neonatal bone marrow

cultures.
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Figure 3.

Comparison of glycosaminoglycans (sulphated and non-sulphated) in stromal

cel ls from CFU-f colonies and long-term cultures derived from different

haemopoietic organs. The number of positive CFU-f colonies is expressed as

a percentage of the total colony number. In LTC, the presence of GAG is

expressed in relat ive amounts.
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Figure 4.

The presence of intra- and extracellular fibronectin in LTC is presented

using (A) the PAP-technique : the presense of fibronectin is expressed in

relative amounts ; (B) the ELISA technique .- the amount of fibronectin is

expressed in ng per well.
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Fn was present in the liquid phase of the LTC. Neonatal and adult bone

marrow cultures produced comparable amounts of soluble fn (respectively 120

+ 50 ng/well and 180 + 70 ng/well). The amount of fn in fetal liver LTC

(100 + 70 ng/well) was significantly lower (t-test, P < 0.05) than in

neonatal liver cultures {190 + 90 ng/well).

B.5. Myeloperoxidase positive cells

Fetal liver stroma and liver stroma of 2-day-old mice contained no MP

positive cells. A few MP positive cells were seen in bone marrow stroma of

2-day-old mice. Adult bone marrow stromal layers contained some colonies of

MP positive cells (Figure 2C).

Discussion

The CFU-f technique is the nearest approximation to a clonal assay for the

early precursors of stromal cells (Owen, 1985). Prolonged cultivations of

fibroblast colonies give rise to confluent stromal layers which are

considered responsible for maintaining haemopoietic cells in vitro (Dexter,

1977).

In the present study, the distribution of certain cell types and

extracellular matrix components was measured in the adherent cell layer of

haemopoietic active and non-active LTC. The idea was to relate their

presence to the haemopoietic activity of the cultures.

All investigated components were present in liver and bone marrow LTC. Two

components showed a positive correlation with the haemopoietic activity of

the organ of origin : macrophages and (sulphated as well as non-sulphated)

GAGs were present in high amounts in those LTC which were haemopoietic most

active (fetal liver and adult bone marrow).

Results indicated a remarkable heterogeneity between CFU-f colonies.

Colonies exhibit already characteristics of the confluent adherent layer.

GAGs and macrophages are present in higher amounts in those cultures
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originating from haemopoietic active organs, while this correlation did not

hold for ALP positive cells.

The adherent layer in bone marrow cultures consists of fibroblastoid cells,

fat cells, endothelial cells and macrophages (Dexter et al., 1977).

Phagocytesis is an important function of macrophages (Alberts et al.,

1983). Macrophages will ingest latex particles supplemented to the

cultures. This feature makes it possible to identify these cells by light

microscopy. Several investigators distinguished between macrophages and

bone marrow CFU-f, which is a nonphagocytic cell (Friedenstein et al.,

1970 ; Castro-Malaspina et al., 1980), on the basis of the phagocytic

capacity (Allen and Dexter, 1976 ; Castro- Malaspina et al., 1980 ; Rich,

1986a j Zipori et al., 1984 ; Brockbank and van Peer, 1983 ; Song and

Quesenberry, 1984).

In this report we used phagocytosis as a criterium to detect macrophages in

stromal cultures.

Macrophages in the long-term cultures are not of stromal origin, but can be

considered as a 'functional' part of the adherent microenvironment. They

appear to be involved in granulopoiesis by their association with blanket

cells some time before these regions become granulopoietically active, and

they are also involved in red cell maturation in cultures stimulated for

erythropoiesis (Allen and Dexter, 1984) and in intact marrow (Westen and

Bainton, 1979). Evidence is present that macrophages can produce a variety

of soluble regulatory molecules. Bone marrow derived macrophages are

functionally capable of producing a colony-stimulating activity that

promotes the formation of granulocyte and/or macrophage colonies. They also

produce erythropoietin and burst-promoting activity (BPA) that stimulates

the proliferation of early erythroid progenitor cells (BFU-E). Macrophages

have also been shown to produce factors, monokines (11-1 and TNF-alpha)

that can stimulate other cells including endothelial cells, skin

fibroblasts, marrow fibroblasts and T-lymphocytes, to produce growth

factors (GM-CSF, BPA and megakaryocyte CSA) (Broudy et al., 1986 ; Sieff et

al., 1987 ; Bagky et al., 1987 ; Rich, 1986a, 1986b). Oblon et al. (1983)

fractionated the adherent layer in LTC and found that the fraction enriched

with monocytes/macrophages produced GM-CSF.
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Macrophages were abundant present in haemopoietic active organs like fetal

liver and adult bone marrow. Liver and bone marrow of 2-day-old mice

contained considerably less phagocyting cells. The functional role of the

macrophage in our cultures is not known but these observations might be an

indication of the importance of macrophages in the regulation of

haemopoiesis.

The presence of GAGs in the adherent layer of human (Wight et al., 1986 ;

Gordon et al., 1987 ; Keating and Singer, 1983) and murine (Spooncer et

al., 1983 ; Roberts et al., 1988 ; Gallagher et al., 1983), bone marrow LTC

has been demonstrated. In murine LTC, heparan sulphate (sulphated GAG) is

mainly associated with the adherent cells, while hyaluronic acid

(non-sulphated GAG) and chondroitine sulphate (sulphated GAG) are mainly

found in the culture medium (Gallagher et al., 1983).

Experimental evidence exists for a role of the GAGs in the regulation of

haemopoiesis. Haemopoietic progenitor cell proliferation occurs in close

association with the stromal layer in LTC (Gordon et al., 1987 ; Del Rosso

et al., 1981).

The possible function of GAGs in haemopoiesis is the ability to retain

growth factors synthesized locally by stromal cells or produced elsewhere

and to present the growth factors• in biologically active form to

haemopoietic cells. Gordon (1987) demonstrated in human bone marrow

cultures that exogenous GM-CSF binds predominantly to hyaluronic acid and

biologically active GM-CSF can be extracted from the ECM of cultures

stromal layers. Similarly, in mouse marrow stroma, heparan sulphate

possesses the ability to adsorb both GM-CSF and 11-3 and retain its

biological activity (Roberts et al., 1988). In contrast GAGs from cultured

human fetal liver cells (liver at the 18th week of gestation) were

ineffective in removing growth factors. At this developmental age, human

liver is predominantly erythropoietic (Gordon et al., 1987).

Stimulation of chondroitin sulphate (present in culture medium) synthesis

with beta-D-xylosides (Nagasaka et al., 1989) increases the production of

haemopoietic stem, progenitor and differentiated cells in the non-adherent

fraction (Spooncer et al., 1983).
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The presence of fibronectine and alkaline phosphatase activity was not

correlated with the haemopoietic activity of an organ. Evidence is

available that fibronectine is present on adhesion places of maturing

granulocytes and monocytes to the stromal cells (Bentley and Tralka, 1983)

and that erythroid progenitors bind strongly whereas CFU-GM progenitors

bind weakly to fibronectin (Tsai et al., 1987). Our finding that

extracellular fibronectine is present in higher amounts than intracellular

fibronectin is in agreement with results of Zuckerman and Wicha (1983).

They could not detect any intracellular fibronectine in the stromal cells

of 4 weeks old BM LTC. The presence of intracellular fibronectine in our

adult BM LTC, although low, could be the result of a higher sensitivity of

our method. A cell-free three-dimensional fibronectin matrix is unable to

support .in vitro haemopoiesis. Whether fibronectin is an essential

component for haemopoietic maintenance or a common matrix component of

cultured stromal cells needs further investigation.

Fibronectin is present in lower amounts in stromal layers from fetal liver

and neonatal bone marrow than in 2-day-old liver and adult bone marrow. The

diminished yield of these components corresponds with periods of a high

proliferation capacity of the stromal cells (Versele et al., 1987). Perhaps

stromal cells from neonatal liver and adult bone marrow which exhibit a

lower proliferation activity, till the balance towards differentiation and

starts to produce "excessive" proteins. High levels of fibronectine might

be a sign of a more advanced differentiation stage.

The prominent cell type in the adherent layer is the stromal

fibroblast-like cell (Dexter et al., 1977). Alkaline phosphatase is present

in this cell type and ALP positive cells are associated with granulocytic

cells (Liesveld et al., 1989 ; Tavassoli et al., 1983 ; Broudy et al.,

1986 ; Wilson et al. , 1981 ; Gualtieri et al. , 1984). Our results do not

show a clear correlation between ALP activity and the haemopoietic activity

of an organ.

In the CFU-f colonies, the ALP activity is inversly related to the

proliferation capacity of the stromal cells. Comparable with fibronectin,

the presence of ALP might be related to the state of maturation of the

cells. The observation that ALP is absent in fetal liver CFU-f colonies but
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present in fetal liver LTC gives evidence that the differentiation state of

the stromal cells might be involved.

Results indicate that in each of the considered organs, the fibroblapt-like

cells form a heterogeneous population containing ALP positive and -negative

cells. This heterogeneity is also found when the distribution of the ALP

positive cells is compared between stromal layers of different origin.

The presence of ALP is often associated with osteoblasts in osteogenesis.

The presence of ALP activity in liver cultures shows that ALP has also

other biological functions. The presence of ALP in cells from fetal liver

and fetal bone marrow has been described previously (Ahmed and Bainton,

1986).

CFU-f colonies were also checked for the presence of acid phosphatase

activity. The high occurrence of acid phosphatase in liver colonies might

be related to the relatively higher amounts of macrophages in liver

cultures compared with bone marrow and to the erythropoietic function of

the liver. The former was also observed by Riley and Gordon (1987). Piersma

et al. (1985) demonstrated that the ACP activity in fibroblastic cells in

CFU-f colonies from adult bone marrow was very weak or absent. In contrast,

we found strong acid phosphatase activity in adult bone marrow

non-phagocyting fibroblast-like cells. Positive staining for ACP has also

been described by others (Broudy et al., 1986 ; Gualtieri et al., 1984).

Different culture conditions might explain this difference.

The presence of MP positive cells indicates the adherence of haemopoietic

cells to the stromal layer.

Only the adherent layer of adult bone marrow LTC contained MP positive

cells, although differentiated granulocytes (demonstrated by

May-GrUnwald-Giemsa staining of cytospin) were found in the non-adherent

fraction of all LTC. Perhaps mature cells are more easily released in the

other cultures due to differences in the stromal layer.

In contrast with the LTC, CFU-f colonies derived from the liver contained

MP positive cells. Perhaps these cells were brought into the culture when

cultures were initiated and survived during the short culture period.



- 160 -

In this study, stromal cultures (CFU-f and LTC) from liver and bone marrow

corresponding with different haemopoletic activities, were used to

investigate the importance of certain cell types and extracellular matrix

components.

Results indicated that culture conditions for CFU-f colony growth select a

stromal cell population, its characteristics are maintained in the

confluent stromal layers which support haemopoiesis in vitro.

Two components showed a positive correlation with the haemopoietic

activity : macrophages and GAGs (sulphated and non-sulphated) were present

in high amounts in fetal liver and adult bone marrow. On the contrary,

fibronectin and alkaline phosphatase are assumed to be differentiation

products of stromal cells.

Our model using haemopoietic active and non-active cultures proved to be

useful in the study of the stromal micro-environment. Further

investigations are needed to better define the specific role of each

component in haemopoiesis.
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B,4, LONG-TERM CULTURES : PRODUCTION OF COLONY STIMULATING ACTIVITY

Abstract

Medium harvested from murine long-term cultures (LTC) of haemopoietic

foetal and postnatal liver, spleen and bone marrow induced the

differentiation of adult bone marrow haemopoietic progenitor cells into

granulocytes and/or macrophages in the absence of exogenous CSF (derived

from serum of mice, injected with an endotoxin) . The production of the

potent stimulating activity by the adherent cells was maximal when LTC were

derived from the considered organs around birth.

The colony stimulating activity produced in LTC from bone marrow of one-day

old mice was characterized using factor dependent cell lines and an

antibody neutralization bioassay. The conditined medium (CM) contained a

large amount of interleukin-6 in contrast with conditioned medium from LTC

from adult bone marrow. However using antibody neutralization bioassays

only up to 502 inhibition of the biological activity in the CM was reached.

Purified 11-6 did not support the growth and differentiation of CFU-GM.

P4o, 11-1, 11-2, 11-3 and 11-4 were not detected in the CM. Some

preliminary indications exist that G-CSF is present in the CM.

Introduction

The ability to achieve long-term production of murine blood cells ^n vitro

is dependent upon the formation of an adherent stromal layer, which has

been equated with the bone marrow stromal microenvironment. These long-term

bone marrow cultures allow to investigate _in vitro the interactions betweeii

haemopoietic stem cells and the stromal elements.

The adherent stromal cell layer presumably provides the structural support

and appropriate growth and differentiation factors for the maintenance of

haemopoietic cells.

Whether stromal cells produce a colony stimulating factor (CSF) is not

clear : in some experiments no CSF activity was detected in long-term bone

marrow cultures (Wilson et al., 1974, 1976 ; Dexter et al., 1977 ; Reimann

and Burger, 1980; Williams et al., 1977 ; Bentley and Foidart, 1980 ;
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Greenberg et al., 1981 ; Klein et al., 1984 ; Gordon et al., 1981 ;

Castro-Malaspina et al., 1980 ; Nagao et al., 1986 ; Oblon et al., 1983).

In contrast, other studies demonstr ft ted detectable levels of a colony

stimulating activity in the conditioned medium using radioimmunoassay

(Shadduck et al. , 1983), or after concentration of the medium (Zipori et

al,, J982 ; Gualtieri et al. , 1984) or after exposure of the cultures to

high radiation doses (Gualtieri, 1987 ; Naperstek et al., 1985).

Contradicting results were also obtained when using a bioassay in which

adherent cells were overlayed with fresh bone marrow cells. Stimulation of

CFU-GM growth was described (Wilson et al. , 1974, 1976 ; Heard et al.,

1982 ; Gualtieri et al., 1984 ; Naperstek et al., 1985 ; Nagao et al.,

1986 ; Zipori et al., 1985) in contrast to studies reporting no enhanced

growth of CFU-GM or a negative effect of stromal cells on CFU-GM growth

(Zipori and Sasson, 1980 ; Werts et al., 198C ; Dexter et al. , 1977 ;

Zipori et al., 1985). The lack of uniformity in techniques makes it

difficult to compare data from the different reports.

The availability of CSF-specific antisera along with factor-dependent cell

lines has allowed to identify the presence of CSF-1 and GM-CSF in the

conditioned medium from irradiated long-term cultures (Gualtieri et al.,

1987 ; McGrath et al., 1985). In situ hybridization showed GM-CSF mRNA only

24h after feeding of the culture while mRNA for 11-3 was not detected at

any time (Eliason et al., 192S).

In this study, the production of a colony stimulating activity (CSA)

released into the conditioned medium was examined. Stromal confluent layers

were established from fetal and neonatal liver, spleen and bone marrow.

They were able to maintain CFU-GM proliferation ±n vitro, according to

their haemopoietic activity in vivo (Van Den Heuvel et al., 1988 ;

Cappellini et al., 1984 ; Slaper-Cortenbach et al., 1987). We showed

previously that the stromal layers characterized the CFU-GM output of the

cultures (Van Den Heuvel et al. , 1990). The biological activity of the

crude conditioned medium was tested in a CFU-GM bioassay. Attempts were

made to characterize the CSA present in medium conditioned by neonatal bone

marrow cells.
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Materials and Methods

- Mice

Experimental animals were inbred, specific pathogen-free (SPF) Balb/c mice

from S.CK.-C.E.N. breeding. Mice were mated in the evening. The morning

after mating was designated as day 0 of gestation and embryos were

considered to be zero days old. At 19.5 days of gestation mice were born.

One-day-old mice or mice between 0 and 24h old are defined as newborn mice.

- Long-term cultures

Cell suspensions were prepared from liver, spleen and bone marrow of mice

from which the age ranges between 13-d-old fetus and adult life. Long-term

cultures of each cell suspension were prepared as described previously (Van

Den Heuvel et al., 1988). Cell suspensions were diluted in alpha-MeM

supplemented with 102 fetal calf serum, 10% horse serum, 12 gentamicin, XX

L-glutamine and 10" M hydrocortisone sodium hemisuccinate (all from Gibco,

Belgium). Cultures were first fed after 3 or 4 days of incubation and later

at weekly intervals by removing the complete liquid phase and replacing it

with an equal volume of fresh medium.

- Collection of conditioned medium (CM)

Four weeks after initiation of the cultures, when the adherent layer had

reached confluency, medium on top of the confluent stromal adherent layer

was collected 4 days after the last feeding of the cultures and passed

through a filter (0.2 |xm) (Gellman filter). The crude, cell-free

conditioned medium was assayed for its colony stimulating activity using

the single layer agar technique (CFU-GM). Conditioned medium was stored at

- 70°C.
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- GFU-GM assay

Cultures contained G.5 x 10 fresh bone marrow cells in 1 ml. Culture

medium consisted of alpha-MeM supplemented with 10£ horse serum, 10% fetal

calf serum, 1% gentamicine and 0.3% agar. Serum of mice injected with an

endotoxin (lipopolysaccharide B from Salmonella abortus equi) was used as a

colony stimulating factor in control cultures. As a negative control,

cultures were initiated in the absence of any stimulating activity (CSF or

CM). After 7 days no CFU-GM colonies appeared.

Media conditioned by adherent layers of mouse stromal cells in LTC derived

from various haemopoietic organs at different, developmental ages, were

tested for their capacity to induce GM colony formation in the presence or

absence of murine serum derived CSF. Crude CM was used in a 1:4 dilution.

In each experiment quadruplicate dishes of 1 ml total volume were incubated

at 37°C in a humidified 5% CO atmosphere for 7 days. After 7 days of

incubation a morphological staining was carried out on the colonies.

Colonies were fixed with inethanol (5 minutes), lifted from the dishes and

put on slides. Samples were stained for 8 minutes with orceine (0.6%) in

acetic acid (60%). The excess of stain was removed and a coverslip was

placed on the samples. The morphology of the colonies was examined using

light microscopy. Colonies of granulocytes could be distinguished from

clonies of macrophages.

- Assays with factor-dependent cell lines

Method 1 : detection of interleukins

The biological activity of the CM was determined on factor-dependent cell

lines (FDCP-1, 11-3 and 11-4 responsive) ; EA 3.5 (il-3 responsive) ; El

4.1.10 (11-1 responsive) ; CTLL2 (11-2 responsive) ; 7TD1 (11-6

responsive), as described and performed by Van Snick et al. (1986).

Briefly., serial dilutions of the test samples were incubated with

Icetor-dependent cells at 37°C for 4 days in micrctiter plates (0.2

ml/microwell). Cell densities were then determined by colometric

measurements of the hexaminidase levels (Landegren, 1984).
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Three samples of conditioned medium ware analyzed : (i) CM harvested from

LTC initiated from neonatal bone marrow (il) CM from adult bone marrow LTC

and (iii) tissue culture medium (alpha-MeM supplemented with 10% HS, 10Z

FCS, 1" gentamicin, 10~ M hydrocortisone).

Method 2 : detection of CSF (colony stimulating factors) in viability tests

The factor-dependent cell lines used : FDCP-Mix A4 (11-3 and GM-CSF

responsive), C2GM (GM-CSF responsive) and 15G (G-CSF responsive) were

generously provided by Paterson Laboratories (Manchester, UK).

Factor-dependent cells were suspended in Iscove's medium with 20% horse

serum at 6 x 10 cells/ml.

Wells were set up with 100 ul of cells, 900 ul medium and 100 ul of growth

factor (KEHI, LCM, 5637CM) in different solutions. As a source of growth

factors, conditioned medium of defined cell lines were used :

WEHI-conditioned medium (source of 11-3), lung conditioned medium (LCM)

(source of GM-CSF) and 5637 conditioned medium (5637 CM) (source of G-CSF).

After incubation the living cells were counted.

The viability is expressed as percentage and is defined as

number of living cells

= % viability

number of death cells + number of living cells

The viability is measured at day 2 or 3 and at day 4 or 5 after initiation.

- Antibody neutralization analysis against 11-6

CM harvested from LTC initiated from neonatal bone marrow was used. The CM

was used in different dilutions as a colony stimulating factor in CFU-GM

cultures. Cultures were initiated in 24-multiwell dishes, containing 0.25 x

10 bone marrow cells in a total volume of 500 ul. After 7 days of

incubation (37°C and 5% CO,,) granulocyte and/or macrophage colonies were

scored. A dose—response curve was obtained. CM induced plateau numbers of

CFU-GM colonies in 1:10 dilution. The concentrations of CM used in the
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antibody neutralisation assays, were concentrations on the slope of the

dose-reponse curve.

The stock material of anti-Il-6 (1 mg / 150 ul) (Ludwig Institute for

Cancer Research, Brussels, Belgium) was stored at - 70°C. Anti-Il-6 samples

were diluted in HBSS to a final volume of 15 JJI.

CM and anti-Il-6 were incubated at 37°C for 2 hr before bone marrow cells

were added. The concentrations of antibody used in 0.5 ml cultures were

15 ; 7.5 and 3.75 ug. Different dilutions of CM (50, 25, 12.5 vl) were

tested. As a control identical concentrations of IgRat were added in

cultures containing CM.

- Repair of antibody inhibition after addition of 11-6

(CM + anti-116 + 116)

The stock solution of 11-6 contained 10 units/250 pi. Dilutions (final

volume of 25 ul/well) were prepared in HBSS. 11-6 was added in different

concentrations (2500, 5000, 10000 units/500 ul/well) to CFU-GM cultures

containing 7.5 jjg anti-Il-6 (per 500 ^l) and neonatal bone marrow CM (1:10

or 1:20 dilution).

Samples of CM, 11-6 and anti-Il-6 were put into empty wells and incubated

for 2 hr at 37°C before fresh adult bone marrow cells were added.

Repair of inhibition (caused by anti-Il-6) was checked.

- 11-6 as colony stimulating activity in CFU-GM

Instead of serum derived CSF or long-term neonatal bone marrow culture-CM,

116 was added as GM-colony stimulating activity to CFU-GM cultures.

Dilutions of 11-6 were carried out in HBSS.

Briefly, fresh bone marrow cells were resuspended in alpha-MeM containing
4 4

FCS and HS, 0.3% agar and various concentrations of 11-6 (2 x 10 , 10 , 5 x
3 3 3

10 , 2.5 x 10 and 10 U/ml/petridish). After 7 days granulocyte and/or

macrophage colonies were counted.
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" Statistical analysis

One-way analysis of variance was performed to define significant

differences among groups (P < 0.05). The Student's t-test was used to

determine the significance of differences among 2 groups of paired

observations (P < 0.05).

Results

- Colony stimulating activity in conditioned media

In the absence of an exogenous CSF (murine serum derived and endotoxin

induce), medium conditioned by adherent stromal cells in long-term cultures

of fetal and neonatal haemopoietic organs (liver, spleen and bone marrow)

induced differentiation of CFU-GM progenitor cells. Colonies consisted of

granulocytes and/or monocytes. Medium conditioned in LTC initiated from 2

days old liver gave high numbers of CFU-GM colonies (116 CFU-GM + 18 / 5 x

10 bone marrow cells). Medium harvested from LTC derived from 2 days old

spleen and bone marrow had the highest colony stimulating activity

respectively 143 ± 65 CFU-GM / 5 x 10 bone marrow cells and 148 + 42

CFU-GM / 5 x 10 bone marrow cells).

The production of the colony stimulating activity in LTC from liver, spleen

and femoral bone marrow was maximal around birth (Figure 1).

If CM and exogenous CSF were both combined and added ;.o a CFU-GM assay,

lower numbers of GM colonies were obtained than when CSF was used

separately (positive control).

The presence of a stimulating activity in the CM depended on the batch of

horse serum used in the LTC. The stimulating activity could be maintained

after storage of the crude, filtered CM at -70°C and after resetted

thawing. The CM obtained from LTC kept in serumfree conditions for 4 days

contained no stimulating activity.
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Figure 1.
4

Number of CFU-GM (per 5 x 10 fresh bone marrow cells) after stimulation

with medium conditioned in long-term cultures derived from liver, spleen

and bone marrow at different gestational and postnatal ages.

Points are the mean value of 4-20 replicate cultures. Error bars represent

the 952 confidence limits.
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- Characterization of the CSA in CM harvested from LTC of bcne marrow from

one»daY-old mice

Colometric measurements

The 3 samples examined contained no interleukin-1, no interleukin-2, no

interleukin-3, no interleukin-4 and no P40.

11-6 was only present in high amounts (5320 units/ml) in the medium

conditioned by neonatal bone marrow stromal cells (i). The presence of 11-6

was negligetable in the two other samples. Tissue culture medium (ii)

contained less than 10 units 11-6/ml and CM from adult bone marrow (iii)

contained 35 units Il-6/ml.

Similar results were obtained in a second experiment ((i) 5710 U/ml ;

(ii) 10 U/ml ; (iii) 36 U/ml).

Viability tests using factor-dependent cells

We examined the ability of stromal cell-CM to stimulate factor-dependent

cell lines.

Results are summarized in table 1.

The CM of LTC derived from neonatal bone marrow can not support the growth

of 11-3 and GM-CSF dependent cells (A4 and C2GM cells). Only the IS6 cells

showed a small proliferation response to CM. This represented 352-282 of

the activity seen with 5637-CM. A small number of 15 G cells survived but

there was a clear difference compared with the viable cells in the 5637 CM.

Cells did not grow well and they remained optically transparent and very

small. The ability of growth factors to stimulate CFU-GM differentiation

was evaluated simultaneously. Table 2 gives the number of CFU-GM obtained

after addition of growth factors (WEHI-CM ; L-CM ; CM). Lung conditioned

medium induced many macrophage colonies. In contrast CM of neonatal bone

marrow LTC gave mainly colonies of granulocytes. However, the colony yield

was small in comparison with the colony yield obtained if conditioned

medium from WEHI cells or lung conditioned medium was used in the CFU-GM

assay. The yield of CFU-GM with CM of neonatal bone marrow was less than

shown i.n figure 1. This may be due to the preservation conditions of the

conditioned medium when it was sent to Paterson Laboratories.



- 176 -

Table 1.

Viability tests using different combinations of factor-dependent cells and

growth factors containing conditioned medium.

(CM-BM * conditioned medium of neonatal bone marrow long-term cultures).

Numbers represent the percent of surviving of viability survival.

Factor-

dependent

cells

Experiment 1

day 2 after initiation

A4

A4

C2 G M

C2 G M

day 4 after initiation

A4

A4

C2 G M

C2 GM

Experiment 2

day 3 after initiation

A4

A4

C2 G M

C2 GM

15 G

15 G

day 5 after initiation

15 G

15 G

Growth

factor

supply

WEHI

CM-BM

LCM

CM-BM

WEHI

CM

LCM

CM-BM

WEHI

CM-BM

LCM

CM-BM

5637

CM-BM

5637

CM-BM

Dilution of

10%

50

0

30

0

61

0

87

0

20 Z

90

0

84

0

98

27

95

33

IX

6

0

9

0

13

0

42

0

2Z

80

0

81

0

83

0

97

0

growth

lO"1!

0

0

0

0

0

0

0

0

2x10~1

55

0

40

0

73

0

61

0

factor (2)

io-h
0

0

0

0

0

0

0

0

% 2xlO~ZZ

25

0

29

0

47

0
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These results are preliminary and may be doubtful because the GM was not

preserved in optimal conditions.

Table 2.

CFU-GM assay using different growth factors (5 x 10 bone marrow cells per

ml iscove's medium with 202 HS, 10Z agar and 152 conditioned medium).

Conditioned

medium

growth

WEHI

LCM

CM-BM

supplying

factors

Experiment

41-45-50

84-47-40

16-17-13

CFU-GM

1 Experiment 2

56-43-47

51-64-40

11-15-13

- 11-6 antibody neutralization as-say

Results are presented in figure 2.

In the presence of CM, the antiserum against 11-6 resulted in an inhibition

of the CSA in the CM. However, only 53Z - 38Z (P > 0.05) of the activity

could be abrogated with the anti-Il-fc. The variability between replicate

cultures was rather hijjh (large 952 confidence limit). The antiserum

(alpha-Il-6) was not able to reduce in a CFU-GM assay, the colony

stimulating activity obtained from murine serum after endotoxin

stimulation.

No decrease in the CFU-GM numbers was seen after the addition of IgRat (rat

immunoglobulins). No toxic effect of IgRat was noticed.
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- CM + anti-116 + 116

Results are summarized in figure 3.

Addition of 11-6 to cultures containing CM and anti-Il-6 gave no recovery

of the CFU-GM amount seen in control cultures (containing only CM).

Notwithstanding the fact that 11-6 was added in excess.

- H-6 as growth factor in CFU-GM

Results are given in table 3.

11-6 as source of a colony stimulating activity in the CFU-GM assay could

not induce the formation of granulocyte and/or macrophage colonies.

Although, the highest concentrations of 11-6 used were far above the amount

of 11-6 present in the neonatal bone marrow LTC-CM (5500 U/ml).

Table 3.

Number of CFU-GM after stimulation with 11-6 alone.

Units of Il-6/ml

1000

2500

5000

10000

20000

CFU-GM/0.5

0

0

0

0

0

x 105

- 0 -

- 0 -

- 0 -

- 1 -

- 1 -

bone marrow cells/ml

0

0

0

3

0-1
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Figure 2.

Number of CFU-GM in the presence of medium conditioned by neonatal bone

marrow cells and antiserum against 11-6.

Values are the mean of A replicate cultures. Error bars represent the 95Z

confidence limits.
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Figure 3.

Number of CFU-GM after addition of 11-6 to cultures containing medium

conditioned by neonatal bone marrow and anti-Il-6.

Values are the mean of 4 replicate cultures. Error bars represent the 95%

confidence limits.
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Discussion

Our results demonstrated the presence of a potent colony stimulating

activity for CFU-GM in conditioned medium from stroma established from

liver, spleen and bone marrow at different developmental ages. The

stimulating activity of the supernatants was related to the age of the

organs from which the long-term cultures were derived and was maximal

around birth.

Medium conditioned by adherent cells in LTC of fetal and neonatal

haemopoietic organs produced a CSF which was able to induce CFU-GM

differentiation into monocytes as well as granulocytes. This stimulation

occurred in the absence of an external source of CSF. CSF is essential for

CFU-GM colony formation. When CM and external CSF (derived from serum of

mice injected with an endotoxin) were used simultaneously, CM had an

inhibitory effect upon colony formation. This was in agreement with

observations reported from conditioned medium obtained from murine, canine

and human stromal cell cultures (Nagao et al. , 1986 ; Greenberg et al.,

1981 ; Shadduck et al., 1983 ; Klein et al. , 1984 ; Naperstek et al.,

1985 ; Zipori et al., 1980, 1981a, 1981b).

The production of CSA in medium conditioned by adherent stromal cell layers

derived from various organs other than adult bone marrow was also observed

by Reimann and Burger (1979). They reported that medium conditioned by

adherent cells derived from murine foetal liver (16 days of gestation),

adult spleen and embryonic tissues (embryo without liver) contained CSA,

while adult marrow adherent ceils produced no detectable CSA. Media

conditioned by fibroblast-like cells from canine fetal liver produced a

factor stimulatory for CFU-GM whereas fetal marrow fibroblasts produced a

factor inhibitory for CFU-GM in the absence of an external source of CSF

(Klein et al., 1984). Using a refill technique (strcmal adherent layer

overlayed with fresh bone marrow in agar cultures) Kl.,in et al. (1984)

observed that fibroblasts derived from both fetal and adult marrow

inhibited colony formation, whereas inhibition in the presence of fetal

liver fibroblasts was minimal. When using the same bioassay, Brockbank et

al. (1983) demonstrated that fibroblastoid cells derived from murine adult

bone carrow, spleen, thymus and skin produced CSA.
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Around birth, the production of the colony stimulating factor in LTC from

haemopoietic active liver, spleen and femoral bone marrow was maximal.

Whether this phenomenon reflects a tempory increased need for mature blood

cells in vivo remains conjectural at present.

The presence of higher levels of CSA in the CM was not correlated with a

higher capacity of stromal adherent cells to maintain haemopoiesis in

vitro. Similar ooservations were described by others (Reimann and Burger,

1979 ; Brockbank and van Peer, 1983).

Results indicated that 11-6 was present in the CM from neonatal long-term

bone marrow cultures. Nevertheless anti-interleukin-6 could only partially

inhibit the CSA in CFU-GM assay and addition of interleukin-6 again could

not restore the stimulation of progenitors to differentiate towards

granulocyte and/or macrophage colonies. These observations suggest that

11-6 alone is not responsible for the CSA in the CM but that other

stimulating factors are involved. Probably G-CSF or GM-CSF because of the

large proportion granulocytes in the CM stimulated colonies.

An interaction between interleukin-6 and other CSFs has been reported.

Ikebuchi et al. (1987) found that 11-6 and 11-3 act synergistically to

support the proliferation of haemopoietic progenitors. The combination of

11-6 and 11-3 did not augment the rate of proliferation of the progenitor

cells but did shorten the time course of appearance of colonies, including

blast cells and multilineage colonies. At least part of this effect results

from a decrease in the Go period of the individual stem cells.

In our long-term bone marrow cultures, 11-3 was net detected in the

conaiticned medium and could thus not be responsible for the CFU-GM

stimulating activity either.

The function of the high 11-6 levels in conditionau medium from long-term

cultures established from haemopoietic bone marrow at birth, is not clear

and its involvement in CSA for CFU-GM is only partial. Sachs (1987) stated

that blood cell development requires proteins to induce cell multiplication

(growth inducers or the classic CSFs) and cell differentiation

(differentiation inducers). 11-6 could belong to the latter group. 11-6 can

switch on other molecules like GM-CSF to induce growth.
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Interleukin-6 has been independently discovered and described as an

interferon-like molecule (INF-beta2), a plasmacytoma growth factor, a

hybridoma growth factor, a /3-lyniphocyte stimulating factor (BSF-2), a

T-Iymphocyte activating factor, a hepatocyte stimulating factor, and an

inducer of differentiation in myeloid leukemia cells (Metcalf, 1989 ;

Uyttenhove et al., 1988 ; Van Damme et al., 1987 ; Sporn and Roberts,

1988).

Interleukin-6 has a broad range of actions in many cell types. Target cells

for 11-6 include myeloid progenitors. Evidence is present that 11-6 most

likely is important in the regulation of haemopoiesis (Wong et al., 1988 j

Ikebuchi et al., 1987).

First, in contrast with our results Suda et al. (1988) found that, acting

alone, 11-6 is a weak stimulus for granulocyte and macrophage colony

formation in cultures of mouse bone marrow. However, Ikebuchi et al. (1987)

reported that in cultures of day 2 post-5-fluorouracil (a treatment known

to enrich for primitive haemopoietic progenitors in the haemopoietic organs

of the animals) bone marrow cells, 11-6 failed to support

granulocyte/macrophage (GM) colony formation. Although 11-6 is capable of

supporting the development of murine GM colonies, the effects in the human

system are not so clear (Suda et al., 1988). 11-6 has no proliferative

effects on human haemopoietic cells.

Secondly, 11-6 is capable of enhancing 11-3 dependent formation c; colonies

derived from pluripotent stem cells (Ikebuchi et al., 1987). A similar

action has been noted for human 11-6 acting on human cells (Leary et al.,

1988).

Finally, 11-6 is capable of indirectly supporting the proliferation of

multipotent progenitors (Wong et al., 1988). A small number of multilineage

and blast cell colonies appears after stimulation of spleen cells with

rIl-6. When blast cell colonies are replated in the presence of 11-6, only

colonies of neutrophiles and macrophages grew. This indirect effect can be

mediated through an accessory cell population or requires the presence of

additional growth factors.

Further investigation is required to determine if other CSFs are present in

the CM from neonatal bone marrow long-term cultures and to clarify the
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functional role of 11-6 in the stimulation of G/M colonies and in long-term

cultures from neonatal bone marrow.
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IV. EFFECT OF 241-AMERICIUM ON BONE MARROW STROMA

Part A. 241-americimn contamination at adult age

Results are based on 3 publications :

241

a) Effect of Am on bone fibroblasts.

R. VAN DEN HEUVEL, G.E.R. SCHOETERS, O.L.J. VANDERBORGHT

- Radiation and Environmental Biophysics 23,, 137-140 (1984).

b) Functional damage to bone marrow fibroblasts after contamination with
241Am.

R. VAN DEN HEUVEL, G. SCHOETERS, 0. VANDERBORGHT

- In : "Metals in Bone", Ed. N.D. Priest, MTP Press, pp. 63-70 (1984).

c) Radiosensitivifry to Am-241 of bone marrow stromal cells in offspring of

contaminated mice.

R. VAN DEN HEUVEL, G. SCHOETERS, 0. VANDERBORGHT

- In : "Age-related factors in radionuclide metabolism and dosimetry",

Editors : Gerber G.B., Metivier H. and Smith H. Martinus Nijhoff

Publishers, p. 155-162 (1987).
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Part A. 241-amerieium contamination at adult age

Abstract

Bone marrow stromal cells are a constituent of the haemopoietic

microenvironment which has an important function in the regulation of

haemopoiesis.

Stromal bone marrow cells which form adherent layers in liquid cultures
241

were tested after Am injection for their colony forming capacity in

vitro (CFU-f), and functionally for their capacity to maintain in vitro

haemopoietic stem cell proliferation (CFU-GM) and to inhibit

differentiation of these stem cells.

Results demonstrate that Am causes quantitative changes in the stromal

stem cells.
241

Am contamination induces functional changes in stromal cell population
241

at low doses (55 kBq/kg Am) and after short time (4 weeks). The stromal

adherent cells partly loose their capacity to support CFU-GM proliferation

in long-term cultures. It is not clear if the influence of stromaJ.

fibroblast-like cells on CFU-GM differentiation is also changed by a

continuous alpha-irradiation.

Introduction

Fibroblast of the bone marrow are a constituent of the stromal hemopoietic

microenvironment. These cells are involved in the regulation of hemopoiesis

(Dexter et al., 1977). They may have an osteogenic potential and are

important for the production of components of the extracellular matrix.

Bone marrow fibroblasts are known to be candidate target cells for bone

cancer induction (Hashimoto et al., 1976).

The goals of our experiments are (A.) to investigate the quantitative

response of bone marrow stromal cells and (B.) to study the

radiosensitivity of bone marrow fibroblasts with regard to their function

in hemopoiesis after contamination of mice with the osteotropic
241

radionuclide Am.
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The number of fibroblastic colonies (CFU-f) obtained from different bones,

3 weeks and 8 weeks after i.p. injection with americium, are estimated.

Different bone marrow cavities are considered because osteosarcomas are not

homogeneously spread in the skeleton (Taylor et al., 1983 ; Schoeters et

al., 1983). They are concentrated mainly in the vertebrae and long bones,

while none are registered in the sternum (Schoeters et al., 1988). The
241

amounts of Am used in these experiments are known to induce

osteosarcomas (Taylor and Bensted, 1969 ; Nilsson, 1976).

The qualitative response of stromal fibroblasts on continuous in vivo

a-irradiation will be checked by investigating two aspects :

1. The effect of the stromal cells on CFU-GM differentiation.

2. The effect of the stromal cells on the in vitro proliferation of

granulocyt-macrophage progenitor cells (CFU-GM) in long-term bone marrow

cultures.

Material and Methods

1. Treatment of animals

241
Experimental animals were inbred BALB/c mice from SCK/CEN breeding. Am

(Radiochemical Centre Amersham) was injected as a monomeric citrate
241 241

complex. To prepare the Am solution, a sample of Am in 3 M HNO, stock

solution was evaporated to dryness and an americium nitrate solution in

0.01 M HNO, was prepared. The citrate complex was formed by adding an equal

volume of 21 trisodiumcitrate to the nitrate solution to give a final pH of

6.5. Prior to injection this solution was ultra-filtered (Millipore filter,

pore size 25 nm) and its radioactivity was determined by r-spectrometry in

a Nal (Tl) well-type crystal (3x3 in.). Pulses were integrated between 30

and 100 keV and compared with a standard spectrum. The volume of the

solution was adjusted with a mixture of equal volumes of 0.01 M HNO and 22

trisodiumcitrate to obtain the desired activity.

Contamination 1 :

Two groups of 18 mice each (male, BALB/c, aged 3 months) were respectively

injected intraperitoneally with 0.13 (iCi (200 kBq/kg) or 0.48 |iCi (738
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241
kBq/kg) Am per mouse. A further 12 mice which did not receive americium

were also included as controls.

Contamination 2 :

65 male Balb/c (aged 3 months) were injected intraperitoneally with 0.25 ml
241

of an Amcitrate solution. Four dose groups are considered : 0.036

(iCi/mouse (55 kBq/kg); 0.148 jiCi/mouse (223 kBq/kg); kBq/kg); 0,59

fiCi/mouse (887 kBq/kg) and a control group (mice received an equal volume
241

of isotonic salt solution - 0 (xCi Am/mouse).

Contamination 3 :

34 male adult BALB/c mice (aged 3 months) were injected intraperitoneally
241

(O.2 ml) with 33.2, 71.3, 146.2, 299.6 and 1202.6 kBq Am/kg. A control

group was included which received an equal volume of isotonic salt

solution.

All mice were kept on a normal standard pellet diet (Hope Farms, Woerden,

The Netherlands) and were given water ad libitum. The mice were housed in

plastic cages with a grid bottom.
241

At different points of time after Am administration, mice of different

dose groups were killed.

2. CFU-f cultures

241
Three weeks and eight weeks after the injection of Am (contamination 1)

half of the animals of each dose group (0; 0.13; 0.48 ixCi/mouse) were

killed by cervical dislocation. Bones were removed and the outside of each

bone was thoroughly cleaned. The following bone fragments were collected :

femur, sternum, 4 lumbar vertebrae, femur shaft, distal epiphysis, and

proximal epiphysis. Distal and proximal end of the femur were separated

from the diaphysis with a miniature saw-file. Nucleated marrow cell

suspensions were derived by grinding these bones separately in a mortar and

suspending in alpha-MeM (Flow Laboratories, U.K.). Per bone or per bone

fragment the marrow cells of five animals were pooled. After hemolysis of
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the red blood cells> the cellularity was measured with an electronic

counter (Coulter Electronics).

The cell suspensions were diluted with alpha-MeM. One milliliter of the

pooled marrow containing 2 x 10 nucleated cells/ml medium was inoculated

into 35-mm plastic petri dishes (Lux Sc Coop, Ca, USA). Colony formation

was stimulated by GCT conditioned medium (100 pi alpha-MeM) (Gibco,

Belgie). Quadruplicate cultures were made of each cell suspension. All

cultures were grown at 37°C and 5% C0o. At intervals of 3-4 days the

cultures were fed by removing all the medium containing the cells in

suspension and replacing it with an equal volume of fresh medium.

Fibroblastoid colonies, grew attached to the surface of the culture dishes.

After 10 days of incubation the cultures were terminated by removal of the

medium. The adherent cells were fixed with Kay-Grunwald and stained with a

Giemsa solution. Adherent fibroblast colonies were scored using a binocular

(magnification 20x).

3. Co-cultures of stromal cells and haemopoietic cells

Mice of each dose group were killed by cervical dislocation at four and ten

weeks post contamination (contamination 2). Femur, sternum and 4 lumbar

vertebrae were removed. Bones were ground in alpha-MeM (Flow Laboratories,

U.K.). Three cell suspensions per dose group were prepared by pooling the

corresponding bone fragments from 5 animals.

The effect of stromal cells on CFU-GM differentiation is tested in

co-cultures by mixing bone marrow fibroblasts in CFU-GM cultures. Bone

marrow adherent cells derived from contaminated mice are detached from the

bottom with trypsine treatment. Stromal cells are centrifuged, resuspended

in alpha-MeM, counted and mixed with freshly obtained bone marrow cells

(femur of Balb/c mice, male, 3 month old non-contaminated) in CFU-GM

cultures. By this a direct cell-cell interaction is possible between

stromal cells and haemopoietic unipotent stem cells. A decrease or increase

in the number of CFU-GM colonies is checked.
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4. Long-term marrow cultures

Experiment I :

The collection of bone marrow cells occurred as described in 3.

The influence of strcmsl cells on CFU-GM progenitor cell proliferation is

examined by means of long-term cultures. Bone marrow cells (2 x 10
241

nucleated cells/ml medium) of Am contaminated mice were inoculated into

culture flasks. Cultures were incubated at 37CC in a humidified atmosphere

of 5 % C00 in air. The cultures were fed at weekly intervals by changing

the growth medium. A confluent adherent eel], layer was formed in the third

week. The growth medium on top of the monolayer was completely removed and

flasks were reinoculated with freshly obtained femoral cells (femur of

Balb/c, male, 3 month old, non-contaminated) at a concentration of 1 x 10

cells/ml alpha-MeM supplemented with 20 % horse serum (total volume of 8

ml). Cultures were maintained in the same conditions as before. Weekly half

of the medium, which contains non-adherent cells, was removed and replaced

with fresh medium (4 ml alpha-MeM + 20 % HS). The non-adherent cells were

counted and assayed for CFU-GM concentration.

Experiment II :

241
17 weeks after Am injection (contamination 3), per dose group, femora

from several animals (range between 2 and 5 mice) were dissected out,

pooled and ground in alpha-MeM medium.

Cell suspensions were diluted and 2 x 10 nucleated bone marrow cells were

plated in 24-multiwell petridishes (1 ml per. well). Culture medium

consisted of alpha-MeM supplemented with 10% horse serum, 10% fetal calf

serum, 1% L-glutamine, 1% gentamicine and 10 M hydrocortisone sodium

hemisuccinate. Cultures were grown at 33°C in a humidified atmosphere with

7% CO . First after 4 days and later at weekly intervals the medium with

non-adherent cells was removed and r.eplaced by an equal volume of fresh

medium. 4 weeks after inoculation, wells were checked for the existence of

a confluent stromal layer. Four days after the last refreshment, adherent

cells from 4 to 6 wells were harvested and tested separately for their

CFU-GM stem cell content. CFU-GM cultures (2 replicate petridishes per

well) were grown in a soft agar system (0.3% agar) as described previously.

This procedure was repeated weekly.
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5. CFU-GM cultures

Bone marrow cells are inoculated at a concentration of 1 x 10 cells per ml

alpha-MeM medium (Flow Laboratories, U.K.) in a single-layer soft agar

system. To stimulate the colony formation we added conditioned serum

derived from mice injected with an endotoxin (lipopolysaccharide B from

Salmonella abortus Equi, Difco Lab. USA) and beta-mercaptoethanol (50 ixl

of a 2 x 10 M beta-mercaptoethanol solution). Quadruplicate cultures were

made into 35 mm plastic petri dishes (Lux Sc Coop, Ca USA). Cultures were

grown in a humidified atmosphere at 37°C and 5 X CO . After 7 days the

colonies were stained with INT (INT =

2-p-iodophenyl-)-3-(p-nitrophenyl)-5-phenyl tetrazolium chloride,

Aldrich-Europe, Beerse, BelgiS) and counted using a binocular

(magnification 20x).

Results

241
A. Effect of Am on bone marrow CFU-f

For a given bone or bone fragment there are no differences in cellularity

between the cell suspensions of the three different dose groups, neither

between the cell suspension prepared after 3 and 8 weeks of exposure to
241Am.

Table 1 represents the number of CFU-f per bone fragment. Three weeks after

the americium injection the following tendencies are noticed. The femur and

the lumbar vertebrae be. ave similarly. At 200 kBq/kg the number of CFU-f

decreases with 40Z. At 738 kBq/kg the number is halved. In the sternum the

number of CFU-f in the three dose groups does not differ significantly. The

femur shaft and the epiphysis of the femur are characterized by an initial

remarkable increase of the amount of CFU-f, followed by a significant

decrease.

The course of the CFU-f concentration 8 weeks after the contamination is

quite similar to the previous results for the femur and the lumbar

vertebrae, but totally different for the femur shaft and the femur

epiphyses- In the femur the number of CFU-f is the same for the lower and
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Table 1. Number of CFU-f per bone ov bone fragment

Group

Control
Femur (F)
Lumbar vertebrae (LV)
Sternum (S)
Femur shaft (FS)
Epiphyse distal (ED)
Epiphyse proximal (EP)

Lower dose (3.6 kBq/muis)
F
LV
S
FS
ED
EP

Higher dose (14.4 kBq/muis)
F
LV
S
FS
ED
EP

CFU-f/fragment

3 weeks

523 ± 34
348 ± 30
147 ± 73
13 ± 13
69 ± 10
27 ±13

314 ±54
205 ± 27

78 + 53
98 ±15
90 ± 4
69 ± 15

133 ± 98
103 ± 25
128 ± 32
27 ± 16
14 ± 14
32 ±20

% of
control
value

100
100
100
100
100
100

60 1
59 1
53

753 T
130 T

• 255 f

25 1
30 I
87

210
20 i

118

8 weeks

926 ± 23
566 ±75

73 ±34
180 ± 63
80 + 26

205 ± 40
149 ± 48

26 ± 12
20 ± 19
16 ± 16

207 ± 39
45 ± 26
96 ±73

136 ± 70
16 ± 11
32 ±20

% of
control
value

100
100

100
100
100

22 1
26 I

36 1
11 1
20 1

22 1
8 1

186 T
9 I

40 1

(X ± 95% confidence limits)
f = Increase significant at 5% P or better with regard to the control
i = Decrease significant at 5% P or better with regard to the control



the higher americium dose. It amounts to 221 of the control value. At the

concentration of 200 kBq/kg the lumbar vertebrae contain an equal number of

CFU-f as the femur. At the highest americium dose the number of CFU-f

decreases again. In the femur shaft the CFU-f number decreases

significantly at 200 kBq/kg and increases significantly above the control

value at 738 kBq/kg. The CFU-f content of the distal epiphysis decreases at

the lower concentration but stays constant at the higher americium dose.

The number of GFU-f in the proximal end of the femur decreases firstly with

802 and doubles after that.

241
B. Influence of Am on the effect of stromal cells on CFU-GM

differentiation after mixing bone marrow fibroblasts with fresh bone

marrow cells

Table 2 gives the number (2) of CFU-GM/2 x 10 cells in function of the
241

dose of Am and in function of the concentration of added fibroblasts.

Two points of time are considered : A = results with fibroblasts from mice

with a 4 weeks old contamination, B = results with fibroblasts from mice
241

with a 10 weeks old Am contamination.

Results in non-contaminated animals indicate that there is a functional

difference between bone marrow fibroblasts from femur compared to bone

marrow fibroblasts from sternum and lumbar vertebrae. Increasing

concentration of cultured fibroblasts mixed with fresh bone marrow cells

causes a decrease in CFU-GM number in the femur. This does not occur when

cultured fribroblasts derived from sternum and lumbar vertebrae are mixed

with freshly obtained femoral bone marrow cells.

There are some indications of possible a-irradiation effects on the

function of bone marrow fibroblasts on CFU-GM differentiation. There is a
241

partial cancellation of the inhibition in the femur at the highest Am

dose (887 kBq/kg). In the lumbar vertebrae, an inhibitory effect appears at
241

the highest doses (223, 887 kBq/kg Am) when fibroblasts are derived from
241

mice 4 weeks after contamination and at the lowest dose Am (55 kBq/kg)

when fibroblasts are obtained froji mice 10 weeks after contamination. No



- 197 -

41
Influence of " Am contamination on the effect of stromal fibroblasts on
CFU-6^differentiation. Number of CFU-cMcolonies (%) after adding cultured
fibroblasts derived from mice with a 4 weeks old contamination (A) and from
mice with a 10 weeks old contamination (B).

concentration of

bone marrow

blasts

Femur 0

0

1

3

4

5

6

Sternum

Lumbar

fibro-

(cells/ml)

,5

0

0

0

1

2

Vertebrae

X

X

X

X

X

X

X

X

,1

5

0

o,
1

2

3

4

5

105

105

105

105

105

io5

io5

io5

x 10'

x 105

x 105

x 105

x 105

x 105

5 x 105

x 105

x 10

x 105

x 105

x 105

A

100

74

47

26

22

100

110

106

103

100

89

110

80

%

A

A

A

A

%

%

D

B

100

29

20

13

0

100

124

54

%

A

A

A

A

%

24

A

100

107

49

23

100

110

90

70

100

53

Am (kBq/kg)

55

B

% 100

A

A

%

%

42

3

100

51

14

4

7

A

A

%

*

A

A

A

100

74

48

20

100

62

91

87

100

16

126

29

0

220

%

A

A

A

%

A

%

A

A

A

B

100 %

53 *

14 *

2 A

100 %

73

A

100

70

65

75

100

81

99

62

00

68

50

30

880

A

A

%

A

1

% i

* !

A ;

*
i
!

1
1
I

i

B

100 %

1

60 *

f

(* significantly different from control (0 x 10"

fibroblasts/ml), p < 0.05).

bone marrow
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radiation effect on the regulation of CFU-CM differentiation is seen in the

sternum.

241
C. Effect of Am on the maintenance of haemopoiesis in long-term bone

marrow cultures

Experiment I :

Long-term Dexter-type marrow cultures can maintain the CFU-GM proliferation

in vitro. Tables 3.1, 3.2, 3.3 indicate the CFU-GM concentration in the

supernatans above the adherent stromal monolayer derived from contaminated

mice. Results are obtained 1 week after reinoculation of the adherent

monolayer with fresh bone marrow cells.

"t" tests were performed to verify if there is a significant difference

between the CFU-GM numbers in long-term cultures from contaminated or

non-contaminated mice.

Bone marrow cf femur, sternum and lumbar vertebrae yielded cultures of

adherent stroinal bone marrow fibroblasts. These cultures are able to

maintain the proliferation of granulocyt-monocyt precursor cells.

A radiation effect was seen on the functional role of the bone marrow

fibroblasts in CFU-GM proliferation, in long-term cultures obtained from
241

mice with a 4 weeks old Am contamination. In the sternum the number of

CFU-GM in the medium on top of the adherent layer is lower in long-term

marrow cultures derived from contaminated mice. In the long-term cultures

from stromal cells of the lumbar vertebrae of mice which got a dose of 55
241

kBq/kg Am, the CFU-GM number is increased significantly compared with

the other doses.

Fibroblast monolayers obtained from marrow of mice with a 8 and 10 weeks

old radiocontamination, maintain a number of CFU-GM that decreases with
241

increasing dose of Am. The lowest dose (55 kBq/kg) has already an effect

in the three bone marrow compartments (femur, sternum and lumbar

vertebrae).
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Table 3.1.

CFU-GM proliferation in long-term bone marrow cultures, stromal layer is

derived from bone marrow cells of mice 4 weeks after contamination of the
?41 5

mice with Am. CFU-GM/2 x 10 cells (x + 95 % confidence limits).
I significantly different (p < 0.05)

* 'AmdcBq/kg)

0

55

223

887

Femur

3 2 + 5

12 + 21

Sternum

32 + 15

7 + 2

10 + 14

1 4 + 3

Lumbar ver tebrae

1 3 + 8

44 + 12

17 + 10

1 2 + 8

Table 3.2.

CFU-GM proliferation in long-term bone marrow cultures, stromal layer is

derived from bone marrow cells of mice 8 weeks after contamination of the
241 5

mice with Am. CFU-GM/2 x 10 cells (x + 95 % confidence limits).
I significantly different (p < 0.05)

241H Am(kBq/kg)

0

200

738

Femur

348 + 80

290 + 64

80 + 18

Sternum

110 + 40

44 + 20

2 0 + 6 1

Lumbar ver tebrae

260 + 90

150 + 56

40 + 26
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Table 3.3.

CFU-GM proliferation in long-term bone marrow cultures, stromal layer in

derived from bone marrow cells of mice 10 weeks after contamination of the

mice with 241Am. CFU-GM/2 x 105 cells (x + 95 % confidence limits).

I significantly different (p < 0.05)

^AmdcBq/kg)

0

55

223

887

Femur

110 + 28

57 + 12

22 + 4

24 + 11

Sternum

4 7 + 6

Lumbar ver tebrae

59 + 102

40 + 15

31 + 9

17 + 2
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Experiment II :

Figure 1 shows mean values obtained from CFU-GM numbers per well produced

by long-term cultures derived from mice 17 weeks postcontamination with
241.

Am.

An analysis of variance (two-way ANOVA) (Sokal and Rohlf, 1969) yielded a

significant difference between the control group and the lowest dose group

(P < 0.01).
741

All dose groups (33.2, 71.3, 146.2, 299.6, 1202.6 kBq Am/kg) were

significantly different from the control group (Student t-distribution)

(95% confidence limits did not overlap). In long-term marrow cultures
241

obtained from mice with a 10 week and 17 week old Am contamination,

adherent stromal cells from contaminated mice maintain less CFU-GM with
, 241Aincreasing dose of Am.

Discussion

241
A. Effect of Am or bone marrow CFU-f

It is clear that already 3 weeks after the contamination the lower dose of

americium causes damage by decreasing the CFU-f in three of the bone marrow

compartments but it is remarkable that an increase in CFU-f is obtained in

the femur shaft, the distal, and proximal epiphyses. In most cases, the

damage is increased at the higher concentration level. The overall

reduction of the CFU-f number is greater 8 weeks after the americium

injection.

The results that the fibroblast colony forming cell is radiosensitive for
0/1

a-irradiation from the radionuclide Am. T1

be localized within the range of the a-rays.

0/1

a-irradiation from the radionuclide Am. This implies that the CFU-f must

The quantitative response of the CFU-f on the a-irradiation does not allow

to draw the firm conclusion that the CFU-f is a possible target cell for

bone-cancer induction. Only radioresistant CFU-f keep the potentiality of

bone-cancer induction. This leads to the hypothesis, that the

radio-resistant (and even increasing) CFU-f population in femur shaft,

distal, and proximal epiphyses and sternum could be most interesting to
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Figure 1.

Long-term marrow cultures from adult mice, 17 weeks after cortamination
241

with Am. Number of CFU-GM per well in function of the culture time.

Different lines represent different dose groups. Points indicated on the

figure are the mean value of CFU-c yields from 6 separate wells harvested

at that point of time. Standard errors range between 9% and 44% of the mean

value.

<U

50O-

100 •

0 kBq/kg
33 kBq/kg
71 kBq/kg

146 kBq/kg
300 kBq/kg

1203 kBq/kg

4 5 6

weeks
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follow and to check for qualitative changes that could give information
241

about the toxicological properties of Am.

241
B. Effect of An on the influence of stromal cells on CFU-GM

differentiation

241
Mixing of fibroblasts, derived from femur and lumbar vertebrae of Am

contaminated mice, with fresh bone marrow cells induces changes in the

CFU-GM differentiation. Further experiments are needed to allow a definite

conclusion about the radiation effect on stromal cells in CFU-GM

differentiation.

Results in non-contamin&ted animals indicate a remarkable difference

between the hemopoietic microenvironment of femur and sternum or lumbar

vertebrae. Mixing of bone marrow fibroblasts with freshly isolated marrow

cells induces an inhibition of CFU-GM colony-formation if the fibroblasts

are derived from the femur but not from sternum or lumbar vertebrae.

This inhibitory effect of femoral marrow fibroblasts on CFU-GM

differentiation is also found by Zipori et al. (1981), Greenberg et al.

(1981) and Werts et al. (1980).

It is not yet clear if the influence of stromal cells on CFU-GM

differentiation is changes by a continuous a-irradiation.

241
C. Effect of Am on the maintenance of haemopoiesis in LTC

241
In this study we contaminated adult mice and foetal mice with Am. We

aimed to investigate changes in the functional capacity of the bone marrow

stromal cells to maintain CFU-GM proliferation in vitro in long-term bone

marrow cultures. Damage is related to the absorbed radiation dose, in order

to evaluate the radiosensitivity of the studied cell population.

A radiation effect was seen on the regulatory role of the bone marrow
241

stromal cells in Am contaminated adult mice. After contamination,

stromal cells were less able to support CFU-GM proliferation. This capacity

was already affected at the lowest dose (33.2 kBq/kg) used.
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Concerning this lowest administered dose, the cumulative dose (Schoeters et

al., 1983) in the skeleton at 10 weeks postcontamination yields 0.4 gray
241(Gy) and after 17 weeks post Am injection 0.68 gray (Gy). In the first

241experiment, we demonstrated functional damage after Am intake at a

cumulative dose of 0.33 gray (Gy).
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Part B. 241-americium contamination at fetal and young age

B*l' IS. vit:r0 haemopoiesis in long-term cultures derived from BALB/c mice

contaminated during lactation and/or in utero

Results are based on the manuscript :

241
Radiosensitivity to Am of bone marrow stromal cells in offspring of

contaminated mice.

R. VAN DEN HEUVEL, G. SCHOETERS, 0. VANDERBORGHT

~ In : 'Age-related factors in radionuclide metabolism and dosimetry,

Editors : Gerber G.B., Metivier M. and Smith H., Martinus Nijhoff

Publishers, pp. 155-161 (1987).

241
B.2. Study if the radiation damage after Am contamination rn utero and

during lactation

Results are published ~~'

241
Bone marrow from BALB/c mice radiocontaminated with Am in utero shows a

deficient in vitro haemopoiesis.

R.L. VAN DEN HEUVEL

- Int. J. Radiat. Biol. 57(1) : 103-115 (1990).
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B.I. IN VITRO HAEMOPOIESIS IN LONG-TERM CULTURES DERIVED FROM BALB/c MICE

CONTAMINATED DURING LACTATION AND/OR IN UTERO

Abstract

Bone marrow stromal cells are a constituent of the hemopoietic micro-

environment which has an important function in the regulation of

hemopoiesis. Adherent stromal colonies of fibroblast-like cells are able to

maintain CFU-c (granulocyte-monocyte progenitor cells) proliferation .in

vitro.

An experiment will be presented in which we investigated the radio-
241

sensitivity of the stromal cells in offsprings of Am contaminated mice.
241

Am crosses the placenta and accumulates in the fetal skelet and liver.
Pregnant Balb/c mice were injected intraveneously at 14 days of gestation.

241
Different doses of Am were used (0, 200, 500, 1000 kBq/kg). 6, 8 and 10

weeks postinjection bone marrow cultures are prepared of each dose group to

test the effect of the stromal cells on the in vitro proliferation of

CFU-GM stem cells. This experiment allows us to compare the radio-

sensitivity of bone marrow stromal cells after contamination in utero and

at adult life.

Introduction

Contamination of experimental animals with osteotropic radionuclides leads

to the induction of bone tumours at long term. There is a lack of

information about changes which occur at the cellular level during the

latency period between the contamination and the appearance of tumours.

Bone marrow stromal cells are considered as a candidate target cell

population for bone cancer induction.

These stromal cells build up the microenvironment where hemopoietic stem

cell lodgement, proliferation and differentiation occur. The stromal

population is supposed to be actively involved in the regulation of

hemopoiesis. Stromal stem cells give rise to adherent colonies of

fibroblast like cells iji vitro. When grown to confluency these adherent

cells are responsible for in vitro maintenance of hemopoietic stem cells.
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The stromal bone marrow of foetal and neonatal mice exhibits the same

regulatory function (Van Den Heuvel et al., 1988).

Marrow stromal cells were considered to be radioresistant (Friedenstein et

al., 1981). Recently, Tavassoli (1982) postulated that radiation can induce

a series of qualitative changes in these cells. Depending on the dose these

changes range between cell death and alterations in the cellular function

or behaviour eventually followed with repair of the damage (Chamberlin et

al., 1979). Proliferating stromal cells are, more sensitive to radiation.

This may have important consequences for the growing foetus. Preliminary

results demonstrated that stromal cells from foetal hemopoietic organs

exhibit a high proliferation activity in contrast to adult animals (Versele

et al., 1986). This suggests that the stromal cells may be particularly

radiosensitive.

241
In this study we investigate the radiosensitivity to Am of stromal bone

241
marrow cells in mice contaminated while in utero. It is known that Am

crosses the placenta and accumulates in the foetal skelet and liver

(Hisamatsu et al., 1982 ; Weiss et al., 1980 ; Schoeters et al., 1987). We

check the effect of an internal contamination on the capacity of stromal

cells to support CFU-GM (granulocyte-monocyte progenitor cells)

proliferation in long-term bone marrow cultures and we will relate damage

to absorbed radiation doses.

Materials and Methods

1. Mice

Experimental animals were inbred Balb/c mice from SCK/CEN breeding. Am

citrate was prepared as described earlier (Van Den Heuvel et al., 1984).

Pregnant Balb/c mice were injected intravenously (0.1 ml) at 14 days of

gestation. Different doses were considered : control (0 kBq/kg), 102.4 ,
241

484.5 , 432.4 and 150.9 kBq Am/kg. At birth, half of the litters were

transferred to a non-contaminated foster mother while part of the litters
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stayed with their own contaminated mother. All pups were removed from the

mother at 2] days of age and were housed seperately in plastic cages.

2, Collection of bone marrow cells

241
At different points of time after Am administration, mice of different

dose groups were killed in order to see when damage appears and if there is

repair of the damage :

a. offsprings of contaminated pregnant mice reared by non-contaminated

fcstermothers : 10 weeks and 20 weeks postcontamination.

b. offsprings of contaminated pregnant mice nursed by their contaminated
241

mother : 6, 15 and 20 weeks after Am contamination.

Per dose group, femora from several animals (range between 2 and 5 mice)

were dissected out, pooled and ground in a-MeM medium (Gibco, Belgium).

Nucleated cells were counted with an electronic counter (Coulter counter

ZF).

3. Long-term marrow cultures

Cell suspensions were diluted and 2x10 nucleated bone marrow cells were

plated in 24-multiwell petridishes (1 ml per well). Culture medium

consisted of a-MeM supplemented with 10% horse serum, 10% fetal calf serum,

1% L-glutamine, 1% gentamicine and 10 M hydrocortisone sodium

hemisuccinate. Cultures were grown at 33°C in a humidified atmosphere with

7% CO . First after 4 days and later at weekly intervals the medium with

nonadherent cells was removed and replaced by an equal volume of fresh

medium. 4 weeks after inoculation, wells were checked for the existence of

a confluent stromal layer. Four days after the last refreshment, adherent

cells from 4 to 6 wells were harvested and tested seperately for their

CFU-GM stem cell content. CFU-GM cultures (2 replicate petridishes per

well) were grown in a soft agar system (0.3% agar) as described previously

(Van Den Heuvel et al., 1988). This procedure was repeated weekly.
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4, Dose calculations

241
Pregnant BALB/c mice were injected with 14 kBq Am citrate at day 14 of

241
gestation, at the time haematopoiesis rises in the foetal liver. The Am

retention was measured between one day after injection until 3 months after
241

birth. The activities of Am in carcass and liver were measured by

gamma-counting in a Nal (Tl) well-type crystal.

For individual bones of foetuses and newborn mice, and for the intestinal
241

tract, the Am content was measured via total alpha-counting in a ZnS

counter which is a more sensitive technique allowing to measure levels as

low as 2.5 mBq per sample.

Comparison was made between mice which stayed with their mother till 2

we^ks after birth and mice which received a foster-mother, this allows tc

calculate the importance of the maternal contamination via milk to the dose

of the young mice. The retention data were used to calculate absorbed

radiation doses in function of time in the organs at risk.

After graphical integration of Am concentration per g fresh tissue in

function of time the committed dose to bone is derived (Schoeters et al.,

1983, 1987).

Results

1. Offspring with fostermother

241
10 weeks after contamination of pregnant mice with Am (0 and 484.5

kBq/kg), offsprings were killed and long-term cultures were prepared.

After 4 and 5 weeks of culture wells were checked for their CFU-GM content

(Figure la). There was no significant difference in CFU-GM yield between

the control cultures and the cultures derived from mice contaminated i^

utero (two-way ANOVA (Sokal and Rolf, 1969), p > 0.05).

An analogous experiment was performed 20 weeks after contamination with
241

following doses : 0, 102.4, 432.4 and 1509.3 kBq Am/kg. After different

in vitro incubation times (4, 5, 6 and 7 weeks) the number of CFU-c present
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in the long-term cultures was assayed (Figure lb). There is no significant

difference between the dose groups (two-way ANOVA, p > 0.05).

241
Nor at 10 weeks, neither at 20 weeks postcontamination with Am in utero,

the capacity of stromal bone marrow cells to maintain CFU SM production in

vitro was damaged if the newborn mice are reared by a fostermother.

2. Offspring with contaminated mother

241
In a first experiment, pregnant mice were injected with 480 kBq Am/kg.

Offsprings were killed 6 weeks later and long-term cultures were made of

the bone marrow cells. At 4 weeks of culture the number of CFU-GM present

in the cultures from contaminated mice were significantly different from

non-contaminated control animals (Student t-test, p < 0.01) (Figure 2).

In a second experiment pregnant mice were contaminated with 476.3 kBq
241

Am/kg. At 15 and 20 weeks after contamination, long-term marrow cultures
241

were started. 15 weeks after Am administration there was no functional

difference, between the stromal cells of control mice and mice contaminated

while in utero (Student t-test, p > 0.05). The CFU-GM number of long-term

cultures, initiated 20 weeks postcontamination, was followed in time (4,5,6

weeks of culture). The CFU-GM yield was always significantly lower in the

long-term cultures derived from contaminated mice (two-way ANOVA, p < 0.01)

(Figure 3).

Discussion

241
In this study we contaminated foetal mice with Am. We aimed to

investigate changes in the functional capacity of the bone marrow stromal

cells to maintain CFU-GM proliferation in vitro in long-term bone marrow

cultures. Damage is related to the absorbed radiation dose, in order to

evaluate the radiosensitivity of the studied cell population.

241
When pregnant mice are contaminated at 14 days of gestation, Am crosses

the placenta and a small amount accumulates in the fetus, especially liver

and skeleton.
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Figure 1.

Long-term marrow cultures from fostered mice

a) 10 weeks after contamination in utero (Bars indicate 952 confidence

limits)

b) 20 weeks after contamination (S.E. ranges between 132 and 562 of the

mean)

Mean values are presented.

Mean CFU-GM numbers are derived from 5 separate wells (at 10 weeks post-

contamination), or 4 wells (at 20 weeks postconcamination).
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Figure 2.

Long-term marrow cultures from non-fostered mice, 6 weeks after

contamination in utero. Number of CFU-GM/well in function of administered
241

dose of Am. The mean CFU-c number from 6 seperate wells is presented.

Bars indicate 952 confidence limits.
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Figure 3.

Long-term marrow cultures from non-fostered mice, 20 weeks after

contamination in utero. Points are the mean value of CFU-GM yields from 6

wells harvested at that point of time. Bars indicate 952 confidence limits.
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Stromal bone marrow cells of mice contaminated before birth and reared by a
241

fostermother where not damaged after Am contamination of the mother with

485 kBq/kg. There was no change in the ability of these cells to maintain

hemopoiesis in vitro. 10 weeks after contamination the cumulative dose in

the femur reaches 0.0098 Gy and 20 weeks postcontamination the accumulated

dose amounts to 0.0125 Gy.

241
In offsprings of Am injected mice reared by their own contaminated

mother, the stromal bone marrow cells showed radiation damage. The stromal

cells partly loose their capacity to sustain CFU-GM proliferation _in vitro.

An exception occurs at 15 weeks postcontamination, however we did not do a

follow up in time of the CFU-c numbers per well. A follow up with time

should be recommended since abrupt fluctuations are possible in the course

of the CFU-GM number per well. The cumulative dose comitted to the femur is

0.011 Gy after 6 weeks, 0.0185 Gy after 15 weeks and 0.0227 Gy after 20

weeks postcontamination in utero. This increased absorbed dose in

comparison with mice with a fostermother is caused by a supplementary
241

intake of Am from the mother due to lactation, inducing a 5-fold

increase in Am content of the femur at one month of age (Schoeters et al.,

1987).

The accumulated dose at which foetal stromal cells are affected is 30-40

times smaller than the lowest dose at which changes have been noticed in

adult mice. This can be explained by our observation that a few days before

birth, as hemopoiesis starts in the bone marrow, stromal cells are

mitotically very active in order to build up a stromal stem cell

compartment for initiation and regulation of the bloodformation (Versele et

al., 1986). In the first two weeks after birth this high proliferation

activity is maintained which corresponds with the lactation period and an
241

additional intake of Am. The adult stromal cell population is

mitotically nonactive (Versele et al., 1986 ; Friedenstein et al., 1974 ;

Castro-Malaspina et al., 1980).

Effects seen in the offsprings of contaminated mice can eventually arise
241

from other causes than internal Am deposition in the foetal femur.

Damage can proceed from radiation effects in the contaminated mother
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brought about by internal alpha-contamination. Maybe physiological stresses

during pregnancy, disturbed placental blood-flow, decreased milk quality

and production, reduced ability to rear offsprings, might have consequences

in the foetus and newborn mice. Bone tumour incidence seems to be

associated with fostering (Sikov, 1982).

241
Am causes damage to the functional properties of the stromal bone marrow

241
population in adult mice at doses lower than 33.2 kBq Am/kg. In

241
offsprings of contaminated mice (48C kBq Am/kg) reared by their own

241
contaminated mother, Am induces functional changes in the bone marrow

stromal cells. Foetal stromal cells are damaged at lower doses than adult

stromal cells after an internal contamination. This implicates that foetal

and neonatal stromal bone marrow cells are very radiosensitive and can be

considered as target cells for changes after contamination iii utero. These

observations must be taken into account when risk estimations are made for

pregnant animals and neonates.
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241
B,2. STUDY OF THE RADIATION DAMAGE AFTER Am CONTAMINATION IN UTERO AND

DURING LACTATION

Abstract

241
Radiation damage from Am to bone marrow cells was manifest in long-term

bone marrow cultures (LTC) from offspring of mice radiocontaminated at 14th
?41

day of gestation (119 ; 479 ; 803 ; 1754 kBq Am/kg). Offspring were

reared by their own contaminated mother during 3 weeks postnatal. LTC from

these offspring were less able to support in vitro CFC proliferation than

control LTC from non-contaminated offspring. This radiation damage

persisted 71 weeks after radiocontamination in utero. Using this in vitro
241

culture system, damage was observed at lower doses if Am contamination

occurred at foetal age than at adult age.

Radiation damage was observed only using LTC, while the haemopoietic stem

cell concentration (CFU-s, in vitro CFC) and the stromal stem cell
241

concentration (CFU-f) from marrow in situ were not impaired after Am

radiocontamination in utero.

Recharging experiments (re-seeding bone marrow cells on a purified stromal

adherent layer) were performed to determine which component, in the LTC,

either the stromal adherent layer or the haemopoietic stem cells, was

damaged.

After culturing LTC in 25% FCS and recharging the stromal adherent layer

with bone marrow cell suspensions originating either from control offspring
241

or from offspring contaminated with Am jLn utero, some evidence was found

that the proliferation capacity of the haemopoietic cells was diminished.

However, the nature of effects on the stromal elements is currently

somewhat equivocal. Following ^n utero contamination the stromal adherent

cells appear to support better the production of jja vitro CFC.

Introduction

241
Am is an important by-product of the nuclear industry. It is mainly an

a-emitter which accumulates at bone surfaces.
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241
It ha8 been demonstrated that Am crosses the placenta and accumulates in

the fetus. The major deposition sites of Am after .in utero contamination

are the haemopoietic organs like yolk sac, liver and skeleton (Schoeters et

al., 1987 ; Weiss and Walburg, 1980 ; Hisamatsu and Takizawa, 1982).

Effects of a continuous a-irradiation on proliferating and differentiating

stromal and hemopoietic stem cells in the perinatal hemopoietic organs are

poorly studied.

The stromal cells of these perinatal haemopoietic organs constitute the

microenvironment where haemopoietic stem cells lodge, proliferate and

differentiate. The stromal system exhibits an active role in the regulation

of hemopoiesis in vivo as well as in in vitro long-term cultures

(Cappellini et al., 1984 ; Shaper-Cortenbach et al., 1987 ; Van Den Heuvel

et al., 1988b).

Radiation damage is most rapidly expressed in cells which are going to

divide. In quiescent cells more recovery may be possible before induced

cycling. Cells with a great proliferative potential are most likely to be

at risk (ICRP, 1968 ; Tavassoli, 1982). Stromal cells from foetal

haemopoietic organs have a higher proliferative activity than from adult

animals (Versele et al., 1987). This may imply a higher radiosensitivity of

the stromal cell population in the developing foetus.

241
Radiation damage from Am is manifest in long-term bone marrow cultures

(LTC) from offspring of contaminated mice reared by their own contaminated

mother. At 6 weeks post contamination, long-term bone marrow cultures

derived from offspring of contaminated mice were less able to support in

vitro CFC proliferation than control LTC from non-contaminated offspring

(Van Den Heuvel et al., 1987b).

In the work described in this paper, we investigated if this damage

persisted at later times and the damage effect was further studied. An

experiment was designed to determine which component in the LTC, either the

stromal adherent layer or the hemopoietic stem cells, was damaged.

The purified stromal layers of LTC from contaminated and non-contaminated

offspring were recharged with either fresh bone marrow cells from

non-contaminated mice or with bone marrow from mice radiocontaminated in

utero. in order to compare the capacities of these stroma to maintain _in
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vitro CFC and to compare the proliferation capacity of the haemopoietic

cell populations used for recharge. During several weeks after recharging,

in vitro CFC numbers in the LTC were followed.

In situ, the concentrations of haeroopoietic (CFU-S, jji vitro CFC) and

stromal stem cells (CFU-F) were determined after in utero
241

radiocontamination with Am.

Materials and Methods

241
1. Am solution

241

Am was taken from a 3 M HNO stock solution, evaporated to dryness and

resuspended in equal volumes of respectively O.O1 M HNO and 22

trisodium-citrate. Prior to injection this citrate complex was

ultra-filtered (Gelman filter, pore size 0.2 (i-m) and the pH was checked

(pH = 6.5). The radioactivity was measured by y-spectrometry in a Nal (Tl)

crystal. 0.1 ml Am was injected intravenously (i.v.) as a monomeric

citrate complex in pregnant mice at 14 days of gestation.

2. Mice

Experimental animals were inbred Balb/c mice from SCK/CEN breeding stock.

Young adult (12 weeks old) pregnant Balb/c mice (weight : 29.1 + 0.5 g (X +

S.E.)) were injected intravenously (0.1 ml) at 14 days of gestation with
241

0 ; 119 ; 479 ; 803 and 1754 kBq Am/kg and kept in separate cages. After

birth, offspring were reared by their own mother. All pups were weaned at

21 days of age and were housed separately in plastic cages.

3. Collection of bone marrow cells

241
At 6, 17 and 71 weeks after Am administration, mice of different dose

groups were killed and short-term clonal cultures and long-term bone marrow

cultures were initiated.

To collect bone marrow cells, 4 to 9 mice from each dose group were

anaesthetized with pentobarbital sodium (S. Zofingen, Switzerland). Their
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femurs were asceptically removed, cleaned and ground in a-MeM medium (Flow,

Belgium). Nucleated cells were counted with an electronic counter (Coulter

Counter ZF) after haemolysis of the red blood cells.

4. Short-term clonal assays : CFU-S, in vitro CFC, CFU-F

The haemopoietic stem cell concentration (CFU-S, in vitro CFC) and the

stromal stem cell concentration (CFU-F) were determined at 3, 4, 6, 10, 14,

17, 22 and 75 weeks after radiocontamination ^n utero.

Briefly, the concentration of granulocyte-macrophage differentiated stem

cells in the cell suspensions was determined by the jLn vitro CFC assay

technique. Cell suspensions are diluted in a-MeM medium supplemented with

10% horse serum (HS), 10% foetal calf serum (FCS) and 1% gentamicine.

Cultures were initiated in a single-layer soft agar system (0.3% agar) and

in a humidified 5% CO. atmosphere at 37°C for 7 days (Schoeters and

Vanderborght, 1983 ; Van Den Heuvel et al., 1987a).

The CFU-S technique (Till and McCulloch, 1961) is a measure for the

concentration of pluripotent stem cells in the cell suspensions. Adult

BALB/c mice were exposed to 8 Gy total body X-irradiation and injected

intravenously with the prepared cell suspension. After 9 days visible

spleen colonies were scored (Schoeters and Vanderborght (1980)).

The number of stromal stem cells (CFU-F) in the cell suspension is measured

in a liquid-phase culture system by their ability to form surface adherent

fibroblastic colonies. Aliquots (1 ml) containing 2 x 10 bone marrow cells

were inoculated. Medium consisted of a-MeM supplemented with 10% HS, 10%

FCS and 1% gentamicine (100 yg/ml a-MeM). The medium containing the

non-adherent cells was replaced by an equal volume of fresh medium at

intervals of 3-4 days. After 10 days at 37°C and 5% C02 cultures were fixed

and stained with May-Grunwald and Giemsa and adherent colonies were counted

(Van Den Heuvel (1986)).
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5. Long-term bone marrow cultures ; conventional method

Long-term bone marrow cultures (LTC) allow to study haemopoiesis iji vitro

Nucleated bone marrow cells (2 x 10 cells in 1 ml per well) were

inoculated in 24-multiwell petridishes (Van Den Heuvel et al. (1988a)). The

culture medium consisted of a-MeM supplemented with 10% HS, 10% FCS, 1%

L-glutauine, 1% gentamicine (all from Gibco, Belgium) and 10" M

hydrocortisone sodium hemisuccinate (HC) (Sigma, Belgium). Per dose group

12 to 24 wells were initiated.

Cultures were incubated at 33°C in a humidified atmosphere of (85 + 10)%

relative humidity with 11 CO . After 4 days of culture and later at weekly

intervals the medium containing the nonadherent cells was removed and

replaced by an equal volume of fresh medium.

In each experiment, LTC were evaluated 4, 5, 6, 7 or 8 weeks after

initiation. At each time point, 4 to 6 replicate wells were harvested. Per

well, 4 days after the last refreshment, adherent and nonadherent cells

were pooled and each well was tested for the jji vitro CFC progenitor cell

content. Two replicate soft agar cultures were made from each well.

6. Recharging experiments

LTC consist of 2 main compartments : the stromal adherent layer and the

haemopoietic cells. Our intention was to exchange these compartments

between LTC from control offspring and from offspring contaminated in utero

in order to search for residual damage in marrow stroma or in haemopoietic

cells.

To create a purified stromal layer, two alternative techniques were used :

(1) Irradiation of LTC

LTC from bone marrow of control mice and from mice contaminated in utero
241

with Am, were established and cultured for 4 weeks after initiation as

described above (5). After 4 weeks of culture, LTC were X-irradiated (10 Gy

of X-rays, 1.45 Gy/min, 250 kv, 1 mm Cu filter). Irradiation kills the

haemopoietic cells in the LTC which are more radiosensitive than the

confluent stromal adherent cells (Till and McCulloch, 1961 ; Wilson et al.,
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1975 ; Friedenstein et al., 1981 ; Imai and Nakao, 1987). The stromal layer

maintains its functional property to sustain haemopoiesis in vitro

(Zuckerman et al., 1986 ; Greenberger et al., 1982). After irradiation, the

in vitro CFC content was determined in 4 wells. No .in vitro CFC could be

detected.

(2) LTC with 25Z FCS

LTC were prepared from bone marrow cell suspensions derived from offspring
241

of Am contaminated mic

age matched control mice.

241
of Am contaminated mice, 17 weeks after contamination in utero and from

Cell suspensions were diluted to a concentration of 2 x 10 cells per ml in

a-MeM medium enriched with 25? foetal calf serum, 12 L-glutamine and 12

gentamicine. Further culture conditions were identical as described in 5.

To avoid the possible side-effects of X-irradiation on the stromal cells,

we cultured cells in conditions with 25Z FCS in the absence of HS and HC to

get rid of the haemopoietic cells present in the initial inoculum

(Greenberger et al., 1982).

Due to the culture medium with 25Z FCS, no in vitro CFC progenitor cells

could be detected in the wells after 4 weeks of culture : 4 replicate wells

were examined from LTC derived from control mice and from LTC derived from

mice contaminated in utero.

After X-irradiation or 4 weeks after initiation, the non-adherent liquid

phase in the wells was removed and replaced by 0.5 x 10 bone marrow cells

(per well) derived from control offspring or offspring from mice

contaminated during pregnancy. The same cell concentration was tested for

the presence of stromal stem cells. No CFU-F generated from this cell

concentration (results not shown). Cells were diluted in a-MeM (1 ml/well)

enriched with 10Z horse serum, 10Z FCS, 1Z L-glutamine, 1Z gentamicine and

10" M hydrocortisone sodium hemisuccinate. At different points of time

after reloading (between 4 days and 24 days) the in vitro CFC content in

the wells (3 to 6 replicate wells) was determined.
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As a control to demonstrate the necessity of the stromal cells for

maintaining .in vitro CFC survival and proliferation, empty 24-multiwell

dishes were recharged with the same cell suspension. From one week

postrecharging. no in vitro CFC were present in these cultures.

7. Statistics

The mean value and 95Z confidence limits were calculated from replicate

cultures of CFU-S, in vitro CFC and CFU-F. Differences between cell

populations from mice contaminated jln utero and age matched control mice

were determined with the Students t-test (Geigy, 1962) (significance level

P < 0,05).

All data from LTC were subjected to a two-way analysis of variance (Sokal

and Rolf, 1969). Differences among LTC due to differences between stromal

layers or differences between haemopoietic cell suspensions were considered

to be statistically significant if the calculated F value exceeded the

critical value of F (P < 0.05).

8. Dose calculation

241
Pregnant Balb/c mice were injected with 500 kBq/kg Am citrate at day 14

241
of gestation. The Am retention was measured in the offspring between one

day after injection until 3 months after birth. Skeletal parts were

measured by alpha-counting in a ZnS counter. Graphical integration of the
241

retention data ( Am concentration (Bq) per g fresh bone in function of

time) was used to calculate the absorbed radiation dose to the femur. More

details on the americium placental transfer, calculations of the initial

dose rates and absorbed radiation doses and retention data have been

published previously (Schoeters et al., 1987).

Results

1. Short-term clonal assays : CFU-S, in vitro CFC. CFU-F

The cellularity of the bone marrow cell suspensions is not influenced after
241

radiocontamination with Am. In femoral marrow 3, 4, 6, 15 and 22 weeks
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after .in utero contamination no significant differences (P > 0.01) were

detected in the CFU-S and jto vitro CFC concentration and the stromal stem

cell concentration (CFU-F) from non-contaminated control mice and offspring
241

from Am contaminated mice. Only at 22 weeks after radiocontamination was
241

in vitro CFC concentration lower in the Am contaminated offspring (P <

0.01). No effects in the long-term (1.5 years after contamination in utero)

were seen in the stem cell concentrations. Results are presented in

Figure 1.

2. Long-term bone marrow cultures : no recharging

Figure 2A shows the in vitro CFC yield per well in LTC derived from control

mice and from mice 6 weeks after radiocontamination .in utero. After. 4, 5

and 6 weeks of culture, the wells were checked for their .in vitro CFC

content. An analysis of variance (two-way ANOVA) (Sokal and Rolf (1969))

yielded a significant difference between the control group and the
241

contaminated group (479 kBq Am/kg) (P < 0.05).

These results indicate that at 6 weeks post radiocontamination, LTC derived

from offspring of radiocontaminated mice and reared by their own

contaminated mother were less able to support .in vitro CFC proliferation

than control LTC from non-contaminated offspring. This result was obtained

in 3 different experiments (combined results are shown in fig.2A).

Radiation damage in the long-term cultures is maintained 1.5 year after

contamination .in utero (Figure 2B). LTC derived from the offspring from
241

which the mother was contaminated with 803 kBq Am/kg and 1754 kBq
241

Am/kg showed a decrease in the number of in vitro CFC in comparison with

LTC from control animals (two-way ANOVA (Sokal and Rolf, 1969) P < 0.01).

An analysis of variance yielded no significant difference between the

number of iri vitro CFC progenitor cells in the LTC of the control group and
241

the lowest radiocontaminated group (119 kBq Am/kg) (two-way ANOVA, P >
0.01).
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Figure 1. Haemopoietic and stromal stem cell concentration in non-contaminated mice
and mice contaminated in utero (CFU-S/5 x 10* cells, in vitro CFC/5 x 10* cells,
CFU-F/2 x 10* cells). Bars are the mean of four to eight replicate cultures. Error
bars indicate the 95 per cent confidence limits.



- 227 -

3. Long-term bone marrow cultures ; X-irradiation + recharge

3.1. Recharging with control bone marrow

In a first approach at 6 weeks postcontamination, the stromal adherent

layers of LTC from control mice and from mice contaminated in utero with
241

479 kBq Am/kg were irradiated and recharged with fresh adult bone marrow

of control mice.' Up to 3 weeks after recharging, in vitro CFC numbers in

the LTC were measured. The number of .in vitro CFC in the control LTC was

not significantly different from the iji vitro CFC number generated in the

recharged LTC from contaminated mice (two-way ANOVA, P > 0.01) .

Combined results of 2 experiments are shown in figure 3A.
241

The stromal adherent layers of LTC from control and Am contaminated mice

were equally effective in maintaining in vitro CFC.

241
3.2. Recharging with control bone marrow or Am contaminated bone marrow

In a second approach the stromal adherent cells of LTC from contaminated

and non-contaminated offspring were (cultured in 102 HS and 102 FCS)

irradiated and recharged with either fresh bone marrow from
241

non-contaminated offspring or fresh bone marrow from offspring of Am

contaminated mice.

241
LTC initiated at 6 weeks postcontamination with Am (479 kBq/kg) were

irradiated and recharged with bone marrow derived from control and
241

contaminated offspring which have a 10 weeks old Am contamination

(Figure 3B). JEn vitro CFC were followed up to 6 weeks after recharging. No

significant difference could be detected between the 4 groups (two way

ANOVA, P > 0.01) (control stromal layer + control haemopoietic

cellsuspension (C + C) ; control stromal layer + contaminated

cellsuspension (C + Am) ; contaminated stromal layer + control haemopoietic

cellsuspension (Am + C) ; contaminated stromal layer + contaminated
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Figure 2. Long-term bone marrow cultures. LTC initiated at 6 weeks (2A) or 71 weeks
(2B) postcontamination. Points are the mean values of in vitro CFC collected per well:
four to six wells were harvested at each time point after initiation of the culture. Error
bars indicate the SEM. ••: significant difference (P<0-0\).

haemopoietic cellsuspension (Am + Am)). The control stromal layer and the

stromal layer derived from contaminated mice showed the same capacity to

support the production of in vitro CFC. The control and contaminated

haemopoietic cells had the same proliferation capacity in culture.

241
LTC started at 17 weeks postcontamination with Am (479 kBq/kg) were

recharged with bone marrow derived from control and contaminated offspring
241

which have a 21 weeks old Am contamination (Figure 3C).
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Figure 3, Long-term bone marrow cultures (LTC), irradiated and recharged after
4 weeks of culture. LTC initiated at 6 weeks (3A, 3B) or 17 weeks (3C) post-
contamination. Points are the mean values of in vitro CFC collected per well: three to
six wells were harvested at each time point after recharging. Error bars indicate the
SEM. C + C=stroma) layer from control offspring + haemopoietic cell suspension
from control offspring; C + Am=stromal layer from control offspring + haemopoietic
cell suspension from 24lAm-contaminated offspring; Am + C = stromal layer from
241 Am-contaminated offspring + haemopoietic cell suspension from control offspring;
Am + Am = stromal layer from 241Am-contaminated offspring + haemopoietic cell
suspension from 241Am-contaminated offspring.

3A

0)

ou.o

c

300T

200-j-
i

I

ioo 4-
Am + C

c + c

10 15 20 25 30

3B

O

o

>
c

500

10 15 20 25 30 35 40 45 50

3C

<O

O
U-
O

O

*>

c

500-

400 +

c +
c +
Am
Am

C
Am
+ C
+ Am

o
A

•

—o
A

•

10 15 20 25 30 35 40 45 50

days after recharge



- 230 -

The 4 different combinations in the LTC were compared in a two-way analysis

of variance.

(1) Comparison of the haemopoietic cell suspensions : no difference was

found in the proliferation capacity of the recharged haemopoietic stem

cells derived from control offspring or offspring radiocontaminated in

utero. No statistical difference (P > 0.05) was seen between the number of

in vitro CFC generated in a) LTC with a stromal layer from control

offspring recharged with control bone marrow or marrow from mice

contaminated in utero (compare C + C with C + Am) or in b) LTC with a

stromal layer from contaminated offspring recharged with control bone

marrow or marrow from jLn utero contaminated offspring (compare Am + C with

Am + Am).

(2) Comparison of the stromal layers : stromal layers from control or in

utero contaminated offspring were equally effective in supporting in vitro

CFC proliferation when stem cells originate from control offspring (compare

Am + C with C + C) (P > 0.05). A different supporting capacity was seen
241

between the stromal layers when _in vitro CFC originated from Am

contaminated offspring (compare Am + Am with C + Am) : the in vitro CFC

yield in LTC with a stromal layer from mice contaminated in utero was

higher than in LTC with a stromal layer from control mice (two-way ANOVA, P

< 0.01).

4. Long-term bone marrow cultures in 252 FCS + recharge

A similar experiment as described in 3. was performed at 17 weeks
241postcontamination with Am (479 kfiq/kg). However the difference is that

cultures were grown in 252 FCS during the first 4 weeks, in order to avoid

irradiation of the cultures (Figure 4). Culturing in 252 FCS is an

alternative way to get rid of the initial haemopoietic cells.

1. Comparison of the haemopoietic cell suspensions : comparing the

combinations Am + C with Am + Am and C + C with C + Am, shows that in vitro

CFC from control haemopoietic cellsuspension grow better than .in vitro CFC

from bone marrow cellsuspensions from in utero contaminated offspring. The
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number of in vitro CFC in the LTC with Am + C is higher than in LTC with Am

+ Am and C + C does better than C + Am (two-way ANOVA, P < 0.05).

2. Comparison of the stromal layers : results indicate that the stromal

adherent layers from in utero contaminated offspring have a better capacity

to generate in vitro CFC compared with the control stromal layer. After

recharging with control or contaminated cellsuspenions LTC with a

contaminated stromal layer produce more in vitro CFC (compare Am + C with C

+ C and Am + Am with C + Am) (two-way ANOVA, P < 0.05).

600. C + C °-° ,
C + Am A A |

- 500- • A m + C • — • ;
_ auu - ^ Am + Am •• • • • <

§ ' \ T ;
\ 400- -i ;

" " " IN
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P " I • • • ' ' • \ '

.t: 200- ^—-°v'• \

> . I A'- \ :c 100-

0 5 10 15 20 25 30 35 40 45 50

days after recharge

Figure 4. Long-term bone marrow cultures grown in 25 per cent FCS and recharged at 4
weeks of culture. Points are the mean values of in vitro CFC collected per well: four
wells were harvested at each time point after recharging. Error bars indicate the SEM.
C + C = stromal layer from control offspring+haemopoietic cell suspension from
control offspring; C +Am = stromal layer from control offspring + haemopoietic cell
suspension from 24lAm-contaminated offspring; Am + C = stromal layer from
241 Am-contaminated offspring + haemopoietic cell suspension from control offspring;
Am-f Am=stromal layer from 2*'Am-contaminated offspring + haemopoietic cell
suspension from 241 Am-contaminated offspring.

Discussion

In the offspring, reared by their own mother contaminated at the 14th day

of gestation, the bone marrow cells showed radiation damage. The capacity

to maintain .in vitro CFC proliferation in long-term bone marrow cultures

was diminished. The cumulative radiation dose comitted to the femur is
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0.011 Gy at 6 weeks and 0.02 Gy at 17 weeks postcontamination in utero. The

accumulated dose at which bone marrow cells were affected after

contamination at foetal ages (0.011 Gy) is 30-40 times smaller than the

lowest dose at which changes have been noticed if mice are contaminated as

adults (0.4 Gy) (Van Den Heuvel et al., 1986).

Radiation damage in the LTC is still present a long time after

contamination (71 weeks). This long-term effect suggests that perinatal

animals are very radiosensitive because low accumulated doses cause damage

to the bene marrow and this damage is not repaired 1.5 years after

contamination (cumulative dose to the femur at 71 weeks postcontaniination

was 0.065 Gy).

Long-term bone marrow cultures derived from offspring contaminated in utero

showed a reduced car ity to maintain haemopoiesis in vitro. Question is,

which component in the culture system is damaged : the stromal cell system

or the haemopoietic' cells. In order to answer this question, exchange

experiments were performed.

The quantity of CFU-S, in vitro CFC and CFU-F was the same in the

haemopoietic cell suspensions of control mice and contaminated mice from

which LTC were started and which were used to recharge the cultures.

Thus, the damage in the LTC derived from mice contaminated in utero cannot

be explained by a diminished marrow cellularity or differences in stem cell

concentration.

The results suggest that haemopoietic progenitor cells from

non-contaminated offspring exhibit a higher proliferation capacity on

stromal layers _in vitro than haemopoietic progenitor cells from offspring

contaminated in utero. The stromal layer after in utero contamination has a

better capacity to generate in vitro CFC.

Perhaps, the production of in vitro CFU occurs at the expense of the more

pluripotent progenitors, which were not measured. It may suggest that this

stroma is poorer at supporting stem cells and tend the balance towards

differentiation thus running down the stem cell population. To elucidate

this statement CFU-S measurements must be performed in the future.
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The exchange experiment via X-irradiation of confluent stromas after 4

weeks of culture fails to reproduce the deficiency observed in undisturbed
241

LTC from offspring of Am contaminated mice. No differences were seen

between the stromal layers of control mice or contaminated mice. The

stromal layers from control mice and contaminated mice were as effective in

supporting control haemopoietic cells and haemopoietic cells from

contaminated mice. No differences were seen between the haemopoietic cell

suspensions from control or contaminated mice seeded on identical stromal

layers, on the one hand control stromal layer or on the other stromal

layers derived from contaminated mice.

Perhaps the interaction between stromal and haemopoietic cells is crucial

in the first 4 weeks after initiation before reloading when the

haemopoietic microenvironment is created ?

On the other hand, in vitro radiation exposure of long-term bone marrow

cultures results in an enhanced capacity of stromal elements to produce

growth factors (Quesenberry et al., 1985 ; Gualtieri et al., 1987 ;

Naperstek et al., 1985). The effect of X-irradiation on the function of the

stromal layer in our cultures is unknown ; neither do we know whether

control stromal layers and stromal layers derived from contaminated mice

respond in the same way to X-irradiation.

Our results indicate that perinatal haemopoietic cells are very

radiosensitive and can be considered as target cells for early changes and

late effects after contamination in utero. These observations are important

for risk estimations during pregnancy and for neonates. Moreover, the

long-term bone marrow culture technique is a sensitive system to examine

radiation damage. Both stroma and haemopoietic cells seem to be affected,

although in an opposite way. The consequences of this persistent damage at

the bone marrow, as well as its biochemical nature as long as 1 year after

extremely low radiation dose, has to be further explored.
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V. CONCLUSIONS

Haemopoietic organs exhibit a common structural and functional property :

they are composed of a supportive stromal network called the haemopoietic

inductive microenvironment which is responsible for lodgement,

proliferation and differentiation of haemopoietic stem and progenitor

cells. The stroma contains different cell populations and an extracellular

matrix. The regulation of haemopoiesis occurs via complex interactions

between the stroma and the haemopoietic cells. There is evidence that

cell-cell contact, growth and differentiation regulating factors and

inhibitors and the extracellular matrix are involved. However, the

mechanisms and the exact role of the stroma in the regulation has not yet

been resolved.

In this work, we made an attempt to further clarify the functional role of

the stromal system in the regulation of haemopoiesis. This was approached

in 2 ways :

I. The study of the stromal system in different haemopoietic organs which

become subsequently active during murine fetal and postnatal

development.

During fetal development haemopoiesis shifts from yolk sac to liver, spleen

and bone marrow. This suggests that the environment changes during

development and that haemopoietic cells lodge and migrate to the most

suitable microenvironment. It also suggests that there is a specific

composition of these organs which is required for haemopoiesis to occur and

that the components necessary for supporting haemopoiesis are not present

in these organs at other developmental ages.

Our studies provide evidence that the stroma (evaluated by. CFU-f and

long-term cultures) changes daring development, that changes are correlated

with the course of haemopoiesis and that the characteristics of the stroma

contribute to determine the haemopoietic activity.

The clonal growth of CFU-f is a measure of the stromal stem cell content.

Long-term cultures (LTC) reconstitute in vitro a microenvironment which
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allows proliferation and differentiation of haemopoietic stem and

progenitor cells.

The stromal system, evaluated by means of in vitro CFU-f assay, develops in

relation to the haemopoietic activity in liver, spleen and bone marrow.

Active blood formation is preceded by high numbers of CFU-f. A sudden and

temporary drop in CFU-f numbers from fetal liver and fetal spleen at the

time when respectively spleen and bone marrow become haemopoietic suggests

migration of stromal stem cells. In spleen and bone marrow the number of

CFU-f decreases as haemopoietic stem cell numbers increase to a stable

level. These changes may indicate an assential role of the stromal system

for the beginning and maintenance of haemopoietic stem cell proliferation.

The mitotic activity of CFU~f seems related to the haemopoietic

development. A high proliferation activity of CFU-f coincides with the

edification of a stromal population at the onset of haemopoiesis in liver,

spleen and bcne marrow. A decrease in mitotic activity preceeds the

disappearance of CFU-f in the neonatal liver and occurs in the spleen and

bone marrow at the time CFU-f decline to a stable level.

Long-term maintenance of haemopietic cells in vitro can be achieved in the

presence of stromal cells originating from foetal and neonatal liver,

spleen and bone marrow. Differences in the supporting capacity are present.

The CFU-GM yield in the long-term cultures derived from each organ at

different gestational and postnatal ages reflect the CFU-GM content of the

haemopoietic organs from which the cultures have originated.

Experiments showed that the stromal cells in the long-term cultures

determine the haemopoietic activity of the cultures. Stroma derived from

organs with a high haemopoietic activity support the proliferation of

CFU-GM to a larger extent than stroma derived from organs with a lower

haemopoietic activity.

Whether differences in the cellular composition of the stromal layers and

production of growth or differentiation factors are involved in the
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differential haemopoietic activity of long-term cultures from various

origin was further investigated.

The adherent stromal cells in LTC from perinatal liver, spleen and bone

marrow release haemopoietic growth factors in the medium above.

Interleukin-6 and perhaps G-CSF are present in the conditioned medium. No

direct relation exists between the course of haemopoiesis and the

production of colony stimulating activity in the supernatans which is

maximal for all the investigated organs around birth.

Comparative morphological studies on adherent cells in CFU-f colonies and

LTC derived from liver and bone marrow at different developmental ages

exhibiting different haemopoietic activities, show that the presence of

macrophages and glycosaminoglycans (GAGs) (sulphated and non-sulphated) is

directly related to the haemopoietic activity. Macrophages and GAGs are

present in high amounts in those LTC which were haemopoietic most active.

CFU-f colonies exhibit already characteristics of the confluent layer.

II. The study of damage to the bone marrow stroma after contamination with

241-americium (a boneseeking, alpha-emitting radionuclide) in utero or

as adult.

Internal and external irradiation gives an increased risk for cancer

induction (leukemia, bone tumors and other neoplasms). Which cell

population is affected and the mechanisms underlying cellular changes

during the latency period before tumors appear are not exactly known .

Using animal studies we can try to relate damage at the cellular level to

the risk of cancer development. On the other hand, identification of the

cells at risk will enable to estimate more accurately radiation doses which

are critical for the development of late radiation effects. We looked at

changes in the stromal cell population (quantitatively and qualitatively)
241

after radiocontamination with Am. The investigations included different

age groups.
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Results revealed that the murine_ bone marrow stromal cells are highly

radiosensitive after injection with 241-amerlcium and can thus be

considered as a target population after internal contamination. In

addition, observations are made which may be important for risk estimation

for the developing animal and during pregnancy. Contamination in utero and

by lactation shows persistent damage up to 1 year after contamination at an

average annual dose of 5 cGy.

The findings of our study are :

The stromal stem cell (CFU-f) population is affected quantitatively after

injection at adult age. Stromal stem cell killing increases with increasing

dose of americium. This indicates that the stromal stem cells are at risk
241

after radiocontamination with Am.

Damage at the functional level occurs after contamination as adults and

after contamination in utero and during lactation. Long-term cultures

derived from contaminated mice are less able to support CFU-GM

proliferation than cultures derived from control mice.

Damage to the long-term cultures occurs at an average cumulative dose up to

6 weeks after contamination of 0.011 Gy. This indicates that LTC are a very

sensitive culture technique to detect radiation damage at very low dose

levels.

Damage to the LTC persisted at long-term (1.5 year) after perinatal

contamination. The capacity of LTC to support CFU-GM proliferation is
241

impaired up to at least 1.5 year after Am contamination ija utero.

The fetus and neonate are more radiosensitive than the adult : the

accumulated dose at which bone marrow cells were affected after

contamination at fetal ages was 30 to 40 times smaller than the lowest dose

at which changes have been noticed if mice were contaminated as adults.

Results also indicated that not only the accumulated dose determines the

occurrence of radiation effects but the period during which contamination
241

occurred is important. Indications exist that for Am contamination, the

lactation period must be taken into account.
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Analysis of radiation damage observed in long-term cultures after perinatal

contamination showed that both the haemopoietic and the stromal cells are

affected but in an opposite way. Evidence is found that the proliferation

capacity of the haemopoietic cells on stroma in vitro is diminished.

However, irradiation resulted in an increased ability of the stromal

adherent cells to support CFU-GM proliferation in vitro.
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Prospects for future work

Stromal cells cultured in vitro display different capacities to sustain

haemopoiesis depending on the time of development of the organ of origin.

Further work is needed in resolving the contribution of stromal cells in

haemopoietic cell development. The stromal system was shown to be

heterogenous in cellular and matrix composition, growth characteristics and

growth factor production.

Furter characterization of the various stromal cell ;-reflations present in

long-term cultures with different haemopoietic activities may elucidate

their involvement in the regulation of haemopoiesis. One approach could be

the establishement of stromal cell lines. The homogenous stromal cells thus

obtained can be biochemically and functionally characterized (production of

growth factors or extracellular matrix components, maintenance of

haemopoiesis in vitro, osteogenic potention). The ability to establish an

haemopoietic microenvironment in vitro starting from well characterized

cells would improve our understanding of the role of stromal cells for

haemopoiesis.

Depletion or enrichment of stroma in LTC with specific cell types and

extracellular matrix components will allow to determined essential factors

for sustained haemopoiesis and how their disturbance may interfere with

defective haemopoiesis.

The greater radiosensitivity of the immature organism emphasizes the need

to establish appropriate exposure limits. There are no generally accepted

models for calculating tissue doses following contamination in utero.

The recent observation that ionizing radiation on fathers is associated

with the development of leukemia among their children, asks for revision of

the norms of radioprotection. A sixfold increase of relative risk is given

for fathers with a total preconceptual ionizing radiation dose of 100 mSv

or more, or doses of 10 mSv or greater during 6 months before conception.

Natural radiation provides an annual dose of about 1 mSv. The

recommendations being considered by the International Commission on

Radiological Protection include occupational dose limits of 100 mSv in 5

years and 50 mSv in any year. For women occupationally exposed, the
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Commission recommends that, once the pregnancy is declared, the conceptus

should be subject to a dose limit of 5 mSv during the rest of the

pregnancy. For members of the public, the Commission sets a dose limit of

an average of 1 mSv/year over a 5-year period.

Whether these levels provide sufficient protection remains a subject of

discussion. In this respect, more information is needed :

- information on the metabolism (uptake, distribution, microdistribution

and retention) and toxicity of radionuclides in the perinatal animal ;

- information on the radiosensitivity of tissues and cell populations in

the fetus and newborn ;

- information on the most radiosensitive period during fetal and neonatal

development or before conception with respect to the development of late

radiation effects (cancers, mental retardation) ;

- information on effects of low doses, using techniques which allow to

discover subtle morphological and functional charges ;

- information on the mechanisms underlying the damage ;

- information about effects in different animal species ; to make

extrapolations to human, comparative studies must be performed ;

- further collection of epidemiological data.
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VI. SAMENVATTING

Bloedvormende organen hebben een gemeenschappelijke strukturele en

functionele eigenschap : zij zijn opgebouwd uit een stromaal netwerk, de

zogenaamde hemopoietische inductieve microomgeving, die instaat voor de

huisvesting/ deling en differentiatie van hemopoietische stamcellen en

progenitor cellen. Het stroma bevat verschillende celpopulaties en een

extracellulaire matrix.

De bloedvorming wordt geregeld door complexe interacties tussen het stroma

en de bloedcellen, groeifactoren, inhibitoren en componenten van de

extracellulaire matrix.

In dit werk is getracht een beter inzicht te krijgen in de rol van het

stroma in het bloedvormend proces. Dit is op 2 manieren benaderd :

I. Vergelijking van stroma afkomstig van bloedvormende organen met

verschillende hemopoietische activiteit.

Tijdens de foetale ontwikkeling vindt de hemopoiese achtereenvolgens plaats

in de dooierzak, lever, milt en beenmerg. Dit sug^areert dat de omgeving in

de bloedvormende organen verandert tijdens de ontwikkeling en dat

bloedcellen zich huisvesten en verplaatsen naar de meest geschikte

omgeving. Dit veronderstelt ook dat op een bepaald moment alle faktoren

aanwezig zijn die een optimale omgeving creëren waarin bloedcellen kunnen

overleven, delen en differentiëren en dat deze componenten niet aanwezig

zijn op andere ontwikkelingsstadia.

Deze studie heeft aanwijzigingen geleverd dat het stroma verandert tijdens

de ontwikkeling, dat deze veranderingen gecorreleerd zijn met het verloop

van de bloedvorming en dat het stroma bepalend is voor de hemopoietische

activiteit in vitro.

In vitro technieken op korte ter.,nijn (CFU-f = colony forming unit of

fibroblasts) en op lange termijn (lange termijn kweken) zijn beschikbaar om

het stromale systeem te bestuderen. De clonale groei van stromale cellen

(CFU-f) geeft een maat voor de stromale stamcel inhoud. In lange termijn
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kweken wordt er een omgeving gecreëerd die de proliferatie en

differentiatie van hemopoietische stamcellen ijn vitro toelaat. We hebben

getracht de concentratie van stromale stamcellen (CFU-f) te kwantificeren

en de lange termijn kweken te modifiëren in functie van de groei van

stromale cellen afkomstig van foetale bloedvormende organen.

Het stromale systeem, geëvalueerd via CFU-f, ontwikkelt zich in relatie tot

de hemopoietische activiteit in lever, milt en beenmerg. Actieve

bloedvorming wordt voorafgegaan door hoge CFU-f aantallen. Een plotse en

tijdelijke daling in de CFU-f aantallen van foetale lever en milt, wanneer

respektievelijk milt er. beenmerg hemopoietisch actief worden, suggereert de

migratie van stromale stamcellen. In milt en beenmerg dalen de CFU-f

aantallen wanneer de hemopoietische stamcelconcentraties stabiliseren. Deze

veranderingen wijzen op de essentiële rol van het stromale systeem in de

initiatie en het onderhouden van de proliferatie van bloedstamcellen.

De mitotische activiteit van de CFU-f is gecorreleerd mee het verloop van

de hemopoiese. Een hoge hemopoietische activiteit valt samen met de opbouw

van de stromale populatie bij het begin van de hemopoiese in lever, milt en

beenmerg. De verdwijning van CFU-f in de lever en de stabilisatie van CFU-f

in de milt en beenmerg wordt voorafgegaan door een daling van de mitotische

activiteit.

Lange termijn hemopoiese in vitro is mogelijk in de aanwezigheid van

stromale cellen afkomstig van foetale en neonatale lever, milt en beenmerg.

Er bestaan verschillen in de capaciteit om hemopoiese in stand te houden :

CFU-GM aantallen in lange termijn kweken afkomstig van een orgaan op

verschillende stadia van de ontwikkeling weerspiegelen de in situ CFU-GM

inhoud van het orgaan waarvan de culturen afkomstig zijn.

Experimenten hebben aangetoond dat de stromale cellen in de lange termijn

kweken de hemopoietische activiteit van de culturen bepalen. Stroma

afkomstig van organen met een hoge hemopoietische activiteit kunnen de

CFU-GM proliferatie Jjn vitro beter in stand houden dan stroma afkomstig van

organen met een lagere hemopoietische activiteit.
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Verder werd nagegaan of verschillen in cellulaire samenstelling en in de

productie van groeifactoren bepalend zijn voor de hemopoietische activiteit

van de lange termijn kweken.

Een vergelijkende morfologische studie van de adhérente cellen in CFU-f en

lange termijn kweken, afkomstig van lever en beenmerg, op verschillende

ontwikkelingsstadia, heeft aangetoond dat de aanwezigheid van macrofagen en

glycosaminoglycanen (gesulfateerde en niet-gesulfateerde) in verband kan

gebracht worden met de hemopoietische activiteit. Deze componenten zijn in

hogere mate aanwezig in kuituren met een hoge hemopoietische activiteit.

Korte termijn CFU-f kolonies vertonen reeds kenmerken die voorkomen in de

confluente lagen van de lange termijn kweken.

De adhérente stromale cellen in lange termijn kweken afkomstig van

périnatale lever, milt en beenmerg produceren hemopoietische groeifaktoren.

Interleukine-6 en mogelijk G-CSF zijn aanwezig in de vloeibare fase boven

de adhérente lijnen. Er bestaat geen direct verband tussen het verloop van

de hemopoiese en de productie van een kolonie stimulerende activiteit. Deze

stimulerende activiteit is het hoogst in lange termijn kweken afkomstig van

bloedvormende organen rond de geboorte.

II. Studie van schade aan het beenmerg stroma na radioactieve besmetting

met 241-americium (beenderzoeker en alpha-straier)

Inwendige en uitwendige bestraling geven een verhoogd risico voor de

inductie van kankers (o.a. leukemie, beenderkankers). Wat er precies

gebeurt op cellulair niveau gedurende de lange latentie periode is niet met

zekerheid geweten. Door gebruik te maken van studies met dieren wordt

getracht schade op cellulair niveau in verband te brengen met kanker

inductie. De bepaling van celpopulaties die kunnen beschadigd worden, laat

bovendien toe nauwkeuriger dosisberekeningen te maken.

In deze studie werd gekeken naar veranderingen (kwantitatieve en

kwalitatieve) in de stromale celpopulatie na radioaktieve besmetting niet

241-americium. Verschillende leeftijdsgroepen werden beschouwd.
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Resultaten hebben aangetoond dat beenmerg_stromale cellen stralings-

gevoelig zijn na 241-americium besmetting en dus kunnen beschouwd worden

als target _populatie na interne besmetting. Bovendien kunnen de bekomen

resultaten belangrijk zijn voor risico schattingen voor de zich

ontwikkelende zoogdieren en gedurende de zwangerschap. Besmetting in utero

en via laktatie veroorzaakt schade die na 1,5 jaar nog steeds aanwezig

is. De gemiddelde ontvangen stralingsdosis_bedraagt na 1 jaar slechts 5

cGy.

Na besmetting op adulte leeftijd neemt de stromale stamcel (CFU-f)

populatie af met stijgende dosis americium. Deze observatie duidt aan dat

de stromale cellen tot de risico populatie behoren na radioaktieve

besmetting met 241-americium.

Functionale schade treedt op na besmetting op adulte leeftijd en na

besmetting in utero en gedurende de lactatie. Lange termijn kweken

afkomstig van besmette muizen hebben een kleiner vermogen om CFU-GM

proliferatie in stand te houden dan kuituren afkomstig van controle muizen.

Lange termijn kweken zijn een zeer gevoelige kuituur techniek die de

detectie van stralingsschade toelaat bij zeer lage dosissen. Schade aan de

lange termijn kweken treedt op bij een gemiddelde ontvangen stralingsdosis

van O.Oil Gy, 6 weken na de besmetting.

Functionele schade aan het stroma blijft behouden op lange termijn : 1,5

jaar na besmetting in utero en gedurende de lactatie vertonen lange termijn

kweken nog steeds een verminderde capaciteit om CFU-GM proliferatie te

onderhouden.

De foetus en de neonatale muizen zijn stralingsgevoeliger dan de volwassen

dieren : de ontvangen stralingsdosis waarbij schade optreedt is 30-40 keer

lager na radioaktieve besmetting in utero dan na besmetting op adulte

leeftijd.

Niet alleen de ontvangen stralingsdosis is bepalend voor het optreden van

stralingsschade, ook de periode wanneer besmetting optreedt, in dit geval

de lactatie periode, blijkt belangrijk te zijn.
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Analyse van de stralingsschade in de lange termijn kweken na périnatale

besmetting heeft aangetoond dat zowel de hemopoietische als de stromale

cellen worden beïnvloed. De proliferatiecapaciteit van de hemopoietische

cellen uit besmette dieren blijkt verminderd te zijn wanneer ze op een

stromale laag worden gebracht. In tegenstelling hiermee, blijken de

stromale adhérente cellen afkomstig van besmette dieren beter in staat te

zijn om de proliferatie van CFU-GM in vitro te onderhouden.


