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Abstract

Elastic tissue was first described well over a hundred years ago and has since been identified in
nearly every part of the body. In this review, we examine elastic tissue in the corneal stroma with
some mention of other ocular structures which have been more thoroughly described in the past.
True elastic fibers consist of an elastin core surrounded by fibrillin microfibrils. However, the
presence of elastin fibers is not a requirement and some elastic tissue is comprised of non-elastin-
containing bundles of microfibrils. Fibers containing a higher relative amount of elastin are
associated with greater elasticity and those without elastin, with structural support. Recently it has
been shown that the microfibrils, not only serve mechanical roles, but are also involved in cell
signaling through force transduction and the release of TGF-B. A well characterized example of
elastin-free microfibril bundles (EFMBS) is found in the ciliary zonules which suspend the
crystalline lens in the eye. Through contraction of the ciliary muscle they exert enough force to
reshape the lens and thereby change its focal point. It is believed that the molecules comprising
these fibers do not turn-over and yet retain their tensile strength for the life of the animal. The
mechanical properties of the cornea (strength, elasticity, resiliency) would suggest that EFMBs are
present there as well. However, many authors have reported that, although present during
embryonic and early postnatal development, EFMBs are generally not present in adults. Serial-
block-face imaging with a scanning electron microscope enabled 3D reconstruction of elements in
murine corneas. Among these elements were found fibers that formed an extensive network
throughout the cornea. In single sections these fibers appeared as electron dense patches.
Transmission electron microscopy provided additional detail of these patches and showed them to
be composed of fibrils (~10nm diameter). Immunogold evidence clearly identified these fibrils as
fibrillin EFMBs and EFMBs were also observed with TEM (without immunogold) in adult
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mammals of several species. Evidence of the presence of EFMBs in adult corneas will hopefully
pique an interest in further studies that will ultimately improve our understanding of the cornea's
biomechanical properties and its capacity to repair.
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1. Introduction

The cornea is a complex and precisely structured tissue, resilient and uniquely transparent,
endowed with optical properties making vision possible, yet deceivingly simplistic in its
macroscopic appearance. It is composed of three cellular regions: stratified squamous
anterior epithelium, stroma, and posterior endothelium. In humans, 90% of the corneal
thickness is attributed to the stroma which is classified as regular, fibrocollagenous, dense
connective tissue. Corneal transparency requires the stromal collagen fibrils, which are
organized into tightly-spaced bands (lamellae) of parallel fibrils laid down in criss-crossed
fashion, be uniformly sized and spaced (Goldman et al., 1968; Maurice, 1957). In addition to
the major component, type | collagen, there are several other minor collagens and ground
substance consisting of glycosaminoglycans, proteoglycans, and glycoproteins (Hassell and
Birk, 2010).

As the main refractive component of the eye, the cornea must not only be transparent but
must also maintain a precisely-shaped, regular surface while providing strength and
resiliency to withstand significant mechanical forces from external sources and intraocular
pressure variation (Coleman and Trokel, 1969; Hann and Fautsch, 2011). These
biomechanical stresses require tissue deformation and recoil; a characteristic common to
elastic tissue, yet definitive evidence of the presence of elastic tissue microfibrils in the
corneal stroma is limited.

The purpose of this paper is to review what is known about elastic tissue microfibrils
specifically in regards to the corneal stroma in hopes of stimulating new research efforts
aimed at elucidating their role in the cornea. Corneal disease and trauma negatively impact
vision, so there is a continuing need to better understand how the cornea responds to injury.
A Dbetter understanding of corneal microfibrils is likely to lead to an improved understanding
of corneal biomechanics, homeostasis and the cornea’s response to insult.

2. Historical review of elastic tissue

A brief review of elastic tissue is important for understanding the possible role of elastic
tissue microfibrils within the corneal stroma. The biomechanical properties of the cornea
imply the presence of elastic tissue but what has been learned from microfibrils in structures
other than the cornea reveals additional functions beyond mechanical. The corollary
functions of microfibrils in the cornea are largely unknown.

A number of books and articles were published during the mid-19t" century apparently as a
result of a keen interest in understanding the characteristic of elastic tissue, which had only
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recently been described by Donders in 1846 (Kolliker, 1860; Lehmann, 1855). While many
of the observations were quite accurate, conclusions drawn from these early studies have
since been modified or out-right rejected in light of new evidence. For example, one early
author described a delicate system of nutrient channels in connective tissue that transforms
into elastic tissue when required (Virchow, 1863). A century later Fullmer & Lillie (1958)
(Fullmer and Lillie, 1958) used selective staining methods to reveal connective tissue fibers
that could be distinguished from collagen, elastic, and reticular fibers (type 111 collagen
secreted by reticular cells as a supporting mesh in soft tissues). These fibers were found to
be resistant to acid hydrolysis and were named “oxytalan” (meaning acid resistant) fibers.

In the 1960's, the field of biological electron microscopy was developing rapidly and it was
during this time that Low (1962) described the fine structure of microfibrillar elements of
the extracellular matrix (Low, 1962). He reported microfibril ultrastructure as being variable
in diameter (4-12nm) with frequent branching. It was later shown that individual
microfibrils are unbranching but form bundles which do branch, (Kielty and Shuttleworth,
1995; Sakai et al., 1986). According to Low's observations the fibrils seemed to be in all
connective tissue but were most noticeable in formed elastic fibers and basement
membranes with some microfibrils appearing to have a dense outer shell and lucid core. A
few years later Haust, et al. (1965) (Haust, 1965; Haust et al., 1965) made similar
observations and reported that elastic fibers had a homogenous core with a surrounding
“elastic membrane” and fibrils around the outside. The elastic fibers were reported to be
50-150nm in diameter and the microfibrils within the fibers had a diameter of 10nm and a
periodicity of 15nm (microfibril periodicity was later shown to be consistently 50-56nm
when tension-free). They proposed connective tissue microfibrils and collagen fibrils share a
common precursor (tropocollagen) and the microfibril of the extracellular matrix is a
common denominator in collagenous and elastic tissues. They also subscribed to an earlier
notion that degraded collagen fibers combine with mucopolysaccharide
(glycosaminoglycan) to form microfibrils. The microfibrils they observed were 4-14nm in
diameter and therefore similar to those described by Low.

At that time (ca. 1965) the chemical composition of elastic fibers was not known but they
could be identified by various stains such as aldehyde fuchsin and orcein. In 1966 Greenlee
et al. (Greenlee et al., 1966) used an electron microscope to examine the fine structure of
immature elastic fibers and concluded they were the precursor to mature elastic fibers. In
1969 Ross & Bornstein (Ross and Bornstein, 1969), proposed that microfibrils and the
amorphous component of elastic fibers are two different proteins, or different forms of
elastin (the amorphous substance being altered microfibrils). Using electron microscopy and
selective degradation they showed the microfibrils to be a second but unknown protein and
also described microfibrils as being in close apposition to cells, often found in cell in-
foldings.

Fibers in the elastic system were grouped into 3 categories depending on the relative amount
of elastin as compared to microfibrils (Gawlik, 1965). True “elastic” fibers are
predominantly elastin with a coating layer of microfibrils on the outside of the fiber,
“elaunan” fibers have proportionately more microfibrils, with some interspersed within the
fiber core. “Oxytalan” fibers are composed of only microfibrils. Differential staining
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(aldehyde fuchsin, with and without oxidation, for example) identifies the different fibers
(Alexander et al., 1981; Carrington et al., 1984; Fullmer and Lillie, 1958). The 3 types of
fibers were confirmed with electron microscopy as having distinct ultrastructural
morphologies (Cotta-Pereira et al., 1976). It has been proposed that microfibrils present a
scaffold for elastin deposition during elastogenesis and many authors agree that the 3 fiber
types are a continuum of maturity, where oxytalan represents immature elastic fibers.
However, some authors raised the possibility that microfibrils of elastin-free fibers might be
a somewhat different variant. Elastic tissue then includes fibers that are predominantly
elastin, those that are exclusively microfibrils, and a continuum intermediate phase of
varying proportional composition.

The term “microfibril” has been adopted by many authors to refer specifically to
extracellular fibrillin-containing microfibrils. Hence, in this review we will simply use the
term “microfibril” to refer to extracellular fibrillin-containing microfibrils and bundles of
elastin-free microfibrils will be referred to as (EFMBS).

Elastic tissue is formed during early development with minimal if any turn over in mature
tissues (Davis, 1993). Once damaged, elastic tissue may reactivate elastogenic cells but this
typically results in abnormal tissue which may even impair normal function (Kuhn et al.,
1976). Surprisingly this observation was also reported by Kolliker in 1858 (Kolliker, 1860).
Little is known about the half-life of microfibrils but they apparently exist for exceedingly
long periods of time possibly up to the life of the animal and it has been reported they are
non-self-renewing (Garner and Alexander, 1986; Kielty and Shuttleworth, 1995; Sherratt,
2009; Yanagisawa and Davis, 2010). Degeneration of existing microfibrils results in loss of
elasticity (increase in rigidity) with advancing age (senile elastosis) as seen for example in
skin (Banfield and Brindley, 1963; Sherratt, 2009).

Elastic tissue is an integral/major component in most tissues and has been extensively
studied in many tissues such as skin, aorta, and tendon. In tissues that are more elastic in
nature, there are more elastic fibers; where strength and support are needed, there are more
elastin-free fibers. These latter fibers have been extensively studied using the periodontal
and nuchal ligaments.

Elastic tissue has been described in many ocular structures and generally consists of a range
of fiber maturity from elastin-free microfibril bundles to mature elastic fibers with an elastin
core and microfibril mantle. The human sclera is a good example of the continuum of elastic
fiber maturity and like skin it shows signs of senile elastosis with advancing age (Kanai and
Kaufman, 1972). Lens zonules have been one of the more thoroughly studied ocular
structures and shown to consist of pure microfibrils (elastin-free) that never develop into
elastic fibers, thereby providing a relatively stable support for the lens (Streeten et al., 1981).
Elastic tissue is also a significant component of justacanulicular tissue and Schlemm's canal,
as well as the lamina cribrosa in the optic nerve head. It is therefore highly likely that
degeneration or alteration of elastic tissue fibers would impact outflow resistance and
dysregulate intraocular pressure, while rendering the lamina cribrosa more vulnerable to
pressure-induced optic nerve damage. Both of which would contribute to the development of
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glaucoma (Hann and Fautsch, 2011; Kuchtey and Kuchtey, 2014; Zenkel and Schlotzer-
Schrehardt, 2014).

3. Evidence of elastic tissue in cornea stroma

In 1903 professor Ferruccio Tartuferi of the University of Bologna, Italy published a
seminal report which described an extensive network of “elastic fibers” in the corneal
stroma (Abelsdorff, 1904; Tartuferi, 1903). Apparently this was not a novel finding since
half a century earlier Kolliker (Kolliker, 1860) stated the elastic tissue in the cornea remains
in an embryonic stage (presumably elastin free). In spite of these early observations and,
even though fibrillin microfibrils have been said to be ubiquitous, evidence that EFMBs
exist in the adult normal corneal stroma (not immature or diseased) is non-definitive.

The early 1980's to late 1990's seemed to be a time of piqued interest in corneal microfibrils.
In 1987 Bruns et al. examined the corneal stroma of a variety of species and found they all
contained some variation of EFMBs. They found them in embryonic chicks and adult
chickens though more plentiful in embryos (Bruns et al., 1987). In another study using very
young chicks and immunohistochemistry, EFMBs were found throughout the stroma, mostly
within lamellae. Their density increased from anterior to posterior and center to periphery
with abundant fibers in close proximity to Descemet's membrane (Daga Gordini et al.,
1990). In 1988, the corneas of 2Kg rabbits (adults can weigh as much as 5-8Kg) were found
to have electron dense patches which at higher magnification appeared as arrays of
microfibrils adjacent to keratocytes, found thoughout the full thickness of the stroma and
within as well as between lamellae (Carlson and Waring, 1988). Similar fibers were shown
to be numerous in newborn kittens and to decrease with age, with the majority of fibers
appearing within collagen lamellae rather than between. A few fibers were found in the adult
cat but only in the peripheral corneal stroma (Carrington et al., 1984).

In humans, EFMBs have been reported in juveniles and various adult disease states (Akhtar
et al., 2001; Garner and Alexander, 1986; Quondamatteo et al., 2002). A weak
immunoreactivity for fibrillin was described in patchy bundles between stromal lamellae in
adult human corneas (Schlotzer-Schrehardt et al., 1997). However, most authors agree
evidence of EFMBs in the normal adult cornea is lacking (Bruns et al., 1987; Carlson and
Waring, 1988; Carrington et al., 1984; Garner and Alexander, 1986). EFMBs have been
identified in young human eyes using histochemical means and these fibers are said to be
located between lamellae and typically parallel with the corneal surface. There have been
reports showing evidence of vertical fibers within Descemet's membrane (Alexander and
Garner, 1983; Carrington et al., 1984). In older eyes the fibers were only found surrounding
Hassall-Henle warts (Alexander and Garner, 1983) or as occasional patches of fibrillin
between lamellae (Schlotzer-Schrehardt et al., 1997; Wheatley et al., 1995).

A common finding with TEM imaging of the corneal stroma is what appear to be random
electron-dense patches within and between lamellae. Even though published electron
micrographs often show these patches, they are generally not mentioned. An example can be
seen in figure 1D from a 2001 article. (Birk, 2001).
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A frequently referenced textbook of ocular anatomy includes a figure (figure 3-24 B) with a
clear example of an EFMB in cross-section. The figure legend refers to it as a “granular
mass”, with no further mention (Hogan et al., 1971). In our experience, we have observed
these patches in adult animals in a variety of species (Figure 1) and closer examination,
showed these patches to be comprised of small 10 nm diameter tubules with an electron
translucent core when viewed in a favorable cross-section. The bundles are approximately
100-200nm in diameter, consistent with elastin-free fibrillin microfibrils, and clearly
different than other fibrillar components of the stroma, such as collagen VI microfibrils
(Fitch et al., 1991) which are much smaller in diameter (3-5 nm). However, as previously
mentioned, it is largely accepted that fibrillin microfibrils do not exist in the adult/mature
animal/human or they are not reported.

En face projected immunofluorescence imaging using anti-fibrillin antibody (Figure 2)
reveals an extensive network of stromal fibers in an adult mouse cornea. These fibers are
present throughout the stroma, extending in all directions for considerable distances, though
predominantly forming layers parallel with the corneal surface. TEM imaging after silver
enhancement of the nanogold particles (Figure 3) reveals silver deposits specifically
associated with microfibrillar electron dense patches, confirming the presence of fibrillin-1.

Much of the information about the spatial organization of stromal extracellular matrix
(ECM) has been obtained by light microscopy (LM), routine transmission electron
microscopy (TEM) (Alroy et al., 1999), electron tomography (Parfitt et al., 2010), scanning
electron microscopy (SEM), atomic force microscopy (AFM) (Yamamoto et al., 2000), and
x-ray scattering (Hayes et al., 2007). Understanding the supramolecular organization of the
ECM is somewhat limited when using a method that provides essentially 2D ultrastructural
information (TEM), and surface views with limited depth (electron tomography and AFM)
and restricted viewing angles (SEM). Serial block-face sectioning SEM overcomes these
limitations and provides a unique 3D approach for evaluating ECM ultrastructural
organization.

In 2004 Denk and Horstmann (Denk and Horstmann, 2004) demonstrated that an
ultramicrotome placed within the vacuum of a scanning electron microscope (SEM) could
be used to cut the surface of a plastic embedded tissue block and could then be imaged using
backscatter electron detection. This method produced serial sections of tissue blocks that
resembled TEM images with only slightly less resolution. Using this method, tissue volumes
can be reconstructed with nanometer precision and viewed from any angle.

We recently began using a Gatan 3View automated serial block-face imaging system
(Gatan, Inc., Pleasanton, CA). Blocks of adult C57BL/6 mouse cornea tissue processed
using a modified protocol to enhance specimen contrast were serially sectioned using the
Gatan 3View system mounted inside an FEI Quanta 250 SEM. In this way 500-700 serial
block-face images (each image separated by 100nm) were collected and viewed as a
precisely registered Z-stack. The electron dense patches, presumed to be EFMBs were
segmented and 3D reconstructed using Amira software. The results, shown in Figure 4,
reveal a network of fibers at the ultrastructural level where variations in EFMB diameters
are discerned. Panels A-C are from the same location in the limbus. The 3D reconstruction
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in panel D (paracentral cornea), if viewed en face, would produce an image similar to the
network observed by immunofluorescence (Figure 2). However, in the view shown
(essentially transverse) distinct layering is revealed. When keratocytes were included in the
reconstruction (Figure 4-C), fibers were seen lying within shallow invaginations (in-
foldings) located on the keratocyte surface. Likewise, EFMBs are frequently seen in close
proximity to, or making contact with keratocytes in TEM micrographs. Figure 5 shows four
such images and in panel C we see electron dense focal adhesions between a keratocyte and
EFMB. These observations suggest the possibility that EFMBs serve a role in
mechanotransduction between keratocytes and the extracellular matrix. The nature of this
intimate relationship between EFMBs and the keratocyte surface deserves further study.

Coincidentally, in vivo confocal microscopy revealed an unidentified filamentous network
(Figure 6) which is strikingly similar to the network shown by immunofluorescence and
serial SEM imaging. Using a scanning laser confocal microscope (e.g., HRT) it is possible
to image a network of fine fibers within the corneal stroma in vivo. Even though these fibers
(~100nm diameter) are well below the resolution of the microscope, specular reflectance
provides evidence of the fibers as a factor of brightness of the reflected light, similar to the
way spider webs are visible from a great distance when the sun strikes them at a precise
angle or a small piece of glass is seen at a great distance when the sun strikes it.

Previously published reports regarding EFMBs in the corneal stroma have largely concluded
that they disappear as animals/humans mature, except in disease. Our results provide
evidence to the contrary and the fibrils identified as EFMBs form an extensive network
within the cornea stroma of adult mice. Our TEM images (Figure 1) suggest they are present
in adults of other species of mammals as well.

and its characterization

Many of the mechanical properties of elastic tissue can be attributed to the molecular
structure of the major protein component of the microfibrils. The “unknown” protein of the
10nm microfibrils described by Ross & Bornstein (Ross and Bornstein, 1969) was shown by
Sakai, et al. (1986), to be a novel 350kDA protein and given the name “fibrillin” (Sakai et
al., 1986). These authors specifically mentioned the distinction between the fibrillin
microfibrils and the smaller (3-5nm) collagen VI microfilaments described by Fitch et al.
(Fitch et al., 1991). Fibrillin was demonstrated in microfibril bundles both with (“elastic” or
“elaunan fibers”) and without elastin (“oxytalan fibers”). Ultrastructural analysis revealed a
periodicity (50-56nm) within microfibrils which was consistent across bundles of individual
microfibrils and suggested an ordered aggregation of individual microfibrils.

Since the discovery of fibrillin protein it has been shown that fibrillins are a group of (at
least) three proteins, fibrillin-1, 2, and 3 encoded by separate genes (Corson et al., 2004;
Davis, 1994; Jensen et al., 2012; Lee et al., 1991; Zhang et al., 1994).They are found in
invertebrates as well as vertebrates and the molecular structure is similar across species
(Charbonneau et al., 2003; Faury, 2001; Hubmacher et al., 2008; Quondamatteo et al.,
2002). The existence of a family of fibrillins (rather than a single one) raises the possibility
of tissue-specific or temporally regulated expression (Rosenbloom et al., 1993). Fibrillin 1, 2

Exp Eye Res. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hanlon et al.

Page 8

and 3 are expressed during fetal development, but 1 is by far the most abundant in adult
tissues (Corson et al., 2004; Quondamatteo et al., 2002). Fibrillin 1 is predominant in force-
bearing structures whereas Fibrillin 2 (and likely 3) is associated with elastic fiber assembly
(Zhang et al., 1994).

Fibrillin is likely processed extracellularly and polymerization occurs at or near the cell
membrane as monomers are secreted (Hubmacher et al., 2008; Kielty and Shuttleworth,
1995; Reinhardt et al., 1996). It is a multdomain molelcule with 47 EGF-like domains, 8-
cysteine modules, and an RGD putative cell attachment motif (Corson et al., 1993; Maslen
etal., 1991; Pereira et al., 1993; Zhang et al., 1994). Single fibrillin monomers are
approximately 148nm in length and are assembled head-to-tail. Microfibrils may be
comprised of homopolymers of each fibrillin type or may form fibrillin- 1/2 heteropolymers
(Charbonneau et al., 2003; Charbonneau et al., 2010). The C terminus of fibrillin-1
apparently multimerizes into a bead-like structure which in turn enhances the avidity of the
N-to-C terminus binding (Hubmacher et al., 2008).

There have been at least two broad categories of microfibril organization proposed: a pleated
model and an overlapping model (Cain et al., 2006; Jensen et al., 2012; Kuo et al., 2007; Lu
et al., 2005; Sherratt et al., 2003). These proposed arrangements attempt to explain how a
molecule that is ~148nm in length produces fibrils with a beads-on-a-string appearance and
a periodicity of ~56m. The intramolecular folding/overlapping results in approximately 1/3
staggering that is stable at ~56nm in relaxed tissue but can be extended to 2-3 fold (Baldock
et al., 2001; Keene et al., 1991).

Automated electron tomography has shown that microfibrils consist of approximately 8
fibrillin molecules as seen in cross-section and are constructed of in-register parallel
filaments of fibrillin resulting in a microfibril periodicity the same as fibrillin molecular
periodicity. This model is consistent with microfibril ultrastructure and provides an
explanation for their extensibility. In elastin-free tissues, fibrillin-containing microfibrils
confer the properties of elasticity and extensibility to the ECM (Keene et al., 1991;
McConnell et al., 1997) which are critical properties of the cornea. However, even though in
all current models monomers are arranged head-to-tail there is still a question of whether
elasticity is due to properties of individual microfibrils or the packing arrangement of
parallel microfibrils within bundles (or bundle architecture) (Sherratt et al., 2003).

In addition to elasticity, resiliency is also a necessary property for micrifibrils in force-
bearing tissues (such as the cornea) and it is the extensive disulphide-bonding that is
responsible for resiliency. Calcium binding to the cbEGF (calcium-binding epithelial growth
factor) domains produces microfibril rigidity (Eriksen et al., 2001; Jensen et al., 2012).
Individual microfibrils act as relatively stiff elastic polymers and perform critical anchoring
roles. Microfibrils were shown to be 2 orders of magnitude stiffer than elastin. The elastic
fiber (elastin and microfibrils) is likely a microfibril-reinforced fibrous composite. Tissue-
specific and organism-specific variations in microfibril bundle organization and elasticity
may occur due to subtle variations in ionic environment, inter-microfibrillar cross-links,
and/or differences in associated molecules (Sherratt et al., 2003).
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Cells, such as epithelial cells, may deposit fibrillin into a nonfibrillar matrix. Cellular factors
or receptors may be required for fibrillin fibril formation and may interact differentially with
fibrillin-1 and 2. a5B1 and aVB3 integrins are important receptors for fibrillin (Bax et al.,
2003; Jensen et al., 2012; Jovanovic et al., 2008) and integrins may be one of these factors
required for fibril assembly (Charbonneau et al., 2003; Pfaff et al., 1996). In the cornea the
epithelium, keratocytes and endothelium have all been postulated to produce microfibrils.
(Carrington et al., 1984; Garner and Alexander, 1986).

5. Other molecules associated with fibrillin in microfibrils

Numerous proteins have been identified as components with associations ranging from mere
immunolocalization to functional binding interactions as evidenced with knock-out animal
models (Hubmacher et al., 2008). Some of these proteins are exclusively associated with
microfibrils and may have tissue-specific modulatory effects (microfibril- associated-
glycoprotein-1 (MAGP-1) or MAGP-2, for example). Others molecules found in the
extracellular matrix (examples fibronectin, fibulin, proteoglycans) may play a role in
microfibril interaction with the surrounding extracellular matrix.

MGAP-1 and -2 are probably the best characterized microfibril associated proteins at this
time. They are found in association with microfibrils in nearly all (possibly all) tissues, but
the distribution of MAGP-2 is more restricted. They are small 31-KD acidic, elastin-binding
glycoproteins (Brown-Augsburger et al., 1994; Gibson and Cleary, 1987; Gibson et al.,
1989; Kumaratilake et al., 1989). Both are associated with the beads of the microfibrils and
likely stabilize individual microfibrils through lateral connections between beads thereby
organizing the microfibrils into parallel arrangements within bundles (cables) (Cain et al.,
2006; Henderson et al., 1996; Trask et al., 2000), possibly contributing to the
unidirectionality of the fibrillin molecules (Hubmacher et al., 2008).

Another important protein associated with fibrillin is latent transforming growth factor f3-
binding protein 1 (LTBP-1) present in some tissues but not others. Fibrillin and LTBPs are
structurally very similar and have a domain module (the 8-cysteine containing domain)
found only in these two proteins. LTBP-1 forms a complex with latent TGF-f and assists
with the secretion and targeting of TGF-f to the extracellular matrix. LTBP-1 is bound to
fibrillin but is probably not a component of the microfibril itself (Isogai et al., 2003). The
interaction between fibrillin and LTBP-1 results in sequestration of TGF- f in the
extracellular matrix. It has been suggested that tensile force extends the small latent TGF-
complex within the fibrillin/LTBP environment, enabling release and activation of TGF-p3
(Isogai et al., 2003; Shi et al., 2011; Wipff and Hinz, 2008).

The number and variety of proteins associated with fibrillin clearly suggest microfibrils
serve multiple functions in addition to functioning as a structural support and scaffold for
elastogenesis (Charbonneau et al., 2004; Kielty et al., 2002; Ramirez and Dietz, 2007). This
applies equally as well to the cornea. However, despite the rapidly accumulating information
about the above macromolecules, the role(s) of each protein in microfibril function remains
unclear.
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6. Functional considerations

If we were to conclude that adult cornea stroma does not contain EFMBSs then we would
assume that their presence in maturing stroma serves a developmental function. However,
unpublished evidence from our lab supports the notion of a well-developed EFMB network
in the normal adult corneal stroma. Coupling information gleaned from studies of EFMBs in
non-corneal tissues with our observations of corneal EFMBs allows us to speculate on their
function(s).

The continuum of elastic tissue from elastin-free to predominantly elastin implies a similar
continuum of mechanical properties appropriate for their location. Elastic tissue void of
elastin (i.e. EFMBS) is frequently found associated with structures requiring rigidity in order
to withstand mechanical forces and there is evidence that mechanical loading stimulates
fiber synthesis (Charbonneau et al., 2004; Ramirez et al., 2004; Strydom et al., 2012).

Mechanical/physical properties of microfibrils may be adapted to the specific tissue
requirements and even be temporally modulated depending on the physical demands (e.g.,
load or sheer forces). The periodontal and nuchal ligaments are examples that have been
extensively studied. In the eye, the lens zonules are often mentioned as prime examples
where EFMBs are important for their mechanical properties. Corneal biomechanical
properties would also be consistent with EFMBSs properties. Case in point, corneal stromal
EFMBs may attach posteriorly to Descemet's and may serve to anchor the stroma to
Descemet's (Garner and Alexander, 1986). The anchoring functions of EFMBs are well
documented in other tissues including the periodontal ligament and ciliary zonules (Davis,
1994; Montes, 1996).

In addition to structural support, EFMBs may also have a mechanotransduction role. For
example it has been shown that EFMBs are associated with arteries and lymphatic vessels
with the suggestion that they may assist in modulating vessel diameter and thereby assist in
blood flow regulation and lymphatic clearance of edematous extracellular fluid (Gerli et al.,
1991; Leak and Burke, 1968; Strydom et al., 2012). This could imply, following corneal
injury, stromal swelling imparts a mechanical force on the EFMBs and this strain is
transferred to the lymphatics, pulling them open to facilitate tissue edema clearance.
Similarly, after corneal wounding, microfibril attachments to limbal blood venules may aid
in vessel dilation and assist with inflammatory cell recruitment. EFMBs
mechanotransduction may also involve cell signaling between cells and ECM fibrillin via
integrin outside-in signaling influencing cell shape and migration (Bax et al., 2003; Gregory
et al., 2005; Isogai et al., 2003; Pfaff et al., 1996; Ramirez and Rifkin, 2003; Strydom et al.,
2012). Cell signaling through EFMB binding may also be involved in homeostasis through
growth factor and bone morphogenetic protein (BMP) interactions (Ramirez and Dietz,
2007). A key example is when disruption of quantity or functional capacity of microfibrils
as a result of fibrillin-1 gene mutation leads to perturbed TGFp signaling seen in
fibrillinopathies (Loeys et al., 2010; Ramirez and Rifkin, 2009). It is now clear that
fibrillin-1 (along with other ECM proteins) interacts with a large number of cell matrix
components and cell-surface integrin receptors (Pfaff et al., 1996; Sakamoto et al., 1996).
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7. Fibrillinopathies

Observed downstream consequences of genetic mutations resulting in molecules being
absent or perturbed provides valuable clues to their function. Marfans Syndrome is a prime
example of a genetic mutation that affects multiple organ systems, including the eye, and
implicates a common element which, in this case, is fibrillin.

A few years after the discovery of fibrillin, mutations in the gene which encodes fibrillin
(FBN1) were shown to be the cause of Marfans syndrome (MFS) (Dietz et al., 1993). MFS
is a pleiotropic autosomal dominant systemic disorder of connective tissue with a large
variability in clinical presentation manifesting in skeletal, cardiovascular and ocular
systems. Ocular effects include retinal detachment, increased axial length and myopia,
flattened corneal curvature, iris and ciliary muscle hypoplasia, and lens dislocation (ectopia
lentis). Over 1,800 different mutations in fibrillin 1 have been identified (UMD-FBN1
mutation database, updated August 28, 2014; http://www.umd.be/FBN1/) which are
attributed to a wide variety of fibrillinopathies (Collod-Beroud et al., 2003; Faivre et al.,
2007). The most common are MFS, autosomal dominant Weil-Marchesani syndrome both
caused by mutations in fibrillin-1, and Beal's syndrome caused by mutations in fibrillin-2
(Robinson et al., 2006).

FBN1 gene mutation leads to microfibril disorganization and reduced amounts of fibrillin
(Aoyama et al., 1994; Aoyama et al., 1995; Aoyama et al., 1993; Hollister et al., 1990;
Kielty and Shuttleworth, 1994; Milewicz et al., 1992) which not only cause structural and
biomechanical abnormalities but also activation of TGF-f3 and perturbed signaling. This
likely explains some of the variable phenotypic features seen in MFS (Bunton et al., 2001;
Isogai et al., 2003; Loeys et al., 2010; Neptune et al., 2003; Ng et al., 2004; Ramirez and
Dietz, 2007; Ramirez et al., 1999; Ramirez and Rifkin, 2003, 2009; Ramirez et al., 2004)
and has provided rationale for a new drug-based strategy based on TGF-b antagonism
(Habashi et al., 2006).

In addition to systemic manifestations of fibrillinopathies there are also a variety of corneal
diseases/conditions associated with fibrillin expression. While numerous authors have
reported the absence of EFMBs in adult (human) corneas, there are many reports of fibrillin
expression with corneal diseases such as bullous keratopathy (Akhtar et al., 2001),
Salzmann's dystrophy (Obata et al., 2006), Fuch's dystrophy (Garner and Alexander, 1986),
posterior polymorphous dystrophy (Garner and Alexander, 1986), Hassall-Henle warts
(Garner and Alexander, 1986) and keratoconus (Garner and Alexander, 1986).

Fibrillin-1 accumulation has been observed in corneal wound healing (Maguen et al., 1997).
With corneal ectasia following LASIK surgery, collagen fibers may be replaced by
microfibrils and there may be an accumulation of microfibrils between the flap and stromal
bed (Akhtar et al., 2013). Sustained severely elevated IOP may cause corneal scarring with
associated microfibrils (Garner and Alexander, 1986). It has also been shown that
mechanical loading of EFMBs stimulates synthesis of new fibers (Jonas and Riede, 1980).
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8. Concluding remarks

Nearly all connective tissue contains elements of elastic tissue. After nearly two centuries of
extensive research involving elastic tissue there are still many unanswered questions in
regards to the inclusion and role of elastic tissue in the cornea. Fibrillin, the main protein
comprising the microfibrils contained within elastic tissue, was not discovered until 1986.
Since its discovery, numerous systemic fibrillinopathies have been linked to mutations in the
fibrillin gene, including Marfans Syndrome. Only relatively recently has the molecular
structure of fibrillin been determined as well as its association with cells and numerous other
molecules. This evidence suggests fibrillin microfibrils (EFMBs) have multiple functions
beyond the initial concept of providing elastic properties.

In this review we referenced several published reports stating that EFMBs are not a part of
the normal, non-diseased adult corneal stroma. However, we also presented new evidence
from our laboratory confirming the presence of an extensive network or EFMBs within the
adult mouse cornea. Although not as thoroughly described, we also show evidence of
EFMBs in adult animals in several other species. Information gleaned from previous studies
involving non-cornea tissues has provided substantial information regarding the structure,
distribution, and proposed roles of elastic tissue microfibrils, much of which may apply to
the cornea as well. The presence of fibrillin microfibrils in the adult corneal stroma implores
us to further understand their role in health and disease.
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Figure 1.
EM micrographs of 5 mammal species; (a) C57BL/6 mouse, (b) Brown Norway rat, (¢) New

Zealand White rabbit, (d) Macque monkey, (E) Human. EFMBs are within lamellae in these
examples, but they were also located between lamellae. Panels (B) and (C) show EFMBs
sectioned obliquely. All images are the same magnification. (Scale bar = 200nm)
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Figure 2.
Maximum intensity projected en face image from fluorescent microscopy of a central

108x108 pm area of a mouse cornea whole-mount labeled using anti-fibrillin antibody.
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Figure 3.
Electron micrographs of EFMBs in WT mouse. (A) Shows a keratocyte with 3 EFMBs

nearby. Panels (B & C) show fibrillin microfibrils labeled with immuno-gold particles and
enhanced with silver. (Scale bars; (A) 500 nm, (B) 750 nm, (C) 500nm)
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Figure 4.
3D reconstructions from serial SEM block-face images. Panel A shows EFMBs in the

limbus, and panel B the same area with blood vessel (red), keratocytes (green, blue, yellow)
and neutrophil (purple) in a mouse cornea 6 hours after epithelial wounding. Panel C is from
the same 3D reconstruction as A and B but from a different angle and zoomed in to show
more detail. From this perspective some EFMBs appear to lie within a groove in the surface
of a keratocyte. Panel D is a reconstructed image showing EFMBs in the paracentral cornea
with more defined layering as compared to the limbus. Panels A-C are views from an
oblique angular perspective while the line of projection in panel D is nearly parallel with the
corneal surface. The average EFMBs were 100-200nm in diameter when measured in cross-
section block face images.
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Figure 5.
TEM images showing EFMBs associated with keratocytes. Panels A-D show bundles of

microfibrils (black arrows) in proximity to, or making contact with keratocytes. The white
arrows in panel C point to electron dense focal adhesions frequently seen at keratocyte-
EFMB contacts. (Scale bar = 200nm)
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Figure 6.
Images from in vivo confocal microscopy. Left panel shows a fine network of hyper-

reflective fibers in a mouse cornea. Right panel showing a similar network in a rabbit cornea
(large hyper-reflective bodies are keratocyte nuclei, which are not visible in the mouse).
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