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Mice lacking collagen XVIII and its proteolytically
derived product endostatin show delayed regression of
blood vessels in the vitreous along the surface of the
retina after birth and lack of or abnormal outgrowth
of retinal vessels. This suggests that collagen XVIII/
endostatin is critical for normal blood vessel forma-
tion in the eye. All basement membranes in wild-type
eyes, except Descemet’s membrane, showed immuno-
gold labeling with antibodies against collagen XVIII.
Labeling at sites where collagen fibrils in the vitreous
are connected with the inner limiting membrane
and separation of the vitreal matrix from the inner
limiting membrane in mutant mice indicate that
collagen XVIII is important for anchoring vitreal
collagen fibrils to the inner limiting membrane. The
findings provide an explanation for high myopia,
vitreoretinal degeneration and retinal detachment
seen in patients with Knobloch syndrome caused by
loss-of-function mutations in collagen XVIII.
Keywords: collagen XVIIl/endostatin/eye abnormalities/
immunogold labeling/knockout mice

Introduction

Collagen XVIII, expressed as three variants with differ-
ences in their N-terminal regions but sharing multiple
triple-helical domains separated by non-triple-helical
regions, is a proteoglycan located in basement membranes
of epithelia and vascular endothelium (Oh et al., 1994;
Rehn and Pihlajaniemi, 1994; Muragaki et al., 1995;
Halfter et al., 1998; Saarela et al., 1998). Part of the
C-terminal non-triple-helical (NC1) domain of colla-
gen XVIII, common to all variants, represents the anti-
angiogenic fragment named endostatin (O’Reilly et al.,
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1997). Endostatin is separated from an upstream trimer-
ization region by a protease-sensitive hinge (Sasaki er al.,
1998). Cleavage within the hinge results in release of
endostatin and endostatin-like fragments that can be
detected in blood plasma and tissue extracts (Sasaki
et al., 1998). Cathepsin L and matrix metalloproteases
(MMPs) can cleave within the hinge (Felbor et al., 2000);
other enzymes may also play a role in the generation of
endostatins during physiological or pathological process-
ing of collagen XVIII (Wen et al., 1999; Ferreras et al.,
2000).

It has been proposed that collagen XVIII/endostatin
may function to act as a local basement membrane-
associated regulator of angiogenesis during processes
that result in release of cathepsins and metalloprotein-
ases (Felbor et al., 2000). It is also likely that the
triple-helical, heparan sulfate-containing portion of
collagen XVIII plays a role in the assembly, mainten-
ance, structural integrity or cellular binding properties
of basement membranes. In fact, the discovery that
Knobloch syndrome, in a Brazilian pedigree, is caused
by a splice site mutation affecting the short form of
collagen XVIII (Sertié er al., 2000) supports a
structural function for collagen XVIII. In Knobloch
syndrome, affected individuals develop high myopia,
vitreoretinal degeneration with retinal detachment,
macular abnormalities and a localized defect in the
occipital region of the skull described (somewhat
inappropriately) as occipital encephalocele. Apart
from the macular abnormalities and encephalocele,
these are features that are also seen in Stickler-like
syndromes as a result of mutations in COL2AI or
COLI1IAI genes (Mundlos and Olsen, 1997; Annunen
et al., 1999). Since collagen XVIII is expressed in the
developing and postnatal eye (Sasaki et al., 1998;
Halfter et al., 2000), along with collagens II and XI, it
is possible that this non-fibrillar collagen is part of a
tissue scaffold that is essential for maintaining a
normal vitreous structure and functional retina.

The phenotypic consequences of a complete lack of
collagen XVIII support this possibility. In mice with
Coll8al null alleles, ocular abnormalities include a
delay in normal postnatal regression of hyaloid vessels
along the inner limiting membrane of the retina [vasa
hyaloidea propria (VHP)] and abnormal outgrowth of
the retinal vasculature. Lack of collagen XVIII/endo-
statin also causes alterations along the inner limiting
membrane at the vitreous/retina interphase. The results
are consistent with the hypothesis that collagen XVIII/
endostatin is critical for the function of basement
membranes in specific anatomical locations, and we
suggest that the alterations provide an explanation for
the ocular abnormalities of patients with Knobloch
syndrome.
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Results

No expression of collagen XVIli/endostatin and

no gross abnormalities in mice with targeted
Col18a1 alleles

DNA for the targeting vector was from a genomic
fragment containing exons 17-38 of Coli8al
(Figure 1A). A Sall site within exon 30 was used to insert
a neo® cassette to generate a replacement vector
(Figure 1B). In this position, the neoR cassette would
interrupt all variant forms of collagen X VIII. Homologous
recombination was confirmed by Southern blots using an
EcoRI-Kpnl fragment as probe (data not shown) and by
PCR (Figure 1C). PCR was used for subsequent genotyp-
ing since PCR results were in complete agreement with
Southern analyses.

Northern blots of RNAs from embryonic and adult
tissues of homozygous mutants failed to reveal detectable
levels of a1(XVII) mRNA. In contrast, RNAs from wild-
type embryos and adult livers showed high levels of
al(XVIID) expression, and RNAs from heterozygous
embryos showed about half the levels of wild-type mice

A

COLS

(Figure 1D). Determination of circulating levels of
collagen XVIII-derived fragments in plasma of wild-
type, heterozygous and homozygous animals showed no
detectable endostatin or endostatin-like fragments in
homozygous null mice. Heterozygotes had levels that
were 50% of those of wild-type animals (23.4 = 2.7 versus
44.9 = 7.5 ng/ml). Northern blots with a probe covering
exons 4-7 from the 5" region of Coll8al and immuno-
histochemistry of homozygous null tissues with an anti-
body against the NC11(XVIII) domain (see below) were
completely negative, proving that shorter transcripts
representing the 5" region of Coll8al and their protein
products are not expressed in null animals.

No gross abnormalities were detected by inspection of
mutant embryos or adult animals. Mating of homozygotes
indicated no reduction in reproductive capacity, and 43
consecutive matings between heterozygotes gave the
expected ratios of offspring, namely 89 wild type, 174
heterozygotes and 92 homozygotes. Light microscopy
revealed no abnormalities in the mutant mice. We paid
particular attention to the vascularity of tissues and the
structure of basement membrane-containing regions of

B D
E4—— 19kb ———P+
S K
r R L
| i
| ; 285—
PaiNeo () M Probe KE
* 185—
: e sl e 1 2 3 4 5 6 7
v : ¥
> -

Fig. 1. (A) Diagram showing domain structure of o.1(XVIII) collagen (top) and exon structure of central portion of Coll8al gene (bottom). Size mark-
ers [in 100 amino acid (AA) and 1 kb units] are shown at right. Triple-helical domains are indicated by open boxes, and non-triple helical protein do-
mains by a heavy line. Non-triple helical domains at carboxyl and amino ends are labeled NC1 and NCI11, respectively. Exons are represented by
vertical bars and introns by a line. A unique Sall site (S), in exon 30, corresponds to site within COL5 domain, used for insertion of neoR cassette in
targeting construct. (B) Diagram showing targeting construct (middle) and its relationship to wild-type gene (top) and targeted gene following homolo-
gous recombination (bottom). Open arrow indicates the direction of transcription of PKG/Neo gene. Probe KE was used for screening ES cell clones.
Southern blotting with this probe detects a 19 kb EcoRI fragment in wild-type DNA and a 6 kb EcoRI fragment in targeted DNA. Primers (SW, SN
and RW) and their directions (arrowheads) used for PCR-based genotyping are shown at the bottom. E, EcoRI; S, Sall; K, Kpnl; N, Notl. (C) Gel
electrophoresis of PCR products with mouse tail DNA and primer pairs SW/RW and SN/RW. Lane 1, size markers; lanes 2 and 5, DNA from homo-
zygous Coll8al null mice; lanes 3, 4, 6 and 7, DNA from heterozygous mice; lanes 8 and 9, DNA from wild-type mice. Sizes of PCR products indi-
cated on the left. (D) Northern blot probed for Coll8al with RNA from wild-type, heterozygous and homozygous mutant mice. The probe was from
3’ untranslated and endostatin region of mRNA. Lanes 1, 4, 5 and 6, RNA from homozygous Col/8al null mice; lane 2, RNA from heterozygous
Coll8al*"~ mouse; lanes 3 and 7, RNA from wild-type mice. In lanes 1-4 RNA from adult liver; in lane 5 from adult lung; in lane 6 from adult
kidney; in lane 7 from embryonic day 17.5 whole embryos. Results of reprobing the blot for Gapdh are shown at the bottom. Positions of 18S and 28S
RNAs are indicated on the left.
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Fig. 2. Delayed regression of hyaloid capillaries in Coll8al~~ mice
compared with age-matched wild-type mice at postnatal days 0.5 (A,
B), 4 (C, D), 8 (E, F), 16 (G, H) and 24 (I, J). Abbreviations: L, lens;
V, vitreous; R, retina. Symbols: black arrows, hyaloid capillaries; white
arrows, TVL; asterisk, contact between hyaloid capillary and retina.
Original magnifications: (A-F), (I) and (J), X40; (G) and (H), X80; all
insets, X160. Horizontal sections through eye of wild-type (A) and
Coll8al~~ mouse (B) at postnatal day 0.5 showing transverse sections
of hyaloid capillaries at internal surface of retina and vessel branches
attached to lens capsule (TVL). Insets: few vessels attached to surface
of retina in wild-type mice, but were seen more frequently in
Coll8al~~ mice. Hyaloid capillaries are clearly dissociated from retinal
surface and start to show signs of regression in wild-type mice at day
4 (C). Hyaloid capillaries still near retina in Coll8al~~ mice (D) or in
contact with it [(D), inset]. Hyaloid capillaries have disappeared from
vitreous (E) or some rudiments can be seen in the vicinity of the lens
[(E), inset] in wild-type eyes at postnatal day 8. In age-matched
Coll8al~~ mice, hyaloid capillaries are found within vitreous (F), near
or attached to retina [(F), inset]. In some Coll8al~- capillaries the
diameter is increased and numerous erythrocytes [(F), inset] are seen.
Hyaloid capillaries were completely removed from vitreous in wild-
type mice at day 16 (G). In Coll8al~ mice, hyaloid vessels still pre-
sent in vitreous (H). Some persistent vessels are still connected to ret-
ina [(H), inset]. No hyaloid capillaries were found in 24-day-old wild-
type mice (I). Most sections from Coll8al™~ eyes are comparable to
wild-type samples; however, some sections show numerous persistent
and enlarged vessels in vitreous (J).
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Fig. 3. The number of hyaloid vessel profiles in vitreous (A) and
TVL (B) at different days in sections from wild-type (open squares,
WT) and homozygous Coll8al~~ null (filled circles) mice. At each
time point means of data from eight wild-type and nine Coll8al -
mice are shown. Standard errors of the mean are indicated by vertical
bars; significant differences between wild-type and knockout values are
indicated by triple asterisks.

various organs, but no morphological differences between
wild-type and mutant mice were detected in organs such as
heart, lungs, liver and kidney (not shown). Careful
examination of the eye, however, showed differences
between homozygous and wild-type/heterozygous animals
in the regression of hyaloid vessels (VHP) after birth and
in the postnatal outgrowth of retinal vessels.

Delayed regression of hyaloid vessels in

collagen XVIIl null mice

The vessels around the lens capsule [tunica vasculosa
lentis (TVL)] and the VHP in the vitreous along the inner
limiting membrane of the retina were examined in
homozygous mutant mice and wild-type controls at
postnatal days 0.5, 4, 8, 16 and 24. As shown in Figure 2,
hyaloid vessels were clearly dissociated from the retinal
surface and started to show signs of regression in wild-type
mice at day 4 (Figure 2C); about half were left at day 8
(Figure 2E), and they were practically gone by postnatal
day 16 (Figure 2G). No VHP capillaries were seen in the
vitreous at day 24 in wild-type mice (Figure 2I). In
contrast, the VHP in Coll8al~~ animals were still present
near the retina at days 4 and 8, and persisted even at day 16
(Figure 2D, F and H). At day 24, most sections of
homozygous mutants showed no VHP, but some sections
still showed numerous and enlarged vessels in the vitreous
(Figure 27J).

This delay in regression of the VHP in Coll8al~~ mice
was evident from counting profiles of the hyaloid
vasculature in sections from wild-type and mutant mice
(Figure 3A). At postnatal day 0.5, there was no difference
in the number of profiles between the two types of mice,
but at all subsequent days examined, Coll8al~~ mice had
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Fig. 4. Blood vessels in retinas of 4-day-old mice. Whole-mount immuno-
fluorescence with antibodies against collagen IV in wild-type (A) and
Coll8al~~ (B-D) mice, showing irregular development of blood ves-
sels from optic nerve head (asterisks). In some Coll8al~~ samples
there are no developing vessels (B), in some cases irregular growth
of retinal capillaries (C), and in some, samples denser growth of
capillaries (D) when compared with wild-type samples (A). Original
magnification X120.

significantly more profiles in the vitreous than wild-type
mice. In contrast to the differences seen between mutant
and wild-type animals in the regression of the VHP, no
differences were observed in the regression of vessels in
the TVL (Figure 3B). Also, no differences were observed
in the number and appearance of macrophages (hyalo-
cytes) in the vitreous of mutant and wild-type animals.

Delayed and abnormal outgrowth of retinal
vessels in collagen XVIII null mice

Examination of retinal vessels by immunofluorescent
staining of whole mounts with collagen IV antibodies
showed poor or irregular growth of capillaries in the retina
of Coll8al~~ mice. In comparing 18 wild-type eyes with
55 Coll8al~- eyes (Figure 4), 43.6% of the Coll8al-
eyes did not show any or only very few short vessels in the
retina (Figure 4B); 40% of Coll8al~- eyes showed some,
but fewer, vessels than wild-type eyes (Figure 4C); in
16.4%, the vessel outgrowth was comparable to that of
wild-type eyes. Among the 40% with some, but fewer,
vessels than wild-type eyes, focal areas of unusually dense
capillary growth were seen in about half the samples
(Figure 4D).

Reduced expression of VEGF in retinas of

collagen XVIIl null mice

The postnatal vascularization of the rodent retina is driven
by hypoxia-induced vascular endothelial growth factor
(VEGF) expression in neuroglial cells, and altering this
expression causes abnormalities in vascular outgrowth
(Alon et al., 1995; Stone et al., 1995; Benjamin et al.,
1998; Yancopoulos et al., 2000). We therefore asked
whether the abnormality in vessel outgrowth in
collagen XVIII null eyes was associated with lack of
VEGF up-regulation in neuroglial cells as a result of the
persistence of VHP along the retinal surface. As shown in
Figure 5, VEGF expression was less intense in neuroglial
cells of Coll8al~- than of wild-type eyes, as shown by in
situ hybridization, and quantitative PCR demonstrated that
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Fig. 5. Expression of VEGF by in situ hybridization in retinal neuroglia
of collagen XVIII null [/~ (A and B)] and wild-type [+/+ (C and D)]
eyes. Rectangular areas in (A) and (C) are shown at a higher magnifica-
tion in (B) and (D). Relative levels of VEGF (*SD, n = 4) by quantita-
tive PCR shown in (B) and (D). C, cornea; L, lens; I, inner cell layer;
O, outer cell layer. Scale bars: (B), 200 um; (D), 50 pm.

Fig. 6. Staining of wild-type mouse eye at postnatal day 1 with anti-
collagen XVIII antibodies. Positive staining of basement membranes in
TVL, around lens (L) and in VHP along inner limiting membrane
(ILM). Scale bar, 200 pm.

the level of VEGF transcripts was ~50% lower in retinas of
4-day-old mutant than of wild-type mice (Figure 5).

Expression of collagen XVIII in the developing and
postnatal eye

During the embryonic period, staining was seen in the
basement membrane on the outside of the retina and of
the inner limiting membrane with antibodies against the
NCI11(XVIII) domain. Staining was also seen of the
basement membranes of VHP, of vessels in the TVL
and of the lens capsule (Figure 6). In adult wild-type
mice, immunofluorescence with antibodies against
NCI11(XVIIl) showed reactivity in the iris basement
membranes, lens capsule, inner limiting membrane and
Bruch’s membrane (Figure 7), but there was no staining of
Descemet’s membrane (not shown). The fact that there
was no staining of any structure in eyes from homozygous
Coll8al~- mice demonstrated that the antibody is specific
for collagen XVIIIL. Strong staining of the lens capsule,
vessels in the TVL and the hyaloid capillaries was seen
with antibodies against collagen IV, both in wild-type eyes
and in eyes from homozygous collagen X VIII null mice at
late embryonic stages (not shown).
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Fig. 7. Immunofluorescence staining of anterior portion of adult wild-
type mouse eye with anti-collagen XVIII antibodies. Basement mem-
branes of iris and anterior lens capsule are indicated in (A).
Rectangular area in (A), shown at a higher magnification in (B), shows
staining of basement membrane of ciliary body, inner limiting mem-
brane and Bruch’s membrane. Original magnification: (A), X100; (B),
X400.

Ultrastructural location of collagen XVIIl/
endostatin in ocular basement membranes

The presence of collagen XVIII in the basement mem-
branes of the eye was confirmed by electron microscopy
with gold-labeled antibodies against NCI11(XVIII).
Labeling was associated with Bowman’s membrane of
the cornea (Figure 8A), the inner limiting membrane
(Figure 8C) and Bruch’s membrane (Figure 9). In
Bowman’s membrane (Figure 8A), gold particles were
distributed in clusters on the matrix side of the lamina
densa, similar to what was found for epidermal basement
membranes (Figure 8B). A similar clustering was seen in
the iris (not shown) and along capillary basement mem-
branes in Bruch’s membrane (Figure 9A). In Bowman’s
membrane, the epidermal basement membrane and the
capillary basement membrane, the clusters of labeled
NC11(XVIII) domains appeared to be co-localized with
fibrillar structures in the adjacent matrix, suggesting a role
for collagen XVIII as a component of an anchoring
complex between the fibrillar matrix and basement
membranes. Along the inner limiting membrane, the
gold particles were localized within the lamina densa and
were clearly restricted to regions where vitreous fibrils are
in close proximity to the membrane (Figure 8C and D).
The difference in the localization of gold particles in the
inner limiting membrane and epidermal/vascular base-
ment membranes suggests a difference in the precise
relationship of collagen XVIII to other components in the

Mice lacking collagen XVIil/endostatin

Fig. 8. Labeling of ocular and epidermal basement membranes of wild-
type mice with gold-labeled anti-collagen XVIII antibodies. (A) Clusters
of gold particles on matrix side (with collagen fibrils) along lamina
densa (asterisk) of Bowman’s membrane (scale bar 200 nm).
Occasional clusters also on epithelial side. (B) Labeling of lamina
densa (asterisk) along epidermal basement membrane (scale bar
400 nm); occasional larger particles, which are products of post-label-
ing enhancement, are visible. (C) Labeling of lamina densa (asterisk)
of inner limiting membrane (scale bar 200 nm). Arrows indicate clus-
ters of gold particles at sites where vitreal collagen fibrils approach
inner limiting membrane. These particles are clearly evident in (D)
(scale bar 50 nm), which shows the rectangular area in (C) at a higher
magnification.

Fig. 9. Immunolabeling of Bruch’s membrane with gold-labeled anti-
bodies against collagen XVIII. (A) Low magnification overview (scale
bar 400 nm) shows pigment epithelium in upper left-hand corner, capil-
lary of choriocapillaris at lower right, and clusters of gold particles
along lamina densa (asterisks) of epithelial and endothelial basement
membranes; label is also seen associated with collagen fibrils in the
space between the two basement membranes. (B) Tangential section
through Bruch’s membrane shown at a higher magnification (scale bar
250 nm). Clusters of gold particles seen on each side of lamina densa
(asterisk) of pigment epithelial cells in upper left-hand corner. At the
lower right, clusters of particles seen associated with collagen fibrils.
Microfibrils and associated electron-dense material (probably elastin) in
central area show little or no labeling.

two types of basement membrane, but the co-localization

with collagen fibrils supports the possibility of an anchor-
ing function in both cases.
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Fig. 10. Ultrastructure of retinal surface and adjacent vitreous in adult
wild-type [+/+, (A)] and collagen XVIII null [-/-, (B)] mice. Lamina
densa of inner limiting membrane is indicated by asterisks. Arrows,
vitreal collagen fibrils in wild-type eye; N, nuclei of retinal cells. Scale
bar, 1000 nm.

In Bruch’s membrane, the clustering of gold particles
was particularly evident in tangential sections, where the
clusters of gold particles were distributed on an almost
uniform lattice (Figure 9B) and appeared to be co-
localized with collagen fibrils in the tissue separating
pigment epithelial and endothelial basement membranes.
Along the pigment epithelial cells, robust labeling was
seen on both sides of the lamina densa (Figure 9B). In this
respect, this basement membrane differs from all other
basement membranes we have examined. In the pigment
epithelial basement membrane, collagen X VIII molecules
must be symmetrically organized along the lamina densa,
with the N-terminal regions exposed on both the epithelial
(retinal) side and the choriocapillary side. This suggests
that collagen XVIII may be of particular significance for
the structure, function or turnover of the pigment epithelial
basement membrane.

Ultrastructural abnormalities along the inner
limiting membrane of collagen XVIII null mice
Comparison of the ultrastructure of ocular tissues in wild-
type and Coll8al~~ mice showed no detectable differ-
ences in regions that contain collagen XVIII, with the
exception of the inner limiting membrane. Along the inner
limiting membrane of wild-type eyes, collagenous fibrils,
surrounded by non-fibrillar material, were present at the
periphery of the vitreous and in close proximity to the
membrane (Figure 10). In areas where the fibrils appeared
to ‘insert’ into the membrane, heavy labeling was seen
with gold-labeled antibodies against NCI11(XVIII)
(Figure 8C). In the majority of sections of Coll8al~-
eyes, no fibrils were seen in the peripheral regions of the
vitreous, and areas of fibril ‘insertions’ into the inner
limiting membrane were difficult to find (Figure 10B). The
limiting membrane was otherwise identical in wild-type
and Coll8al~- eyes.

No difference in tumor growth in wild-type and
collagen XVIIl null mice

Since endostatin has been shown to have antiangiogenic
and antitumor effects in mice when administered as a
recombinant protein (O’Reilly et al., 1997), we inoculated
wild-type and collagen XVIII null mice with B16F10
melanoma and T241 fibrosarcoma tumor cells and
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Fig. 11. Growth of BI6F10 melanoma and T241 fibrosarcoma tumors
in wild-type (open symbols) and collagen XVIII null (filled symbols)
mice. Vertical bars represent standard deviations in tumor volume.

followed the growth of tumors over a period of 18 days.
No difference in growth rate was observed for either tumor
type (Figure 11). Thus, the physiological levels of
endostatin in wild-type mice are insufficient to exert a
negative effect on the growth of melanomas and
fibrosarcomas.

Discussion

Role of collagen XVIlI/endostatin in

ocular angiogenesis

The hyaloid vessels of the eye normally regress according
to a developmental program (Ito and Yoshioka, 1999). The
exact mechanisms for the regression are not known, but
apoptosis and tissue macrophages are likely to be involved
(Lang and Bishop, 1993; Lang et al., 1994; Diez-Roux and
Lang, 1997; Mitchell et al., 1998; Zhu et al., 2000). In
collagen XVIII null mice, VHP persist far beyond the time
when they have completely disappeared in wild-type mice.
This suggests that collagen XVIII/endostatin plays a role
in the normal regression of the VHP. A similar persistence
of the hyaloid vasculature has been observed in mice
carrying a transgene that allows elimination of macro-
phages in the eye (Lang and Bishop, 1993). This suggests
that macrophages and collagen XVIII/endostatin may co-
operate in the normal regression of VHP. Future studies
are needed to examine the nature of this potential co-
operation.

The delayed regression of the VHP in collagen XVIII
null mice is probably the cause of abnormal vasculariza-
tion of the retina. As mentioned above, postnatal retinal
vascularization in rodents is driven by hypoxia-induced
VEGF expression in neuroglial cells (Alon et al., 1995;
Stone et al., 1995; Benjamin et al., 1998; Yancopoulos
et al., 2000). Exposure to hyperoxia has been shown to
repress VEGF expression (Alon et al., 1995; Pierce et al.,
1996; Stone et al., 1996); thus, the persistence of large
hyaloid vessels on the anterior retinal surface in the
collagen XVIII null mice would lead to higher local
oxygen levels than in wild-type eyes, and may explain the
lower levels of VEGF (Figure 5). The variability in retinal
vascular patterns between different individual mutant mice
(see Figure 4) could be a consequence of variability in the
number and precise location of VHP (see Figure 2). Even
in mutant mice where the hyaloid vessels do eventually
disappear, the retinal vessels may be abnormal, since it has



been demonstrated that a return to normoxia, following a
brief period of hyperoxia, leads to an abnormal burst of
VEGF production and outgrowth of vessels in an abnormal
pattern (Yancopoulos et al., 2000).

The delayed regression of hyaloid vessels on the surface
of the retina in collagen XVIII-deficient mice is in striking
contrast to the normal disappearance of the vessels on the
posterior surface of the lens. This suggests that mechan-
isms controlling regression of vessels within the TVL and
VHP are different. It has been suggested that apoptosis of
endothelial cells within the TVL is triggered by a rapid
thickening of the posterior lens capsule that separates the
endothelial cells from VEGF-producing cells within the
lens (Mitchell et al., 1998). This attenuation of the VEGF
survival signal may be further accentuated by binding of
VEGF to heparan sulfate proteoglycans within the lens
capsule.

Abnormalities along the inner limiting membrane
in collagen XVIIl null mice

Co-localization of gold-labeled NC11(XVIII) antibodies
with regions where collagen fibrils are ‘inserted’ into the
inner limiting membrane, combined with reduced numbers
of vitreous fibrils along the inner limiting membrane
in many sections of Coll8al”~ eyes, suggests that
collagen XVIIl/endostatin is important for the connection
between the collagenous matrix of the vitreous and the
inner limiting membrane of the retina. In this location in
the eye, collagen XVIII/endostatin may function primarily
as a component of an anchoring complex between collagen
fibrils and the basement membrane. In contrast, the
absence of collagen XVIIl/endostatin in skin and cornea
does not result in separation of the lamina densa from the
underlying matrix, and other components must play a
compensatory role. Why the inner limiting membrane
region should be different in this respect may be related to
the unique composition of the matrix that underlies the
inner limiting membrane. In skin, cornea and around blood
vessels in all other locations, the matrix contains fibrils of
collagens I, IIT and V, and other components associated
with such fibrils. In the vitreous, the fibrillar structure is
almost identical to that of cartilage, with collagens II, IX
and XI. The inner limiting membrane is therefore unique
among basement membranes in that it is connected to a
cartilage-like matrix, and it may not contain the
components that can compensate for the loss of
collagen XVIIl/endostatin in other basement membranes.
This unique connection of the inner limiting membrane to
a cartilage-like matrix may also explain why the localiza-
tion of gold particles associated with anti-NC11(XVIII)
antibodies is different for this basement membrane
compared with epidermal and corneal basement mem-
branes (Figure 8). The posterior lens capsule is also
connected to this cartilage-like matrix, but is thicker and in
many respects not comparable to other basement mem-
branes; thus, it is not surprising that we found no
abnormalities along this membrane in Coll8al~- eyes.

Phenotypic consequences of lack of collagen
XVlli/endostatin in humans

In DNA from patients with recessively inherited Knobloch
syndrome, Sertié€ et al. (2000) found a splice site mutation
that causes premature termination of the short form of
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collagen XVIII. While affected individuals are still able to
synthesize the long variants, they are likely to be
functionally null for the short form of collagen XVIII.
Mutations that cause premature termination of all variants
have been identified in additional Knobloch patients, and
these patients appear to have the same phenotype as
patients with the splice site mutation (M.R.Passos-Bueno,
personal communication). This suggests that the pheno-
type of Knobloch patients—high myopia, vitreoretinal
degeneration with retinal detachment, macular abnormal-
ities and occipital encephalocele—is due to loss of
collagen XVIII function.

It is conceivable that the Knobloch phenotype may be a
consequence of blood vessel-associated abnormalities that
somehow affect the expression and/or assembly of
collagens II and XI, the major components of vitreous
fibrils. In patients with Stickler-like syndromes, mutations
in COL2AI or COLIIAI cause ocular abnormalities that
are similar to those seen in Knobloch syndrome (Mundlos
and Olsen, 1997; Annunen et al., 1999). An alternative
possibility is that structural changes at the vitreous-inner
limiting membrane interface cause the high myopia,
vitreoretinal degeneration and retinal detachment of
Knobloch syndrome. In support of this alternative, which
we favor, is the loss of connectivity between the vitreal
fibrils and the inner limiting membrane in most sections of
Coll8al~- eyes, reflecting a collapse of the vitreous.
During the first postnatal days, the secondary vitreous
forms in the space between the inner limiting membrane
and the VHP. Consequently, this changes the VHP
position and compresses it centrally around the hyaloid
artery, and apparently pushes the VHP towards the lens
(Bischoff et al., 1983; Ito and Yoshioka, 1999). During
dissection of postnatal eyes in preparation for whole-
mount staining of retinal vessels, it was noted that hyaloid
vessels appeared more tightly adhered to the retina in
Coll8al~- eyes than in wild-type eyes, and hyaloid vessel
profiles could be seen in close association with the retinal
surface in sections of Coll8al~~ eyes (see Figure 2). Thus,
we believe that absence of collagen XVIII causes struc-
tural changes in the inner limiting membrane or the
basement membrane of the VHP, resulting in abnormal
adhesion of these vessels to the retina. In combination with
a collapse of the vitreous and its retraction from the retina,
this could lead to retinal detachment.

The macular degeneration associated with Knobloch
syndrome is likely the result of abnormalities in the retinal
vasculature or age-related changes in the pigment
epithelial layer as a consequence of alterations in
Bruch’s membrane. The encephalocele may be a human-
specific consequence of collagen XVIII mutations, since
we have not been able to detect any abnormalities in the
posterior part of the brain or skull in the knockouts. X-ray
imaging of wild-type and mutant animals (not shown) did
not reveal any abnormalities in the thickness of the skull in
homozygous knockouts, nor could we detect any changes
in pial basement membranes stained with anti-collagen IV
antibodies (not shown).

Antitumor effects of endostatin

The lack of any difference in the rate of growth of BI6F10
melanoma and T241 fibrosarcomas in wild-type mutant
mice suggests that physiological levels of endostatin are
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insufficient to exert detectable antitumor effects in mice.
This is not particularly surprising, since most studies
where such effects have been reported have involved much
higher concentrations of recombinant endostatin (O’Reilly
et al., 1997). In studies that used particularly small
amounts of endostatin it is also likely that the concentra-
tions exceeded the physiological levels because of local
delivery (Yamaguchi et al., 1999; Joki et al., 2001; Read
et al., 2001).

Materials and methods

Gene targeting and generation of mutant mice

A mouse genomic library (Stratagene, La Jolla, CA) was screened with
the o1 (XVIII) collagen cDNA clone mc3a (Oh et al., 1994). A genomic
clone, P4-1, was characterized and shown to contain 22 exons
corresponding to exons 17-38 of the Coll/8al gene. A 12 kb Notl-Kpnl
fragment of P4-1 was used to make a replacement vector. A neoR cassette
(containing the PGK promoter, the neomycin resistance gene and a
polyadenylation signal) was ligated into a Sall site within exon 30 that
encodes part of the COLS5 domain (Figure 1A and B). J1 embryonice stem
(ES) cells were transfected with the replacement vector by electropora-
tion and selected in G418-containing medium as described previously (Li
et al., 1992). The genotype of G418-resistant clones was analyzed by
Southern blotting. A correctly targeted clone was injected into C57BL/6J
blastocysts to generate chimeric mice (Li ef al., 1992). Chimeric mice
were bred either to 129 Sv/J or C57BL/6J mice to generate 129 Sv inbred
or F; hybrid heterozygous knockout mice, respectively. The F,
heterozygous mice were backcrossed to C57BL/6J mice for 15
generations to generate the C57BL/6J inbred knockout lines.

Genotyping, Southern blot analysis, PCR and

northern blot analysis

Genomic DNAs, obtained from mouse tails by proteinase K digestion
(Laird et al., 1991), were digested with EcoRlI, electrophoresed, and
blotted to positively charged nylon membranes (Hybond N*; Amersham
Pharmacia Biotech, Piscataway, NJ). Hybridization was carried out with a
Kpnl-EcoRI probe, chosen from a gene region outside the construct
(Figure 1B). The wild-type Coll8al allele gave a 19 kb band. Since an
EcoRlI site is located within the neoR cassette, mutated alleles containing
the neoR cassette as a result of homologous recombination gave a 6 kb
band.

Sense (SW) and antisense (RW) primers, flanking the Sall site used to
insert the neoR cassette, and a sense primer within the neoR cassette (SN)
were used for detection of both alleles by PCR (Figure 1B and C). The
sequence of SW was 5-TAGAGCTGAATAACACCTG-3’, RW was
5-CCTCATGCTGAACCCAAGG-3" and SN was 5-CAGCGC-
ATCGCCTTCTAT-3". After 3 min of denaturation at 95°C, the
amplification conditions were as follows: 30 s denaturing at 94°C, 45 s
annealing at 56°C and 1 min extension at 72°C for 33 cycles, followed by
10 min of final extension at 72°C. The PCR products were analyzed by
electrophoresis through 0.8% agarose. PCR with the SW/RW primer
combination gave a 1.0 kb product with the wild-type allele, and the
combination of SN/RW primers with the mutated allele gave a 0.65 kb
product.

Total RNAs were prepared from whole embryos or tissues of adult
mice as described previously (Chirgwin et al., 1979). Electrophoresis
through a 1.0% agarose gel in the presence of formamide/formaldehyde
was followed by transfer to positively charged nylon membranes
(Hybond N*). 32P-labeled probes were from the 3’ untranslated and
endostatin region of Coll8al mRNA and from the 5" region, covering
exons 4-7.

Assay of endostatin in plasma

For measurements of plasma concentrations of endostatin and endostatin-
like fragments, blood was collected by heart puncture from 3- to 4-month-
old wild-type, heterozygous and homozygous knockout mice.
Concentrations of endostatin-containing collagen XVIII fragments were
determined using a competitive enzyme-linked immunoassay method
(Accucyte; CytImmune Sciences, Inc., College Park, MD), in which
complexes of serum endostatin, biotinylated mouse endostatin and rabbit
anti-mouse endostatin antibodies are captured on plates pre-coated with
goat anti-rabbit antibodies. The sensitivity of the assay is ~2 ng/ml and
the assay is linear to 500 ng/ml.
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Whole-mount preparations and staining of developing blood
vessels in retina

On postnatal day 4, mice were killed and eye globes were placed in PFA
fixative [4% paraformaldehyde in phosphate-buffered saline (PBS)
pH 7.2]. The globes were incised through the cornea with a razor
blade, the lens and the hyaloid vasculature were removed, the membranes
were enucleated around the retinal cup under a dissection microscope,
and the retinas were fixed in the PFA fixative for 1 h at room temperature.
After a 1 h incubation in —20°C methanol, the retinas were treated for 2 h
in a blocking buffer [50% fetal calf serum (FCS) and 1% Triton X-100 in
PBS] at room temperature and subsequently incubated with primary
antibodies (rabbit anti-mouse type IV collagen polyclonal antibody;
Chemicon International Inc., Temecula, CA; 1:200 in 10% FCS, PBS)
overnight at 4°C. The retinas were washed four times for 5 min with PBS,
incubated for 3-4 h with secondary antibodies (CY3-conjugated
polyclonal swine anti-rabbit; Amersham Pharmacia Biotech; 1:300 in
10% FCS, PBS), washed four times for 5 min with PBS, mounted with
Immu-mount (Shandon, Pittsburgh, PA), and examined in an epifluores-
cence microscope (Leitz Aristoplan; Leitz, Wetzlar, Germany).

Histological examination of eye vasculature and
immunohistochemistry

For histological examination of eye vasculature, mice were killed on
postnatal days 0.5, 4, 8, 16 and 24. After fixation in phosphate-buffered
formalin (10%, pH 7.0) overnight at room temperature and embedding in
paraffin, eyes were sectioned from the surface of horizontally oriented
globes under the plane of the optic nerve head.

HE-stained sections were observed under a light microscope and the
number of hyaloid capillaries in primary vitreous (VHP) and vessels
around the developing lens (TVL) were counted at postnatal days 0.5, 4,
8, 16 and 24. Rudiments of regressing vessels were not counted. The
number of vessels were determined from at least eight horizontal planes of
each eye. Quantitative evaluation of the vessel profiles was performed on
horizontally oriented sections. The statistical difference between means
was analyzed using the Mann—Whitney U-test.

For immunohistochemical detection of collagen X VIII and collagen IV
in basement membranes of wild-type and mutant mice, sections of PFA-
fixed (4% PFA in phosphate buffer pH 7.4) and paraffin-embedded tissues
were stained with polyclonal anti-collagen antibodies following treatment
with proteinase XXIV (Sigma) and blocking with 5 or 10% goat serum in
PBS. For collagen XVIII, affinity-purified, polyclonal rabbit antibodies
against a 298 amino acid residue recombinant fragment (common to all
forms of collagen XVIII) from the N-terminal NC11 domain of the
protein were prepared. Collagen IV antibodies were from Chemicon
International, Inc., and used at 1:800 dilution. Secondary antibodies were
biotinylated goat anti-rabbit IgG (Sigma, St Louis, MO); detection was
with peroxidase-labeled streptavidin and DAB reagent (BioGenex, San
Ramon, CA). Counterstaining was with methylgreen. For immunofluor-
escence with collagen XVIII antibodies, an FITC-labeled secondary anti-
rabbit antibody (Sigma) was used.

For detection of macrophages within the vitreous, sections of PFA-
fixed and paraffin-embedded tissues were stained with anti-mouse Mac-3
monoclonal antibody (BD PharMingen, San Diego, CA).

In situ hybridization and quantitative PCR

For determination of VEGF expression by in situ hybridization, eyes from
1-day-old wild-type and Coll8al~~ mice were fixed, embedded in OCT
compound, and sectioned as described previously (Gong et al., 2001).
Murine VEGF antisense probes were synthesized to cover 450 bp of
cDNA (a gift from B.Cohen, Weizmann Institute, Israel). Digoxigenin-
11-UTP-labeled single-strand ribo-probes were prepared as described
previously (Gong et al., 2001), and hybridization was carried out
overnight in 50% formamide at 52°C. Washing, detection, staining and
mounting of slides were carried out as described previously (Bohme et al.,
1995).

For quantitative PCR, retinas were dissected from wild-type and
mutant eyes at postnatal day 4 and placed in RNA later solution (Qiagen
Inc., Valencia, CA). Total RNA was isolated, using the Qiagen RNeasy
kit, according to the manufacturer’s protocol, except that homogenization
included vortexing, followed by aspiration through a 20-gauge needle.
cDNA was made with Qiagen Sensicript RT kit. VEGF mRNA levels
were measured with the ABI 7700 Sequence Detection System using
TagMan chemistry and forward and reverse primers 5-GATCCG-
CAGACGTGTAAATGTTC-3" and 5-TTAACTCAAGCTGCCTC-
GCC-3’, respectively. The VEGF amplicon was detected using the
bifunctional fluorogenic probe 5-Fam-TGCAAAAACACAGACTCG-
CGTTGCA-Tamra-3". VEGF mRNA levels were normalized to levels of



18S mRNA quantified in the same samples using the forward and reverse
primers 5-TGGTTGCAAAGCTGAAACTTAAAG-3" and 5'-AGTCAA-
ATTAAGCCGCAGGC-3’, respectively. The probe for the 18S amplicon
was 5’-Vic-CCTGGTGGTGCCCTTCCGTCA-Tamra-3".

Electron microscopy

Three wild-type and three Coll8al~- littermates were killed on postnatal
day 10; seven wild-type and five Coll8al~- mice were 4 months or older.
For electron microscopy without immunolabeling, whole eyes were fixed
at room temperature for 1-2 h in 1.25% paraformaldehyde and 0.03%
picric acid in 0.1 M cacodylate buffer pH 7.4. After further dissection,
specimens were postfixed in 1% osmium tetroxide and 1.5% potassium
ferrocyanide at room temperature for 1 h, stained en bloc in 1% uranyl
acetate for 30 min, and embedded in Epon (EMbed 812; Electron
Microscopy Sciences, Fort Washington, PA). Ultrathin sections were
contrasted with uranyl acetate and lead citrate and examined in a 1200EX
JEOL electron microscope.

For immunolabeling, en bloc labeling was used as described previously
(Sakai and Keene, 1994). Eyes were lightly prefixed in 0.1%
glutaraldehyde, 4% paraformaldehyde in 0.1 M cacodylate buffer
pH 7.4, immunolabeled en bloc by immersing in primary antibody,
rinsed extensively in PBS, immersed in goat anti-rabbit 1 nm gold
conjugate (Amersham Pharmacia Biotech) diluted 1:3, and rinsed
extensively in PBS. The 1 nm gold particles in some instances were
enhanced using the Nanoprobe GEEM gold enhance kit (Nanoprobes,
Inc., Yaphank, NY). This was followed by fixation in 1.5%
glutaraldehyde, 1.5% paraformaldehyde containing 0.05% tannic acid
in 0.1 M cacodylate buffer and fixation in 1% osmium tetroxide before
embedding in Spurrs epoxy (Ladd Research, Williston, VT). Ultrathin
sections were contrasted with uranyl acetate and lead citrate prior to
evaluation in a Phillips 410LS electron microscope.

Tumor growth assay

To ensure uniformity of genetic backgrounds of wild-type and mutant
littermates, Coll8al~'- mice were backcrossed with C57BL/6 mice for 15
generations. Cells from B16F10 melanoma (provided by M.O’Reilly) and
T241 fibrosarcoma (provided by T.Tanaka) were cultured in high glucose
DMED medium (Irvine Scientific, Santa Ana, CA) containing 5% fetal
bovine serum (FBS) (Cascade Biologics, Portland, OR), 100 U/ml
penicillin and 100 pg/ml streptomycin. Following trypsinization, 5 X 10°
B16F10 melanoma cells and 1 X 10° T241 fibrosarcoma cells in 0.1 ml
PBS were injected into a subcutaneous dorsal site of wild-type and
collagen XVIII null littermates of both sexes.

The tumors became visible ~7 days after inoculation, and their sizes
were measured with a caliper on days 10, 12, 14, 16 and 18. The shortest
(dy) and longest (d,) diameters were measured (in mm) along two
perpendicular axes, and the volume was calculated using the formula
V=052 Xd Xd Xd,.
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