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Fibrillin and the eye
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The glycoprotein fibrillin is the principal component of the
ciliary zonule and has an important role in the strength and
elasticity of ocular connective tissues. Fibrillin polymers
form the structural scaVold of extensible microfibrils1–3

which are present in ocular elastic tissues and are arranged
in parallel bundles to form the zonular fibres.4 These
fibrillin-rich microfibrils are morphologically identical to
those which provide strength and long range elastic recoil
to the connective tissues of blood vessels, lung, ligament,
and dermis.5 6 In these tissues, fibrillin-rich microfibrils
form a scaVold for the deposition and alignment of the
elastin precursor tropoelastin during elastic fibre
assembly.7 8 However, the microfibrils of the ciliary zonule
as well as those of kidney glomerulus, skeletal muscle,
heart, and periodontal ligament do not contain significant
amounts of elastin.9

Disorders which disrupt fibrillin-rich microfibril struc-
ture or function, such as Marfan’s syndrome and ectopia
lentis, result in a spectrum of ocular complications. This
review summarises current knowledge of fibrillin and
fibrillin-rich microfibrils and their role in the eye, and dis-
cusses the pathological processes which may be involved in
ocular connective tissue ageing and disease.

Fibrillin-rich microfibrils in ocular tissues
In addition to the zonules, fibrillin has been immunolocal-
ised to the connective tissues of the anterior segment
including the conjunctival, iris and ciliary body stroma, the
ciliary processes, the corneal stroma and corneal epithelial
basement membrane, and the endothelium of Schlemm’s
canal.10 In the posterior segment, fibrillin has been
localised to scleral stroma, lamina cribrosa, Bruch’s mem-
brane, and choroid10; beaded microfibrils are also present
in vitreous.11–13 The precise role of fibrillin-rich microfibrils
in all these ocular tissues is not defined, but they may regu-
late development and confer strength and elasticity to con-
nective tissues. Fibrillin present in the equatorial region of
the lens capsule allows anchorage of the zonular fibres.14

Composition and ultrastructure of fibrillin-rich
microfibrils
Fibrillin exists as two isoforms, fibrillin-1 and fibrillin-2
(Fig 1); the gene for human fibrillin-1 (FBN-1) has been
localised to chromosome 15q15–21 and the gene for
human fibrillin-2 (FBN-2) to chromosome 5q23–31.15

Fibrillin-1 and fibrillin-2 have distinct but overlapping
spatiotemporal tissue distributions, and it is unclear if they
form separate populations of microfibrils or if they can
coexist in the same microfibril.16–18 It has been suggested
that fibrillin-1 may provide force bearing structural
support to tissues, whereas fibrillin-2 may play an
important part in the initiation of elastogenesis.18 The
microfibrils of the ciliary zonules (Figs 2 and 3) are almost
exclusively composed of fibrillin-1.4 9

Both fibrillin-1 and fibrillin-2 have a molecular structure
of multiple protein subunits,1 the majority of which are

epidermal growth factor (EGF)-like domains (Fig 1).
Most of these EGF-like domains are capable of binding
calcium which maintains the fibrillin molecule in an
extended, rod-like conformation19 20 and stabilises it
against degradation by proteases.21 Interspersed with the
EGF-like domains are protein subunits containing eight
cysteine residues (Fig 1). One of the most striking
diVerences between fibrillin-1 and fibrillin-2 is in the
amino acid composition of the amino terminal region
which may serve as a molecular hinge22 and may also medi-
ate fibrillin dimer formation during microfibril
assembly.23 24 The extreme carboxy terminal region of the
fibrillin molecule is cleaved oV before assembly into
microfibrils.25–27

Isolated fibrillin-rich microfibrils have a diameter of
10–12 nm and a characteristic “beads on a string” appear-
ance when imaged by rotary shadowing or scanning trans-
mission electron microscopy (STEM)2 28 (Fig 4). The
average untensioned interbead distance is 56 nm but this
increases when the microfibrils are subject to tension.31

The arrangement of fibrillin molecules within microfibrils

Figure 1 Schematic diagram of multidomain structure of fibrillin-1 and
fibrillin-2.
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is unknown. Recent evidence suggests that fibrillin
molecules may form dimers before assembly into
microfibrils,23 24 and an association between the overlap-
ping carboxy and amino termini of adjacent fibrillin
molecules allows linear growth of the microfibril, stabilised
by intramolecular crosslinks.32 33 However, several other
models of microfibril assembly are possible, including a
parallel, unstaggered arrangement of fibrillin molecules
within the microfibrils.34 Compaction of fibrillin molecules
within microfibrils may allow microfibril extensibility, so
that molecules can “unravel” in the interbead region.

An increasing number of other proteins have been iden-
tified in association with fibrillin containing microfibrils in
addition to fibrillin-1 and fibrillin-2. In most instances, it is
unclear whether the protein is an integral structural
component of the microfibril or is just adherent to its sur-

face. The relative proportions of most of these proteins
varies between tissues, and they may thus contribute to the
tissue specific structural and functional characteristics of
fibrillin-rich microfibrils. Microfibril associated
glycoprotein-1 (MAGP-1), also designated microfibril
associated protein-2 (gene symbol MFAP-2),35 has been
shown by immunoelectron microscopic techniques to be
associated with the bead regions of zonular and vitreous
microfibrils.36 Microfibril associated protein-1 (MFAP-1)
has been immunolocalised to microfibrils of chick aorta,
bovine nuchal ligament, and human ocular zonules.37 Emi-
lin (elastin microfibril interface located protein) is a glyco-
protein which is abundant at the elastin-microfibril
interface and has been immunolocalised in the eye to the
zonules, to elastin-free microfibrils of the cornea and to
Descemet’s membrane.38 Microfibril associated molecules

Figure 2 Environmental scanning electron microscopy of normal hydrated human zonules. (A) Zonular fibres arising
from ciliary processes. (B) Branching of a zonular fibre.
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Figure 3 Transmission electron microscopy (TEM) of human zonular microfibrils, and eVects of matrix metalloproteinase
treatment. Normal human zonular specimens from a 54 year old were incubated for 3 hours at 37°C in the presence of 10
mM calcium chloride and hyaluronidase to remove adherent vitreous, with and without MMP-13, before fixation and
TEM with uranyl acetate and lead citrate stain. (A) and (B) are untreated zonules which consist of dense and regular,
parallel striated microfibrils. (C) and (D) are MMP-13 treated zonules. The zonular microfibrils are fragmented and
irregularly and loosely arranged. Magnification: (A) and (C) ×20 000; (B) and (D) ×68 000.
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may mediate cell adhesion to microfibrils and may stabilise
the interactions of microfibrils with other structural
elements of the extracellular matrix.

Ocular conditions associated with abnormalities in
fibrillin-rich microfibrils
Microfibril abnormalities occurring as a result of muta-
tions in the gene for fibrillin-1 are manifest as a spectrum
of disease phenotypes ranging from severe, lethal neonatal
Marfan’s syndrome to “simple” ectopia lentis. There is no
clear correlation between genotype and phenotype, with
the exception of a clustering of fibrillin-1 mutations associ-
ated with severe neonatal Marfan’s syndrome.39 Approxi-
mately 60% of patients with Marfan’s syndrome have ecto-
pia lentis.40 Familial ectopia lentis also occurs in patients in
whom the clinical criteria for Marfan’s syndrome are not
fulfilled, although some of these patients have systemic
features such as arachnodactyly or tall stature.41–43

The structural consequences of microfibrillar abnor-
malities have been demonstrated by examination of ocular
tissues from patients with ectopia lentis and Marfan’s syn-
drome. Ectopia lentis zonular fibres have been shown to be
reduced in number,44 thin, stretched, and irregular in
diameter,14 45 and inelastic and easily broken when
compared with normal controls.45 46 The insertion of zonu-
lar fibres onto the lens capsule has also been noted to be
abnormal in patients with Marfan’s syndrome and ectopia
lentis, with reduction in the amount of fibrillin present as
demonstrated by immunostaining.14 Ultrastructural abnor-
malities of fibrillin-rich microfibrils of ciliary zonules have
also been demonstrated in ectopia lentis and Marfan’s syn-
drome; the microfibrils are loosely arranged and disorgan-
ised within the zonular fibres, with fragmentation and a
variable interbead periodicity.46 There are several possible
mechanisms by which the observed zonular abnormalities
in Marfan’s syndrome and ectopia lentis may result from
mutations in fibrillin. Structurally weak zonules may result
from a reduction in the amount of fibrillin-1 synthesised
and secreted during fetal development or from incorpora-
tion of mutant fibrillin-1 into microfibrils. However, these
mechanisms do not explain the intrafamilial phenotypic
variability between patients with the same fibrillin-1 muta-
tion or the progressive nature of some of the clinical mani-
festations. Recently, it has been suggested that proteolytic
degradation of microfibrils may contribute to the observed

structural and functional changes in connective tissues and
zonules30 47 (see below).

Marfan’s syndrome and familial ectopia lentis are
associated with a spectrum of other ocular abnormalities
including axial myopia, presenile cataract, increased preva-
lence of open angle glaucoma,48 strabismus,49 corneal flat-
tening and hypoplasia of the ciliary muscle and iris, result-
ing in miosis,50 51 and elongation of the ciliary processes45 52

and pars plana (DMcL, personal observation).
Ectopia lentis is seen in association with a variety of

other conditions which must be diVerentiated from
“simple” ectopia lentis or Marfan’s syndrome and which
aVect cysteine metabolism or development of the eye, or
cause mechanical zonular disruption. One such condition
is the Weill-Marchesani syndrome, a congenital connective
tissue disorder characterised by short stature, brachydac-
tyly, microspherophakia, glaucoma, and ectopia lentis
which may be inherited in an autosomal recessive or domi-
nant manner; the autosomal dominant form has been
linked to the gene for fibrillin-1 on chromosome 15q21.1
and immunohistochemical staining of skin sections from
an aVected family shows a decrease in fibrillin staining
compared with normal controls.53 Another is the pseu-
doexfoliation syndrome which is also occasionally associ-
ated with lens dislocation; the pseudoexfoliative material
has been shown to have strong immunoreactivity for
fibrillin,54–56 suggesting that this condition may also result
from an abnormality of fibrillin-rich microfibrils. It can be
speculated that abnormalities of zonular proteolytic degra-
dation may result in zonular weakness and release of
microfibril constituents seen as pseudoexfoliative material
in the anterior chamber.

Proteolytic degradation of fibrillin-rich microfibrils
in ocular ageing and disease
The extent of physiological zonular degradation during
development and ageing is unknown although the zonular
insertion onto the lens capsule has been observed to shift
progressively anteriorly with age,57 suggesting that the age-
ing zonules undergo remodelling. Other factors may
contribute to this shift, however, such as the changing cur-
vature of the lens and contraction of the anterior capsule.58

Proteolytic damage to zonular microfibrils potentially con-
tributes to these observed ageing changes as well as to the
pathogenesis of zonular dysfunction in patients with Mar-
fan’s syndrome and ectopia lentis.

The zonules have been known for many years to be sus-
ceptible to degradation by serine proteases59 as demon-
strated by the use of chymotrypsin for zonulysis during
intracapsular cataract surgery. The serine proteases are a
large group of enzymes which are secreted by inflamma-
tory cells and whose activity is regulated by inhibitors such
as á1 antitrypsin in the plasma and tissue thrombospondin.
The zonules are normally exposed to low levels of serine
proteases in the aqueous and, potentially, to proteases
released by inflammatory cells.60 61 Both fibrillin-1 mol-
ecules and fibrillin-rich microfibrils are susceptible to deg-
radation by serine proteinases such as neutrophil elastase,
chymotrypsin, and trypsin.21 62 Calcium binding stabilises
fibrillin against such proteolytic degradation.21 Mutations
in fibrillin-1 that aVect calcium binding may therefore
increase fibrillin-1 susceptibility to proteolytic degradation
by reducing calcium binding aYnity and inducing confor-
mational changes which expose cryptic protease cleavage
sites.

Matrix metalloproteinases are another important class
of proteases which are widely expressed in ocular tissues
and which may be involved in ocular development,
physiological remodelling, and wound healing. They are
secreted by a wide range of cell types including mesenchy-

Figure 4 Scanning transmission electron microscopy of an isolated
human zonular microfibril. Bar = 100 nm. Zonular microfibrils were
biochemically isolated using an established method29 30 by incubation with
collagenase and hyaluronidase in the presence of protease inhibitors,
followed by size fractionation. The excluded volume (Vo) contained
fibrillin-rich microfibrils.
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mal cells such as fibroblasts and inflammatory cells such as
macrophages and neutrophils. Several matrix metallopro-
teinases are implicated in the turnover of elastic connective
tissues owing to their elastinolytic activity,63 but the contri-
bution of matrix metalloproteinases to turnover and
degradation of fibrillin-rich microfibrils in zonules and
other connective tissues has only recently been reported.
Matrix metalloproteinases are implicated in matrix remod-
elling associated with normal mammalian development
and growth, and are also thought to participate in the
accelerated breakdown of extracellular matrix in diseases
such as arthritis, atherosclerosis, tissue ulceration, and
tumour invasion and metastasis. The proteolytic capacity
of matrix metalloproteinases is normally tightly controlled
by regulation of the rate of mRNA transcription, by activa-
tion of the pro-enzyme and also by naturally occurring
inhibitors such as tissue inhibitors of metalloproteinases
(TIMPs) and the plasma protein inhibitor á2

macroglobulin.63 An imbalance in ocular matrix metallo-
proteinase activity may underlie dysregulation of angiogen-
esis, abnormalities of matrix turnover, tumour invasion,
and abnormalities of wound healing in the eye.

Matrix metalloproteinases and their inhibitors are
present in normal aqueous,61 64 where they may play a part
in remodelling of the tissues bordering the anterior cham-
ber. It can be speculated that aqueous matrix metallopro-
teinase activity will be increased in intraocular inflamma-
tion owing to release from inflammatory cells. Regulation
of matrix metalloproteinase mediated extracellular matrix
turnover in the trabecular meshwork is thought to be
important for maintenance of normal aqueous humour
outflow, and an imbalance in matrix metalloproteinase
activity may be implicated in the pathogenesis of open
angle and neovascular glaucomas.65 66

The widespread distribution of matrix metalloprotein-
ases in the eye and their potential involvement in many
abnormal ocular conditions suggest that zonular microfi-
brils may be exposed to matrix metalloproteinases under
physiological and pathological conditions. Matrix metallo-
proteinases are present in the cornea (where they are pro-
duced by the corneal epithelium, stromal keratocytes, and
fibroblasts67 68) and are thought to be important in corneal
ulceration and wound healing.69 70 Matrix metalloprotein-
ases and TIMPs may be involved in postoperative
conjunctival wound healing.71 Matrix metalloproteinase-2
(also called gelatinase A) is upregulated in the sclera in an
experimental model of myopia, and may be involved in
scleral remodelling associated with axial elongation of the
eye.72 Matrix metalloproteinases and TIMPs are present in
vitreous73 74 and are potentially involved in vitreous
liquefaction which occurs in ageing and pathological
states.75 Matrix metalloproteinase activity may have a role
in retinal neovascularisation in proliferative diabetic
retinopathy76 77 and the development of proliferative
vitreoretinopathy after surgery for retinal detachment.78

Matrix metalloproteinases and TIMPs are expressed by
retinal pigment epithelial cells,74 79 which may be the source
of the increased TIMP levels found at the macula in age
related macular degeneration.80 A mutation in TIMP-3 is
associated with Sorsby’s fundus dystrophy, an autosomal
dominant condition in which lipid-rich deposits accumu-
late in Bruch’s membrane.81 The choroidal neovascularisa-
tion and subretinal haemorrhages seen in this condition
are consistent with a imbalance in the regulation of angio-
genesis by TIMPs.82

Recent work has demonstrated that members of the
matrix metalloproteinase family of enzymes can degrade
recombinant fibrillin-1 molecules and disrupt fibrillin-rich
microfibrils,30 as well as disrupting the ultrastructure of
intact zonular bundles (Fig 3). Matrix metalloproteinases

may therefore be important in physiological and pathologi-
cal turnover of fibrillin microfibrils in the ocular extracellu-
lar matrix and the ciliary zonule. The aortae of patients
with Marfan’s syndrome demonstrate strong immunoreac-
tivity for elastolytic matrix metalloproteinases adjacent to
areas of cystic medial necrosis,83 suggesting that matrix
metalloproteinases may have a role in the pathogenesis of
aortic aneurysms in Marfan’s syndrome. In addition, a
mutation identified in a family with familial ectopia lentis
has been shown to alter the proteolytic degradation
patterns of fibrillin-1 molecules by several matrix metallo-
proteinases, probably by exposure of a cryptic cleavage
site.30 This mutation (E2447K)41 43 occurs within a calcium
binding EGF-like domain of fibrillin-1 and is predicted to
reduce fibrillin-1 calcium binding and alter molecular con-
formation. The proteolytic susceptibility of zonular micro-
fibrils containing mutant allele products would therefore
be expected to be increased, resulting in progressive zonu-
lar damage and eventual ectopia lentis. However, other
ectopia lentis causing mutations in fibrillin-1 do not alter
degradation patterns (JLA, unpublished data) so other
mechanisms, such as proteolytic degradation of reduced
amounts of microfibrils or increased overall activity of
matrix metalloproteinases, must also lead to functional
insuYciency of zonules. The presence of matrix metallo-
proteinases in normal aqueous suggests that they may
cause progressive zonular degradation throughout life, and
are a potential cause of weakened zonules with age as seen
during cataract surgery.

Future research directions and therapeutic
implications
Future research will determine whether matrix metallopro-
teinase levels are upregulated in the aqueous of patients
with Marfan’s syndrome and ectopia lentis and whether
there are individual variations in matrix metalloproteinase
activity which might explain the intrafamilial variability in
the phenotypic manifestations of fibrillin-1 mutations. It
can be predicted from the position of matrix metalloprotei-
nase cleavage sites identified within the fibrillin-1
molecule84 that microfibril degradation would result in
stable amino and carboxy terminal fibrillin-1 fragments.
These fragments may aVect cellular behaviour and could
potentially be involved in positive feedback leading to
upregulation of matrix metalloproteinases. Although stable
intermolecular crosslinks may prevent release of fibrillin
fragments from damaged microfibrils,32 their presence in
blood or in aqueous could potentially be used as a marker
of progressive microfibril damage in Marfan’s syndrome.

Altered extensibility of zonular fibrillin-rich microfibrils
as a result of proteolytic damage potentially contributes to
presbyopia. Variations in aqueous matrix metalloprotein-
ase levels may develop with age or between individuals and
may correlate with zonular instability, thus explaining why
variations in zonular strength occur between otherwise
normal patients. Further work on the pseudoexfoliation
syndrome will determine if altered turnover of fibrillin-rich
microfibrils is implicated in the pathogenesis of this disor-
der, with important implications for therapeutic interven-
tion.

Potential therapeutic strategies for prevention of ectopia
lentis and other ocular manifestations of proteolytic
damage include the use of synthetic matrix metalloprotei-
nase inhibitors. The eye would provide an ideal oppor-
tunity to localise the application of matrix metalloprotein-
ase inhibitors in order to prevent or to slow the progression
of ectopia lentis in susceptible patients. Alternatively,
genetic manipulation of TIMP or matrix metalloproteinase
levels may underlie a range of therapeutic strategies in the
future.

Fibrillin and the eye 1315

www.bjophthalmol.com

http://bjo.bmj.com


JLA was supported by a Wellcome Trust Vision research training fellowship and
CMK is supported by the Medical Research Council. We would like to thank
Mike Sherratt, Chris Gilpin, and Carolyn Jones for the electron micrographs.

JANE L ASHWORTH
CAY M KIELTY

DAVID MCLEOD

Academic Department of Ophthalmology, Royal Eye Hospital,
Oxford Road, Manchester M13 9WH, UK

1 Ramirez F, Pereira L. The fibrillins. Int J Biochem Cell Biol 1999;31:255–9.
2 Kielty CM, Shuttleworth CA. Fibrillin-containing microfibrils: structure

and function in health and disease. Int J Biochem Cell Biol 1995;27:747–60.
3 Sakai LY, Keene DR, Engvall E. Fibrillin, a new 350-kDa glycoprotein, is a

component of extracellular microfibrils. J Cell Biol 1986;103:2499–509.
4 Wright DW, McDaniels CN, Swasdison S, et al. Immunisation with undena-

tured bovine zonular fibrils results in monoclonal antibodies to fibrillin.
Matrix Biol 1994;14:41–9.

5 Thurmond FA, Trotter JA. Morphology and biomechanics of the
microfibrillar network of sea cucumber dermis. J Exp Biol 1996;199:1817–
28.

6 McConnell CM, DeMont ME, Wright GM. Microfibrils provide non-linear
elastic behaviour in the abdominal artery of the lobster Homarus america-
nus. J Physiol 1997;499:513–26.

7 Rosenbloom J, Abrams WR, Mecham B. Extracellular matrix 4: the elastic
fibre. FASEB J 1993;7:1208–18.

8 Davis EC, Mecham RP. Intracellular traYcking of tropoelastin. Matrix Biol
1998;17:245–54.

9 Mayne R, Mayne PR, Baker JR. Fibrilllin-1 is the major protein present in
bovine zonular fibrils. Invest Ophthalmol Vis Sci 1997;38:1399 (abstract).

10 Wheatley HM, Traboulsi EI, Flowers BE, et al. Immunohistochemical
localization of fibrillin in human ocular tissues. Arch Ophthalmol 1995;113:
103–9.

11 Wallace RN, Streeten B, Hanna RB. Rotary shadowing of the elastic system
microfibrils in the ocular zonules, vitreous, and ligamentum nuchae. Curr
Eye Res 1991;10:99–109.

12 Wright DW, Mayne R. Vitreous humor of chicken contains two fibrillar
systems: an analysis of their structure. J Ultra Mol Struct Res 1988;100:224–
34.

13 Bishop P, Ayad S, Reardon A, et al. Type VI collagen is present in human
and bovine vitreous. Graefes Arch Clin Exp Ophthalmol 1996;234:710–13.

14 Mir S, Wheatley HM, Maumenee-Hussels IE, et al.A comparative histologic
study of the fibrillin microfibrillar system in the lens capsule of normal sub-
jects and subjects with Marfan syndrome. Invest Ophthalmol Vis Sci
1998;39:84–93.

15 Lee B, Godfrey M, Vitale E, et al. Linkage of Marfan syndrome and a phe-
notypically related disorder to two diVerent fibrillin genes. Nature
1991;352:330–4.

16 Zhang H, Apfelroth SD, Hu W, et al. Structure and expression of fibrillin-2,
a novel microfibrillar component preferentially located in elastic matrices.
J Cell Biol 1994;124:855–63.

17 Zhang H, Hu W, Ramirez F. Developmental expression of fibrillin genes
suggests heterogeneity of extracellular microfibrils. J Cell Biol 1995;129:
1165–76.

18 Mariencheck MC, Davis EC, Zhang H, et al. Fibrillin-1 and fibrillin-2 show
temporal and tissue-specific regulation of expression in developing elastic
tissues. Conn Tiss Res 1995;31:87–97.

19 Downing AK, Knott,V, Werner JM. Solution structure of a pair of calcium-
binding EGF-like domains: implications for the Marfan syndrome and
other genetic disorders. Cell 1996;85:597–605.

20 Reinhardt DP, Mechling DE, Boswell BA, et al. Calcium determines the
shape of fibrillin. J Biol Chem 1997;272:7368–73.

21 Reinhardt DP, Ono RN, Sakai LY. Calcium stabilises fibrillin-1 against pro-
teolytic degradation. J Biol Chem 1997;272:1231–6.

22 Pereira L, D’Alessio M, Ramirez F, et al. Genomic organisation of the
sequence coding for fibrillin, the defective gene product in Marfan
syndrome. Hum Mol Genet 1993;2:961–8.

23 Trask TM, Ritty TM, Broekelmann T, et al. N-terminal domains of
fibrillin-1 and fibrillin-2 direct the formation of homodimers: a possible
first step in microfibril assembly. Biochem J 1999;340:693–701.

24 Ashworth JL, Kelly V, Wilson R, et al. Fibrillin assembly: dimer formation
mediated by amino-terminal sequences. J Cell Sci 1999;112:3549–58.

25 Lönnqvist L, Reinhardt D, Sakai L, et al. Evidence for furin-type
activity-mediated C-terminal processing of profibrillin-1 and interference
in the processing of certain mutations. Hum Mol Genet 1998;7:2039–44.

26 Raghunath M, Putnam EA, Ritty T, et al. Carboxy-terminal conversion of
profibrillin to fibrillin at a basic site by PACE/furin-like activity required for
incorporation in the matrix. J Cell Sci 1999;112:1093–100.

27 Ritty TM, Broekelmann T, Tisdale C, et al. Processing of the fibrillin-1
carboxy-terminal domain. J Biol Chem 1999;274:8933–40.

28 Kielty CM, Shuttleworth CA. Microfibrillar elements of the dermal matrix.
Microsc Res Tech 1997;38:413–27.

29 Kielty CM, Shuttleworth, CA. Synthesis and assembly of fibrillin by fibro-
blasts and smooth muscle cells. J Cell Sci 1993;106:167–73.

30 Ashworth JL, Murphy G, Rock MJ, et al. Fibrillin degradation by matrix
metalloproteinases: implications for connective tissue remodelling. Biochem
J 1999;340:171–81.

31 Keene DR, Maddox BK, Kuo H-J, et al. Extraction of extendable beaded
structures and their identification as fibrillin-containing extracellular
matrix microfibrils. J Histochem Cytochem 1991;39:441–9.

32 Qian R-Q, Glanville RW. The alignment of fibrillin molecules in elastic
microfibrils is defined by transglutaminase derived cross links. Biochem
1997;36:15841–7.

33 Ashworth JL, Kelly V, Rock MJ, et al. Regulation of fibrillin carboxy-
terminal furin processing by N-glycosylation, and association of amino-
and carboxy-terminal sequences. J Cell Sci 1999;112:4163–71.

34 Reinhardt DP, Keene DR, Corson GM, et al. Fibrillin-1: organization in
microfibrils and structural properties. J Mol Biol 1996;258:104–16.

35 Faraco J, Bashir M, Rosenbloom J, et al.Characterization of the human gene
for microfibril-associated glycoprotein (MFAP2), assignment to chromo-
some 1p36.1-p35, and linkage to D1S170. Genomics 1995;25:630–7.

36 Henderson M, Polewski R, Fanning JC, et al. Microfibril-associated
glycoprotein-1 (MAGP-1) is specifically located on the beads of the beaded

filament structure for fibrillin-containing microfibrils as visualised by the
rotary shadowing technique. J Histochem Cytochem 1996;44:1389–97.

37 Horrigan SK, Rich CB, Streeten BW, et al. Characterization of an associated
microfibril protein through recombinant DNA techniques. J Biol Chem
1992;267:10087–95.

38 Bressan GM, Daga-Gordini D, Colombatti A, et al. Emilin, a component of
elastic fibres preferentially located at the elastin-microfibrils interface. J Cell
Biol 1993;121:201–12.

39 Robinson PN, Godfrey M. The molecular genetics of Marfan syndrome and
related microfibrillopathies. J Med Genet 2000;37:9–25.

40 Pyeritz RE, McKusick VA. The Marfan syndrome: diagnosis and
management. N Engl J Med 1979;300:772–7.

41 Lönnqvist L, Child A, Kainulainen K. A novel mutation of the fibrillin gene
causing ectopia lentis. Genomics 1994;19:573–6.

42 Hewett DR, Lynch JR, Smith R, et al. A novel fibrillin mutation in the Mar-
fan syndrome which could disrupt calcium binding of the epidermal
growth factor-like module. Hum Mol Genet 1993;2:475–7.

43 Kainulainen K, Karttunen L, Puhakka L. Mutations in the fibrillin gene
responsible for dominant ectopia lentis and neonatal Marfan syndrome.
Nat Genet 1994;6:64–9.

44 Farnsworth P, Burke P, Dotto M, et al. Ultrastructural abnormalities in a
Marfan syndrome lens. Arch Ophthalmol 1977;95:1601–6.

45 Pessier AP, Potter KA. Ocular pathology in bovine Marfan syndrome with
demonstration of altered fibrillin immunoreactivity in explanted ciliary
body cells. Lab Invest 1996;75:87–95.

46 Kielty CM, Davies S, Phillips J, et al. Marfan syndrome fibrillin expression
and microfibrillar abnormalities in a family with predominant ocular
defects. J Med Genet 1994;31:1–5.

47 Pereira L, Lee SY, Gayraud B, et al. Pathogenetic sequence for aneurysm
revealed in mice underexpressing fibrillin-1. Proc Natl Acad Sci USA 1999;
96:3819–23.

48 Izquierdo N J, Traboulsi E, Enger C, et al. Glaucoma in the Marfan
syndrome. Trans Am Ophthalmol Soc 1992;90:111–22.

49 Izquierdo NJ, Traboulsi EI, Enger C, et al. Strabismus in the Marfan
syndrome. Am J Ophthalmol 1994;117:632–5.

50 Allen R, Straatsma B, Apt L, et al. Ocular manifestations of the Marfan syn-
drome. Trans Am Acad Ophthalmol Otolaryngol 1967;71:18–38.

51 Cross HE, Jensen AD. Ocular manifestations in the Marfan syndrome and
homocystinuria. Am J Ophthalmol 1973;75:405–19.

52 Ramsay MS, Fine BS, Shields JA, et al. The Marfan syndrome. A
histopathologic study of ocular findings. Am J Ophthalmol 1973;76:103–16.

53 Wirtz MK, Samples JR, Kramer PL, et al. Weill-Marchesani syndrome—
possible linkage of the autosomal dominant form to 15q21.1. Am J Med
Genet 1996;65:68–75.

54 Freissler K, Kuchle M, Naumann GOH. Spontaneous dislocation of the
lens in pseudoexfoliation syndrome. Arch Ophthalmol 1995;113:1095.

55 Schlötzer-Schrehardt U, Naumann GOH. A histopathologic study of zonu-
lar instability in pseudoexfoliation syndrome. Am J Ophthalmol 1994;118:
730–43.

56 Schlötzer-Schrehardt U, Stumer JP, Reme CE, et al. The fibrillin-containing
microfibrillar network in the trabecular meshwork of normal and
glaucomatous eyes. Invest Ophthalmol Vis Sci 1997;38:2117.

57 Sakabe I, Oshika T, Lim SJ, et al. Anterior shift of zonular insertion onto the
anterior surface of human crystalline lens with age. Ophthalmol 1998;105:
295–299.

58 Hanssen E, Franc S, Garrone R. Fibrillin-rich microfibrils: structural modi-
fications during ageing in normal human zonule. J Submicrosc Cytol Pathol
1998;3:365–9.

59 Raviola G. The fine structure of the ciliary zonule and ciliary epithelium.
Invest Ophthalmol 1971;10:851–69.

60 Caprioli J. The ciliary epithelia and aqueous humor. In: Hart WM ed. Adler’s
physiology of the eye. 9th ed. St Louis: Mosby Year Book, 1992:228–47.

61 Ando H, Twining SS, Yue BYJT, et al. MMPs and proteinase inhibitors in
the human aqueous humor. Invest Ophthalmol Vis Sci 1993;34:3541–8.

62 Kielty CM, Wooley DE, Whittaker SP, et al. Catabolism of intact fibrillin
microfibrils by neutrophil elastase, chymotrypsin and trypsin. FEBS Lett
1994;351:85–9.

63 Parks WC, Mecham RP, eds. Matrix metalloproteinases. San Diego: Academic
Press, 1998.

64 Huang SH, Adamis AP, Wiederschain DG, et al. Matrix metalloproteinases
and their inhibitors in aqueous humor. Exp Eye Res 1996;62:481–90.

65 Alexander JP, Samples JR, Van Buskirk M, et al. Expression of matrix metal-
loproteinases and inhibitors by human trabecular meshwork. Invest
Ophthalmol Vis Sci 1991;32:172–80.

66 Alexander JP, Samples JR, Acott TS. Growth factor and cytokine
modulation of trabecular meshwork matrix metalloproteinase and TIMP
expression. Curr Eye Res 1997;17:276–85.

67 Fini ME, Girard MT. Expression of collagenolytic/gelatinolytic metallopro-
teinases by normal cornea. Invest Ophthalmol Vis Sci 1990;31:1779–88.

68 Kenney MC, Chwa M, Alba A, et al. Localization of TIMP-1, TIMP-2,
TIMP-3, gelatinase A and gelatinase B in pathological human corneas.
Curr Eye Res 1997;17:238–46.

69 Fini ME, Parks WC, Rinehart WB, et al. Role of matrix metalloproteinases
in failure to re-epithelialize after corneal injury. Am J Pathol 1996;149:
1287–302.

70 Ye HQ, Azar DT. Expression of gelatinases A and B, and TIMPs 1 and 2
during corneal wound healing. Invest Ophthalmol Vis Sci 1998;39:913–21.

71 Kawashima Y, Saika S, Yamanaka O, et al. Immunolocalization of matrix
metalloproteinases and tissue inhibitors of metalloproteinases in human
subconjunctival tissues. Curr Eye Res 1998;17:445–51.

72 Guggenheim JA, McBrien NA. Form-deprivation myopia induces activation
of scleral matrix metalloproteinase-2 in tree shrew. Invest Ophthalmol Vis Sci
1996;37:1380–95.

73 De La Paz MA, Itoh Y, Toth CA, et al. Matrix metalloproteinases and their
inhibitors in human vitreous. Invest Ophthalmol Vis Sci 1997;39:1256–60.

74 Plantner JJ, Smine A, Quinn TA. Matrix metalloproteinases and
metalloproteinase inhibitors in human interphotoreceptor matrix and
vitreous. Curr Eye Res 1998;17:132–40.

75 Brown DJ, Bishop P, Hamdi H, et al. Cleavage of structural components of
mammalian vitreous by endogenous matrix metalloproteinase-2. Curr Eye
Res 1996;15:439–45.

76 El-Asrar AM, Dralans L, Veckeneer, et al. Gelatinase B in proliferative vitre-
oretinal disorders. Am J Ophthalmol 1998;125:844–51.

1316 Ashworth, Kielty, McLeod

www.bjophthalmol.com

http://bjo.bmj.com


77 Das A, McGuire PG, Eriqat C, et al. Human diabetic neovascular
membranes contain high levels of urokinase and metalloproteinase
enzymes. Invest Ophthalmol Vis Sci 1999;40:809–13.

78 Kon CH, Occelston NL, Charteris D, et al. A prospective study of matrix
metalloproteinases in proliferative vitreoretinopathy. Invest Ophthalmol Vis
Sci 1998;39:1524–9.

79 Vranka JA, Johnson E, Zhu X, et al. Discrete expression and distribution
patterns of TIMP-3 in the human retina and choroid. Curr Eye Res 1997;
16:102–10.

80 Kamei M, Hollyfield JG. TIMP-3 in Bruch’s membrane of the human eye:
content, distribution and function during normal ageing and in age-related
macular degeneration. Invest Ophthalmol Vis Sci 1998;40:47650.

81 Weber BHF, Vogt G, Pruett RC, et al. Mutations in the tissue inhibitor of
metalloproteinases-3 (TIMP-3) in patients with Sorsby’s fundus dystrophy.
Nat Genet 1994;8:352–5.

82 Anand-Apte B, Pepper MS, Voest E, et al. Inhibition of angiogenesis by tis-
sue inhibitor of metalloproteinase-3. Invest Ophthalmol Vis Sci 1997;38:
817–23.

83 Segura AM, Luna RE, Horiba K, et al. Immunohistochemistry of matrix met-
alloproteinases and their inhibitors in thoracic aortic aneurysms and aortic
valves of patients with Marfan’s syndrome. Circulation 1998;98:331–8.

84 Hindson VJ, Ashworth JL, Rock MJ, et al. Fibrillin degradation by matrix
metalloproteinases: identification of amino- and carboxy-terminal cleavage
sites. FEBS Lett 1999;452:195–8.

Contributors please note:
Communications from all countries except the UK and Republic of Ireland should be sent
to Professor C Hoyt, Editor, British Journal of Ophthalmology, University of California,
Department of Ophthalmology, 10 Kirkham Street, K 301, San Francisco, CA 94143-0730,
USA (tel: 001 415 502-6871; fax: 001 415 514-1521).

Manuscripts from the UK and the Republic of Ireland should be sent to Professor Andrew
Dick, UK Editor, British Journal of Ophthalmology, Division of Ophthalmology, University of
Bristol, Lower Maudlin Street, Bristol BS1 2LX (tel: +44 (0) 0117 929-4496; fax: +44 (0)117
929-4607).

Fibrillin and the eye 1317

www.bjophthalmol.com

http://bjo.bmj.com

