American Journal of Pathology, Vol. 149, No. 1, July 1996
Copyright © American Society for Investigative Pathology

Morphological Relationships of von Willebrand
Factor, Type VI Collagen, and Fibrillin in Human

Vascular Subendothelium

Xiao-Xuan Wu,”

Ronald E. Gordon,! Robert W. Glanville,
Huey-Ju Kuo,* Ronald R. Uson,’

and Jacob H. Rand*

From the Departments of Medicine* and Pathology,! The
Mount Sinai School of Medicine, New York, New York, and
Department of Research,* Shriners Hospital,

Portland, Oregon

von Willebrand factor (vWF) plays an important
role in the process of platelet adbesion after
endotbelial injury by serving as a bridge between
constituents of the vascular subendotbelium and
platelet membrane receptors. We previously pre-
sented evidence that type VI collagen microfibrils
serve as a binding site for vWF in buman vascu-
lar subendotbelium. However, otbhers bave pro-
posed that vWF is not associated with type VI
collagen but ratber with the thicker elastin-asso-
ciated microfibrils, which contain several pro-
teins including fibrillin. We therefore investi-
gated the relationships among vWF, type VI
collagen, and fibrillin in buman vascular suben-
dotbelium by immunoelectron microscopy using
single- and double-labeling immunogold localiza-
tion techniques. In addition, we observed the
three-dimensional ultrastructure of vWF-microfi-
bril complexes by stereo paired micrographs
and stereo viewer. We found that vWF co-local-
izes only with the type VI collagen microfibrils in
subendotbelium but not with fibrillin microfibrils
or striated collagen. The vWF is present in sub-
endothelium in the form of electron-dense aggre-
gates baving diameters varying between 65 and
80 nm that are closely associated with, and en-
mesh, the type VI collagen microfibrils and bave
structural similarities to intracellular Weibel-
Palade bodies. The occasional co-localization of
type VI collagen and fibrillin adjacent to internal
elastic lamina was observed. These results are
consistent with the bypotbesis that type VI colla-

gen, but not (fibrillin-containing microfibrils,
serves as a physiologically relevant binding site
Jor vWF in the vascular subendotbhelium, whbere
the type VI collagen-vWF complex may play an
important role in modulating the bemostatic re-
sponse to vascular injury. (Am J Pathol 1996,
149:283-291)

After vascular injury, von Willebrand factor (VWF)
plays a role in the process of platelet attachment to
exposed subendothelium by bridging between
platelet membrane receptors and the subendothe-
lium (for review see Ref.1). VWF is present in the
subendothelium,?* and this pool of VWF is known to
play an important role in the process of platelet ad-
hesion.>” It would therefore be important to eluci-
date the subendothelial binding site(s) for this pro-
tein.

We previously showed that VWF co-localizes with
type VI collagen microfibrils in human vascular sub-
endothelium.® However, other authors have reported
that VWF binds to thrombospondin-containing elas-
tin-associated microfibrils®="" and that, in vascular
subendothelium, VWF co-localizes with the thicker
thrombospondin-containing microfibrils but not with
type VI collagen microfibrils.'? As elastin-associated
microfibrils are known to contain fibrillin,'®'# anti-
bodies against this protein together with antibodies
against vWF and type VI collagen could be used to
resolve the relationships among these constituents
of the vascular subendothelium.

We therefore systematically investigated the rela-
tionships of these subendothelial components using
single- and double-label immunogold transmission
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Figure 1. Immunogold labeling of vWF in the subendotbelium of vein (@) and artery (b). The gold particles label the electron-dense aggregates
associated with thin microfibrils (small arrows). END, endothelial cells. Magnification, X 70,000; bar, 107 nm.

electron microscopic techniques. In addition, as an-
tigens that appear to co-localize by conventional
two-dimensional immunoelectron microscopy may,
in fact, be present in different planes, we observed
the three-dimensional ultrastructure of the vWF-mi-
crofibril complexes in subendothelium by stereo
paired micrographs.

Materials and Methods
Antibodies

Rabbit polyclonal antibody to human vWF (Janssen
Biochimica, Piscataway, NJ), mouse monoclonal
fibrillin antibody (MAb 69),'® and mouse monoclonal
type VI collagen (MAb VI)'® antibody were used as
the primary antibodies. Goat anti-rabbit and goat
anti-mouse IgG coupled to 5- or 15-nm colloidal gold
particles or staphylococcal protein-A-gold com-
plexes with 5- or 15-nm gold particles (Amersham,
Arlington Heights, IL) were used as the secondary
antibodies for the immunolocalization of vVWF, type VI
collagen, and fibrillin. MAb 69 and MAb VI were
lyophilized in hybridoma cell culture medium and

were reconstituted in an appropriate volume of dis-
tilled water before use. MAb 69 has been previously
characterized and shown to be specific for the pep-
sin-resistant PF3 domain of fibrillin and reacts with
native human fibrillin in tissue sections.'® MAb VI
was made by mixing monoclonal antibodies V1-1,
H-VI-2, N3-VI-2, Cl,2-VI-1, and CI,2-VI-2, which have
been characterized previously; all react with native
type VI collagen in tissue sections.™®

Electron Microscopic Immunolocalization

Human umbilical cords were collected immediately
after delivery. The vessels were rinsed with iso-0s-
molar phosphate-buffered saline (PBS), pH 7.4, and
perfusion fixed with 2% paraformaldehyde in PBS for
5 minutes. The tissue was then snap-frozen in OCT
compound (Miles Laboratories, Naperville, IL). Thir-
ty- to forty-micron cryostat sections were cut and
washed with three changes of iso-osmolar PBS, pH
7.4, for 15 minutes. Pre-embedding immunolabeling
was then performed according to previously estab-
lished procedures with minor modification.® For sin-
gle-antigen immunogold labeling, the sections were
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Figure 2. Immunogold labeling of vWF in the subendothelium of vein. Note that the fragments of Weibel-Palade bodies (WP; arrowheads) located
adjacent to the basal cytoplasmic membrane of endotbelial cells (@) bave a similar profile in electron density, shape, and size to the vWF-labeled
electron-dense aggregates deeper in the subendotbelium (b; arrows). Magnification, X 89,100; bar, 85 nm.

incubated at 4°C overnight with primary antibodies
(anti-vWF 1:5 diluted in PBS and MAb 69 and MAb VI
undiluted) and then with appropriate goat anti-rabbit
or goat anti-mouse 5-nm gold conjugate (Amer-
sham) at a 1:2 dilution in PBS. Sections were washed
with five changes of PBS for 6 hours at 4°C after the
antibody incubation steps. For the detection of dou-
ble antigens, the sections were first incubated with
MADb VI or MAb 69 and then with goat anti-mouse
5-nm gold conjugate or protein-A-gold 5-nm com-
plexes followed by 2 hours of incubation with normal
goat serum. The sections were then incubated with
anti-vWF or MAb 69 followed by goat anti-rabbit
15-nm gold conjugate or protein-A-gold 15-nm com-
plexes at a 1:2 dilution. Equivalent concentrations of
non-immune rabbit and mouse IgGs were used as
controls. The vessel sections were then immersed in
3% glutaraldehyde in PBS for 1 hour, postfixed in 1%
osmium tetroxide, dehydrated, and embedded in
Epon 812. Sections of approximately 80 to 100 nm
thickness were cut and stained with uranyl acetate
and lead citrate and examined with a JEOL 100 CX
electron microscope (JEOL, Tokyo, Japan).

Stereoscopic Three-Dimensional
Observations

To observe the three-dimensional relationships of the
antigens that had been found to co-localize, grids were
also examined using the transmission electron micro-
scope equipped with a goniometer stage and rotating
specimen holder (JEOL). Stereo paired micrographs
were taken at 7° angles or tilt from one another.

Results

Single-Antigen Labeling Studies

Immunogold single-antigen labeling confirmed the
presence of VWF and type VI collagen in subendo-
thelium of human vessels, where they both localize to
microfibrils. Interestingly, gold labeling of VWF in
subendothelium in all vessels examined was con-
spicuously localized on round, oval, or irregularly
shaped, electron-dense aggregates having a diam-
eter of 65 to 80 nm (Figure 1). These aggregates
revealed a similar profile in electron density, shape,
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Figure 3. Immunogold labeling of type VI collagen of vein () and artery (b). The gold particles are seen in the subendothelium; they label thin
microfibrils (with a mean diameter of 5 nm) and cluster at intervals (arrows) of 40 to 100 nm. Magnification, X 92,500; bar, 81 nm.

and size to the Weibel-Palade bodies located close
to the basal cytoplasmic membrane of endothelial
cells (Figure 2). These VWF aggregates were sur-
rounded by fine microfibrils with an approximate
mean diameter of 5 nm (Figure 1). The microfibrils
were decorated by gold particles labeling for type VI
collagen, which were present in nonrandom repeat-
ing clusters at intervals of 40 to 100 nm (Figure 3).

Vessels incubated with fibrillin antibodies labeled
thicker microfibrils approximately 10 nm in diameter
and have a periodicity of approximately 50 nm as pre-
viously reported.'® Immunogold-labeled fibrillin micro-
fibrils were often seen around amorphous cores of
internal elastic lamina (IEL; Figure 4). In addition, fibril-
lin antibodies were also observed to bind to small
bundles of microfibrils without amorphous cores in
subendothelium, which sometimes appeared to inter-
sect |IEL at the subendothelium-IEL junction (Figure
4b). The patterns of localization for all three antigens
were similar in both umbilical veins and arteries.

Double-Antigen Labeling Studies

To investigate the inter-relationships among vWF,
type VI collagen, and fibrillin, the three possible com-

binations of double-labeling studies were performed:
1) vVWF and type VI collagen, 2) vVWF and fibrillin, and
3) type VI collagen and fibrillin.

Double-labeling studies for vWF and type VI col-
lagen showed the co-localization of the two antigens
on microfibrillar structure in human vascular suben-
dothelium. We observed gold particles labeling for
type VI collagen on the microfibrils surrounding vWF-
labeled aggregates (Figure 5). Labeling for type VI
collagen was also observed within the VWF aggre-
gates (Figure 5). In contrast to the observations for
type VI collagen, there was no association found
between the gold particles labeling for vVWF and
fibrillin (Figure 6). Interestingly, there was also no
significant association of labeling for vVWF with mor-
phologically detectable fibrillar collagen in the sub-
endothelium (Figure 6).

The localizations of type VI collagen and fibrillin
were usually distinct, although in some areas, adjoin-
ing the IEL, the co-localization of gold particles la-
beling for both type VI collagen and fibrillin was
observed (Figure 7). Results for all of the double-
antigen labeling studies were observed to be similar
in both umbilical veins and arteries.
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Figure 4. Immunogold labeling of fibrillin in the subendotbelium. a: The gold is seen concentrated at 50-nm intervals (small arrows) on microfibrils
(with a mean diameter of 10 nm). b: Small bundles of microfibrils without amorphous cores (curved arrows) intersecting IEL at subendothelium-IEL

Junction. Magnification, X 70,000; bar, 107 nm.

Three-Dimensional Observations

To further elucidate the relationship of vVWF and type
VI collagen and how these two components are or-
ganized within the VWF aggregates, we examined
the three-dimensional ultrastructure of type VI colla-
gen and vVWF aggregates with stereo paired electron
micrographs taken from thin sections of double-la-
beled samples. We found that the vVWF aggregates in
subendothelium are composed of loosely coiled thin
strands that aggregate in a spiral pattern. Because
of overlap of structures in two-dimensional images,
these structures appear as electron-dense granules
as described above. Type VI collagen microfibrils
extend along these thin strands into the vWF-labeled
aggregates. This gives the aggregates a laminated
appearance with a less dense layer of type VI colla-
gen between two dense layers of VWF (Figure 8).
Labeling of vVWF and type VI collagen on two-dimen-
sional representations showed an alignment pattern
indicating localization of both on the same structure.
However, when viewed in three dimensions, it is
clear that, although both may label the same struc-
tures, the two antigens may also be present in close
association in different planes (Figures 8 and 9).

Discussion

VWF is present in subendothelium,?~* where it serves
to promote platelet adhesion.>~” Type VI collagen,
which is present in subendothelium,'” binds
VWF'7:'8 and supports platelet adhesion at low shear
rate conditions.’®2° The current results extend our
previous finding that VWF co-localizes with microfi-
brils of type VI collagen in subendothelium.2 They
further clarify the relationship between these two
proteins and definitively show that vVWF is not asso-
ciated with elastin-associated microfibrils containing
fibrillin.

An interesting aspect of our study is the finding
that vWF in subendothelium is present as insoluble
aggregates that are morphologically similar to intra-
cellular Weibel-Palade bodies. These VWF particles
are closely associated with thin type VI collagen
microfibrils, which, by three-dimensional stereo
paired electron micrographs, are seen to adjoin and
also penetrate the vWF aggregates. The vWF clus-
ters are not associated with the thicker elastin-asso-
ciated fibrillin microfibrils. Fibrillin and type VI colla-
gen microfibrils are associated with each other at the
interface between the IEL and the subendothelium.
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Figure 5. Immunogold double labeling of vWF and type VI collugen
shows the co-localization of tWF and type VI collagen in the suben-
dothelium. Note the electron-dense aggregates were labeled for tWF
with 15-nm gold particles (small arrows) and surrounded by type VI
collagen-labeled microfibrils with 5-nm gold particles (large arrows).
Labeling for the type VI collagen is also observed within these vWF
aggregates (arrowheads). Magnification, X 92,400; bar, 80 nm.

Weibel-Palade bodies are intra-endothelial stor-
age granules that contain the largest forms of VWF
that are released in response to physiological stimuli
such as thrombin and fibrin.2"2* As these are con-
sidered to be solely intracytoplasmic structures, we
found it notable that extracellular deposits of VWF
aggregates in the subendothelium had morphologi-
cal appearances similar to these bodies. This sug-
gests that the vWF packed into Weibel-Palade bod-
ies may, after its release into the subendothelium
and binding to type VI collagen microfibrils, retain
the intracytoplasmic packing configuration.

A significant aspect of this study is its confirmation
of our previous observation of the lack of significant
association between VWF and the fibrillar collagen
that is present in the subendothelium. This is in con-
trast to the knowledge that purified fibrillar collagen
binds VWF by recognizing specific domains on that
molecule (for review see Ref. 1). We speculate that
the lack of observable binding of VWF to subendo-
thelial fibrillar collagen in situ may be due to shielding
of this collagen by other elements such as proteo-
glycans, as had been demonstrated by Zucker-Fran-
klin and Rosenberg.?*

Figure 6. Immunogold double-labeling of tWF (15-nm gold particles;
small arrow) and fibrillin ( 5-nm gold particles; large arrow) shows no
association between vWF and fibrillin in the subendotbelium. Magni-

Sfication, X67,500; bar, 111 nm.

The present data, taken together with the functional
observations on the interaction between type VI colla-
gen and platelets, '®2°2% suggest the following model.
VvWF is secreted abluminally from endothelial cells’

Figure 7. Immunogold double labeling shows the co-localization of
type VI collagen (5-nm gold particles; large arrow) and fibrillin
(15-nm gold particles; small arrow) in an area adjoining the internal
elastic lamina. Magnification, X 90.000; bar, 83 nm.
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Figure 8. The three-dimensional ultrastructure of type VI collagen and vWF aggregates. The paired tilted micrographs are positioned so that an
observer can see the image in three di ions by adjusting the beight and angle of the stereo viewer over the micrographs until the images are fused
or overlapped. Note that the vWF aggregates are composed of loosely coiled thin strands (large arrow). Microfibrils of type VI collagen extend into the
vWF aggregates (small arrow). Magnification, X 132,000; bar, 56 nm.

et

Figure 9. The three-dimensional ultrastructure of type VI collagen and vWF aggregates. Observe as described in Figure 8. An alignment pattern
(between arrows) indicating both localize on the same structure by two dimensions but not three dimensions, where both are present in different
DPlanes, associated but segregated. Magnification, X 132,000; bar, 56 nm.
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Weibel-Palade bodies and then binds type VI collagen
in human vascular subendothelium. The VWF-type VI
collagen complexes have the morphological appear-
ance of extracellular Weibel-Palade-like bodies asso-
ciated with thin type VI collagen microfibrils. After injury
to the vascular endothelium, this subendothelial aggre-
gate is exposed to flowing blood. These complexes
stimulate a vWF-dependent platelet adhesion re-
sponse at low shear rates without a significant aggre-
gatory thrombotic response, whereas at higher shear
rate conditions, they provoke relatively little platelet
reactivity. However, traumatic injury that exposes vas-
cular elements in the deeper portions of the blood
vessel wall will, at high shear, stimulate a thrombotic
aggregatory response with its potentially vaso-occlu-
sive sequelae. We speculate that lack of vWF binding
to fibrillar collagen in subendothelium may reflect an
additional mechanism to keep superficial injury to the
vasculature from promoting a significant thrombotic
response. Thus, the degree of vascular injury, the type
of vessel constituents exposed, and the blood flow
conditions may serve to modulate the degree of plate-
let reactivity from none at all to a limited adhesion
response to a full-blown thrombotic response.

In conclusion, VWF is present in subendothelium
where it is associated with type VI collagen microfi-
brils but not with elastin-associated fibrillin-contain-
ing microfibrils. It is likely that these type VI collagen-
VWF complexes, which are exposed to flowing blood
after endothelial injury, play a significant role in the
process of platelet adhesion.
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