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The extracellular matrix protein fibulin-1 is a distinct component of vessel walls and can be associated with
other ligands present in basement membranes, microfibrils, and elastic fibers. Its biological role was investi-
gated by the targeted inactivation of the fibulin-1 gene in mice. This led to massive hemorrhages in several
tissues starting at midgestation, ultimately resulting in the death of almost all homozygous embryos upon
birth. Histological analysis demonstrated dilation and ruptures in the endothelial lining of various small
vessels but not in that of larger vessels. Kidneys displayed a distinct malformation of glomeruli and disorga-
nization of podocytes. A delayed development of lung alveoli suggested impairment in lung inflation. Immu-
nohistology demonstrated the absence of fibulin-1 in its typical localizations but no aberrant patterns for
several other extracellular matrix proteins. Electron microscopy revealed intact basement membranes but very
irregular cytoplasmic processes of capillary endothelial cells in the organs that were most severely affected.
Absence of fibulin-1 caused considerable blood loss but did not compromise blood clotting. The data indicate
a strong but restricted abnormality in some endothelial compartments which, together with some kidney and
lung defects, may be responsible for early death.

The cardiovascular system is the first complex organ to ap-
pear during embryonic development; it depends to a large part
on the formation of numerous blood vessels by a process
known as angiogenesis. This process is initiated by endothelial
cells, has a distinct plasticity, and in the end leads to a consid-
erable heterogeneity of the endothelium and the vessel walls
in different organs (19, 44). Angiogenesis is controlled by var-
ious cytokines including vascular endothelial growth factors
(VEGF), basic fibroblast growth factor (bFGF), platelet-de-
rived growth factor (PDGF), and transforming growth factor
�, which transmit their signals through several receptor kinases
(7, 12, 22, 45). Later stages include the recruitment of mesen-
chymal cells by the endothelium and the deposition of an
extracellular matrix under the control of transforming growth
factor � and PDGF, converting the vessel walls into a stable
functional unit (14, 19, 45).

Gene targeting in mice has been used to show that several of
these cytokines and receptors are essential in early develop-
ment, and most null mutants died on embryonic days 8.5 to
14.5 (7, 22). For VEGF, even haploinsufficiency caused mid-
gestation death (11, 18). Other deficiencies, such as for PDGF
(30, 32) and several factors involved in blood coagulation (13,
25, 55, 56, 60), often showed an incomplete block of embryo-
genesis, and mice which survived until their neonatal death
exhibited massive hemorrhaging involving several organs. This
suggested that these components play a major role in the
promotion of vessel wall stability and that their absence causes
death by blood loss.

Integrity of vessel walls is also determined by their extracel-
lular matrix, which includes basement membranes, elastic and
collagenous fibers, and other interstitial structures. A substan-
tial number of receptors involved in cell-cell and cell-matrix
interactions and their extracellular ligands have been examined
by gene targeting, and some mutants showed a phenotype in-
volving defects in the heart and/or vessels (3, 17, 27). Absence
of the fibril-forming collagen type I caused aortic ruptures at
embryonic day 14 (33), and fibronectin deficiency led to even
earlier death with severe defects in heart and vessel organi-
zation (20). Lack of elastin impaired late-gestation arterial
morphogenesis, and the mutants showed a disorganized ac-
cumulation of smooth muscle cells (31). On the other hand,
mutations in the elastin-associated fibrillins cause Marfan syn-
drome and related disorders in humans and experimental an-
imals (40, 42). Moderate to fatal hemorrhage was observed in
the absence of integrin receptor genes including the subunits
�5 (61), �V (4), and �3 (24). Involvement of other integrins
may have escaped detection because �1 subunit-deficient mice die
prior to angiogenesis (16). A role of these integrins in vessel for-
mation was, however, indicated from studies with �1-integrin-
deficient embryonic stem (ES) cells that formed teratomas and
embryoid bodies with a vasculature of poor quality (9).

There are many more known extracellular matrix proteins
which could contribute to vessel wall stability but have not yet
been examined by genetic elimination. They include the fibu-
lins, which were initially characterized as two isoforms (fibu-
lin-1 and fibulin-2) located in various vessel walls, basement
membranes, and microfibrillar structures (38, 43, 46, 49). They
are particularly prominent during heart valve development (10,
35, 62), and fibulin-1 is expressed in the developing aorta prior
to elastogenesis (26). Fibulin-1 of 90 kDa was shown to bind
fibrinogen (59); fibronectin, nidogen, and several other base-
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ment membrane proteins (5, 48); aggrecan and versican (2);
and the angiogenesis inhibitor endostatin (50). The biological
consequences of these interactions are not yet understood.

In the present study we have used homologous recombina-
tion in ES cells to generate transgenic mice which lack fibu-
lin-1. These mice develop massive bleeding in the cranial mes-
enchyme, skin, and skeletal muscles, and most of them die
shortly after birth. They also show a reduced loop formation in
renal glomeruli and a delay in the proper formation of lung
alveoli. Since these phenotypes are accompanied by irregular
cell shape in some endothelial compartments, it indicates that
fibulin-1 may interact directly or indirectly with endothelial
cells. This has set the stage for a more precise analysis of the
underlying molecular mechanisms.

MATERIALS AND METHODS

Construction of targeting vector, ES cell transfection, and generation of fibu-
lin-1-deficient mice A 12-kb genomic mouse clone was isolated from a 129SV
genomic phage library (Stratagene) using the 5� part of fibulin-1 cDNA as probe
(39). A neomycin cassette under the control of a phosphoglycerol kinase pro-
moter and poly (A)� signal was inserted into the XhoI site of the ATG-contain-
ing exon. A thymidine kinase cassette was added at the 3� end of the construct.
ES cell culture, electroporation of the targeting constructs into R1 ES cells, and
isolation and analysis of neomycin-resistant ES cell clones were carried out as
previously described (16). Three ES cell clones which had undergone homolo-
gous recombination were used to generate germ line chimeric mice as described
in a previous study (16). Chimeric males were mated with either C57BL/6
females or 129SV females to obtain outbred or inbred lines, respectively.

Outbred homozygous (�/�) mice obtained from two independent ES cell clones
were used for all subsequent examinations. They were compared to wild-type and
heterozygous mice, both of which were, except in the fibulin-1 expression levels
(mRNA and concentration in serum), indistinguishable in all other assays.

Southern, Northern, and RT-PCR analysis. Genomic DNA was isolated from
ES cells or tail biopsy specimens, digested with EcoRI, separated on a 0.7%
agarose gel, and transferred to a Zeta-probe nylon membrane (Bio-Rad) by
capillary blotting. The membrane was hybridized with a random-primed 32P-
labeled external probe (Fig. 1) by using standard methods. For Northern anal-
ysis, total RNA was extracted from kidneys of 6-week-old mice using Trizol
reagent as specified by the manufacturer (Gibco/BRL). A 10-�g portion of total
RNA was glyoxylated, run through a 1% agarose gel, and subsequently blotted to
a Zeta-probe nylon membrane and probed with random-primed 32P-labeled
full-length cDNA probes specific for fibulin-1 or glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as a control.

Reverse transcriptase PCR (RT-PCR) was performed as follows. First-strand
cDNA was synthesized using Superscript reverse transcriptase (Gibco/BRL) as
specified by the supplier. The reaction mixture was supplemented with hexamer
random primers and 5 �g of total kidney RNA as the template. Subsequently,
PCR was carried out with two specific primer pairs: for fibulin-1, 400-bp (primer
1, 5�-CCATAACTGCCGGCTGGGAG-3�; primer 2, 5�-GCTGGTGGGGCGC
ACTCATC-3�) or 800-bp (primer 1 and primer 3, 5�-CGGTAGGAGCAGATG
TGAC-3�) products were amplified, and for the control GAPDH, a 200-bp
product was amplified using primers 4 (5�-CTGCCAAGTATGATGACATCA-
3�) and 5 (5�-TACTCCTTGGAGGCCATGTAG-3�).

Histological analysis and immunohistochemistry. Whole embryos or dissected
organs were either fixed in phosphate-buffered saline (pH 7.4) (PBS)–4% para-
formaldehyde, dehydrated, and embedded into paraffin or directly embedded in
tissue-freezing medium (Tissue Tech; Leitz Industries), frozen on dry ice, and
stored at �80°C. For paraffin-embedded tissues, 5-�m sections were cut with a
Leitz microtome and collected onto polylysine-coated slides (Shandon). Cryo-
sections (8 �m thick) were cut on a Leitz cryostat and further processed on
Superfrost slides (Menzel). Staining with haematoxylin and eosin (HE) or meth-
ylene blue was performed by standard procedures. Sections (30 and 7 �m) were
stained with antibodies against caveolin (Transduction Lab.) and analyzed by
fluorescence micrography.

For the immunolocalization of different proteins, affinity-purified polyclonal
rabbit antibodies against fibulin-1, fibulin-2 (38), collagen IV, perlecan (52),
laminin �2 chain (57), fibronectin (Sigma), integrin �8 (23), ZO-1, and claudin-1
(Zymed) or rat monoclonal antibodies against nidogen-1 (JF3; Chemicon), cy-
tokeratin (lu-5; Dianova), PECAM-1 (MEC13.3; Pharminogen), synaptopodin

(G1D4; Progen) (37), and occludin (Z-T22; Zymed) were used together with the
appropriate Cy-3-labeled secondary antibodies (Dianova) for detection. Biotin-
ylated lectin BS-1 was used together with Cy-3-labeled streptavidin (Sigma).
Tissue sections were blocked with 5% goat serum in PBS. After sequential
incubation with the primary antibody for 2 h and the secondary antibody for 1 h,
both diluted in 5% goat serum–PBS, and intermediate washes with PBS, sections
were mounted in Fluorosave (Calbiochem) and analyzed under an Axiophot
fluorescence microscope (Zeiss). Immunodetection of proteins after Western
blotting and radioimmunoinhibition assays (28) were performed by standard
procedures.

Electron microscopic analysis. Small pieces of dissected organs were fixed in
4% buffered paraformaldehyde, rinsed in cacodylate buffer three times, and
treated with 1% uranyl acetate in 70% ethanol (8 h) for contrast enhancement.
They were subsequently dehydrated in a graded series of ethanol, and specimens
were then embedded in Araldite (Serva). Semithin sections of plastic-embedded
specimens were cut with a glass knife on an ultramicrotome (Reichert, Bens-
heim, Germany) and stained with methylene blue. Ultrathin sections (30 to
60 nm) for electron microscopic observation were processed on the same mic-
rotome with a diamond knife and placed on copper grids. Transmission electron
microscopy was performed using a 902A electron microscope (Zeiss, Oberko-
chem, Germany).

Hematological analysis and determination of bleeding time. After amputation
of the tip of the tail, the bleeding time was monitored by gently absorbing the
blood drop without touching the wound at 30-s intervals until the bleeding
stopped. A modification of the standard Lee-White clotting test allowed the de-
termination of blood coagulation times in small volumes. Glass capillaries (50 �l)
were filled with 5 �l of blood using an Eppendorf pipette tip connected to a sili-
con tube. The blood column was moved every 30 s until a blood clot attached to
the capillary wall. Blood cell counts and hematocrit measurements were done by
standard methods. Platelet aggregation initiated by collagen I (10 �g/ml) or throm-
bin (10 �g/ml) was analyzed by fluorescence-activated cell sorting (Becton-Dicken-
son) using antibodies against P-selectin (Pharmingen) and fibrinogen (Sigma).

RESULTS

Targeted disruption of the fibulin-1 gene eliminates expres-
sion in homozygous mice. To engineer a targeted deletion
of fibulin-1, a mouse strain 129Sv genomic phage library was
screened with the 5� part of the mouse fibulin-1 cDNA to
identify clones covering the 5� region of the gene. The fibulin-1
gene was disrupted by insertion of a pgk-neo cassette, which
was introduced in the direction of transcription into a 10.9-kb
genomic construct at a single XhoI site in the first exon (Fig.
1A). In addition, a pgk-TK cassette was inserted at the 3� site
of the targeting construct for negative selection. ES cells (R1)
were transfected with this construct, and G418-resistant clones
were analyzed by Southern blotting with the external probe A,
which detects a 10-kb EcoRI fragment in the wild-type allele
and a 3.8-kb fragment from the targeted allele. Of 450 ES cell
clones tested 19 were found to be positive for homologous
recombination. Targeted ES cell clones were further tested for
single integrations using internal probes (data not shown).

Three of the targeted ES cell clones were injected into
3.5-day-old C57BL/6 blastocysts and transferred to foster
mice. Heterozygous offspring of chimeric F1 males mated with
C57BL/6 females, as identified by Southern blotting (Fig. 1B),
developed normally and were phenotypically indistinguishable
from wild-type littermates. A reduced fibulin-1 mRNA level in
heterozygous compared to wild-type mice was shown by North-
ern blotting (Fig. 1C) and RT-PCR analysis of adult kidney
(Fig. 1D). Homozygous fibulin-1-deficient mice displayed a
complete loss of expression of the two splice variants of fibu-
lin-1 mRNA (39), as shown in both assays. Analysis of fibulin-1
levels in blood plasma by immunoblotting (Fig. 1E) confirmed
that fibulin-1 protein is absent in homozygous mice. The mean
concentration of fibulin-1 in plasma (3.5 � 0.75 �g/ml) in
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wild-type animals, as determined by radioimmunoassay, was
reduced to about half (1.62 � 0.35 �g/ml) in heterozygotes,
which was a statistically significant drop (independent t test: �
�9.049, P 	 10�9). Fibulin-1 was no longer detectable (	0.04
�g/ml) in the plasma of homozygous mice (Fig. 1F).

Postnatal lethality of fibulin-1 deficiency. Analysis of 4-
week-old offspring of heterozygous crossings showed that the
proportion of fibulin-1-deficient mice was only 2% and thus
was 14-fold lower than expected (Table 1). The frequency of
heterozygous animals was about twice that of the wild type and
thus was not affected by the inactivation of one fibulin-1 allele.
The low frequency of fibulin-1-deficient mice raised the possi-
bility that the fibulin-1 gene disruption might cause embryonic
death. However, genotyping at embryonic stages E9.5 and
E18.5 followed a normal Mendelian distribution (Table 1).
After birth, almost all of the fibulin-1-deficient mice died dur-
ing the first 24 to 48 h. Both their size and weight were more
than 20% lower than those of their littermates. A larger num-
ber of surviving homozygotes could be obtained by intensive
animal care and extensive breeding. Almost all fibulin-1-defi-
cient animals which survived the first 2 days after birth devel-
oped normally but showed a 10 to 30% reduction in size and
weight for several months. Most of the adults regained weight
and were not longer distinguishable from heterozygotes. Mat-
ing of homozygotes with heterozygote or homozygote partners
resulted in normal-sized litters. Fibulin-1-deficient mice were
born in the expected Mendelian ratio and showed the same
severity of the phenotype.

Spontaneous bleeding of fibulin-1-deficient mice. Examina-
tion of the gross appearance of embryos at different stages of
gestation revealed spontaneous bleeding of fibulin-1-deficient
animals starting at day E12.5 (Fig. 2A). Although not all fibu-
lin-1-deficient mice were macroscopically affected at this early
stage, histological analysis demonstrated bleeding events found
predominantly in the region of the telencephalon and beneath
the spinal cord for almost every fibulin-1-deficient embryo. In
addition, several embryos displayed bleeding of a typical pete-
chial phenotype, which followed the track of the blood vessels
under the skin (Fig. 2A). Although the severity of the bleeding
increased during gestation, it did not have a fatal effect on
embryonic development until birth. At the perinatal stage,
every homozygote could be visually detected by the severe
bleeding found predominantly in the regions of the snout and
the hind limbs (Fig. 2B). Mice which were delivered at day
E18.5 by cesarean section showed the same severe bleeding,
indicating that this is not provoked by birth stress. A few ne-
onates exhibited strong bleeding into the cranial mesenchyme,
which caused compression of the brain (data not shown). No
bleeding was found in the inner organs or into the abdominal

FIG. 1. Targeted disruption of the mouse fibulin-1 gene. (A) Par-
tial structure of the mouse fibulin-1 gene (39). the targeting vector, and
the homologous recombinant. The pgk-neo cassette was cloned in the
direction of transcription into the XhoI site of exon-1, and the pgk-tk
cassette was cloned into the 3 end of the genomic DNA. Restriction
sites are shown for EcoRI (E), HindIII (H), NotI (N), PstI (P), SalI (S),
and XhoI (X). (B) Southern blot analysis of EcoRI-digested genomic
DNA isolated from 4-week-old F2 mice hybridized to an external
0.6-kb PstI fragment (probe A). The 10-kb fragment represents the
wild-type allele, and the 3.8-kb fragment represents the targeted allele.
(C and D) Analysis of mouse kidney total RNA for fibulin-1 by North-
ern-blot analysis (C) and RT-PCR (D). Northern analysis shows two
fibulin-1 mRNA transcripts of 2.3 and 2.7 kb detectable in wild-type
and heterozygous mice. A control hybridization was performed with a
probe for GAPDH (lower panel). For RT-PCR, two fibulin-1 frag-
ments of 400 bp (lanes 1) and 800 bp (lanes 2) and a GAPDH fragment
of 200 bp (lanes 3) were amplified with specific primers. (E and F)
Analysis of fibulin-1 protein expression by immunoblotting of plasma
proteins after sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis under nonreducing conditions (E) and quantitation of plasma fibu-
lin-1 by radioimmunoinhibition assay shown as mean and standard devi-
ations (F). The numbers of animals analyzed are indicated in parentheses.

TABLE 1. Genotype frequency of offspring from heterozygous
matings of fibulin-1-deficient mice

Stage
No. of animals of genotype:

Total no.
�/� �/� �/�

9.5-day embryo 6 12 7 25
18.5-day embryo 17 35 19 71
Adult (4 wk)a 60 106 3 169

a �/� mice made up 35%, �/� mice made up 63%, and �/� mice made up
2% of adult mice.
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cavity. The gross appearance of the few surviving fibulin-1-
deficient mice changed by day 2 after birth. Subcutaneous
blood was cleared, and spontaneous bleeding was no longer
observed.

Histological analysis of day E12.5 embryos demonstrated
extravasal blood in the mesenchyme close to the telencephalon
and the spinal cord and under the epidermis (Fig. 2A). For day
E18.5 embryos, extravasal blood was found in the reticular
layer of the skin and to a great extent in the subdermal space.
In the skeletal muscle, erythrocytes were located both between
the muscle fibers and in the perimysium (Fig. 2C and D).
Fibulin-1-deficient embryos at day 13.5 of gestation with mas-
sive bleeding into the cranial mesenchyme (Fig. 3A) were fur-
ther examined by immunostaining. Staining for the endothelial
marker PECAM-1 (Fig. 3B) and the basement membrane pro-

tein perlecan (Fig. 3C) showed that the continuous endothelial
cell basement membrane layer was interrupted at several po-
sitions while the surrounding mesenchyme appeared intact,
excluding sectioning artefacts. As a consequence, this leads to
leakage of erythrocytes into the extravasal space.

The massive aggregates of erythrocytes outside the blood
vessels (Fig. 2A and D) could be stained by antibodies to fi-
brinogen, indicating a normal function of the coagulation sys-
tem (data not shown). Hematological analyses of bleeding and
coagulation time were not different for fibulin-1-deficient new-
born animals and heterozygous controls (Table 2). Further-
more, no difference could be detected in the aggregation and
P-selectin expression of platelets after stimulation with either
thrombin or collagen type I (data not shown). However, a re-
markable reduction (about 70%) was observed in the hemato-
crit values, indicating severe bleeding which could affect the sur-
vival of the homozygous mutants (Table 2). A similar reduction
(50 to 70%) was also detected in erythrocyte numbers and hemo-
globin content in the homozygous E18.5 embryos and neonates.

Delayed lung development caused by fibulin-1 deficiency.
After birth, only about 50% of the fibulin-1-deficient newborns
were able to start spontaneous breathing. Examination of the
lungs of E18.5 embryos delivered by cesarean section showed
that the parenchymal septa containing extracellular matrix

FIG. 2. Spontaneous bleeding in fibulin-1-deficient embryos and
neonates. (A) Severe bleeding in the cranial mesenchyme in the region
of the myelencephalon and the spinal cord in an E12.5 embryo. Pete-
chial bleeding is seen along blood vessels under the skin. Transverse
sections through two regions (a and b) show a large number of eryth-
rocytes outside the blood vessels, some of which are aggregated (arrow
in b). (B) Newborn fibulin-1-deficient mice (�/�) with severe bleeding
under the skin and in muscle predominantly of the snout, hind legs,
and abdominal regions. (C and D) Histological analysis of sections
from skin (C) and muscle (D). Note the large number of aggregated
erythrocytes outside the blood vessels (arrows). Bar, 50�m.

FIG. 3. Severe bleeding in the cranial mesenchyme of fibulin-1-
deficient E13.5 embryos with leaking venous plexus. (A) A sinus ve-
nosus, next to the rupture, is leaking erythrocytes, as shown by HE
staining. (B and C) Immunofluorescence of serial sections with anti-
bodies against PECAM-1 (B) and perlecan (C) revealed multiply dis-
rupted endothelial cell layers (arrows) in the same region. Erythrocytes
were made visible in panels B and C by superimposing their autofluo-
rescence. Bar, 50 �m.
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were thickened and the saculi were not properly expanded.
Surviving homozygotes at neonatal day 1 showed enlarged
saculi with the septa still thickened (Fig. 4A). To identify the
cells involved in this delayed development, a double immuno-
staining was performed for the endothelial marker PECAM-1
(Fig. 4B) and the epithelial marker cytokeratin (Fig. 4C). This
demonstrated the same regional restriction of epithelial cells
within the developing alveoli for both heterozygous and ho-
mozygous animals. The endothelial compartments of homozy-
gotes appeared regularly organized, but electron microscopy of

the vessels often showed a dilated and irregular lumen, indi-
cating lack of a proper spatial control in the formation of vessel
walls (data not shown). A similar pattern could also be dem-
onstrated by antibodies against the vessel wall components
collagen IV and endostatin (data not shown).

Abnormal formation of kidney glomeruli. In 10 to 40% of
kidney glomeruli of newborn fibulin-1-deficient animals, the
organization of the endothelial cell layer and the podocytes
was dramatically affected. The lumen of the capillary loop was
dilated, and the number of its individual loops was reduced. In
some cases a single capillary filled the complete glomerular
space (Fig. 5A and B). Examinations at the ultrastructural level
showed that all components of the glomeruli, the capillaries
and endothelial cell layer, podocytes, and mesangial cells could
be detected inside the Bowman capsule of homozygotes. The
capillaries were completely covered by podocytes, and the glo-
merular basement membranes appeared normal. However, the
number of foot processes was drastically reduced and their
shapes were altered, leading to a decrease in the number of
filtration slits (Fig. 5C and D), while the slit membranes ap-
peared normal (Fig. 5D, inset). This alteration could be de-
tected in all glomeruli of fibulin-1-deficient mice, including

FIG. 4. Delayed lung development in fibulin-1-deficient mice at
stage E18.5 and 1 day after birth. (A and B) HE staining of fibulin-1-
deficient animals shows improperly expanded sacculi in the lungs of
spontaneous breathing E18.5 embryos and enlarged sacculi with thick-
ened septa at perinatal day 1 compared to heterozygous controls. (B
and C) Immunostaining for the endothelial marker PECAM-1 (B) and
epithelial marker cytokeratin (C) demonstrates the proper arrange-
ment of both cell types. Examples of sacculi that are not expanded in
homozygous animals are indicated by white asterisks. Bar, 100 �m.

FIG. 5. Light and electron microscopic analyses of kidneys from
heterozygous (A and C) and homozygous (B and D) stage E18.5
embryos. (A and B) Methylene blue staining of thin kidney sections
(bar, 15 �m) in the heterozygote shows a normal glomerular structure
with small capillary lumen (l), mesangial cells (m), and podocytes (p)
surrounded by Bowman’s capsule and regular tubules (t). The homozy-
gous kidney shows a single enlarged, glomerular capillary surrounded
by podocytes and mesengial cells. (C and D) Electron microscopy (bar
0.7 �m) of heterozygotes reveals a regular array of podocyte (p) foot
processes divided by small slits. The homozygotes show a decreased
number of atypical foot processes (arrows) and an endothelium (e)
with multiple luminal processes. However, a normal glomerular base-
ment membrane (white arrowheads) is located between the capillary
endothelium and podocytes in both cases. Regular formed slit mem-
branes were found between the foot processes of podocytes (inset in
panel D, black arrowheads).

TABLE 2. Hematological analysis of heterozygous and
homozygous mice with fibulin-1 deficiencya

Mouse Blood coagulation
time (min)

Bleeding time
(min)

Hematocrit
(%)

18.5-day embryo
�/� 2.5–3.5 3.5–5 41–44
�/� 2–4 3.5–6 30–36

Newborn
�/� 2–4 2–4.5 46–49
�/� 2–2.5 2.5–4.5 10–20

a Ranges were determined using groups of two to seven individual animals.
Blood coagulation and bleeding times were determined in triplicate.
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those which appeared normal at the light microscopic level.
Renal tubules and collecting ducts appeared normal in both
heterozygous and homozygous animals at the light microscopic
(Fig. 5A and B) and electron microscopic levels. The urine
showed no abnormalities in either protein concentration or
composition (data not shown).

Kidney glomeruli were further analyzed by immunohisto-
chemical methods (Fig. 6). As expected, fibulin-1 was ex-
pressed prominently in both the mesangium and the basement
membrane of the glomeruli of heterozygous mice but was
missing in the homozygous animals (Fig. 6A and B). The weak
fibulin-2 staining in heterozygous glomeruli was not increased
in fibulin-1-deficient mice (Fig. 6C and D). Several potential
fibulin-1 ligands such as fibronectin (Fig. 6I and J) and the
basement membrane proteins nidogen-1 (Fig. 6E and F), lami-
nin �2 chain (Fig. 6G and H), collagen IV, and perlecan (data
not shown) were found at similar levels of staining intensity in
the glomeruli of both heterozygous and homozygous fibulin-
1-deficient mice. Nevertheless, the staining patterns of these
proteins was different in the two groups, reflecting the disorder

in morphological organization in fibulin-1-deficient mice. All
three cell types of the glomerular cave, the endothelial cells,
represented by PECAM 1 (Fig. 6K and L), the podocytes, rep-
resented by synaptopodin (37) (Fig. 6M and N), and the mes-
angial cells, represented by integrin �8 (23), were irregularly
distributed for the homozygous animals. In mice with com-
pletely dilated capillaries, the mesangial cells and podocytes
were lined up around the endthelium, forming clusters with al-
most no overlaps, as shown by double staining (Fig. 6N and P).

Embryonic heart and aorta development is almost normal.
Fibulin-1 is expressed at early stages of cardiovascular devel-
opment and later becomes a prominent component of heart
valves and the aortic media (10, 26, 62). Homozygous embryos,
as identified by their hemorrhages, showed no obvious failure
in heart function, however, and no gross histological abnor-
malities in the heart and aorta until birth. Some subtle changes
could be revealed at the ultrastructural level. Cardiomyocytes
frequently had an irregular shape and had cytoplasmic pro-
cesses oriented toward endocardial and capillary endothelial
cells (see Fig. 9D). These features could not be dected in nor-
mal and heterozygous controls (data not shown). Several ab-
normalities in the shape of endothelial cells lining myocardial
capillaries were also observed (see below). Immunohistological
examination of fibulin-1-deficient mice demonstrated the ab-
sence of fibulin-1 from heart valves, arteries, and capillaries
within the myocardium. The expression of fibulin-2 was appar-
ently not changed (Fig. 7). The examination of both tissues
with all the other antibodies used in the experiment in Fig. 6
also did not reveal any difference between heterozygous and
homozygous animals.

Abnormal morphogenesis in various capillaries in embryos
and perinatal mice recovers in adults. A distinct enlargement
of the capillary lumen was the most common phenotype in
organs such as the heart and kidney (Fig. 5B and 8B and D) in
fibulin-1-deficient late embryos and perinatal mice. In addi-
tion, the capillary shape was more irregular than that in normal
or heterozygous animals (Fig. 8A and C). Medium-sized ves-

FIG. 6. Immunofluorescence staining of kidney glomeruli from
heterozygous (�/�) and fibulin-1-deficient (�/�) newborn mice. Pro-
tein expression around a single kidney glomerulus was analyzed by
using antibodies against fibulin-1 (A and B), fibulin-2 (C and D),
nidogen-1 (E and F), laminin �2 chain (G and H), fibronectin (I and J),
and PECAM-1 (K and L) and by double staining for synaptopodin (M
and N) and integrin �8 (O and P). Bar, 25 �m.

FIG. 7. Immunofluorescence staining for fibulin-1 and fibulin-2 of
heart valve (A to D) and myocardium including a large artery (E to H).
Staining was performed with equal concentrations of antibodies against
fibulin-1 (A, B, E, and F) and fibulin-2 (C, D, G, and H). Heterozygous
and homozygous embryos were from stage E18.5. Bar, 100 �m.
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sels, which are surrounded by smooth muscle cells, showed no
obvious differences in diameter and shape between heterozy-
gous and homozygous embryos, however (Fig. 8E and F).

Several capillaries were more closely examined by electron
microscopy. Normal capillaries usually show a single endothe-
lial cell per cross-section, with a smooth surface towards the lu-
men, and this was also found in heterozygous animals (Fig.
9A). The most common observation for homozygotes, besides the
irregular capillary shape, was the excessive development of many
cytoplasmic processes of endothelial cells, which sometimes filled
a substantial part of the vessel lumen (Fig. 9B, E, and F). Other
alterations included the formation of multilayers of endothelial
cells (Fig. 9C) or the disruption of endothelial cell-cell contacts
(Fig. 9D) that could cause leaky vessel walls. Several endothe-
lial cells also showed a distinct increase in the number of intra-
cellular vacuoles (Fig. 9C to E). These changes are restricted to
endothelial cells, since an adjacent tubular epithelium cell (Fig.
9E) and pericyte (Fig. 9F) have a normal shape. Furthermore,
pericytes were found adjacent to the capillary endothelium at
the same frequency as that in normal controls. None of these
changes could be detected by electron microscopy of macro-
vascular endothelium. In the few surviving animals, all alter-
ations in the capillary system recovered, with no obvious differ-
ences between heterozygotes and homozygtes (Fig. 9G and H).

FIG. 8. Light microscopy of capillaries and arteries. Antibody stain-
ing against caveolin was performed with 30-�m (A and B) and 7-�m (C
and D) semithin sections of ventricular heart capillaries and small
arteries of heterozygous and homozygous embryos at stage E18.5. (A
and C) In the densely packed myocardium, heterozygotes show rela-
tively homogenous and round capillaries (arrows) partially filled with
erythrocytes. (B and D) Homozygous animals have mainly enlarged
capillaries of irregular shape (arrows). (E and F) Methylene blue stain-
ing of small coronary arteries show no differences between the two
groups of mice and are characterized by monolayers of smooth muscle
cells (arrows) and endothelial cells (arrowheads) and no obvious al-
teration in the endothelial surface. Bar, 30 �m.

FIG. 9. Electron microscopy of capillaries demonstrates unusual
endothelial cell shapes in homozygous perinatal animals but not in
adults. Ultrathin cross-sections of capillaries are shown for heterozy-
gous (A) and homozygous (B to F) stage E18.5 embryos. (A) Repre-
sentative heart capillary from a heterozygote with a single endothelial
cell having a smooth inner surface to the capillary lumen (l) without
cytoplasmic processes. (B) Heart capillary from a homozygote dem-
onstrates multiple endothelial cytoplasmic processes. (C) Other heart
capillaries show multilayered endothelial cells (arrows). (D) Endo-
thelial cells (e) with vacuoles are seen together with their basement
membranes (arrows) detached from an irregularly shaped cardiomyo-
cyte (cm). (E) Enlarged renal capillaries show an irregular luminal
surface with cytoplasmic processes (arrows), while a tubular epithe-
lium cell (t) seems to be unaltered. (F) Multiple cytoplasmic processes
(arrows) are recognizable in a brain capillary endothelial cell which is
partially covered by a normal pericyte (p). (G and H) Heart capillaries
from homozygous adults (H) do not show obvious alterations com-
pared to heterozygotes (G). Bars: 4 �m (A), 1 �m (B, C, and E), 0.7
�m (D), 5 �m (F), 3 �m and (G and H).
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The distribution of tight junction proteins is not affected in
endothelial cells. The morphology of the tight-junction con-
tacts between endothelial cells were investigated at stage E13.5
and E18.5 for several tissues including the brain. Double stain-
ing with antibodies against VE-cadherin and with lectin BS-1
(Fig. 10A, B, E and F) or with antibodies against ZO-1 (Fig.
10C, D, G, and H) showed no differences in the distribution or
intensity of the staining, as demonstrated for E18.5 brain cap-
illaries. This was also found for the tight-junction proteins
occludin and claudin-1 (data not shown).

DISCUSSION

Fibulin-1 was the first member of a new family of calcium-
binding extracellular matrix proteins characterized some 10
years ago (1, 28). Four more members are now known (21),
and a fibulin-1 homologue has also been identified in the ge-
nome of Caenorhabditis elegans (6). Mammalian fibulin-1 was
also shown to be a ligand for a diverse group of extracellular
proteins (2, 5, 48, 50, 51, 59) but did not promote cell adhesion
through integrin receptors (41). In the present study we have

analyzed the biological consequences of these potential func-
tions by deleting the fibulin-1 gene in mice. Heterozygous fibu-
lin-1-deficient mice showed the expected decrease in serum
fibulin-1 and tissue mRNA levels but were otherwise indistin-
guishable from normal animals. Most homozygous mice, how-
ever, died during the first 2 days after birth, due to a combi-
nation of blood loss and renal and respiratory impairments.
This indicated that fibulin-1 plays a crucial role in vessel de-
velopment, from midgestation until an early perinatal stage.
However, a few homozygotes survived and developed to a
fertile age. For the histological abnormalities in lung and kid-
ney podocytes, these animals might be less severely affected
and might attain normal functioning after birth with only mi-
nor residua. For the capillary phenotype, however, the changes
in the vessel stability during the first 2 days after birth was
correlated with a normalization of the morphology of the cap-
illaries. This suggested a distinct switch in the requirement for
fibulin-1, which might be correlated with an obvious reduction
of fibulin-1 expression in adult animals.

The most obvious phenotype of fibulin-1-deficient mice were
massive hemorrhages in skin, muscle, and perineurial tissue
but not in most other organs. This blood leakage is presumably
caused by imperfect endothelial cell linings in capillaries and,
as a consequence, the disruption of continuous vessel wall struc-
tures (Fig. 3). The capillaries in nearly all the organs examined
were abnormally widened and irregular, although in the heart,
lungs, kidneys, and organs of the abdominal cavity this was not
associated with hemorrhages. Since we did not observe an in-
creased number of endothelial nuclei per capillary cross-section,
it is likely that the increased capillary diameter is caused by
enlargement of endothelial cells. Ultrastructural analyses sup-
port this interpretation, by showing many luminal cytoplasmic
processes; an overlap of endothelial cells, which provides the
impression of multilayered cells; and the increased formation
of intracellular vacuoles. More limited changes in cellular
shape were also observed for cardiomyocytes and podocytes,
which showed a reduced number of foot processes and slits,
while no obvious changes were detected for the slit membranes
or for renal tubular epithelium and pericytes. This indicates
that the primary impact of fibulin-1 deficiency is on endothelial
cells in developing small capillaries, with a limited involvement
of endothelial cells of larger vessels and other cell types.

There are several other genes whose elimination produced
similar but not completely identical vascular phenotypes asso-
ciated with late gestation or neonatal death. Absence of the
PDGF B chain prevented glomerular tuft formation and at
later stages caused fatal hemorrhages (30). Vessel instability
was explained by the lack of attraction of pericytes by PDGF
(32). Absence of the PDGF receptor � subunit also interfered
with glomerular capillarization, while muscle capillaries had a
narrow and irregular shape which may have caused microan-
giopathic hemolytic anemia (54). The knockout of the integrin
�3 subunit also caused a reduced branching of glomerular
loops and lung alveoli, with patterns similar to that of fibulin-1
deficiency, but was not associated with bleeding (29). Massive
intracerebral and intestinal hemorrhages were, however, ob-
served in about 20% of surviving mice lacking the �V integrin
(4). Elimination of the laminin �5 chain, which is a potential
ligand for the �3�1 integrin, also interferes with glomerular
vascularization due to defects in the formation of the glomer-

FIG. 10. Double-fluorescence staining of E18.5 brain capillaries
from wild-type (A to D) and fibulin-1-deficient (E to H) mice either
with antibodies against VE-cadherin (A and E) and with lectin BS-1 (B
and F) or with antibodies against VE-cadherin (C and G) and ZO-1 (D
and H). VE-cadherin staining is restricted in both heterozygous (A)
and homozygous (E) animals to tight junctions of capillaries, stained
by lectin BS-1 (B and F). VE-cadherin (C and G) and ZO-1 (D and H)
expression fully overlaps in both wild-type and fibulin-1-deficient mice.
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ular basement membrane (34). This basement membrane ap-
pears not to be affected by fibulin-1 deficiency.

A common vascular defect can apparently be generated by
the elimination of quite diverse proteins which are involved
primarily in cell signaling and cell-matrix interactions during
angiogenesis (7, 22, 44, 45). Late stages include the investment
with smooth muscle cells or pericytes and their communication
with endothelial cells followed by matrix deposition for the for-
mation of a stable, nonleaky vessel bed (14, 19). This stage is
preceded by a plasticity window in vessel remodeling regulated
by VEGF and PDGF (8), while angiopoietin-1 seems to be
required for making vessels resistant to leakage (58). As shown
here, fibulin-1 is also required for the stabilization of vessel walls,
at least in certain tissues. A more general observation, how-
ever, is the bizarre changes in the shape of capillary endothelial
cells, which have rarely been observed in other studies on mal-
formed vessels. This could indicate that fibulin-1 controls the
cytoskeletal organization of these endothelial cells directly or
indirectly, arresting them at least transiently at a certain pre-
mature angiogenic stage. Such cytoskeletal changes as well as
vacuole formation are known from other endothelial cell stud-
ies to be controlled by integrins and growth factors (15, 47, 53).

A molecular interpretation of our data is still difficult, but at
least it allows some possibilities to be eliminated. The binding
of fibulin-1 to fibrinogen was previously interpreted to indicate
a role in blood coagulation (59). This seems not to be an es-
sential function, since coagulation, platelet aggregation, and
bleeding time are apparently normal in fibulin-1-deficient mice.
A lack of other coagulation proteins such as fibrinogen, pro-
thrombin, tissue factor inhibitor, and coagulation factor V
causes more severe defects, including massive hemorrhages
(13, 25, 55, 56). As shown previously with tumor cells (41) and
more recently with endothelial cells (R. Timpl, unpublished
data), fibulin-1C and -1D are not substrates for integrin-medi-
ated cell adhesion. This indicates that fibulin-1 does not make
a significant contribution to cell-matrix interactions, which
have been implicated in playing a role in vessel stability from
studies with fibronectin (20) and �V integrin (4) knockout
mice. However, there is still the possibility that fibulin-1 may
bind to other cellular receptors. In this context, it is of interest
that fibulin-1 is also present at relatively high concentration in
blood (1, 28), and it could therefore bind to endothelial cells
via luminal receptors.

A major function of fibulin-1 could be involvement in the
supramolecular organization of various extracellular structures
such as basement membranes (28, 38, 62), microfibrils (35),
and elastic fibers (46, 51). The basement membranes of fibulin-
1-deficient mice, however, appeared normal by electron mi-
croscopy and immunohistology, indicating that its absence can
be tolerated. Fibulin-1 is also an important component during
heart development and switches from a localization in the
cardiac jelly, presumably mediated by hyaluronan/versican (2,
35), to a microfibrillar association. Another major location is in
the elastic fibers of the aorta and dermis (46, 51). Again,
development of heart, aorta, and heart valves seems not to be
severely compromised in the absence of fibulin-1, possibly be-
cause fibulin-2 could take over some functions. Fibulin-1 was
also shown to bind to the angiogenesis inhibitor endostatin, an
interaction considered to retain endostatin in tissues and vessel
walls after proteolytic release from collagen XVIII (36, 50).

This distribution also remains unchanged in fibulin-1-deficient
mice, indicating efficient replacement by other extracellular
ligands such as nidogen-2 and fibulin-2.

The distinct vessel wall and endothelial cell changes in ho-
mozygous mice indicate a particular role for fibulin-1 during
angiogenesis, which is not yet understood at the molecular
level. Several previous predictions of fibulin-1 functions based
on its binding repertoire and tissue localization failed to pro-
vide satisfying answers. Further activities of fibulin-1, such as
binding to endothelial cells and angiogenic growth factors, are
now under investigation. A moderate but distinct calcium-
dependent interaction of fibulin-1 with bFGF could be dem-
onstrated by a solid-phase binding assay (unpublished data).
We considered in this context that fibulin-1 may also modulate
the expression or activity of other components involved in
angiogenesis and thus may play a more indirect role within a
particular signaling cascade. However, we observed no changes
in the expression of the tyrosine kinase receptors flt, flk, tie,
and tek, of the ligands VEGF-A, VEGF-B, Ang-1, Ang-2, and
bFGF, and of VE-cadherin when examined by semiquantita-
tive RT-PCR in E18.5 kidneys (unpublished data). The distri-
bution of VE-cadherin as well as of other endothelial tight
junction proteins like occludin, claudin-1, and ZO-1 was not
altered for fibulin-1 homozygotes after immunostaining. While
the present study has concentrated on developmental features,
further studies based on adult fibulin-1-deficient mice could
reveal other aspects of fibulin-1 functions. These animals can
now be generated in sufficient numbers, and preliminary data
indicate moderate to severe abnormalities in the aorta (G.
Kostka and W. Bloch, unpublished data). Further studies are
required to reveal whether such animals will become suitable
models for studying vascular diseases.
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23. Hartner, A., H. Schöckelmann, F. Pröls, U. Müller, and R. B. Sterzel. 1999.
�8 integrin in glomerular mesangial cells and in experimental glomerulone-
phritis. Kidney Int. 56:1468–1480.

24. Hodivala-Dilke, K. M., K. P. McHugh, D. A. Tsakiris, H. Rayburn, D.
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32. Lindahl, P., P. R. Johansson, P. Levéen, and C. Betsholtz. 1997. Pericyte loss
and microaneurism formation in PDGF-B-deficient mice. Science 277:242–245.
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48. Sasaki, T., G. Kostka, W. Göhring, H. Wiedemann, K. Mann, M.-L. Chu,
and R. Timpl. 1995. Structural characterization of two variants of fibulin-1
that differ in nidogen affinity. J. Mol. Biol. 245:241–250.

49. Sasaki, T., H. Wiedemann, M. Matzner, M. L. Chu, and R. Timpl. 1996.
Expression of fibulin-2 by fibroblasts and deposition with fibronectin into a
fibrillar matrix. J. Cell Sci. 109:2895–2904.

50. Sasaki, T., N. Fukai, K. Mann, W. Göhring, B. R. Olsen, and R. Timpl. 1998.
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