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Stromal cells from murine developing hemopoietic organs:
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ABSTRACT Theadherentstromallayerinlong-term marrow culturesis essential to the proliferation
and differentiation of hemopoietic 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 hemopoietic activities in vivo and in vitro, as
tested via CFU-GM recovery in long-term cultures. Adherent cells from each organ were recovered at
an age with high hemopoietic activity (fetal liver and adult bone marrow) and at an age with low
hemopoietic activity (neonatal liver and bone marrow). The presence of macrophages, alkaline
phosphatase, acid phosphatase, myeloperoxidase, sulfated and non-sulfated glycosaminoglycans
(GAGSs) and fibronectin was compared. For a given organ, CFU-f colonies showed characteristics
similar to those of the confluent adherent stromal layer in long-term cultures. The presence of
macrophages and GAGs (sulfated and non-sulfated) in the adherent layer were directly related to the
hemopoietic activity. The amount of alkaline phosphatase-positive cells and the amount of fibronectin

showed no correlation with the hemopoietic activity of the cultures.
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Introduction

Hemopoietic organs like fetal and neonatal liver, spleen and
bone marrow, are composed of a mixture of different hemopoietic
and stromal cell populations. The latter are essential for hemopoietic
cell proliferation and differentiation. A large amount of information
is available regarding the migration, concentration and differentiation
of hemopoietic stem cells (Metcalf and Moore, 1971). In contrast,
little is known about the characteristics of the stromal cells apart
from their histological features. Migration of blood stem cells
suggests that the micro-environment changes during development
and that circulating hemopoietic stem cells recognize and settle in
the appropriate organ (Metcalf and Moore, 1971).

Hemopoietic organs (liver, spleen, bone marrow) at different
development ages show different hemopoietic characteristics.
Stromal cells in these developing hemopoietic organs are involved
in the regulation of hemopoiesis. 1) Concentrations of stromal stem
cells — CFU-f (= Colony-Forming Units of fibroblast-like cells)
approximated by clonal growth resulting in adherent colonies of
fibroblast-like cells —in liver, spleen and bone marrow are correlated
with the course of hemopoiesis: high CFU-f numbers precede the
onset of hemopoiesis (Klein et al., 1983: Van den Heuvel et al.,

1987). 2) The CFU-GM number recovered in long-term cultures from
hemopoietic organs at different developmental ages reflects the in
vivo hemopoietic stem cell concentrations (Van den Heuvel et al.,
1988).

The requirements for hemopoiesis are complex and depend on
a mixture of cell types, extracellular matrix (ECM) components and
regulatory molecules (Dexter et al., 1985). Long-term maintenance
of hemopoietic stem cell proliferation and differentiation in vitro is
strictly dependent upon the presence of adherent stromal cells
(Dexter, 1977). The mechanisms and/or factors in the inductive
micro-environment, underlying hemopoietic stem cell regulation are
not elucidated. We investigated the relative contribution of

Ablreviations used in this paper. ACP, acid phosphatase: ALP, alkaline phosphatase:
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erythrocytes: BM, bone marrow; BPA, bursi-promoting activity; CFUA, colony-forming
unit of fibroblastlike cells; CFU-GM, colony-forming unit of granulocytes and/or
macrophages; CSA, Colony-Stimulating Activity; ECM, extracellular matrix; ELISA,
enzyme-linked immunoabsorbent assay: [n, fibronectin: GAGs, glvcosaminoglycans;
GM-CSF, granulocyte-macrophage colony-stimulating factor; IgG, immunoglobulin G;
LTC, long-term cultures; MP, myeloperoxidase; PAP technique, peroxidase-anti-
peroxidase technique; PBS, phosphate-buffered saline: TNF-alpha, wimor necrosis

factor-alpha; TRAP, wartrate-resistant acid phosphatase.
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Fig. 1. Presence of macrophages in CFU-f colonies and in adherent
stromal layers from long-term cultures. Stromal cells are derived from
fetal liver, liver and bone marrow of 2-day-old mice and aduilt bone marrow.
Shown in the Y-axis are relative measures for the quantity of macrophages.

components which may be involved in regulation of hemopoiesis.
Their presence was compared in adherent cell populations derived
from hemopoietic organs exhibiting different hemopoietic activities.

The adherent cells were 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. Evidence is present that these
components may be important in the control of blood formation.

The observation that maturation of both granulocytic and erythroid
cells occurs in close proximity to macrophages indicates a potential
role for macrophages in hemopoiesis (Allen and Dexter, 1984). The
regulation of hemopoiesis probably takes place (1) through the
production of humoral factors, including erythropoietin, GM-CSF and
burst-promoting activity (Zipori et al., 1984; Rich and Kubanek,
1985; Sullivan et al., 1985; Rich, 1986a, b; Sieff et al., 1987), and
(2) by recruiting other cells of the microenvironment to produce
growth factors (Broudy et al., 1986).

GAGs are a component of the hemopoietic extracellular matrix.
There is experimental evidence for a role of GAGs in the regulation
of hemopoiesis. GAGs play a role in growth factor binding and in
mediating the adhesion of immature hemopoietic progenitors (Del
Rosso et al., 1981; Spooncer et al., 1983; Zuckerman and Wicha,
1983; Zuckerman and Rhodes, 1985; Wight et al., 1986; Gordon
et al., 1987; Roberts et al., 1988).

Peroxidase is present in differentiated cells of the myeloid
series. If this enzyme is detected in the stromal layer, it is probably
present in adhering hemopoietic cells (granulocytes, progenitors of
granulocytes and monocytes) in the cultures (Yam et al., 1971).

Fibronectin is a matrix-located glycoprotein, present in many
tissues and synthesized by reticulum cells as well as endothelial
cells (Reincke et al., 1982; Zuckerman and Wicha, 1983: Fridman
et al., 1985). Fibronectin has been shown to be a component of the
extracellular matrix in human and mouse bone marrow cultures
(Castro-Malaspina et al., 1980; Hocking and Golde, 1980; Bentley
et al., 1983; Liesveld et al., 1989). Fibronectin is associated with
adhesion, migration and differentiation of cells (Critchley et al.,
1979; Hynes and Yamada, 1982; Yamada and Olden, 1978;
Yamada, 1983; Allen and Dexter, 1984; Tsai et al., 1987).

Alkaline phosphatase (ALP) is a rather non-specific membrane-
bound enzyme, associated in bone marrow with non-phagocytic
fibroblast-like cells which are found adjacent to areas of
granulopoiesis (Westen and Bainton, 1979). Its biological function
is still 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 located close to areas of
erythropoiesis (Westen and Bainton, 1979).

Results

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 a percentage of the total CFU-f number.
Between 30 and 200 colonies were scored after each staining
procedure.

Macrophages

Results are represented in Fig. 1.

Fetal liver cultures contained large numbers of phagocytic
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 fewer latex-ingesting cells. The
relative presence of macrophages in these stromal cell colonies
varied from one colony to another. In neonatal liver cultures, CFU-
fcolonies 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
(Fig. 5A, B). Bone marrow CFU-f from 2-day-old mice contained few
macrophages.

Alkaline phosphatase (ALP)-positive colonies

Results are shown in Fig. 3.

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
contained low numbers (respectively 20% and 9%) of ALP-positive
colonies. In contrast, 67% of the colonies derived from adult bone
marrow were ALP positive (Fig. 2C). The intensity of the ALP staining
varied between colonies and between fibroblastic cells within a
colony. Cells in the center stained stronger than the cells at the
periphery. This could be due to a greater density of the cells.

Acid phosphatase (ACP)-positive colonies

Macrophages as well as fibroblast-like cells stained positive for
ACP (Fig. 2D). Nearly all liver—fetal (100%) and neonatal (90%) — and
adult bone marrow (100%) colonies contained ACP-positive cells
(Fig. 3). Only 16% 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 of the organ
of origin contained a few TRAP (tartrate-resistant acid phosphatase)-
positive cells. Infetal liver cultures 3%, in neonatal liver cultures 5%,
in neonatal bone marrow cultures 15% of the colonies contained
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Fig. 2. Adherent stromal cells from adult bone
marrow after different staining procedures. (A and
B) May-Grinwald staining of a CFU-f colony after latex
ingestion. (A) (160x) Dark cells {arrow) have ingested
latex particles. (B) (1000x) Arrows indicate cells which
have ingested latex. |(C) (200x) Alkaline phosphatase-
positive cells inacolony of stromal cells. (D) (200x) Acid
phosphatase-positive cells in a colony of stromal cells.
(E)} (400x) High iron diamine staining of a confluent
stromal layer indicating the presence of S-GAGs. (F)
(400x) Alcian blue staining of a confluent stromal layer
indicating the presence of GAGs. (G) (1000x)
Mpyeloperoxidase-positive cells present on top of a
confluent adherent stromal layer.

35



36 R. Van den Heuvel et al.

100%+ alkaline phosphatase S
+ Em CFU-—-f E
i EmLTC 1
5
13 2 |t
& 8
1S i
50%+. - 1T
I el
5 g
1 !
w |+

fetal neonatal adult

BONE MARROW

neonatal

CFU~f colonies

W acid phosphatase
W trapp+

fetal adult
LIVE

neonatal neonatal
R BONE MARROW
100% myeloperoxidase bbb
.l . CFU~f
1 EmLTC _
@ S F+++
+ @ (=]
= |
-_% @
50%+.0 3.,
11 g
B g
i @
w

T

neonatul adult
BONE MARROW

fetal neonatal
R

Fig. 3. Characterization of stromal cells grown from fetal liver,
neonatal liver, neonatal and adultbone marrow. The numberofcolonies
containing alkaline phosphatase, acid phosphatase, and myeloperoxidase-
positive cells is expressed as a percentage of the total number of colonies
examined. Relative amounts for the presence of alkaline phosphatase and
myeloperoxidase positive cells in the adherent layers of long-term cultures
are shown.

TRAP-positive cells. Positive cells showed no fibroblastic morphology
and were scattered throughout the colony.

Presence of GAGSs in the colonies

Results are shown in Fig. 4.

Bone marrow cultures (adult and neonatal) contained, apart from
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 (stained
blue and purple) and negative colonies. More than half of the CFU-
f colonies originating from fetal liver (69%) and adult bone marrow
(87%) contained GAGs. Both liver (29%) and bone marrow (8%) of 2-
day-old mice showed a considerable number of colonies positive for
the presence of GAGs.

In fetal liver, more colonies stained positive for non-S-GAGs than
for S-GAGs. In neonatal liver and bone marrow, the presence of
sulfated and non-sulfated 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).

Myeloperoxidase (MP)-positive colonies

Results are represented in Fig. 3.

Myeloperoxidase is an indicator for 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 inthe
central part of the colony. Only a few (8%) CFU-f colonies from
neonatal bone marrow contained MP-positive cells, while all CFU-f
colonies (100%) from adult bone marrow contained MP-positive
cells.

A large proportion of fetal liver and neonatal liver colonies
contained MP-positive cells (respectively 68% and 80%).

Confluent stromal layer

Confluent stroma layers in cultures of different origins were
evaluated. Stromal layers were compared with each other for the
presence of a given component. Results were expressed in relative
amounts.

Macrophages

Fetal liver stroma and adult bone marrow stroma contained high
amounts of macrophages (Fig. 1). Considerably fewer 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 whereas in the LTC of other organs the macrophages
were dispersely distributed.

Alkaline phosphatase (ALP)-positive cells

Many focal areas with intensely stained ALP-positive cells were
present in adult bone marrow adherent stromal layer. Fetal and
neonatal liver stroma displayed a disperse distribution of ALP-
positive cells with a low intensity. Neonatal bone marrow stroma
contained some small foci of ALP-positive cells with moderate
intensity (Fig. 3).

Presence of GAGs

Fetal liver and adult bone marrow stromal layers contained a
large number of GAGs (Fig. 2E and F), while neonatal liver and bone
marrow stroma expressed lower quantities of this ECM component
(Fig. 4). GAG-positive areas were correlated with areas of high cell
density. Similar quantities of sulfated and non-sulfated GAGs were
found in the adherent layers.

Presence of fibronectin (fn)

Intra- and extracellular fn was determined in the adherent layer
of LTC using PAP-immunohistochemistry (qualitative method) and
ELISA (quantitative method) (Fig. 5). The latter technique was also
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Fig. 4. Presence of glycosaminoglycans (sulfated and non-sulfated) in
fibroblast colonies and stromal cells of long-term cultures derived
from different hemopoietic organs. The number of colonies which stain
positive for GAGs is expressed as a percentage of the total colony number
After comparison of long-term cultures from different origin, the presence
of GAGs in the adherent layer is expressed in relative amounts.

used to examine the amount of fn in the liquid phase of the LTC.

Fn was present in all stromal layers regardless of their origin.
Both methods showed that extracellular fn was present in higher
amounts than 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 inthe 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 (ttest, P<0.05) 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.

Fnwas present in the liquid phase of the LTC. Neonatal and adult
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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).

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, present as colonies on top of
the stromal adherent cells (Figs. 2G and 3).

Discussion

The CFU-f technique is the nearest approximation to a clonal
assay for the early precursors of stromal cells (Owen, 1985).
Prolonged cultivation of fibroblast colonies gives rise to confluent
stromal layers which are considered responsible for maintaining
hemopoietic cells in vitro (Dexter et al., 1977).

In the present study, the distribution of certain cell types and
extracellular matrix components was measured in the adherent cell
layer of hemopoietic active and non-active LTC. The idea was to
relate their presence to the hemopoietic activity of the cultures.

All components that have been investigated were presentin both
liver and bone marrow LTC. Two components showed a positive
correlation with the hemopoietic activity of the organ of origin:
macrophages and (sulfated as well as non-sulfated) GAGs were
present in high numbers in those LTC which were hemopoietically
most active (fetal liver and adult bone marrow).

Results indicated a remarkable heterogeneity between CFU-f
colonies. The characteristics of individual colonies were preserved
after cultures had grown to confluency. GAGs and macrophages
were present in higher numbers in those cultures originating from
active hemopoietic organs, while this correlation did not hold for
ALP-positive cells.

The adherent layer in bone marrow cultures consisted of
fibroblastoid cells, fat cells, endothelial cells and macrophages
(Dexter et al., 1977). Phagocytosis 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 non-phagocytic cell (Friedenstein et al., 1970; Castro-
Malaspina et al., 1980)., on the basis of phagocytic capacity (Allen
and Dexter, 1976; Castro-Malaspina et al., 1980; Brockbank and
van Peer, 1983; Song and Quesenberry, 1984, Zipori et al., 1984;
Rich, 1986a).

In this report we used phagocytosis as a criterion to detect
macrophages in stromal cultures.

Macrophages in the long-term cultures were 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 just 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 exists 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.
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Fig.5. The presence of intra- and extracellular fibronectinin LTC /s shown
using (A) the PAP-technique: the presence of fibronectin is expressed in
relative amounts; (B) the ELISA technique: the amount of fibronectin is
expressed in ng per well,

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 (interleukin-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; Rich 1986a, b; Bagby et
al., 1987; Sieff et al., 1987). Oblon et al., (1983) fractionated the
adherent layer in LTC and found that the fraction enriched with
monocytes/macrophages produced GM-CSF.

Macrophages were abundantly present in hemopoietic active
organs like fetal liver and adult bone marrow. Liver and bone marrow
of 2-day-old mice contained considerably fewer phagocyting cells.
The functional role of macrophages in our cultures is not known but
these observations might be an indication of the importance of
macrophages in the regulation of hemopoiesis.

The presence of GAGs in the adherent layer of human (Keating
and Singer, 1983; Wight etal., 1986; Gordon et al., 1987) and murine
(Gallagher etal., 1983; Spooncer et al., 1983; Roberts et al., 1988)
bone marrow LTC has been demonstrated. In murine LTC, heparan
sulfate (sulfated GAG) is mainly associated with the adherent cells,

while hyaluronic acid (non-sulfated GAG) and chondroitin sulfate
(sulfated 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 hemopoiesis. Hemopoietic progenitor-cell proliferation
occurs in close association with the stromal layer in LTC (Del Rosso
et al., 1981; Gordon et al., 1987).

The possible function of GAGs in hemopoiesis 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 hemopoietic cells. Gordon et al. (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 cultured stromal layers. Similarly, in
mouse marrow stroma, heparan sulfate possesses the ability to
adsorb both GM-CSF and interleukin-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 sulfate (present in the culture medium)
synthesis with beta-D-xylosides (Nagasaka et al., 1989) increases
the production of hemopoietic stem, progenitor and differentiated
cells in the non-adherent fraction (Spooncer et al., 1983).

The presence of fibronectin and alkaline phosphatase activity
was not correlated with the hemopoietic activity of an organ.
Evidence is available that fibronectin is present at adhesion sites
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 fibronectin is
present in higher amounts than intracellular fibronectin is in
agreement with results of Zuckerman and Wicha (1983). They could
not detect any intracellular fibronectin in stromal cells of 4-week-old
BM LTC. The presence of intracellular fibronectin in our adult BM
LTC, although low, could be the result of a higher sensitivity of our
method. A cellfree three-dimensional fibronectin matrix is unable to
support in vitro hemopoiesis. Whether fibronectin is an essential
component for hemopoietic 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 etal., 1987). Perhaps stromal cells from neonatal liver and
adult bone marrow which exhibit a lower proliferation activity, tilt the
balance towards differentiation and start to produce «excessive»
proteins. High levels of fibronectin might be a sign of a more
advanced differentiation.

The prominent cell type in the adherent layer is the stromal
fibroblast-like cell (Dexter et al., 197 7). Alkaline phosphatase (ALP)
is present in this cell type and is associated with granulocytic
activity (Wilson et al., 1981, Tavassoli et al., 1983; Gualtieri et al.,
1984; Broudy et al., 1986; Liesveld et al., 1989). Our results do not
show a clear correlation between ALP activity and the hemopoietic
activity of an organ.

In the CFU-f colanies, the ALP activity is inversely 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 was absentin fetal



liver CFU-f colonies but present in fetal liver LTC gives evidence that
the differentiation state of the stromal cells might be involved.

The results indicate that in each of the considered organs the
fibroblast-like cells form a heterogeneous population containing
ALP-positive and -negative cells. This heterogeneity was 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 during
osteogenesis. The presence of ALP activity in liver cultures shows
that ALP also has 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 ofthe 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 non-phagocytic fibroblast-like cells
from adult bone marrow. Positive staining for ACP has also been
described by others (Gualtieri et al., 1984; Broudy et al., 1986).
Differences in culture conditions might explain the difference.

The presence of myeloperoxidase (MP)-positive cells indicates
the presence of hemopoietic cells adhering to the stromal layer.

Only the adherent layer of adult bone marrow LTC contained MP-
positive cells, although differentiated granulocytes (demonstrated
by May-Grinwald-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.

Inthis study, stromal cultures (CFU-fand LTC) from liver and bone
marrow, corresponding to different hemopoietic activities, were
used to investigate the importance of certain cell types and
extracellular matrix components in the hemopoietic process.

Results indicated that culture conditions for CFU-f colony growth
select a stromal cell population, the characteristics of which are
maintained inthe confluent stromal layers which supporthemopoiesis
in vitro.

Two components showed a positive correlation with the
hemopoietic activity: macrophages and GAGs (sulfated and non-
sulfated) were present in high amounts in fetal liver and adult bone
marrow. In contrast, the presence of fibronectin and alkaline
phosphatase was assumed to be related to the differentiation or
proliferation stage of the stromal cells.

Our model using hemopoietic active and non-active cultures
proved to be useful in the study of the stromal micro-environment.
Further investigations are needed to improve our knowledge of the
specific role of each component in hemopoiesis.

Materials and Methods

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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Collection of cells

Fetal mice at 13 days of gestation, 2-day-old neonatal mice and adult
mice (12 weeks old) were used. Adult mice were Killed by cervical dislocation
and young mice with chloroform. The hemopoietic 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).

CFU-f: short-term clonal assays from stromal cells

This technique has previously been described in detail (Van Den Heuvel
et al., 1987).

Briefly, bone marrow or liver cells were suspended in alpha-MeM
supplemented with 10% horse serum, 10% fetal calf serum and 100 pg/ml
gentamicin (all from Gibco). 1 ml aliquots containing 2x106 cells were
inoculated in 35 mm petri dishes.

Replicate cultures were incubated at 37°C in a 5% CO» humidified
atmosphere for 10 days. Cultures were fed twice by total replacement of the
medium.

Long-term cultures

Cells were inoculated (2x106 cells/ml/well) in 24-multiwell petri dishes.
Alpha-MeM medium was used enriched with 10% horse serum, 10% fetal
calf serum, 1% L-glutamine, 100 ug/ml gentamicin and 106 M hydrocortisone
sodium hemisuccinate (all from Gibco, Belgium)(Van Den Heuvel et al., 1988).

Cultures were grown in a humidified 7% CO2 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 were examined.

Cytochemical studies
Stromal CFU-f colonies and confluent adherent layers were examined for
several cell types and some extracellular matrix components.

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 um) (15 pl 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-Grinwald-
Giemsa (Castro-Malaspina et al., 1980; Wilson et al., 1981). Afterincubation
only a few particles were associated with fibroblastoid cells, while
macrophages contained abundant latex.

Alkaline phosphatase

Cultures were fixed with cold 4% formaldehyde in absolute methanol
(min). Adherent cells were stained for the presence of alkaline phosphatase
using naphtol AS-Bl 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 (TRAP) and resistant phosphatase.
Cells which stain in the presence of tartrate (TRAP-positive cells) may be
related to osteoclasts. This isoenzyme is characteristic for osteoclasts in
the mouse (Van de Wijngaert, 1986).

Sulfated (5-GAGs) and non-sulfated glycosaminoglycans (non-S-GAGs)

Cultures were fixed with a solution of 4% para-formaldehyde and 0.2%
sodium acetate. A Feulgen hydrolysis (1 N HCI, 60°C, 10 min) excludes
possible DNA interference. Cultures were incubated for 18 h in a mixture of
the meta- and para-isomeres of N ,N-dimethyl-phenyleendiamine, which
stains the sulfated GAGs. Subsequent staining for both sulfated and non-
sulfated GAGs with Alcian Blue 8GX (3%) (pH 2.3) distinguished between
sulfated (purple) and non-sulfated GAG's (light blue) (Scott et al., 1964, Spicer,
1965). Positive controls involved the staining of femur ends of mice. GAGs
have been demonstrated in bone marrow stroma in situ (Oguri et al., 1987;
Gordon, 1988).
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Fibronectin

Adherent layers were immunchistochemically stained for intracellular
and extracellular fibronectin (fn) by the 3-step peroxidase-anti-peroxidase
(PAP) technique.

The medium was decanted from the confluent cultures and 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 4% paraformaldehyde
for 15 min at room temperature. After fixation cultures were washed 3 times
in PBS. Endogenous peroxidase activity was destroyed by incubation for 20
min with 0.3% hydrogen peroxide (H202) in PBS and cultures were washed
again.

Rabbit anti-fn |gG 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) was used 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 fnwas visualized after the addition of 3.3'-diaminobenzidine
tetrahydrochloride (0.2 mg/ml)in 0.03M H202 (15 min atroom temperature)
which is converted by the peroxidase reaction into a brown insoluble
precipitate.

Quantitative amounts of intracellular, extracellular and soluble fibronectin
were measure 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 supernatants containing
unbound antibodies were added to the fibronectin-containing wells. Goat
anti-Rabbit IgG, Rabbit antiperoxidase-peroxidase and orthophenylendiamine
reagent (490nm) were added. With a photospectometer (490 nm) the
number 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 min and
stained for the presence of myeloperoxidase (Yam, 1971) (Sigma kit n?
391).

Quantification of results

Using CFU-f colonies, quantification of a feature is possible by counting
the number of positive and negative colonies.

Using confluent stromal layers, long-term cultures from different organs
are compared to one another. A feature is expressed then in relative
amounts, indicated with +.

+: a small number of positive cells or staining of a small area

++: a moderate number of positive cells or staining of a moderate area

+++: @ large number of positive cells or staining of a large area

++++: avery large number of positive cells or staining of a very large area
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