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Summary. The synovial membrane (SM) is a source of mul-
tipotent mesenchymal stem cells (MSCs), which appeared
microscopically to be a relatively homogeneous population
of fibroblast-like cells (FCs) in culture (De Bari ef al., 2001).
The aim of this study was to investigate phenotypic charac-
teristics of the SM-derived FCs (SD-FCs) that could eluci-
date their origin inside the synovial tissue. Morphological
characterization of SD-FCs was assessed by electron
microscopy and by expression of surfactant protein A (SP-
A). This study, yielded substantial evidence that SD-FCs
show ultrastructural and immunocytochemical features of
type B synoviocytes; they contained characteristic lamellar
bodies (LBs) that are secreted by exocytosis. LB secretion
ability was maintained upon passaging (P3-P10). Immuno-
cytochemistry showed that SD-FCs express surfactant pro-
tein A (SP-A). Taken together, these results indicate that
multipotent SD-MSCs may originate from the synovial
lining, having a phenotype highly similar to that of type B
synoviocytes. We believe our data highlight the potent ability
of type B synoviocytes to have a multilineage differentiation
potential.
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Introduction

The human synovial membrane (SM) is composed of a cel-
lular lining layer adjacent to the joint cavity (‘lamina syn-
ovialis intima’) and a supportive layer (‘lamina synovialis
subintima’) that merges with the fibrous layer of the joint
capsule. The cellular lining layer comprises two cell popu-
lations loosely set in a specialized extracellular matrix:
bone marrow-derived macrophage-like (type A) synovio-
cytes, and locally derived fibroblast-like (type B) synovio-
cytes. Type B synoviocytes show the ultrastructural fea-
tures of active, protein-producing cells (Kurz and Schiinke,
1997; Shikichi et al., 1999; Iwanaga et al., 2000) and are
principally involved in the secretion of collagen, fibronectin,
lubricating glycoproteins, and hyaluronic acid into the
interstitium and joint cavity (for review, see Ghadially,
1982, 1983).

Human fibroblast-like type B synoviocytes are character-
ized by the presence of lamellar bodies (LBs) that are
secreted by exocytosis into the synovial fluid (Dobbie et
al., 1994, 1995; Dobbie, 1996; Riemann et al., 2001, Van-
denabeele et al., 2001). In this respect they differ signifi-
cantly from other classes of fibroblasts, e.g. subintimal
fibroblasts.

LBs were first described in the type II pneumocytes of
the alveolar septa (Stratton, 1976a, b, 1977; Kalina and
Young, 1980; Stratton et al., 1988). Their presence is a car-
dinal clue in the identification of surfactant-producing cells,
in which they represent newly synthesized surfactant
(Telford and Bridgman, 1990). LBs consist of very regular-
ly arranged concentric lamellae (lipid bilayers) around an
electron-dense matrix core (the surfactant matrix) and have
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an average bilayer periodicity of 5 nm (Stratton, 1976a, b,
1977; Kalina and Young, 1980; Stratton et al., 1988). Sur-
factant is a lubricant secreted by the exocytotic extrusion of
LBs (Stratton, 1978). It is composed of approximately 10%
protein and 90% lipid, of which the largest portion is satu-
rated phospholipid (Hills, 1989; Rooney et al., 1994;
Schwarz and Hills, 1996). The phospholipids are synthe-
sized in the rough endoplasmatic reticulum (RER) and
transported to the Golgi apparatus, and then transferred to
the LBs, for their storage (Schmitz and Miiller, 1991; Risco
et al., 1994). Surfactant contains unique apoproteins desig-
nated as surfactant proteins (SP)-A, SP-B, SP-C, and SP-D
(Rooney et al., 1994). SP-A is the most abundant and the
best characterized apoprotein of the LB, and is a reliable
marker for surfactant-producing cells.

There is substantial evidence that pulmonary surfactant
phospholipids and SP-A are present in a number of tissues,
including gastric and intestinal mucosae, mesothelial tis-
sues (mesentery, peritoneum, and pleura), the Eustachian
tube, and synoviocytes (Dobbie et al., 1994; Karchev et al.,
1994: Dobbie, 1996; Bourbon and Chailley-Heu, 2001;
Khubchandani and Snyder, 2001). In vivo, surfactant phos-
pholipids play an important role in boundary lubrication,
facilitating tissues to slide over each other (for review, see
Hills, 2000). This lubrication system is particularly impor-
tant in synovial joints. The lubricating ability of synovial
fluid is attributed to its relatively high levels of the saturat-
ed surface active phospholipid that is deposited as LBs and
oligolamellar layers at the boundary of the articular surface
(Rabinowitz et al., 1983; Hills et al., 1998; Hills, 1989;
Dobbie et al., 1994, 1995). The expression of SP-A is a
general feature of organs exposed to pathogens; it plays a
role in the host defence at the interface with the external
milieu (Bourbon and Chailley-Heu, 2001). In organs that
are not exposed to external pathogens, its role is likely to
exert anti-inflammatory and immunomodulatory functions,
as suggested by humoral autoreactivity directed against SP-
A in rheumatoid arthritis synovial fluids (Dobbie et al.,
1994; Trinder et al., 2000).

Recently, cultured mesenchymal cells isolated from the
human SM were shown to have the ability to proliferate
extensively in culture and to contain chondrogenic,
osteogenic, myogenic and adipogenic potentials, establish-
ing their progenitor nature (De Bari ef al., 2001). These
SM-derived multipotent mesenchymal stem cells (SD-
MSCs) appeared microscopically to be a relatively homo-
geneous population of fibroblast-like cells (FCs) and may
be promising candidates for joint surface defect repair;
however! their exact nature was not fully elucidated. Adult
MSCs reside in different organs and tissues and are unique
cells with a self-renewal capacity and multilineage differ-
entiation potential. They play a crucial role in tissue repair

and homeostasis.

Given the promising possibility of SD-MSCs as candi-
dates for tissue regeneration, we set out to study the precise
morphology of the FCs in the SD-MSC cultures. The pres-
ent study aims to demonstrate whether the SD-FCs show
the phenotypic characteristics of type B synoviocytes (pres-
ence/secretion of LBs; expression of SP-A immunoreactivi-
ty) which could elucidate their origin in the synovial lining.

Materials and Methods

Isolation and culture of human adult SD-MSCs

Clones of SD-MSCs were isolated from SM-derived cells
established in a primary culture from adult human SM (n =
2 different, unrelated donors). Biopsies of SM were
obtained post-mortem within 12 h of death. Both the har-
vest of synovial tissue and isolation of SD-MSCs were per-
formed as described previously (De Bari et al., 2001).
Experiments were performed using confluent cell popula-
tions of the third to tenth passages. Cells were cultured in a
growth medium consisting of Dulbecco's modified Eagle's
medium (DMEM; Life Technologies) supplemented with
10% fetal calf serum (FCS; Hy Clone Per Bio) and an
antibiotic-antimycotic solution (100 units/m/ penicillin, 100
ug/ml streptomycin, and 0.25 ug/m/ amphotericin B; Life
Technologies) at 37C in a humidified atmosphere of 5%
CO, in T25 culture flasks. The growth medium was
replaced every three days. Non-adhering cells were
removed by changing the growth medium. The attached
cells were harvested with trypsin-EDTA (0.25% trypsin,
ImM EDTA; Life Technologies), and replated at a 1 : 3 di-
lution in the growth medium. At passage 3, SD-MSCs
formed a homogeneous-appearing population of fibroblast-
like cells, negative for the expression of the macrophage-
specific CD14 gene, as determined by a reverse transcrip-
tion-polymerase chain reaction (De Bari et al., 2001).
Human dermal fibroblasts (HDFs) were cultured in parallel
as control cells and kept under identical conditions. All
experiments performed in this study were done between P3
and P10. At each passage, trypsin-released cells were seed-
ed at a density of 2 x 10*m!/ on glass slides for immunocy-
tochemistry, on plastic coverslips (Thermanox®; Electron
Microscopy Sciences) for transmission electron microscopy
(TEM) and on 0.2 um anopore membranes (Nunc® 25 mm
Tissue culture inserts) for scanning electron microscopy
(SEM). Seeded cells were cultured as described above in a
24-well plastic culture plate. As controls, human dermal
fibroblasts (HDFs) were seeded in parallel and kept under
identical conditions.
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Fig. 1. Phase-contrast microscopic findings of SD-FCs. a: An oligodendritic cell with three elongated cell processes
(arrows) and two fibroblast-like cells with broad spread cytoplasm (arrowheads). b: A polydendritic cell with multiple stel-
late cell processes anchored to neighbouring cells (arrows). Bars = 50 um (a) and 100 gm (b).

Immunohistochemistry

Unless otherwise stated, all procedures were performed at
room temperature. SD-MSCs and HDFs seeded on glass
slides allocated for immunohistochemistry were stained
using the peroxidase-based EnVision System”(Dako Diag-
nostics N.V./S.A.; Heverlee, Belgium). After washing in
0.01 M phosphate-buffered saline (PBS), the cells were
fixed in 0.5% glutaraldehyde and 2% paraformaldehyde in
a 0.01 M PBS solution (pH 7.2) for 1 h. The cells were
permeabilized with 0.05% Triton X-100 (Boehringer
Mannheim, Germany) in 0.01 M PBS solution (pH 7.2) for
30 min prior to labelling. After washing three times with
0.01 M PBS solution, the cells were incubated with rabbit
polyclonal anti-human surfactant protein A (SP-A) anti-
body (Chemicon International, Inc; Biognost, Belgium) at a
dilution of 1:4000 in 0.01 M PBS overnight at 4C. After
washing with PBS, cells were incubated with anti-rabbit
peroxidase-conjugated secondary antibodies (EnVision";
Dako Diagnostics N.V./S.A.) for 30 min. A high sensitivity
diaminobenzidine (DAB) chromogenic substrate system
(Dako Diagnostics N.V./S.A.) and Mayers' hematoxylin
were used to visualize the immunoperoxidase and to coun-
terstain, respectively. Cells were coverslipped in an aque-
ous mounting medium. Control SD-MSCs and HDFs were
subjected to the same immunoperoxidase staining, with the
primary antibody omitted.

Electron microscopy

For examination by TEM, SD-MSCs and HDFs from paral-
lel cultures were seeded on plastic coverslips. In addition,
SD-MSCs and HDFs grown in culture flasks were carefully
released from the flash wall with a cell scraper and the sus-
pended cells were collected by centrifugation. The pellets
and the cell-seeded coverslips were fixed overnight in a
solution containing 2% glutaraldehyde in a 0.05 M cacody-
late buffer (pH 7.3) at 4C. The fixative was gently aspirat-
ed with a glass pipette and the cells were postfixed in 2%
osmium tetroxide for 1 h, stained with 2% uranyl acetate in
10% acetone for 20 min, put through dehydrating series of
graded concentrations of acetone, and embedded in araldite
according to the conventional method. Semithin sections
(0.5 m) were stained with a solution of thionin and meth-
ylene blue (0.1% aqueous solution) for light microscopy.
Ultrathin sections were mounted on 0.7% formvar-coated
grids, stained with uranyl acetate and lead citrate, and
examined in a Philips EM 208 transmission electron micro-
scope operated at 80 kV. For SEM, SD-MSCs were grown
on 0.2 um anopore membranes, fixed overnight in 2% glu-
taraldehyde in a 0.05 M cacodylate buffer (pH 7.3) at 4T,
and dehydrated in graded concentrations of acetone. MSCs
were then put through critical point drying, followed by
gold-palladium coating. Cells were viewed in a Philips
XL30 FEG scanning electron microscope.
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Fig. 2. Scanning electron microscopy of SD-FCs. a: A typical example of a SD-FC with a broadly spreading cytoplasm
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and many cytoplasmic projections (arrows) spreading from the front and back ends. Note the varicose tip of a cell process
in direct contact with the cell (boxed area). b: Detail of the boxed area in Figure 2a, showing filopodia (small arrows) and
numerous surface-related globular structures (large arrows). Bars = 10 um (a) and 2 um (b)

Results

A variety of cell morphologies were observed during cul-
ture. Initially, after enzymatic dispersion, the seeded SD-
MSCs were round. Cells attached within the first few hours
of culture. From day 2 onwards, SD-MSCs proliferated and
began to change their morphology by extending cell
processes developing towards FCs with an abundant and
irregularly branched cytoplasm. A majority of SD-FCs
evolved an ‘oligodendritic’ phenotype, with 2-3 elongated
cell processes (Fig. 1a). A minority of SD-FCs transformed
into a “polydendritic’ phenotype, with 4 or more stellate cell
processes, which divided into small terminal branches and
anchored to neighbouring cells (Fig. 1b). Typical fibro-
blasts, with broad sheet-like protrusions of cytoplasm
(lamellipodia), front-to-back-end polarity, and a large dis-
tinct nucleus possessing one or two prominent nucleoli (Fig
la), appeared by day 4 and eventually became the predomi-
nant subtype on day 10. The rounded and ‘polydendritic’
phenotypes persisted with time in culture.

SEM showed SD-FCs to be endowed with filopodia on
their cell surface (Fig. 2b). SD-FCs anchored to the substra-
tum with many cytoplasmic projections at the front and
back ends of the lamellipodia (Fig. 2a). At their tips, the
filopodia and cytoplasmic projections eventually displayed
varicose end bulbs, often in direct contact with neighbour-
ing cells (Fig. 2a, b). Globular structures, averaging 500~
1000 nm ¢, were associated with the lamellipodia and
varicose end bulbs (Fig. 2b).

TEM demonstrated that all SD-FCs displayed character-
istic features of active fibroblasts, with the presence of a
well-developed RER, a prominent Golgi apparatus, abun-
dant membrane caveolae, and a high concentration of actin-
like microfilaments. No significant TEM differences
between the subtypes of SD-FCs could be observed. Cyto-
plasmic lipid inclusions and straight microtubules were fre-
quently seen. Quite frequently a single cilium was seen in a
sectioned SD-FC, arising from one member of a centriolar
pair and extending into the extracellular space (Fig. 3c).
Adjacent SD-FCs were interconnected by gap junctions and
intermediate junctions at the level of the cell extensions
(Fig. 3b). The nuclei were euchromatic. The heterochro-
matin was limited to a thin band near the nuclear envelope.
The nuclei contained one or several nucleoli and displayed
a nuclear fibrous lamina (Fig. 3a).

TEM demonstrated that the SD-FCs contained LBs (Fig.
3a, ¢, 4a). LBs showed a variable morphology, with spheri-
cal or ovoid LBs predominating (Fig. 4a). They averaged
about 500 nm in diameter. In the ovoid LBs the long axis
varied between 400 and 1000 nm. The LBs contained 2 to 8
more or less equally spaced bilayers concentrically sur-
rounding a ‘matrix core’ (sensu Stratton, 1978). The period-
icity of the lamellaec was ca 4 nm. Usually the matrix core
contained electronlucent vesicles and variable numbers of
electron-dense granular material, resembling glycogen
deposits (Fig. 4b, ¢). The lamellae in the LBs formed
closed or open circles. In SD-FCs, spherical LBs containing
concentric closed lamellae were predominant. Different
stages of LB maturation could be observed in the same cell
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Fig. 3. Transmission electron micrographs of SD-FCs. a: A nuclear fibrous lamina (small arrows), distended cisternae of
the RER (=) and LBs (large arrows). b: Gap junction (small arrow) and intermediate junction (large arrow). ¢: LB in the
process of extrusion into the extracellular space (large black arrow). Note the cilium arising from one member of a centrio-
lar pair projecting into the extracellular space (small arrow) and the variable morphology of LBs (large white arrows).

Bars = 500 nm (a, b) and 1000 nm (c)
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Fig. 4. Transmission electron micrographs of LBs. a: LBs are extruded by exocytosis (small arrows) into the growth medi-
um and eventually appear on the cell surface (large arrow). b and ¢: LBs at different stages of maturation. Mature (B) and
immature (A) LB present in the same cell are shown in b, A typical example of an immature LB with a projection core
(asterisk), a band of peripherally located compact lamellae (black arrow), and a second band of concentric lamellae (white
arrow) surrounding the matrix core is shown in ¢. Note the glycogen-like deposits in the matrix core of LBs.

Bars = 1000 nm (a), 200 nm (b) and 500 nm (c)
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3 - Fig. 5. Immunocytochemical staining for SP-A. a: The
immunoreactivity is granular in appearance (arrows)
and correlates well with the presence of LBs. Note the
weak SP-A expression in the juxtanuclear region occu-
pied by the Golgi complex (asterisk). b: Detail of a SD-
FC showing a SP-A positive surface-related LB (arrow)
extruded into the extracellular space. Bar = 20 gm

(Fig. 4b). Immature LBs contained a membrane-bound
array of electron-dense material (Fig. 4c¢), which corre-
sponded to the "projection core’ (sensu Stratton, 1978). The
developing lamellae appeared to elaborate from the projec-
tion core, which was absent as such in mature LBs (Fig.
4b). Mature LBs appeared to be discharged into the growth
medium by exocytotic extrusion (Fig. 3c, 4a). Comparable
structures, averaging 500 nm in diameter, could be readily
identified by SEM (Fig. 2b). Upon passaging, the relative
number of both mature and immature LBs gradually
decreased, with immature LBs predominating in late pas-
sages (P8-P10). LBs were absent in parallel cultures of
HDFs.

SP-A immunostaining revealed granular immunoreactiv-
ities in the SD-FCs, correlating well with the presence of
LBs (Fig. 5a). Expression of SP-A persisted with time in
culture. Parallel cultures of HDFs were SP-A negative.

Discussion

The present study investigated the nature of cultured mes-
enchymal cells isolated from the human SM, and found that
these cells show the phenotypic characteristics of fibrob-
last-like (type B) synoviocytes.

The most important finding was that the SM-derived
cells, unlike fibroblasts of other origins, contained LBs.
The ultrastuctural features of the LBs, consisting of very
regularly arranged concentric membranes around an elec-
tron-dense matrix core, and the specific periodicity of the
bilayers were strikingly similar to those found in human
synoviocytes (Dobbie er al., 1994, 1995; Dobbie, 1996;
Riemann et af., 2001; Vandenabeele er al., 2001) and type

IT pneumocytes (Stratton, 1976a, b, 1977; Kalina and
Young, 1980: Stratton et al., 1988). The surface morpholo-
gy of SD-FCs as revealed by our SEM observations is com-
parable to that of LB-secreting epithelial cells in the
Eustachian tube (Karchev et al., 1994). In both TEM and
SEM images of SD-FCs, LBs appeared protruding from the
cell surface. The presence of globular elements in associa-
tion with the lamellipodia (SEM) is interpreted as the exo-
cytosis of LBs; the morphology and the dimensions of the
discharged elements are consistent with this hypothesis.
Furthermore, it is known that mature human LBs are
released by a merocrine type of secretion via exocytosis
(Stratton, 1978). Our observations concerning the matura-
tion processes of LBs support the findings from previous
reports, i.e. the projection core is the site from which the
successive lamellae elaborate (Sud, 1977; Stratton, 1978;
Dobbie et al., 1994).

A second finding in this study was that cultured mes-
enchymal cells were positive for SP-A, a hydrophilic pro-
tein found in the phospholipid-rich material designated sur-
factant. This is consistent with previous studies in which
synoviocytes have been shown to secrete a surfactant-like
material (Dobbie, 1996; Bourbon and Chailley-Heu, 2001).
Surfactant is additionally known to be secreted by the
exocytotic extrusion of the LBs, the storage-sites for the
surfactant-phospholipids and ultrastructural hallmark of
surfactant-producing cells.

Together with ultrastructural features, the immunohisto-
chemical findings confirm that the SD-FCs have a pheno-
type highly similar to type B synoviocytes, different from
subintimal and other classes of fibroblasts. From our stud-
ies it seems likely that SD-MSCs topographically address
the synovial lining. Cultures of SD-MSC isolated by De
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Bari et al. (2001) might have been initiated as primary cul-
tures of synoviocytes, likely type B synoviocytes. The find-
ing of three subtypes of SD-FCs based on morphology and
cell surface phenotype, comparable to those described by
Hendler er al. (1985) in primary cultures of human SM,
supports this hypothesis. The present findings also highlight
the potential of type B synoviocytes to have a multilineage
differentiation potential. The chondrogenic potential of
SM — previously reported in rodents —gives credence to
this hypothesis (Iwata et al., 1993; Nishimura et al., 1999).
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