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lyase selectively released the fibulins and versican butAbstract. The microfibrillar proteins fibulin-1 and fibu-
not fibronectin from the ECT. Yet neither of the twolin-2 were previously identified as prominent compo-

nents of the endocardial cushion tissue (ECT) during fibulins bound to hyluronan in solid-phase assays, in
contrast to versican. In the adult heart valve, all fourheart development and shown to persist in adult valves

and septa. Immunogold staining has now been used to proteins could be detected close to cross-striated colla-
gen fibrils or microfibrils, but only versican was lostcompare their localization in embryonic (days 9–11)
upon exposure to hyaluronate lyase. The data indicateand adult mouse heart with that of fibronectin and the

chondroitin sulphate proteoglycan versican. All four that fibulins are associated with the hyaluronan-matrix
proteins were deposited in the ECT, which consists of a of ECT through a bridge of versican, but that this
hyaluronan-rich, mainly unstructured matrix, but were association changes upon valve development to another
barely detectable in myocardial basement membranes supramolecular, presumably microfibrillar organization
or within endocardial cells. Digestion with hyaluronate based on fibronectin and/or fibrillins.
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The extracellular matrix contains many different mi-
crofibrillar systems that are based either on some col-
lagen types, or on fibronectin or fibrillins, as well as
some related proteins which are still incompletely
characterized. A novel protein family consisting of
fibulin-1 [1, 2] and fibulin-2 [3] was shown, like
fibrillins, to contain long tandem arrays of epidermal
growth factor (EGF) modules with a consensus se-

quence for calcium-binding, indicating that these
proteins should have a rodlike shape [4]. This was in
fact demonstrated for recombinant fibulin-1, which
was obtained as a 90-kDa monomer [5], and recombi-
nant fibulin-2, which forms a disulphide-bonded 350-
kDa dimer with a more variable shape [6]. In
vitro binding studies demonstrated that fibulin-1 asso-
ciates with fibronectin, several basement membrane
components (laminins, collagen IV, nidogen) and
fibrinogen [5, 7–12]. A similar binding repertoire was
also found for fibulin-2 [13], but also included* Corresponding author.
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fibrillin [14] and laminin-5 [15]. This was in accordance
with light microscopic tissue studies which localized
fibulins to several basement membrane zones, vessel
walls and various other interstitial spaces in adult tissues
[3, 7, 16]. Ultrastructural analyses demonstrated a close
association of fibulin-2 with fibronectin microfibrils in
fibroblast cultures [17] and with some but not all fibrillin-
containing microfibrils surrounding elastic plaques [14].
Fibulin-1 may also associate with fibronectin [18, 19],
and additionally with the amorphous core of elastin
fibres [16]. Together the data indicate that fibulins are
versatile proteins, able to associate with different extra-
cellular supramolecular structures.
Both fibulins were also shown by immunohistology and
messenger RNA (mRNA) detection to be expressed in
early stages of embryonic organogenesis, particularly in
regions of epithelial-mesenchymal interactions involving
skeletal development, tooth, neuronal structures and
several basement membranes [20–22]. A high but re-
stricted expression of fibulin-2, but not fibulin-1, was also
observed during wound healing in skin [23]. The most
striking synthesis, however, occurred in early heart devel-
opment at the stage where the myocard separates from
the endocard in a tubelike structure with the endocardial
cushion tissue (ECT) in between, as shown for avian [20,
24], mouse [25, 26], human [22] and zebrafish [27]. The
ECT eventually gives rise to most of the valve and septal
structures of the adult heart [28] which still maintain a
high production of fibulin-1 and fibulin-2 [26]. Electron
microscopy of the ECT reveals an amorphous structure
with some granular deposits, but distinct assembly pat-
terns such as collagen fibrils, microfibrils or basement
membranes have not been identified. Yet immunohistol-
ogy demonstrated that, besides the fibulins, laminin,
fibronectin, tenascin-C, basement membrane collagen IV
and fibrillar collagens are also present [25, 29, 30]. Their
supramolecular structures may, however, become ob-
scured by the presence of large amounts of hyaluronan
and sulphated proteoglycans [31, 32].
In the present study, we have used embryonic and adult
mouse heart to examine the ultrastructural localization
of fibulin-1 and fibulin-2 in comparison to their potential
ligands, fibronectin and versican. All of these proteins
were present in the ECT and heart valves but did not
reveal any particular assembly pattern. Yet they showed
different dependencies on the presence of hyaluronan,
which, with the binding data, clearly indicated a switch
in the associations of fibulins to different structures
during heart development.

Materials and methods

Source of tissues and tissue preparation. NMRI (New
Mexico Research Institute) mice were kept on a normal

day/night cycle and received Altromin commercial food
and water ad libitum. Day 0 of gestation was defined as
starting at 11:00 AM on the day on which a vaginal plug
was detected after a mating period of 3 h. On days 9–11
of gestation the pregnant mice were anaesthetized with
ether, killed by cervical dislocation, and the embryos
removed from the uterus. The mitral valves from two
20-day-old NMRI mice were also dissected. The speci-
mens were transferred to 0.1 M phosphate-buffered
saline (PBS) pH 7.2, at 4 °C.
Relevant tissue sites of the embryos or the mitral valves
were dissected under a stereomicroscope and fixed by
immersion in 4% paraformaldehyde and 0.5% gluteralde-
hyde in PBS at 4 °C for 30 min. Specimens were then
treated with 10 mM ammonium chloride in PBS for 45
min at 4 °C, and dehydrated in a graded series of ethanol
up to 70%. The specimens were then embedded in the
acrylic resin LR-Gold (London Resin Company, Read-
ing, UK). The resin was hardened at −25 °C with the
addition of 0.8% of the light-sensitive initiator benzil and
the light of a halogen lamp [33].
For morphological investigations, specimens were fixed
in 3% paraformaldehyde and 3% glutaraldehyde in 0.2 M
phosphate buffer for 2 h at 4 °C, postfixed for 1 h in 1%
osmium tetroxide and embedded in epon [34]. Semithin
sections were cut and stained with toluidine blue for
orientation purposes. Ultrathin sections were cut with a
Reichert’s ultramicrotome and collected on formvar-
coated copper grids. After staining for 10 min with
uranyl acetate and 5 min with lead citrate, sections were
examined with a Zeiss EM 109 electron microscope.
Sources of antibodies. Rabbit antisera were prepared
against recombinant mouse fibulin-1C [5] and fibulin-2
[3] and were affinity-purified. The antibodies were spe-
cific for each individual fibulin and reacted in im-
munoblots of nonreduced mouse fibroblast medium
selectively with a 90-kDa band (antifibulin-1) or a 450-
kDa band (antifibulin-2). Antibodies against fibronectin
(rabbit antimouse) were purchased from Biomol (Ham-
burg, Germany). Affinity-purified rabbit antibodies
against a fusion protein containing a central region of
human versican [35] were a kind gift of D. R. Zimmer-
mann, Zürich.
Immunogold histochemistry. Nickel grids carrying the
sections of tissue embedded in LR-Gold were incubated
for 15 min at room temperature (RT) with PBS, 1%
bovine serum albumin. The grids were then incubated
with the primary antibodies against fibulin-1 or fibulin-2
diluted 1:150 with PBS for 1h at RT. After rinsing with
PBS, the secondary gold-labelled goat-antirabbit im-
munoglobulin G (IgG) antibody (Medac, Hamburg,
Germany), diluted 1:200 with PBS, was applied for 30
min at RT. The gold labelling of the antibody was
described in detail in a previous investigation [36]. Reac-
tions with antibodies against fibronectin and versican at
a concentration of 1:200 were performed for 1 h, the
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remaining part of the procedure being identical to that
described above. These immunoreactions were also car-
ried out after pretreatment of sections with 0.1%
hyaluronate lyase (Sigma, St. Louis, USA) for 10 min at
RT. Controls for nonspecific binding included incuba-
tions with uncoated colloidal gold probes alone and the
replacement of primary antibodies by normal rabbit
antiserum. Neither of these two controls showed any
reaction.
Binding assay. High molecular weight hyaluronan
(Sigma, St. Louis) was used to coat plastic wells, which
were then blocked with 1% bovine serum albumin.
Coated wells were incubated with various soluble ligands
followed by antibody detection as described in previous
protocols [13]. Soluble ligands were recombinant mouse
fibulin-2 [13] and fibulin-1C [5], collagen VI purified
from a pepsin digest of human placenta [37] and rat
brain-derived neurocan [38], which was a kind gift of Dr.
U. Rauch, Martinsried.

Results

Ultrastructural localization of fibulins, fibronectin and
versican in embryonic mouse heart. On embryonic day 9,
the mouse heart anlage consists of the endocardial tube
and the developing myocardial layer separated from each
other by the cell-free, homogeneous cardiac jelly (CJ),
which also surrounds individual myocytes. Mesenchymal
cells started to invade the CJ on day 10 and to form the
endocardial cushion tissue (ECT). At this time the extra-
cellular matrix had a homogeneous appearance with
some granular structures, but no typical fibrils could be
identified (fig. 1A). On day 11, the extracellular matrix
had further diminished at the expense of an increasing
cell number in the developing myocardium and within
the ECT. These developmental stages were previously
shown to be correlated with an abundant expression of
fibulin-1 and fibulin-2 in the ECT, as demonstrated by
light microscopy and in situ hybridization [20–22, 24–
26].
In the present study, we have used immunogold staining
for the ultrastructural localization of the fibulins in
comparison to two of their potential protein ligands,
fibronectin and versican. This was done for days 9, 10
and 11, with most of the data only illustrated for day 10
(fig. 1B–H). Fibulin-1 showed a modest random distri-
bution in the CJ and the matrix of ECT, but could not
be detected in the basement membranes of developing
myocytes or within cells (fig. 1B). The developing epi-
cardium and endocardium, as well as their basement
membranes, showed no staining for fibulin-1. Labelling
was stronger for fibulin-2, but was again restricted to the
CJ and the matrix of ECT (fig. 1C). On day 11, fibulin-2
was mainly detected in areas where the future heart
valves form and also in cytoplasmic vacuoles of ECT

cells on the side facing the myocardium. Fibronectin
showed the most widespread distribution, which, as for
the fibulins, included the CJ and the matrix of ECT (fig.
1E), but also the cells and matrix of the developing
endocardium and epicardium and their basement mem-
branes and intracellular deposits in myocytes. The pro-
teoglycan versican was also found in the CJ and the ECT
matrix (fig. 1G).
Ultrastructural localization in the adult heart valve. The
ECT is known to develop into heart valves and septa [28]
which show a completely different ultrastructure com-
pared with the primordial ECT. Adult heart valves
consist of a duplication of the endocardium lined with
endothelial cells, which sit on a distinct basement mem-
brane. Underneath the basement membrane, numerous
fibroblasts can be identified, embedded in a matrix rich
in cross-striated collagen fibres and some microfibrillar
structures (fig. 2A). In the latter region, the strongest
immunogold staining was observed for fibulin-2 (fig.
2C). A distinct yet more modest staining could also be
demonstrated for fibulin-1 (fig. 2B), fibronectin (fig. 2E)
and versican (fig. 2G). The labelling was found either
close to the collagen fibres or in more amorphous parts
of the matrix that contained structures reminiscent of
microfibrils (figs. 2B–E).
Involvement of hyaluronan in binding to the matrix. The
amorphous appearance of the ECT matrix is apparently
caused by large amounts of hyaluronan and sulphated
glycosaminoglycans [31, 32, 39]. To examine the role of
hyaluronan in this assembly, we selectively degraded it
using a brief digestion with hyaluronate lyase. Subse-
quent immunogold labelling demonstrated a complete
loss of staining for fibulin-1 (not shown), fibulin-2 (fig.
1D) and versican (fig. 1H) but not for fibronectin (fig.
1F). The same treatment of adult valve sections, how-
ever, revealed a different pattern. Here versican staining
was almost completely lost after exposure to hyaluronate
lyase (fig. 2H), whereas staining for fibronectin (fig. 2F),
fibulin-2 (fig. 2D) and fibulin-1 was not diminished.
Versican has previously been shown to bind hyaluronan
with high affinity [40], as do several related proteogly-
cans, which explains its loss after digestion. It has not
previously been determined whether fibulins show a
similar binding, and this was now analysed by a solid-
phase assay with immobilized hyaluronan (fig. 3). Colla-
gen VI and the proteoglycan neurocan were used as
positive controls and showed a distinct binding above
background with half-maximal binding achieved at 10 to
30-nM concentrations. Fibulin-1 and fibulin-2, however,
did not bind to hyaluronan up to a concentration of 700
nM.

Discussion

The extracellular matrix seems to play a crucial role in
the ECT of embryonic hearts and persists in a different
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Figure 1. Immunogold labelling of fibulin-1, fibulin-2, fibronectin and versican in embryonic mouse heart (days 9–11). (A) Electron
micrograph (day 10) of endocardial cushion tissue next to an endocardial cell (ect), showing a homogeneous appearance with sparse
filigree structures (arrow); bar, 0.14 mm. The inset shows a lower magnification (bar, 65 mm) of the three basic cellular compartments:
endocardial cushion tissue (ect), myocard (my) and endocard (end). (B) Staining for fibulin-1 (day 9) of the matrix surrounding a
myocyte (my; n, nucleus). Arrows indicate the unstained basement membrane; bar, 0.19 mm. (C, D) Staining for fibulin-2 on day 10 is
shown prior to (C) and after (D) treatment with hyaluronate lyase. Note the heavy labelling of the ECT matrix in (C) but not in (D),
while the cells (ect) remain unstained; bar, 0.25 mm. (E, F) Staining of the ECT matrix for fibronectin on day 10 was similar prior to
(E) and after (F) treatment with hyaluronate lyase, bar, 0.19 mm. (G, H) staining of the ECT matrix for versican on day 10 prior to
(G) and after (H) treatment with hyaluronate lyase. Note the disappearance of labelling in (H) bar, 0.19 mm.
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Figure 2. Immunogold labelling of fibulin-1, fibulin-2, fibronectin and versican in the adult (day 20) mouse heart. (A) Electron
micrograph of a valve section showing an endothelial cell (end) on its basement membrane (arrow) lining the underlying extracellular
matrix with fibroblasts (f) and abundant cross-striated collagen fibres (c). The frame denotes the area shown for immunogold staining.
(B) Staining for fibulin-1; 24 bar, 0.14 mm. (C, D) Staining for fibulin-2 prior to (C) and after (D) treatment with hyaluronate lyase
reveals no change in labelling close to collagen fibres and microfibrillar structures (arrowheads), bars, 0.21 mm. (E, F) staining of
fibronectin showed only sparse labelling (E), mainly remote from collagen fibres, which resisted treatment with hyaluronate lyase (F);
bars, 0.25 mm. (G, H) Staining of versican prior to (G) and after (H) treatment with hyaluronate lyase reveals almost complete
disappearance of labelling from the collagen fibres, bars, 0.19 mm.
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form in adult heart valves and septa [28]. Studies at
the light microscopy level demonstrated a complex
composition of this matrix, which contains hyaluro-
nan, proteoglycans, collagens, fibronectin and several
microfibrillar and basement membrane proteins [30].
Of particular interest was a high expression of fibulin-
1 [20–22, 24, 25, 27] and fibulin-2 [21, 22, 26] in the
ECT, persisting in adult heart valves. Besides being
basement membrane proteins, both fibulins are also
known to associate with fibronectin [17–19] and
fibrillin [14] into microfibrillar structures, and fibulin-1
has also been detected within the core of elastin fibres
[16]. This broad binding repertoire is reflected in the
polymorphic shape of fibulin-2 [6], which enables it to
participate in various forms of extracellular organiza-
tion.
In the present study, we used the heart as a model to
study the organization of fibulin-1 and fibulin-2 at the
ultrastructural level. Immunogold staining demon-
strated the presence of both proteins in the amor-
phous matrix of the ECT but not in various basement
membranes. A similar localization was also found for
versican and fibronectin, the latter also being present
within basement membrane and cells. The ECT matrix
showed only sparse filigree structures (fig. 1A), even

after standard fixation and embedding in epon, and
thus we were unable to draw any conclusions about
the association of the fibulins with distinct
supramolecular structures. All four proteins were also
detectable in the adult heart valve, where they were
mainly present in a fibroblast-rich extracellular matrix
with abundant cross-striated collagen fibres. The fibu-
lins were either in the close vicinity of these fibers or
more remote, the latter being consistent with the pos-
sibility [17] that they are close to matrix microfibrils.
This would suggest molecular interactions with
fibronectin and/or fibrillin, as indicated from solid-
phase assays with fibulin-1 and fibulin-2 [5, 8, 13, 14].
Similar assays demonstrated lack of binding to the
fibril-forming collagens I,III and V [13] and would
argue against a molecular association of the fibulins
with the cross-striated collagen fibers of the valve ma-
trix.
Treatment of the amorphous ECT matrix with
hyaluronate lyase caused a loss of versican, as ex-
pected, indicating its binding to hyaluronan through a
high-affinity site located in the N-terminal domain
[40]. The concomitant loss of both fibulins was, how-
ever, a surprising observation, since, as shown here,
they lack binding activity for hyaluronan. Fibronectin
in the ECT matrix was not released by digestion,
which excludes its association with the fibulins. Recent
data together with A. Aspberg and D. Heinegard (un-
published) demonstrated high-affinity binding of the
C-terminal lectin domain of versican [41] to the rod-
like elements of fibulin-1 and fibulin-2. We therefore
postulate that the same complexes exist in the ECT
and are held in place there through the association of
the N-terminal domain of versican to hyluronan. The
latter interaction apparently persists in the adult heart
valve, as shown by hyaluronate lyase treatment. This
digestion no longer released the fibulins, which, as dis-
cussed above, may have switched to a microfibrillar
association during heart development.
Our ultrastructural analysis failed to demonstrate a
basement membrane localization of the fibulins
around myocytes and some other places of the embry-
onic heart, even though they are found in basement
membrane zones of adult heart muscle [3]. This sug-
gests a third form of molecular association, which
could occur at later developmental stages and would
need further examination. A transient appearance of
fibulin-1 and fibulin-2 was recently shown for the
basement membranes around seminiferous tubules
during testis development [42]. This underscores the
dynamic and versatile nature of the fibulins, whose
biological functions now need to be analysed by ge-
netic strategies.

Figure 3. Lack of binding of fibulins to hyaluronan in a solid-
phase assay. Hyaluronan was immobilized and incubated with
fibulin-1C (�), fibulin-2 (�), neurocan () or collagen VI (�) at
the concentrations indicated. Binding was detected by specific
antibodies in a colorimetric assay. Background binding to the
blocking serum albumin is shown only for neurocan (
) and
collagen VI (	).
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