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Purpose. Mutations in human fibrillin-1 and -2, which are major constituents of tissue
microfibrils, can affect multiple ocular components, including the ciliary zonule, lens,
drainage apparatus, cornea, and retina. However, the expression pattern of the three human
fibrillins and an integral microfibrillar component, MAGP1, during human eye development is
not known.

MEerHODS. We analyzed sections from human eyes at gestational weeks (GWs) 6, 8, and 11 and
at 1 and 3 years of age with antibodies specific for each human fibrillin isoform or MAGP1,
using immunofluorescence microscopy.

Resurts. During embryonic development, each fibrillin isoform was detected in vascular
structures bridging the ciliary body and the developing lens, hyaloid vasculature, and retina.
In addition, they were present in the developing corneal basement membranes and lens
capsule. MAGP1 codistributed with the fibrillin isoforms. In contrast, the juvenile zonule was
composed of fibrillin-1 microfibrils containing MAGP1, but fibrillin-2 was absent and fibrillin-3
was only sparsely detected.

Concrusions. Fibrillin-1, -2, and, unique to humans, fibrillin-3 are found in various ocular
structures during human embryonic eye development, whereas fibrillin-1 dominates the
postnatal zonule. We speculate that vasculature spanning the ciliary body and lens, which
elaborates fibrillin-2 and -3, may provide an initial scaffold for fibrillin assembly and zonule
formation.
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ibrillin microfibrils are found in association with elastic

fibers and as isolated extracellular matrix (ECM) compo-
nents in many tissues, such as the eye, the vasculature, the
lung, and musculoskeletal system.! In the adult eye, fibrillin
microfibrils comprise the ciliary zonule, a cell (and elastin)-free
structure, which centers the lens in the optic path, and
transmits ciliary muscle contraction and relaxation during
accommodation.?3 The structure and function of fibrillin
microfibrils is compromised in several human genetic disor-
ders. Approximately 60% of affected individuals with Marfan
syndrome (MFS; Online Mendelian Inheritance in Man [OMIM]
#154700), which is caused by mutations in fibrillin-1 (FBN1)
that are believed to result in haploinsufficiency, present with
lens dislocation (ectopia lentis) and may develop glaucoma,
corneal flattening, a higher incidence of retinal detachment
than the general population, presenile cataract, and iris
abnormalities.* Mutations in FBNI also cause dominantly
inherited isolated ectopia lentis (OMIM #129600) and dominant
Weill-Marchesani syndrome (WMS; OMIM #608328), in which
ectopia lentis occurs in combination with microspherophakia,
glaucoma, and short stature.>-7 Mutations in fibrillin-2 (FBN2)

cause Beals syndrome (congenital contractural arachnodactyly;
OMIM #121050). Some reports of Beals syndrome have
described severe myopia and compromised anterior segment
structures, such as a defective ciliary zonule causing ectopia
lentis, ciliary body hypoplasia, megalocornea, and iris and lens
coloboma.® Mice deficient in Fbn2 were recently found to have
ocular developmental anomalies.® Thus, in addition to the well-
established significance of FBN1 in the eye, FBN2 has an
emerging role in development and developmental defects of
the eye. Recently, polymorphisms in FBN2 were associated
with macular degeneration.'® Fibrillin-3 has not been as
extensively studied and no FBN3 mutations affecting the eye
are known.

In ectopia lentis observed in MFS, the fibers of the ciliary
zonule appeared stretched or ruptured, consistent with a
pathogenesis from haploinsufficiency, but in WMS, the problem
appears to be aberrant formation of the zonule and the
lens.'12 Therefore, insights on the composition and formation
of the zonule are especially valuable in the context of
microfibril disorders. FBN1, FBN2, and FBN3 can form homo-
or heterotypic microfibrils.!3>~1> Previous studies have indicated
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that in general, FBN2 and FBN3 are predominantly expressed
during embryogenesis, whereas FBN1 dominates in mature
tissues.'®"18 In the adult human eye, fibrillin-1 was found in the
zonule, ciliary body, the lens capsule and iris, and in both
basement membranes of the cornea (i.e., the epithelial
Bowman’s membrane and endothelial Descemet membrane).?
Mass spectrometry identified only fibrillin-1 and microfibril-
associated glycoprotein 1 (MAGP1) in isolated human and
bovine ciliary zonules.!® Fibrillin-1 and -2 were previously
localized in Bowman’s membrane of the adult cornea.?® In
rodents, fibrillin-2, MAGP1, ADAMTS10, and latent-transform-
ing growth factor-f binding protein 2 (LTBP2) are present in
the ciliary zonule.!3-21:22 Interestingly, mutations in ADAMTS10
or LTBP2, both found in association with microfibrils, and
ADAMTS17, cause recessive WMS 1 (OMIM #277600), WMS 3/
primary congenital glaucoma (OMIM #613086, #251750,
#614819), and Weill-Marchesani-like syndrome (OMIM
#613195), respectively.?>-2° In these eyes, ectopia lentis,
microspherophakia, and, in the case of mutations in LTBP2,
megalocornea, are present.?>2%2¢ Mutations affecting an
ADAMTS like protein, ADAMTSL4, lead to recessive isolated
ectopia lentis and ectopia lentis et pupillae (OMIM #225200,
#225100).27-2° Recent analysis of mouse ocular development
identified strong developmental expression of Fbn2 and
showed that Fbnl knockout mice had a ciliary zonule
composed of fibrillin-2 microfibrils.!3-2! Although the role of
LTBP2 in the eye is not known, ablation of Ltbp2 caused a loss
of the ciliary zonules in mice.!3-22

Collectively, therefore, these disorders of fibrillin and
associated molecules (fibrillinopathies) would benefit from
understanding their distribution in normal human eye devel-
opment. The distribution of fibrillins in the human eye during
the embryonic period and in children has not been previously
determined. Together, the established (FBN1), emerging
(FBN2), and potential (FBN3) significance for the fibrillins in
eye disorders led to the present analysis of their distribution
during human ocular development.

METHODS

Tissue Specimens

Human embryonic eyes were obtained at gestational week
(GW) 5t0 6 (1 =3), GW 8 (n =2), and GW 11 (n = 2) from
elective terminations of pregnancy and were fixed in 4%
paraformaldehyde overnight (~14 hours) before paraffin
embedding. One-year-old and 3-year-old human eyes (n = 1
for each age) were submitted for surgical pathology after
enucleation from children for treatment of retinoblastoma and
fixed in 10% formalin overnight before paraffin embedding.
The use of sections from these specimens was without patient
identifiers and was approved by the institutional review boards
(IRBs) of the Cleveland Clinic, the University of California Los
Angeles (UCLA), and the University Women’s Hospital of the
Eberhard-Karls-University Tubingen (UKT) (UCLA IRB #05-10-
093; UKT IRB #356/2008BO2 and #406/2011BO1; to KSL). All
procedures were performed in accordance with the tenets of
the Declaration of Helsinki.

Immunofluorescence

All proteins were localized by an indirect immunofluorescence
method in which the first antibody was specific to the antigen
and the second antibody was fluorophore-conjugated. Sections
of 5 to 6 um, taken in the plane of the ocular axis, were de-
paraffinized and rehydrated to water. Antigen retrieval was
performed by immersing the sections in 10 mM citric acid, 2

IOVS | December 2014 | Vol. 55 | No. 12 | 7935

mM EDTA, 0.05% Tween-20, pH 6.2, and heating for 4 X 1.5
minutes at 50% power setting (450 Watt) with 30-second
intermissions in a commercial microwave oven. Sections were
washed briefly with distilled water, followed by 2 X 2-minute
rinse in PBS containing 0.1% Tween-20, and a 5-minute rinse in
PBS. Nonspecific binding was blocked using 5% normal goat
serum (Jackson ImmunoResearch, West Grove, PA, USA) in PBS
(blocking buffer) for 1 hour at room temperature. Sections
were incubated overnight at 4°C with rabbit polyclonal
antibodies raised against the C-terminal half of human
fibrillin-1 and -3 (each diluted 1:750 in blocking buffer), the
glycine-rich domain of fibrillin-2 (diluted 1:300), MAGP1
(diluted 1:300), collagen IV (Col IV; diluted 1:500; Rockland,
Inc., Limerick, PA, USA), or rat monoclonal antibody against
endomucin (1:100; eBioscience, San Diego, CA, USA). The
generation and demonstration of the specificity of the fibrillin
and MAGP1 antibodies has been described previously.18:30:31
As a negative control, immunostaining was performed as
above, using normal rabbit IgG (Santa Cruz Biotechnology,
Dallas, TX, USA) at a concentration of 5 png/mL as the first
antibody. Sections were washed 3 X 10 minutes in PBS and
incubated with fluorescent goat-anti-rat or goat-anti-rabbit
secondary antibodies as appropriate (1:300 in blocking buffer,
1.5 hours at room temperature) (Jackson ImmunoResearch).
Sections were washed 3 X 10 minutes in PBS and mounted
with ProLong Gold anti-fade reagent containing 4’,6-diamidino-
2-phenylindole (DAPI; Life Technologies, Carlsbad, CA, USA) to
counterstain cell nuclei.

Microscopy

Sections were photographed using an upright fluorescent
microscope equipped with a charge-coupled device camera
(Microsystems, Buffalo Grove, IL, USA) at the Lerner Research
Institute Imaging Core. Post acquisition image analysis was
performed with Image] software (http://imagej.nih.gov/ij/;
provided in the public domain by the National Institutes of
Health, Bethesda, MD, USA).

RESULTS

Specificity of the Fibrillin Antibodies

The monospecificity of polyclonal antibodies raised against
human fibrillin-1, -2, and -3 was previously demonstrated using
ELISA and staining of fibrillin-1 or fibrillin-2 knockout mouse
embryonic fibroblasts and mouse eye sections.'®1® Each
antibody also gave distinct immunostaining in the present
study, demonstrating the lack of cross-reactivity (e.g., Figs. 1B-
D). The negative controls using normal rabbit IgG as first
antibody resulted in no staining (see representative image in
Supplementary Fig. S1).

Microfibril Staining of the Ciliary Zonule in the
Infant and Juvenile Eye

In the 1- and 3-year-old human eyes, the ciliary zonule was
evident by hematoxylin and eosin (H&E) staining (Fig. 1A) and
stained strongly with the fibrillin-1 antibody, especially in the
valleys between ciliary processes and at the zonule insertion in
the lens girdle (Fig. 1B). There was no fibrillin-2 immunostain-
ing of these zonules (Fig. 1C), but weak fibrillin-3 staining of
zonule fibers adjacent to the unpigmented ciliary epithelium,
its internal limiting membrane, and the lens capsule was
observed (Fig. 1D). These results demonstrated that in the
infant and juvenile eye, the ciliary zonule was predominantly
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Ficure 1. Distribution of fibrillin isoforms in the juvenile zonule. (A) Hematoxylin and eosin staining of a section from a 1-year-old and 3-year-old
eye showing the zonule (black arrows) at its attachments to the ciliary body (top) and the lens (bottom). The boxed areas are depicted in (B-D).
(B-D) Fibrillin immunostaining of the zonule showed strong fibrillin-1 (B) and some fibrillin-3 (D) staining marked with white arrows. Fibrillin-2 (C)
was not detected. CB, ciliary body; CP, ciliary processes; L, lens; LE, lens epithelium; V, vitreous; Z, zonule. Scale bars: 100 pm.

composed of fibrillin-1 microfibrils, with fibrillin-3 present as tive ciliary margins to the lens epithelium anteriorly and
an apparently minor constituent near each end of the zonule. posteriorly, to become continuous with the pupillary

membrane (Figs. 2C-E). These structures likely correspond
Fibrillins Are Found in the Vascular Structures to microvessels anastomosing with the pupillary membrane.

Their ECM stained strongly with fibrillin-1, -2, and -3
antibodies. Although fibrillin-1 strongly stained thick bundles
At GW 5 to 6 (Figs. 2A, 2B), the lens vesicle/developing lens connected to the developing ciliary body and inserting into or
was surrounded by an ECM containing fibrillin-1, -2, and -3. attaching to the surface of the lens capsule, fibrillin-2 and -3
No fibrillin-containing fibers directly connected the develop- staining were more extensive, with additionally stained
ing retina with the developing lens at this time point. At GW thinner microfibrils in the ECM between the ciliary margins
8, we observed ECM and cells extending from the presump- and the peripheral part of the developing cornea (Figs. 2D,

Bridging the Developing Ciliary Body and the Lens
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Ficure 2. Distribution of fibrillin microfibrils in vascular structures between the prospective ciliary body and the lens in a human eye at GW 8. (A)
Hematoxylin and eosin-stained guide section shows the boxed areas for which higher magnification images are shown in (B). (B) Immunostaining
for fibrillin-1, -2, and -3 (green) and Col IV (red) at GW 6. Collagen IV was used as a marker for lens capsule (adjacent to LE) and blood vessels. (C)
Hematoxylin and eosin-stained guide section shows the boxed areas for which higher magnification images are shown in (D, E). (D)
Immunostaining for fibrillin-1, -2, and -3 (green) and Col IV (red). Collagen IV was used as a marker for lens capsule (adjacent to LE) and blood
vessels. (E) Higher-magnification images of fibrillin localization with respect to the lens capsule. Note the presence of DAPI-stained nuclei in these
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images, whereas the adult zonule is a cell-free structure, and the presence of Col IV in the vascular structure. C, cornea; HV, hyaloid vessels; R,
retina; Z, zonule region. Scale bar: 25 um (100 um/200 pm for H&E panels, as indicated).

2E). This tissue spanning the lens and retina is a vascular Fibrillin Microfibrils in the Developing Cornea
structure because it stained with Col IV, a component of  and Lens Epithelium

basement membranes and a typical marker for primitive At GW 8, the central region of the developing cornea is
vasculature and endothelial cells (Figs. 2D, 2E).3? considerably thinner than the periphery. The central region

A GW 8 B GW 11 C juvenile

central peripheral central . central
s \ <

H&E

FBN3 FBN2 FBN1

Col IV

Ficure 3. Fibrillins in the developing and juvenile cornea and anterior lens capsule. (A) Fibrillin-1, -2, and -3 immunostaining (green) of the central
(left-hband colummn) and peripheral cornea (right-hand colummn) at GW 8 shows fibrillins in the ECM/prospective basement membranes separating
the epithelium from the endothelium and in the lens capsule. (B) Fibrillin-1, -2, and -3 immunostaining (green) of the central region of the cornea at
GW 11. At this stage, the cornea is fully stratified. Only fibrillin-2 could be detected in the stroma. In contrast to the GW 8 cornea, both basement
membranes stained for Col IV (red). (C) Fibrillin localization (green) in the central region of the juvenile cornea (3 years of age). Fibrillin-1 and -2
were present in Descemet membrane. The observed epithelial staining is nonspecific. Collagen IV (red) was detected in the juvenile (1 year of age)
Descemet membrane, but not Bowman’s membrane. AC, anterior chamber; B, Bowman’s membrane; D, Descemet membrane; En, endothelium; Ep,
epithelium; NCC, neural crest cells; S, stroma; SE, surface epithelium. Scale bars: 20 pm.
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FBN3 FBN2 FBN1

Col IV

FiGure 4. Fibrillin microfibrils in the hyaloid vasculature during development. (A-D) Fibrillin-1, -2, and -3 (green) and Col IV (red) immunostaining
of hyaloid vasculature is shown at GW 5 (A), GW 6 (B), GW 8 (C), and GW 11 (D). Hematoxylin and eosin-stained guide images (fop) where the
boxed areas indicate the regions shown in the immunostained images. At GW 5 to 0, fibrillin-1, -2, and -3 stained the primary vitreous (A, B). For GW
8, the VHP (left) and the TVL (right) are shown (C). Fibrillin immunostaining of the TVL is shown at GW 11 (D). Collagen IV is used as a marker for
blood vessels. EOT, extraocular tissue; LV, lens vesicle; OC, optic cup. Scale bars: 50 pm.

consists of two cell layers, corneal epithelium and endotheli-
um, with sparse keratocytes in the prospective corneal stroma
(Fig. 3A). This prospective stroma region was positive for
fibrillin-1, -2, and -3, but did not stain for Col IV (Fig. 3A). There
was focal staining for fibrillin-1 and -2 in the corneal
endothelial cells, which also showed patches of Col IV. At its
periphery, the developing cornea at GW 8 was multilayered,
with a well-established stroma containing abundant kerato-
cytes, and fibrillin-1, -2, and -3 microfibrils, but not Col IV (Fig.

3B). The anterior lens epithelium had a basal lamina positive
for fibrillin-1, -2, -3, and Col 1V, but the posterior lens capsule
was negative for the fibrillin isoforms. At GW 11, the cornea
was stratified (from anterior to posterior) into epithelium,
Bowman’s membrane, stroma, Descemet membrane, and
endothelium (Fig. 3B). At this stage, both basement mem-
branes were marked by the presence of Col IV (Fig. 3B).
However, although fibrillin-1 and -3 were absent in both
basement membranes, fibrillin-2 was a component of Desce-
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met membrane, but not Bowman’s membrane. The corneal
stroma stained strongly for fibrillin-2, but was devoid of
fibrillin-1 and -3 microfibrils. The anterior lens capsule and
epithelium stained positive for fibrillin-2 and Col IV, but
fibrillin-1 and -3 were absent (Fig. 3B, “LE”). In the juvenile
eye, fibrillin-1 and -2 were found in Descemet membrane, but
were absent in the corneal stroma and Bowman’s membrane
(Fig. 3C). The observed staining of the corneal epithelium was
also seen in negative controls on omission of the primary
antibody (data not shown) and is thought to be nonspecific.
Collagen IV was present in Descemet membrane, but absent in
Bowman’s membrane.

Fibrillin Distribution in the Hyaloid Vasculature

At GW 5 to 6, the primary vitreous contained fibrillin-1, -2, and
-3 and its vasculature stained strongly for Col IV (Figs. 4A, 4B).
At GW 8, we observed strong staining for fibrillin-1, -2, and -3
in the ECM of the vasa hyaloidea propria (VHP), which are
branches of the hyaloid artery extending from the retina
toward the posterior aspect of the lens during development
(Fig. 40). The vascular identity was supported by the presence
of Col IV in the basement membrane (lowest panels) and
endomucin staining (data not shown) of endothelial cells. At
GW 8, the distribution of the fibrillin isoforms in the ECM of
the VHP was more uniform than at GW 5 to 6, and additional
delicate fibrous staining was seen in the vitreous with
antibodies against each fibrillin isoform compared with GW 6
(Fig. 4C, left-hand column). Interestingly, the tunica vasculosa
lentis (TVL) did not contain any fibrillin, but was clearly
positive for Col IV (Fig. 4C, right hand column, lowest panel).
At GW 11, the staining for fibrillins in the vitreous was much
reduced, and only fibrillin-2 could be clearly detected in the
ECM of the TVL (Fig. 4D). The hyaloid system had regressed
fully in the juvenile eyes.

Fibrillin Distribution in the Ocular Posterior
Segment

The mesenchyme surrounding the embryonic optic cup/
prospective retina and retinal pigment epithelium forms two
layers at GW 6: the choroid and the sclera, respectively. At GW
6, we detected fibrillin-1, -2, and -3 in the choroid and sclera
with isoform-specific distribution patterns (Fig. 5A). Fibrillin-1
and -2 were enriched in the ECM of the choroid relative to the
sclera, whereas strong staining for fibrillin-3 microfibrils was
present in the choroid and sclera. We detected fibrillin-1
microfibrils throughout the sclera, whereas fibrillin-2 staining
was confined to scleral tissue adjacent to the choroid. At GW 8,
the distribution of the fibrillin isoforms in the choroid was
similar to GW 6, except for fibrillin-2, which showed stronger
scleral staining than fibrillin-1 or -3 (Fig. 5B). At higher
magnification, fibrillin-3 was distributed in punctae and fibers,
whereas fibrillin-1 and -2 appeared only as fibrillar structures
(Fig. 5B, insets, left-hand column). At GW 11, fibrillin-1 was
exclusively found in ECM of the choroid, whereas fibrillin-2
strongly stained the choroid and sclera (Fig. 5C). Fibrillin-3
microfibrils were confined to the choroid and to the scleral
ECM adjacent to the choroid. Collagen IV outlined the
choroidal/scleral vasculature, consistent with its presence in
vascular basement membranes.

At GW 0, the retina consists of the inner neural retina and
the outer pigmented retinal epithelium, separated by the
intraretinal space (Fig. 5A). At GW 6, the retina stained strongly
for fibrillin-3, but was devoid of fibrillin-1 and -2. Fibrillin-3
staining was evident in the ECM of the outer and inner
neuroblastic layers, with stronger immunoreactivity in the
inner neuroblastic layer. Fibrillin-3 also was enriched in the
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outer limiting membrane, the nerve fiber layer, and the inner
limiting membrane, which stained positive for Col IV (Fig. 5A,
bottom). In contrast, fibrillin-3 was absent from the RPE. At
GW 8, fibrillin-3 was found in the outer limiting membrane, the
nerve fiber layer, and the pericellular matrix of the inner
nuclear cells, but was absent from the pericellular matrix of
the retinal cells and the inner limiting membrane (Fig. 5B). At
GW 11, staining for fibrillin-3 was further reduced in the outer
limiting membrane and absent elsewhere in the retina (Fig.
5C). In the juvenile retina, fibrillin-1 and -3 were present in the
retinal nerve fiber layer and the outer plexiform layer (Fig. 5D).
Fibrillin-3 also was found as fibers or associated with the
pericellular matrix of putative bipolar cells, traversing the
outer nuclear layer. Fibrillin-2 was absent from the juvenile
retina and the observed signal in Figure 5D (central panel) was
nonspecific.

MAGP1 Distribution in the Developing Human Eye

MAGP1 was generally codistributed with the fibrillins, without
a preferential association with any of the three isoforms. At GW
6, MAGP1 was present between the developing lens and retina,
choroid, parts of the retina, and the VHP (Fig. 6A), where it
more closely resembled the pattern of fibrillin-3 deposition
than the other two isoforms. At GW 8, we found strong
staining in the choroid, the VHP, the vitreous, and the vascular
structure bridging the ciliary body and the developing lens
(Fig. 6B). In the developing central cornea, MAGP1 was
present in the prospective stroma and in Descemet membrane.
In addition, MAGP1 was found in the lens capsule. At GW 11,
MAGP1 staining intensity was generally reduced but immuno-
localization clearly showed its presence in ECM of the choroid,
the hyaloid vasculature, the nascent zonule, and the VHP (Fig.
6C). It was also localized to the corneal stroma and to lens
epithelial cells and lens capsule (Fig. 6C). In the juvenile eye,
strong MAGP1 staining was seen in the zonule and at its
insertion sites at the ciliary body and the lens (Fig. 6D).

DISCUSSION

We have described here the distribution of all three fibrillin
isoforms during human eye development from GW 6 to GW 11
and in juvenile eyes. All three fibrillin isoforms were present in
the vascular structure bridging the ciliary body and the lens,
the choroid, the VHP, and the vitreous. Isoform-specific
distribution of the fibrillins was found in the developing
cornea, the lens capsule, and the retina, with a general
transition of isoform composition from fibrillin-1, -2, and -3
during development (with fibrillin-2 and -3 prevailing) to
preponderance of fibrillin-1 in juvenile tissue. This was
consistent with previous reports for ocular and other tissues
of rodents and humans.'®!72! For example, in mouse eyes at
embryonic day 16.5, Fbn2 expression was high and Fbnl
expression was low. At postnatal day 1 (P1), Fbnl and Fbn2
expression levels were comparable, but at P30, Fbnl
expression dominated and it was especially strongly expressed
by the nonpigmented ciliary epithelium.?! In other mouse
tissues, such as the lung, the developmental expression of
Fbnl and Fbn2 was also temporally regulated.'® Fbn2 was
transiently expressed exclusively by the bronchial epithelium
and diminished after birth, whereas Fbn I was expressed in the
pulmonary vasculature and mesenchyme.'® Human fibrillin-3
was most abundant in fetal tissues and was notably found in
the brain parenchyma, but was absent from blood vessels.??
That the adult human zonule comprises fibrillin-1 microfi-
brils is well known, but in addition to fibrillin-1, fibrillin-3, and
not fibrillin-2, was part of the juvenile zonule.?!%!° How the
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Ficure 5. Fibrillin isoforms in the developing retina and the choroid. (A-C) Hematoxylin and eosin-stained guide images indicate the regions shown by
immunostaining. Fibrillin (green) and Col IV (red) immunostaining is shown at GW 6 (A), GW 8 (B), and GW 11 (O). All fibrillins were present in the
choroid, but fibrillin-3 was the only isoform present in the retina. Collagen IV was limited to the choroid and the inner limiting membrane (A, B). (D)
Fibrillin immunostaining of juvenile retina showed staining for fibrillin-1 and -3 in the retinal nerve fiber layer and fibrillin-3 was found in the outer
plexiform and outer nuclear layer. Ch, choroid; EOT, extraocular tissue; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; RNFL,
retinal nerve fiber layer; ONL, outer nuclear layer; OPL, outer plexiform layer; RC, rods and cones. Scale bars: 20 pm (50 pm for H&E panel at GW 11).
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GW 8 C GW 11

Retina /W

Zonule O] Zonule region Cornea Hyaloi

Ficure 6. Immunolocalization of MAGP1 in the developing and juvenile eye. (A-D) Immunostaining of MAGP1 is shown at GW 5 to 6 (A), GW 8
B), GW 11 (O), and 1 year of age (D). The MAGP1 was generally found in the same location as the fibrillin isoforms shown in preceding figures,
including the retina, the hyaloid vasculature, the vascular structure in the zonule region and the lens, and the juvenile zonule. Scale bars: 20 pm.
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zonule initially forms is not known. Shi et al.?! proposed that
microfibrils, polymerized from fibrillins secreted by the ciliary
nonpigmented epithelium, formed the zonule when the ciliary
body and the lens were juxtaposed during eye development.
We found that the space between the ciliary margin (i.e., the
anterior edge of the optic cup), which ultimately forms the
ciliary body, and the developing lens, was bridged by a vascular
structure that most likely represents an extension of the
pupillary membrane. This structure contained all three fibrillin
isoforms. We speculate that the first fibers of the future zonule,
which is a cell-free structure, may form on, or use this vascular
ECM scaffold to bridge the gap between the lens and the ciliary
body. The pupillary membrane undergoes regression well
before birth and this initial fibrillin-2 and -3-rich perivascular
ECM could nucleate the ciliary zonule, which subsequently is
predominantly composed of fibrillin-1, secreted by ciliary body
and inserted in the lens epithelium.

Interestingly, fibrillin-2 was present in the adult mouse, rat,
and hamster zonule and was the sole fibrillin isoform in the
zonule of Fbnl knockout mice, indicating that it has the
potential to compensate for the absence of fibrillin-1 in mice.!?
The adult human and bovine zonules appear to differ in this
regard from the mouse, because they do not contain fibrillin-
2.13:19 Importantly, in addition to an integral role for fibrillin
microfibrils in the zonule, other ECM proteins are likely to be
essential accessory factors for the formation or homeostasis of
the zonule. They include ADAMTS10, ADAMTS17, ADAMTSL4,
and LTBP2.23-25.28.29.34 Indeed, ADAMTS10, ADAMTSL4, and
LTBP2 have previously been shown to bind to fibrillin-1 and/or
modulate its assembly.?%35737 Ectopia lentis is also associated
with homocystinuria and it was shown previously that
homocysteine targeted fibrillin-1 in vitro and interfered with
its self-assembly.3®-40 Because the fibrillin isoforms are highly
homologous at the protein level, with absolute conservation of
the cysteine residues targeted by homocysteine, it can be
expected that homocysteine has a comparable detrimental
effect on fibrillin-2 and fibrillin-3 as on fibrillin-1, even though
this has not been formally tested.*! Thus, ocular manifestations
of homocystinuria, but not of individual fibrillin genes, could
affect all three fibrillin isoforms.

In the developing cornea, all fibrillin isoforms were found in
the nascent basement membranes at GW 8. At GW 11, only
fibrillin-2 was present, and in the juvenile cornea, we found
fibrillin-1 and some fibrillin-2 in Descemet membrane. Inter-
estingly, the early corneal basement membranes at GW 8 did
not stain for Col IV, whereas the fully formed Bowman’s
membrane and Descemet membrane were clearly Col IV
positive, indicative of a traditional basement membrane.
Fibrillins may thus be structural surrogates for typical corneal
basement membrane proteins until these are secreted and
assembled into a proper basement membrane. Indeed, fibrillin-
3 was frequently associated with basement membranes in
human tissues other than the eye.'® The reduction in fibrillin-1
staining in Descemet membrane from infant to adult was
described previously.? Fibrillin-2 was found in the epithelial
basement membrane and was strongly enriched in dystrophic
corneas in lattice corneal dystrophy.?°

The function of fibrillin-3 in the eye remains unclear, mainly
because no human mutations causing ocular disease have been
reported so far and because the Fbn3 gene is inactivated in the
mouse. 833 We found fibrillin-3 in the same tissues as fibrillin-1
or -2, including various ocular basement membranes. Indeed,
fibrillin-3 was previously identified in nonocular basement
membranes during human development.'® Interestingly, in the
choroid, fibrillin-3 stained as punctae, but elsewhere appeared
as fibrillar structures, suggesting different modes of fibrillin-3
assembly, deposition, or interactions in the ECM. Moreover,
fibrillin-3 was prominent in the retina, which was mostly

IOVS | December 2014 | Vol. 55 | No. 12 | 7943

devoid of fibrillin-1 and -2. Expression of fibrillin-3 in parts of
the nervous system and the brain was also described
previously and could indicate a role for fibrillin-3 in neuronal
ECM.lS’SS

In summary, we have provided a comprehensive localiza-
tion of all three fibrillin isoforms during early human eye
development. Despite the limitations inherent in sampling only
a few developmental and juvenile time points, the findings
point out a specific sequence of fibrillin gene expression and
distribution in ocular tissues. Thus, a well-orchestrated
transition among fibrillin isoforms is likely to be crucial for
the formation of the ciliary zonule and other ocular structures.
The present study also supports the need for further
investigation of the outcome of fibrillin deficiency in ocular
structures other than the zonule, which has hitherto been the
major focus of most analyses.
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