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Abstract

Recently, several groups have published new
information regarding the origins and
structure of the vitreous humour, and the
inner limiting lamina (ILL) of the retina.
This short article provides an overview of
this new information. It is proposed that
vitreous proteins are derived from several
different cell types with the posterior half of
the non-pigmented ciliary epithelium being
prominent in the expression of several
connective tissue macromolecules. In
addition, some basement membrane
macromolecules are also expressed by the
ciliary body and may subsequently be
assembled on the surface of the Müller cells
to form the ILL. New data suggest that the
posterior half of the non-pigmented ciliary
epithelium has substantial secretory activity
and is likely to play a pivotal role in eye
development.
Eye (2002) 16, 454–460. doi:10.1038/
sj.eye.6700199
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Introduction

In this review, current concepts of the origin
of the connective tissue macromolecules
present in the vitreous and the inner limiting
lamina of the retina will be presented.

Structural components of the vitreous gel
and inner limiting lamina

The vitreous gel is a highly hydrated,
transparent, extracellular matrix that is largely
bounded by basement membranes comprising
the inner limiting lamina (ILL) of the retina
and the posterior capsule of the lens. It is
acellular apart from a few cells (hyalocytes)

located in the vitreous cortex and basal
vitreous that are probably members of the
macrophage/monocyte lineage.1 The gel-like
nature of the vitreous humour is maintained
by a dilute meshwork of collagen fibrils.2–4

These long, thin fibrils (typically 12–15 nm in
diameter) are composed of three different
collagen types ie types II, IX and V/XI (Table
1). The collagen fibrils themselves are closely
associated with a number of proteins
including opticin, vitrin, fibulin-1 and
nidogen-1.5,6

Hyaluronan is a major component of the
mammalian vitreous. It is a
glycosaminoglycan that fills the space between
the collagen fibrils. Hyaluronan-binding
macromolecules including versican and link
protein have been identified in vitreous,
although these are present in a low molar
ratio when compared to hyaluronan.7

The ILL is a basement membrane that, on
one side, is attached to the Müller cell
footplates on the inner surface of the retina
and, on the other side, is attached to the
cortical vitreous gel. The basement membrane
components that have been identified in the
ILL include type IV collagen, type XVIII
collagen, laminin, nidogen-1, agrin and
perlecan.8 Molecules of type IV collagen form
a scaffold-like network that stabilises the
basement membrane structure while laminin
molecules form an independent scaffold as
well as interacting with receptors in the cell
membrane.9–11 Other macromolecules such as
nidogen-1 or fibulin-1 most likely are involved
in maintaining interactions between the
different scaffolds found in basement
membranes.12,13 Perlecan, agrin and type XVIII
collagen are all heparan sulphate
proteoglycans and interact extensively with
other basement membrane components.14,15
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Table 1 The collagens that form the heterotypic (mixed) fibrils
in vitreous

Collagen �-Chains that assemble to Genes that encode
form collagen monomer �-chains

Type II �(1)II COL2A1
Type IX �(1)IX COL9A1

�(2)IX COL9A2
�(3)IX COL9A3

Type V/XIa �(1)XI COL11A1
�(2)V COL5A2

aThe third �-chain in type V/XI collagen has not been conclusively estab-
lished.

Where are vitreous humour and inner
limiting lamina components synthesised?

The source of vitreous and ILL
macromolecules has been the subject of much
speculation and it has only recently been clearly shown
that these macromolecules can be synthesised by
different cell types and synthesis can vary according to
the developmental stage and possibly also with regard
to different species. To date, most information has been
derived from studies using mouse or chicken eyes and
some caution should be exercised when extrapolating
these data to human eyes. Furthermore, these studies
use in situ hybridisation to detect mRNA expression,
and it does not necessarily follow that the presence of
a specific mRNA in a cell type will correlate with the
biosynthesis of the corresponding protein.

Source of vitreous collagens

Using in situ hybridisation, several laboratories have
studied mRNA expression of vitreous collagens type II
and IX in the developing eye.16,17 Linsenmayer et al17

showed that, in the eye of the chicken embryo, type II
collagen mRNA is expressed throughout the inner
layer of the optic cup from embryonic days 3.5–5 and
that type IX collagen (COL9A1) mRNA is expressed
predominantly at the anterior tip of the developing
optic cup adjacent to the developing lens. This
represents the presumptive ciliary body region. By day
7, type II collagen mRNA expression becomes localised
to the presumptive ciliary body and, by days 13–15,
when the ciliary body is first formed, expression of
both collagen type II and type IX mRNA is only seen
in this region. In the chick eye, both types II and IX
collagen mRNA are also expressed by the primary
corneal stroma.18 Similarly, Dhawan and Beebe19 found
that most of the COL9A1 expression during chicken
development was located at the anterior tip of the
optic cup. However, they noted some COL9A1
expression also in the optic cup before day 2.5 (stage
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15) and low levels in the retina later during
development.

We recently studied the expression of type II
collagen and all three genes encoding IX collagen (ie
COL9A1, COL9A2 and COL9A3) in the embryonic day
17.5 and adult mouse eye.20 In both the embryonic and
adult mice the type IX collagen mRNA expression is
predominantly localised to the ciliary body region. In
the adult mouse eye this expression is specifically
localised to the non-pigmented ciliary epithelium,
although expression levels are lower than in the
embryonic ciliary body. In addition, some COL9A1
expression is seen in the embryonic and adult retina
and interestingly COL9A3 expression is seen in the
embryonic choroid. Lui et al21 analysed COL9A1
expression in the developing mouse eye and first
observed expression at embryonic day 10.5 in the optic
cup, but by embryonic day 16.5 the COL9A1
expression was observed exclusively over the inner
layer of the presumptive ciliary epithelium. These
authors could not demonstrate COL9A1 expression in
the eye of mice older than 6 weeks. Thut et al22 also
demonstrated COL9A1 expression exclusively in the
region of the developing mouse ciliary body between
embryonic day 14.5 and 2 days after birth, but they
did not study the adult mouse. In agreement with
these observations regarding the ciliary body,
Ihanamäki et al23 localised type IX collagen by
immunohistochemistry to the vitreous and associated
with the basement membrane of the non-pigmented
ciliary epithelium.

In the mouse, type II collagen mRNA is widely
expressed in the embryonic and adult eye, expression
being detected in the retina, sclera, cornea, lens and
ciliary body.20 Similar observations were made in
earlier work by Savontaus et al.24 Co-incident with the
widespread expression of the COL2A1 gene, type II
collagen was identified by immunohistochemistry in
the vitreous and a weaker signal was observed in the
retinal pigmented epithelium, inner retina, cornea and
sclera of the adult mouse.23,25

Taken together, these results suggest that vitreous
type IX collagen in chicken and mouse (and therefore
probably in all vertebrate species) predominantly
originates from the ciliary body. In the chick and
mouse, type II collagen is expressed by the ciliary
body, but in the mouse other ocular tissues also
express type II collagen so that its derivation in the
vitreous remains uncertain. Summarising, it appears
that the ciliary body, and in particular the non-
pigmented ciliary epithelium, is the major source of at
least one vitreous collagen.
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Source of opticin

Opticin is a member of the small leucine-rich repeat
proteoglycan (SLRP) gene family that is highly
expressed in the eye, but outside the eye expression
levels in the adult mouse are very low.20 Opticin was
initially identified as a glycoprotein closely associated
with the collagen fibrils of the vitreous.5 In other
tissues, other SLRP family members have been shown
to bind to collagen fibrils and to regulate collagen fibril
diameter and spacing.26 Opticin may serve a similar
function. In situ hybridisation of the developing mouse
eye showed that opticin expression is confined to the
ciliary body region of the optic cup during
development and to the posterior non-pigmented
ciliary epithelium in the adult mouse.20 Opticin
expression was observed at the same time as ciliary
body differentiation begins (embryonic day 15.5) and,
unlike the collagen genes, continued high levels of
expression were seen in the adult mouse eye (Figure
1). Similarly, in situ hybridisation analysis of an adult
human eye demonstrated a strong signal that was

Figure 1 Analysis of opticin expression by in situ hybridisation in an adult mouse eye. In situ hybridisation to show mRNA
expression for opticin in the region of the ciliary body of an adult, albino mouse eye was performed as described previously.20 All
animals were treated humanely in accordance with the Association of Research in Vision and Ophthalmology Resolution on the
Use of Animals in Research. (a) and (b) Antisense probe for opticin: bright (a) and dark (b) field. (c) and (d) Sense probe for opticin:
bright (c) and dark (d) field. (a) 1 = sclera; 2 = retina; 3 = ciliary body, pars plana; 4 = ciliary body, pars plicata. Note that a positive
signal is only observed with the antisense probe in the non-pigmented ciliary epithelium which extends from the retina along the
pars plana to the posterior half of the pars plicata. In the adult mouse eye this is the only location where significant expression of
opticin can be detected. Bar = 50 µm.

confined to the non-pigmented ciliary epithelium
(Figure 2). The expression levels were high both in the
pars plana (Figure 2: upper panels) and posterior pars
plicata (Figure 2: lower panels), but the signal became
less intense towards the anterior part of the pars
plicata. These results appear to conflict with results
showing that opticin is highly expressed in libraries
prepared from the adult human iris.27,28 In the recently
released data from NEIBank (http://neibank.
nei.nih.gov/index.shtml) opticin was reported to
represent the sixth commonest clone in an adult iris
library. We have no simple explanation for the
discrepancy between these results and our in situ
results except to suggest that tissue from the ciliary
body may have been inadvertently included in the iris
libraries during dissection. Nevertheless, the present
results taken in toto suggest that the adult mammalian
eye continues to synthesise and secrete high levels of
opticin from the ciliary body even when the synthesis
of vitreous collagens has largely ceased. In the mouse
this is particularly remarkable given the limited
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Figure 2 Analysis of opticin expression by in situ hybridisation in an adult human eye. Sections were cut from a wax-embedded,
paraformaldehyde-fixed adult (age 45 years) human eye. A 400-bp fragment of human opticin cDNA was cloned and used to
generate [35S]�-dCTP labelled anti-sense and sense riboprobes.61 The sections were digested with proteinase K, and acetylated prior
to hybridisation, washing and autoradiography.61 The sections were counterstained with H and E. (a) and (b) Bright and dark field
views respectively of the pars plana. (c) and (d) Bright and dark field views of the posterior part of the pars plicata. Opticin message
was observed specifically in the non-pigmented ciliary epithelium. In the anterior parts of the pars plicata the opticin signal from
the non-pigmented ciliary epithelium became much less intense. A weaker signal was observed in the pigment epithelium with the
antisense and sense probes (suggesting non-specific labeling), and no labeling of the non-pigmented ciliary epithelium was seen
using the sense probe (data not shown). Bar � 150 µm.

amounts of vitreous in the adult mouse eye with most
of the available space being occupied by the lens.

Recent results described above suggest that opticin is
a specialised SLRP specifically for the vitreous with
perhaps more than a simple structural function.20

Furthermore, to date, we have not found evidence for
other SLRPs in the vitreous. Several of the SLRPs are
substituted with chondroitin/dermatan sulphate chains
and none of these could be identified in bovine
vitreous.5,7 Furthermore, neither decorin nor biglycan
could be detected even by Western blotting
(unpublished observations). Recently, we have
determined that the opticin gene is located on
chromosome 1q32 in a cluster with two other SLRPs
called fibromodulin and PRELP.20,29 Further analysis of
the public genomic databases presently available
(GENBANK, http://www.ncbi.nlm.nih.gov: ENSEMBL,
http://ensembl.org/genome/central; Jim Kent,
http://www.cse.ucsc.edu/kent/) showed that the
SLRP family occurs as three or perhaps four clusters
both for the mouse and human genome. Opticin is a
Class 3 SLRP30 as are epiphycan (chromosome 12q23)
and osteoglycin (chromosome 9q22). These three SLRPs
have widely differing locations and presumably
somewhat differing functions.29 How development of
such specialised functions could have arisen after two

Eye: Cambridge Ophthalmological Symposium

rounds of gene duplication is presently not
understood.31–35 However, the interrelationships
between the SLRPs during evolution are likely to
become clearer as members of the SLRP family are
identified in lower organisms such as zebrafish,36 for
which the genome is presently being sequenced.

Source of vitrin

A second connective tissue macromolecule weakly
associated with the collagen fibrils was identified in
the vitreous of young calves grown for the veal
industry but not in significant amounts in adult cows.6

Cloning of this molecule (called vitrin) demonstrated
that it is closely related to a protein called COCH37,38

with a single LCCL motif,39,40 followed by two von
Willebrand Factor A (vWA) domains that represent a
known collagen-binding motif.41 In situ hybridisation of
the developing mouse eye shows that vitrin is
exclusively synthesised by the lens42 and this is
supported by recent analyses of human cDNA libraries
prepared from adult human eyes (NEIBank). Of the
wide variety of eye tissues that were analysed by DNA
sequencing, cDNA clones for vitrin were found only in
a lens-specific library. The function of this connective
tissue macromolecule is at present uncertain, but this
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observation reinforces earlier statements in this review
that connective tissue macromolecules present in
vitreous may be derived from more than one tissue.

Non-collagenous vitreous components

As well as containing structural macromolecules, the
vitreous contains a number of other
proteins/glycoproteins many of which are poorly
defined. Some of these are derived from serum, such
as serum albumin, but others are synthesised within
the eye and appear to be largely derived from the
ciliary body.43 Transferrin, a major glycoprotein present
in the vitreous, was recently shown to be synthesised
by the ciliary body epithelium.44

Inner limiting lamina

The inner limiting lamina is formed on the footplates
of the retina Müller cell and it has been generally
assumed, although never proven, that its structural
macromolecules were derived from these cells.
However, recent work by Halfter et al45,46 suggests that
this is not the case, at least in the embryonic chick eye.
These authors presented evidence that only agrin is
derived from the retina and that other components are
secreted into the anterior vitreous humour and traverse
the vitreous cavity to assemble on Müller cell
footplates. This may explain why we have observed
nidogen-1 and fibulin-1 associated with vitreous
collagen fibrils,6 since these proteins are likely to be
involved in basement membrane assembly. The precise
cellular source of all basement membrane components
has yet to be established but possibilities include both
the non-pigmented ciliary epithelium and the lens. In
the chicken, nidogen-1, type XVIII collagen and the
laminin � chain can be detected in the ciliary body by
in situ hybridisation.45,46 The same authors have also
recently shown that binding of soluble laminin-1 to
Müller cell footplates is critical for the initiation of ILL
assembly.46

Induction of the ciliary body

It is of interest that opticin expression is first detected
at the time of initiation of ciliary epithelial
development from the rim of the optic cup.47,48 It is
possible that this occurs from the inductive influence
of the lens,48,49 since at this time, it is in close
proximity to the ciliary body. At present, we do not
know if the lens is responsible for the induction of
opticin biosynthesis but recent data showing induction
in the ciliary body of Tgfb1i4 (transforming growth
factor beta 1 induced transcript 4) and Ptmb4

(prothymosin beta 4) by the lens would support this
possibility.22 At present, the nature of the inducing
molecule(s) produced by the lens is also unknown
although induction of Tgfb1i4 and Ptmb4 can be
achieved in a simple cell culture system where the lens
is placed in juxtaposition to the retina.22 That the lens
(and presumably macromolecules secreted by the lens)
play a central role in development of the posterior
chamber including the retina is clearly demonstrated
by experiments involving lens transplantation in blind
cave fish50 and by inhibition specifically of lens
development in the mouse eye.51–53 Furthermore, the
blood vessels of the tunica vasculosa lentis appear to
be dependent upon vascular endothelial growth factor
secretion by the lens as decreased expression levels are
associated with regression of this system at embryonic
day 17.5 in the mouse.54

New roles for the ciliary epithelium

The involvement of the non-pigmented epithelium of
the anterior ciliary body (pars plicata) in the synthesis
of the aqueous humour has been extensively
investigated and will not be discussed here.55

However, the synthesis of many components of the
vitreous by the non-pigmented epithelium of the
posterior ciliary body (posterior pars plicata and pars
plana) has not been emphasised previously although
earlier work suggested that it also had a secretory
function.56 Morphologically, the anterior and posterior
non-pigmented ciliary epithelia appear similar57 and
yet are apparently fulfilling different functions. It is of
special interest that the pigmented ciliary epithelium of
vertebrates apparently contains precursor cells (stem
cells) for the retina,58,59 and that the human ocular non-
pigmented ciliary epithelium is capable of synthesising
macromolecules required for phototransduction which
may be used for circadian entrainment tasks.60

Conclusion

Our results,20 together with the recent results from
other groups suggest that the posterior non-pigmented
ciliary epithelium of the mammalian eye may be the
source of many connective tissue macromolecules
present in the vitreous as well as being a potential
source of several structural macromolecules that
assemble to form the ILL.
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