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Abstract. The marrow stromal fibroblast (MSF) popula- 13]. At least some of the CFU-Fs have been identified ac
tion has been shown to include precursor cells for at leagputative pluripotent stromal stem cells capable of both con
five types of connective tissue: bone, cartilage, adipose tistinuous proliferation and differentiation into several direc-
sue, fibrous tissue, and hematopoiesis-supporting reticuldions [3].
stroma. In this study, growth requirements for MSF colony In steady state conditions in adult animals/ivo, CFU-
formation were studiedn vitro. In order to exclude the Fs are mostly in the Gstage of the cell cycle [14-17], and
influence of nonadherent cells, after a period of initial ad-little is known about the factors that trigger them into pro-
hesion of bone marrow cells in serum-containing mediumliferation and support the growth of their immediate descen
nonadherent cells were removed. Further cultivation waslants. However, mechanisms controlling MSF proliferation
carried out in either serum-containing or serum-free condimay have both basic biological significance and importan
tions, with or without feeder cells (irradiated bone marrowclinical implications, including treatment of osteoporosis,
cells). This approach revealed differences between animailon-unions, and gene therapy.
species in initial MSF growth requirements. kerum- The question of MSF growth control is now recognized
containingconditions, mouse MSF precursor cells (colony-as an important issue. In most cases, however, this proble
forming units-fibroblast, CFU-Fs) were shown to be feederhas been studied in cultures where marrow cells were ini
cell dependent: MSF colonies were formed only in the prestially plated at high density (over 10 x 4@m? for mice and
ence of feeder cells. Guinea pig CFU-Fs were partiallyguinea pigs, ove6 x 10¥/cny for humans), and MSFs were
feeder cell dependent, whereas human CFU-Fs were feedeultured in constant contact with nonadherent cells and/o
cell independent. Irserum-freeconditions, CFU-Fs of all serum. In these conditions, CFU-F proliferation is inevita-
three species were feeder cell dependent. The differendady influenced by nonadherent marrow cells [16, 18—22], as
between the growth requirements for mouse and humawell as by numerous serum-derived activities. In this paper
MSFs was not caused by serum origin or concentrationin order to study directly MSF growth contrinl vitro, rela-
feeder cell origin, or differences in the preparation of mar-tively low numbers of marrow cells were plated (2.0-6.0 x
row cell suspensions. 10*cm? for mice and guinea pigs, 0.4-1.6 x “i€h? for
humans) and, after initial adhesion, nonadherent cells wer
Key words: Marrow — Stromal — Fibroblast — Colony removed. Cultivation was continued in either serum-
— Formation. containing or serum-free conditions, with or without addi-
tional feeder cells (irradiated marrow cells). Using this ap-
proach, a substantial difference between the growth require
ments for mouse and human MSFs was found. Possibl
Marrow stromal fibroblasts (MSFs) are develogadvitro ~ mechanisms of this species difference, as well as its possib
when bone marrow tissue is cultivated [1-3]. After manyapplications to bone cell biology, are discussed.
passagesn vitro, MSFs can form at least five types of
connective tissue when transplantedivo: bone, cartilage,
fibrous tissue, adipose tissue, and hematopoiesis-supportingaterials and Methods
reticular stroma [3-7]. If bone marrow is plated as a single
cell suspension, discrete MSF colonies are formed. EacByeparation and Explantation of Marrow Cell Suspensions
colony is a cell clone produced by proliferation of a single
precursor cell (colony-forming unit-fibroblast (CFU-F) ) [5, cBA/JCR or FVB/N mice (6-10 weeks old), and Hartley guinea
8, 9], it is the progeny of CFU-Fs that are designated agigs (5-10 weeks old) were sacrificed by Cidhalation in com-
MSFs. CFU-Fs are not related to the hematopoietic stemliance with the “Guide for the Care and Use of Laboratory Ani-
cell, and represent a separate cell lineage(s) of a mesenchyals” (small animal protocol #84-92). Bone marrow from femo-
mal nature [10-12]. When individual MSF colonies (with- ral, tibial, and humeral medullary cavities was flushed with
out passaging) or Sing'e_co|0ny_derived MSF strains (Obﬂ'modlfled Minimum Essential MedlUITDLMEM, Life Technolo-

tained by multiple passages) are transplainedvo, part of gies, Grand Island, NY). Fragments of normal human bone derive
: : : : ; . from femur neck or ileum were obtained from patients of different
them give rise to several tissues, including bone [5, 6, 9age (4.5-60 years) during the course of corrective surgery unde

appropriate NIH IRB procedures. Bone marrow was removed witt
a steel blade into medium. Single cell suspensions from mouse
— guinea pig, and human marrow were prepared by passing cell
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through a cell strainer (#2350, Cat. #21008-952, Becton Dickin-tween days 10 and 14 with methanol and stained with an aqueot
son, Franklin Lakes, NJ). Marrow cells were plated into 25 cm solution of saturated methyl violet (Sigma, St. Louis, MO). Colo-
plastic culture flasks (Cat. #29184-801, Becton Dickinson) in 5 minies were counted using a dissecting microscope, and colony
of medium at the following initial numbers: for mouse, 6-15 ®;10 forming efficiency (number of MSF colonies p& x 1¢° marrow

for guinea pig, 5-15 x 1 for human 1-4 x 1®marrow nucleated cells plated) was determined by counting colonies containing 50 o
cells per flask. These cell numbers were low enough to permit thenore MSFs. Analysis of variance was performed and posttest corn
removal of practically all nonadherent cells as described belowparison was done using the Bonferroni multiple comparison test
and still, in optimal culture conditions, gave rise to equal numberDifferences were considered statistically significanPik 0.05.

of MSF colonies for all species, at a sufficient level for statistical

analysis.

Results

Media Composition L - .
MSF Colony Formation in Serum-Containing Conditions

Media of two different compositions were used: serum-containing

medium and serum-free medium. Both consistedMEM, glu-  Discrete MSF colonies begin to appear on the 3rd-4th day o

tamine (2 mM), penicillin (100 U/ml), and streptomycin sulfate cytivation as groups of two to four cells. After 5-6 days,

(100 wg/ml, all Biofluids, Rockville, MD). Serum-containing me- ha nymber of colonies remains stable, but the colony siz

dium also included 20% (unless indicated otherwise) fetal bovin : : L
serum (FBS) (Becton Dickinson or Atlanta Biologicals, Norcross,qncre"’lseS with culture age. At the point of fixation, most

GA) from preselected lots, or 20% heat-inactivated newbornc0lonies have acquired macroscopic appearance and contz
mouse serum (Cocalico Biologicals, Reanstown, PA), rat serum, oseveral hundred to several thousand MSFs. Cell morphol
guinea pig serum (both Becton Dickinson). Selected FBS lots wer@gy, though basically fibroblastic, differs from colony to
chosen based on their ability to maximally stimulate MSF colonycolony, as well as the cell size and colony structure. In
numbers in mouse marrow cell cultures. Guinea pig and humamouse cultures, some colonies contain cells with prominen
mgFSSéé?:UggsleelseSC?gSSl'gtvse, éZ?L\;VrﬁCirtehg %e:éigﬁmggnqg};%fgsovgy id droplets. Macrophage-like cells are abundant in mous

A : : - ained V.o¢yltures and much less prominent in guinea pig and huma
'1T255 rg%c"t"r"‘;’ras?e'?r?;efz' g rrgg Ee?(ejrf%?s' 6"@3 Jfggesr b%(\)/irg'sg‘riﬂ“ cultures. They can be easily distinguished from MSF colo-
albumin 2.5 g, linoleic acid, 10.7 mg), unless indicated otherwise N1€S by both cell morphology (much smaller size, small dark
nucleus without visible nucleoli, round or stellate cyto-
plasm) and scattered growth pattern.

MSF colony-forming efficiency values in total cultures
(mean = SEM) are for mouse, 0.10 £ 0.04 (range 0-0.2); fo
Three types of cultures were used: total cultures, adherent seruruinea pig, 7.9 + 1.3 (5.0-11.8); for human, 31.7 + 3.3
containing cultures, and adherent serum-free cultures. In total cuk18.7—65.0). Values in adherent serum-containing culture
tures, the entire population of marrow cells was plated into serumplus guinea pig feeder cells are for mouse, 4.4 + 0.7 (rang
containing medium and left undisturbed until the time of harvest,2.0-14.5); for guinea pig, 6.2 + 1.0 (3.5-9.4); for human,
10-14 days later. To produce adherent serum-containing cultureps 2 + 3.9 (13.0-56.5). In both total cultures and adheren
cells were incubated for 2.5-3 hours at 37°C in Serum'coma'“'“%erum-containing cultures without feeder cells, mouse MSF

medium to allow attachment of adherent cells. It has been showl _ : - ‘e cinnifi ; _
previously that under these conditions more than 90% of the CFUEOIOHy forming efficiency is significantly lower than in ad

Fs become adherent [11, 16]. After this unattached cells Wer@erent serum-containing cultures plus QUIOnea pig feede
aspirated, and cultures were washed vigorously with three to fouf€!lS (Fig. 1). Thus, in the presence of 20% FBS, moust
portions of DMEM (Biofluids). With the marrow cell densites MSF colonies are essentially formed or;Iy in the presence o
employed in this study, no more than several hundred nonadherehigh numbers of feeder cells (1-1.5 x‘1@er flask in ad-
cells per flask were left after three to four vigorous washings.herent cultures plus feeder cells). In other words, mous
Fresh serum-containing medium was then added for further cultiCFU-Fs are feeder cell dependent.
vation of the adherent cells. For adherent serum-free cultures, the Guinea pig MSF colony-forming efficiency in total cul-
adhesion and washing steps were the same as in serum-containifigres s significantly higher, and in adherent serum-
?L;‘Jttﬁé‘?%uﬁf\}aggﬁr washing, serum-free medium was added fogqntaining cultures without feeder cells significantly lower
‘ than in adherent serum-containing cultures plus feeder cell:
Thus, it would appear that guinea pig MSF colony forma-
tion drops when nonadherent cells are removed and is re
stored when feeder cells are added. But in contrast t
In some experiments, feeder cells (1-1.5 ¥ aQcleated cells per Mouse, even small numbers of marrow nonadherent cell
flask) were added to cultivation medium of adherent cultures jus{5—15 % 16 cells per flask in total cultures) are sufficient to
after washing. Feeder cells were guinea pig or human bone marroflly stimulate guinea pig MSF colony formation. There-
cell suspensiongy-irradiated with 6000 R to prevent cell prolif- fore, guinea pig CFU-Fs can be called partially feeder cel
eration. In numerous previous experiments, it was shown that inlependent.
mouse cultures, maximum MSF colo%numbers were reached at Human MSF colony-forming efficiency is the same in
1-1.5 x 10 guinea pig feeder cells/25 Crtask. Increasing feeder  adherent serum-containing cultures plus feeder cells and |
cell number did not further stimulate colony formation, and feeo'eradherent serum-containing cultures without feeder cells
cell numbers ove3 x 10" suppressed it. (less tha 1 x 16 nonadherent cells per flask). Thus, in the
presence of 20% FBS, human MSF colony formation doe:
not need nonadherent cells and is not further stimulated b
feeder cells; human CFU-Fs are feeder cell independen

After the adherent cultures were washed, and a fresh mediunhN€ decrease of MSF colony-forming efficiency in guinea
(either with or without feeder cells) was added, there were no othePig and human adherent serum-containing cultures plu
medium replacements. Cultivation was performed at 37°C in deeder cells compared with total cultures cannot be ex
humidified mixture of 5% CQ with air. Cultures were fixed be- plained by a supposition that many CFU-Fs are left unat:

Culture Types

Feeder Cells

Culture Conditions, Fixation, Statistical Analysis
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Fig. 1. MSF colony formation in serum-containing conditions.
Medium in total cultures, as well as both adhesion and cultivation Adherent Adherent Adherent
medium in adherent serum-containing cultures, contained 20% serum- serum-free  serum-free
FBS. MSF colony-forming efficiency values are shown as percent- containing cultures w/o  cultures +
age from mean values of adherent serum-containing cultures + cultures + feeder cells  feeder cells
guinea pig feeder cells for corresponding animal species which are feeder cells

designated as 100%. Each bar represents mean + SEM of the o

following number of cultures: mouse 10, guinea pig 6, human 12Fig. 2. MSF colony formation in adherent serum-free cultures. In

Statistically significant differences (from corresponding adheren@dherent serum-free cultures, adhesion medium contained 20

serum-containing cultures + feeder cellsp ¥ 0.05; ** P < FBS whereas cultivation medium contained 0.5% IT8ISF

0.001. colony-forming efficiency values are shown as percentage fron
mean values of adherent serum-containing cultures + guinea pi
feeder cells for corresponding animals species which are desic

tached after 2.5—-3 hours of adhesion. Marrow CFU-Fs ar@ated as 100%. Each bar represents mean + SEM of the followin

highly adhesive, with more than 90% of them becominghumber of cultures: mouse 12-18, guinea pig 10-16, human 81

adherent in 90 minutes, as previously shown by others [16 tatistically significant differences (from correspondlrlg*adherenl

and confirmed in our laboratory. Rather, this decrease ma: e(;gT'Coma'n'”g cultures + feeder cellsp % 0.05; **P <

be attributed, at least partially, to the detachment of some ™™

CFU-Fs during vigorous washing.

MSF Colony Formation in Serum-Free Conditions gous and allogenic origin) are used, MSF colony-forming

; : efficiency is nearly identical to cultures with guinea pig

In adherent serum-free cultures (adhesion medium wit NS
20% FBS, cultivation medium with (0_5% IT50f all three eeder cells, and MSF colony formation is still feeder cell
Iaﬁ

- : ; ependent in both serum-containing and serum-free cond
species, no colonies are formed without feeder cells. On r?s (not shown). In human culturesg guinea pig feeder cell
scattered macrophages and an occasional single fibrobl ve been shown to be less suppor,tive of MSF colony for
can be seen throughout the cultivation period. MSF colony-m

; L A : . tion than either other xenogeneic (rabbit and rat) or au
forming efficiency is significantly restored when guinea pig a - - .
feeder cells are added (Fig. 2). Thus, in serum-free Condit_ologous feeder cells [23]. Therefore, it seemed possible the

tions, CFU-Fs of all three species are feeder cell depende utologous feeder cells could increase human MSF colony

i fficiency in serum-containing conditions, thus
In adherent serum-free cultures plus feeder cells, most MS rming € . )
colonies contain 50-200 cells and are much smaller tha endering human CFU-Fs to become partially feeder cel

those developed in serum-containing conditions. If serum i ependent. The effect of guinea pig and autologous feed

; ; P . ells in human adherent serum-containing cultures wa
omitted from both the adhesion and the cultivation medium : :
no MSF colonies are formed in cultures of any speciesbompared' If the mean value of MSF colony-forming effi-

tiency in cultures without feeder cells is designated a
whether or not feeder cells and IT&re added (not shown). OO%y(SEM= 5.1, 10 flasks). in cultures with gtﬂnea pig

Since mouse CFU-Fs are feeder cell dependent in seru ceder cells it is (mean + SEM) 83.2 + 9.0% (nine flasks),

containing conditions, in contrast to human CFU-Fs, it is nd in cultures with autologous feeder cells itis 91.1 + 3.8%
possible that this difference Is caused by the origin of eithe four flasks). These differences are not statistically signifi-
feeder cells or the serum, by serum concentration, or b ! ; .

: . . _~tant. Thus, human CFU-Fs are feeder cell independent i
different methods of marrow cell suspension pr.ep"ir"it'(mSerum—containing conditions, irrespective of feeder cell ori-
These possibilities were investigated in the experiments dez: '

scribed below. n.

MSF Colony Formation with Xenogeneic and Autologous

Feeder Celis Mouse MSF Colony Formation with Sera of Different Origin

In mouse cultures, when mouse feeder cells (of both autolot is known that Artiodactyla (even-toed ungulates, includ-
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W Yo feeder which MSF colony numbers in cultures with feeder cells

would be significantly higher than in cultures without them,
that is, at no FBS concentration do human CFU-Fs becom
feeder cell dependent. In cultures both with and without
feeder cells, MSF colony-forming efficiency increases in a
dose-dependent manner in parallel with FBS concentratiol
and reaches a maximum at 20% FBS, in agreement witl
earlier findings [16]; then it declines to almost 0 at 90%
FBS. In addition, no colonies are formed in serum-free
groups (0% FBS and, in these experiments, no*)Tig-
gardless of feeder cell presence. The same is true for mous
adherent serum-free cultures: if cultivation medium has nc
ITS*, no MSF colonies are formed, both with and without
FBS concentration, % feeder cells (not shown).

Fig. 3. Human MSF colony formation with various FBS concen-

trations. Per 25 cfflask 3 x 1 human marrow cells were

plated. After adhesion in medium with 20% FBS and washing,Mouse MSF Colony Formation After Different Time Intervals

cultivation was carried out in medium with different FBS content, Between Bone Withdrawal and Marrow Cell

with or without guinea plg feeder cells. In the group with 0% FBS, Suspension Preparation

no ITS" was added to the cultivation medium. Results of one of

two representative experiments are shown. Each bar represents (Fl] . )

mean of three flasks + SEM. Statistically significant differences The preparation of mouse marrow cell suspension bega

(of groups without feeder cells with various FBS content from theseveral minutes after bones had been removed, where:

group without feeder cells + 20% FBS):P%< 0.01, **P < 0.001. ~ human bones were usually kept 4-8 hours at +4°C durin

Differences between group pairs with the same FBS content argransportation from a hospital. Consequently, it was con

statistically not significant, except for the pair with 30% FBS(  ceivable that human CFU-Fs could be stimulatedsitu

0.001). prior to tissue dissociation. To study this possibility, MSF
colony-forming efficiency was compared in adherent se-
rum-containing cultures of mouse marrow cell suspension

_prepared 10 minutes and 6 hours (at +4°C) after bones ha
en removed from the same animal. In 10-minute groups
lues of MSF colony-forming efficiency (mean + SEM)

re 3.2 + 0.3 with feeder cells, 0.3 £ 0.06 without them; in

-hour groups, correspondingly, 3.2 £ 0.4 and 0.1 + 0.0¢€
four flasks per groupP < 0.001 between groups 1 and 2,
and 4). So, in both settings, mouse CFU-Fs are feeder ce

gependent. In addition, if human cells are obtained by mar
ow aspiration (Protocol 94D-0188) and plated immedi-

+ feeder

Number of MSF colonies

ing cows) are evolutionary and biochemically closer to Pri
mates than to Rodentia. It seemed therefore possible th
some components of FBS could be recognized by humati
but not mouse CFU-F receptors, thus rendering mous
CFU-Fs in need of an additional stimulation provided by the
feeder cells. If so, mouse CFU-Fs would be feeder cel
independent with serum of rodent origin. The fact that rabbi
CFU-Fs are feeder cell dependent in cultures with FBS bu
feeder cell independent with autologous rabbit plasma [6 " : .
seemed to support this supposition. To address this que&tely: CFU-Fs da_tre still feedr(ler cell independent in serum.
tion, MSF colony formation was compared in mouse adhercontaining conditions (not shown).
ent serum-containing cultures with 20% FBS versus 20%
rodent sera. Available lots of rat and newborn mouse sera do. _
not support mouse MSF colony formation, either with or Discussion
without feeder cells (not shown), in accordance with a pre-
vious observation [24]. With guinea pig serum, values ofThe fibroblastic nature of MSFs has been well established
MSF colony-forming efficiency (mean £ SEM) are 77.8 £ Along with fibroblast morphology, they share a variety of
7.2% with feeder cells, and 0.4 + 0.4% without them; in fibroblast features and lack basic characteristics of endothe
corresponding cultures with FBS 100 = 4.8% and 3.6 #lial cells and macrophages [11, 16, 26—30]. The clonal ori-
1.3% (six flasks per grouf? < 0.001 between groups 1 and gin of MSF colonies has been demonstrated as well [5, 8, 9]
2, 3, and 4). This result shows that feeder cell dependendadividual MSF colonies differ in both phenotypic capaci-
of mouse CFU-Fs in serum-containing conditions is notties, as revealed b vivo transplantation [6, 9, 13], and
caused by the species origin of the serum. morphological/biochemical characteristics [3, 4, 31, 32]. At
present, however, there are no specific markers available 1
link those parameters, consequently classification of differ-
Human MSF Colony Formation with Various ent MSF colony types remains obscure, as well as the hi
FBS Concentrations erarchical relationships in the precursor (CFU-F) popula-
tion. These types of cataloging experiments must await th
It has been shown previously that maximum MSF colony-development of specific markers which will be able to de-
forming efficiency in mouse cultures is achieved at 10-20%ineate precursor cells that will at some point become com
FBS [25]. Here, it has been shown that even with optimalmitted to different phenotypic lineages. In the present study
FBS concentration, mouse CFU-Fs are still feeder cell deno attempts were made to distinguish between differen
pendent. Maybe, vice versa, human CFU-Fs would becomypes of MSF colonies. Nor were we able to determine
feeder cell dependent at suboptimal serum concentrationsthether a particular culture condition selected one type o
In human adherent cultures, after adhesion was carried o@FU-F over another or changed characteristics/differen
in medium containing 20% FBS, cultivation was carried outtiation patterns of individual MSF colonies. To reveal dif-
in medium with various FBS content, from 0% to 90% (Fig. ferences between the colonies, much longer cultivatior
3). The results show that there is no FBS concentration aimes, together with a variety of culture conditions, would
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be necessary, interfering with our defined goals to studythereby bypassing the need for feeder cell factor(s) in cul
initial growth requirements. tivation medium. Finally, it cannot be excluded that mouse
In addition to MSFs, marrow adherent cells include mac-and human CFU-Fs require completely different activities
rophages [8, 16, 26] or macrophages plus endothelial cellto begin proliferation.
[28, 33]. Though MSFs can stimulate proliferation of both ~ To our knowledge, results reported here present the firs
of those types [27, 29], there is no evidence of a revers@nding of different growth requirements for mouse and hu-
effect. On the other hand, marrow nonadherent cells havé'an MSF proliferationin vitro. However, similar obser-
been shown to both directly influence MSF proliferation vations have been known for other systems in which MSF:
[16, 18-21] and mediate effects of factors under investigaplay a prime role. In long-term bone marrow cultures where
tion [22]. Thus, in studies of MSF growth or differentiation hematopoiesis support is provided by a layer of adherer
in vitro, the resultant effect is always the sum of two factors:Cells, including MSFs, optimal conditions are different for
changes/conditions of CFU-Fs themselves and changeBpic€ and humans [35]. It has been relatively easy to dem
conditions of accompanying nonadherent cells. For direcﬁ”strate the osteogenic capacity of rodent, but not of adul
studies of CFU-F growth contrah vitro, nonadherent cells numan MSFs, by using standard culture conditionsifior
must be mostly removed. For this purpose, we used adhellr0 expansion prior to intraperitoneal implantation into
ent cultures from which the vast majority (greater than 99%)diffusion chambers [1, 4, 9, 36]. To demonstrate bone for-
of nonadherent cells was removed by repeated washings.ation by adult human MSFs, more sophisticated culture
An attempt was also made to minimize MSF contactcond't'ons and transplantation techniques must be employe
with serum. At present, we have been able to exclude serufgl3/] and Krebsbach, et al., in preparation). Our methods

s e d results are useful for beginning to understand and so
from the cultivation stage, though it is still necessary for the n . . iy
initial period of marrow cell adhesion, indicating attach- out those differences, as well as for developing condition

ment of a factor(s) to the plastic and/or the cells. Interest—fac'l'tatIng bone formation by transplanted human MSFs

: . h . after theirin vitro expansion. Moreover, they suggest that
ingly, the tissue culture plastic can be pretreated with Serunyy, o413 concerning cell regulation in mouse models of bon

washed, and serum factor(s) bound by plastic will still Sup-gigorders such as osteoporosis, should be applied to hum:
port MSF colony formation (not shown). If serum is com- 8iseases ,very cautiously. '

pletely absent during cell/plastic preparation, adhesion, and |, conclusion. mouse guinea pig, and human MSF

cultivation, no MSF colonies are formed in our system, NOcqjony formation was compared in cultures both with and
matter what other components are added. If serum is preseWQithout marrow nonadherent cells and serum; using this
during both adhesion and cultivation, mouse CFU-Fs argpnroach, a substantial species difference in MSF growti
feeder cell dependent, indicating that besides serum, theﬂé)quirements was found. MSFs, at least in part, are believe
need an additional activity provided by irradiated marrowtg he early bone cell precursors; hence, further investiga
cells. Human CFU-Fs are feeder cell independent and neegbns of mechanisms controlling their proliferation could

no other stimulating activities for proliferation. If serum is shed additional light upon many questions of bone physi
present during cell adhesion but absent during cultivationglogy and pathology.

CFU-Fs of all species studied require both feeder cells and
ITS* for MSF colony formation; neither feeder cells nor

. Y
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