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Abstract
The lens capsule is a modified basement membrane that completely surrounds the ocular lens. It is
known that this extracellular matrix is important for both the structure and biomechanics of the lens
in addition to providing informational cues to maintain lens cell phenotype. This review covers the
development and structure of the lens capsule, lens diseases associated with mutations in extracellular
matrix genes and the role of the capsule in lens function including those proposed for visual
accommodation, selective permeability to infectious agents, and cell signaling.

The lens capsule is an uninterrupted basement membrane completely enclosing the lens,
sequestering it from the other ocular tissues and protecting it from infectious viruses and
bacteria (Beyer et al., 1984; Cotlier et al., 1968; Karkinen-Jaaskelainen et al., 1975). Although
its composition is similar to other basement membranes, its physical characteristics and variety
of functions set it apart. The lens capsule has evolved into a strong transparent membrane,
refractive index of 1.4 (Danysh et al., 2008a), capable of shaping the lens and its surface
curvature by participating in the accommodation mechanism in primates (Fincham, 1937;
Fisher, 1969b; Fisher and Pettet, 1972; Krag and Andreassen, 1996; Schachar, 2006; Schachar
and Koivula, 2008). In addition to its physical and mechanical roles, the lens capsule provides
vital epitopes for lens cell surface receptors which enhance lens cell survival (Oharazawa et
al., 1999) as well as promoting regional cell migration and differentiation (Blakely et al.,
2000; Tholozan et al., 2007; Wormstone et al., 1997). Besides the epitopes contained in its
structural molecules, the lens capsule provides a reservoir of sequestered growth factors that,
after their release and activation, promote differentiation of the lens cells (Robinson, 2006;
Tholozan et al., 2007). As the lens is avascular, the capsule must also allow for the passive
exchange of metabolic substrates and waste in an out of the lens (Fisher, 1977; Friedenwald,
1930a), while selectively filtering intermediate sized molecules based on size and charge
(Danysh et al., 2008b; Friedenwald, 1930b; Lee et al., 2006). Finally, the thickness and long
term stability of the lens capsule in the eye makes extracapsular cataract surgery with
implantation of intraocular lenses possible (Guthoff et al., 1990; Thim et al., 1991). Here we
review many aspects of lens capsule structure and function.

Lens Capsule Development
The eye begins to form as a result of mutually inductive interactions between the head ectoderm
and the neuroepithelium of the optic vesicle shortly after neurulation (around 8.5 days post
coitum (dpc) in mice) (Lang, 2004; Pei and Rhodin, 1970). A basement membrane is first
detected at the basal surface of the head ectoderm resulting in its separation from the underlying
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mesenchyme around this time (Center and Polizotto, 1992; Csato, 1989; Peterson et al.,
1995). The head ectoderm overlying the optic vesicle begins to thicken by mouse 9.5 dpc
forming the lens placode. In humans and rats, but not in chicks, cytoplasmic processes
associated with network forming fibrils have been observed extending between these two
tissues at this stage (Hunt, 1961; McAvoy, 1981). These processes are coated with an
amorphous material that may be associated with the basement membrane (Hunt, 1961;
McAvoy, 1981). The lens placode then invaginates, forming the lens pit by mouse 10.5 dpc
(Lovicu and McAvoy, 2005; Lovicu and Robinson, 2004). At this point, the basement
membrane underlying the lens pit is approximately 40 nm thick in the mouse (Csato, 1989).
As the lens pit deepens, the cytoplasmic processes begin to disappear (McAvoy, 1981), while
the basement membrane of the lens pit continues to thicken due to matrix molecule secretion
by the pit cells (Csato, 1989). The pit pinches off from the surface ectoderm as the cells of the
pit delaminate from the head ectoderm and develop cell-cell contacts with the opposite pit edge
forming the lens vesicle (mouse E11.5) (Lovicu and McAvoy, 2005; Lovicu and Robinson,
2004). This process also requires fusion of the edges of the basement membrane underlying
the pit leading to a lens vesicle that is completely surrounded by the basement membrane, now
properly called the lens capsule (Lovicu and McAvoy, 2005; Lovicu and Robinson, 2004;
Parmigiani and McAvoy, 1984). This seals the developing lens off from direct contact with
the surrounding ocular environment creating an immune privileged lens (Coulombre, 1979)
protected from bacterial and viral invasion (Beyer et al., 1984; Cotlier et al., 1968; Karkinen-
Jaaskelainen et al., 1975). However, the permeability of the lens capsule to water, small solutes
and many proteins allows lens growth and metabolism to proceed (Fisher, 1977; Friedenwald,
1930a; Friedenwald, 1930b; Sabah et al., 2005; Sabah et al., 2004).

The cells in the posterior portion of the lens vesicle leave the cell cycle and elongate into the
primary lens fibers while the anterior surface of the lens vesicle begins to proliferate rapidly
which forms a pool of lens epithelial cells as well as the creation of the precursors to the adult
lens fiber cells. Elongation and organelle degradation of these lens fiber cell precursors (see
Bassnett review in this issue) results in the formation of lens fibers which comprise the bulk
of the adult lens (Cvekl and Duncan, 2007; Cvekl and Tamm, 2004). In the embryo, both lens
epithelial and fiber cells synthesize and secrete basement membrane molecules facilitating the
growth of the anterior, posterior, and equatorial lens capsule. Pulse labeling studies have
demonstrated that the embryonic capsule consists of successive layers of lamellae which first
form adjacent to lens cells, then are buried within the capsule as new layers of basement
membrane are laid down around the rapidly growing embryonic lens (Haddad and Bennett,
1988; Parmigiani and McAvoy, 1984; Parmigiani and McAvoy, 1991; Young and Ocumpaugh,
1966). By 15.5 dpc in the mouse, the posterior capsule has thickened to approximately 350 nm
and distinct lamellae are observable by transmission electron microscopy (Csato, 1989). At
this stage in mice and rats, the posterior capsule appears thicker than the anterior; however it
is difficult to clearly discriminate between the lens basement membrane and the basement
membrane of the tunica vasculosa (see Beebe article in this issue) at this age (Kelley et al.,
2002; Parmigiani and McAvoy, 1989). By mouse 17.5 dpc, the lamellae begin to become less
apparent morphologically and by mouse 19.5 dpc (around birth), the capsule has an almost
uniform thickness (Fisher and Pettet, 1972) of over 500 nm and its ultrastructure has become
more homogeneous (Csato, 1989).

The mechanisms controlling capsular synthesis and the specification of the basal surface of
lens cells are unclear. During lens reconstitution from epithelium/capsule fragments in the
developing chick, cells that lose contact with the basement membrane undergo anoikis
(apoptosis due to loss of matrix attachment) while cells attached to the capsule fragment migrate
to reestablish their normal polarity within the eye. After the basal ends of the cells are
reoriented, they reform a capsule on the surface facing away from the newly formed lens vesicle
(Coulombre and Coulombre, 1971). This strongly suggests that the lens capsule is critical for
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lens cell survival and the gradient of factors secreted by the anterior and posterior eye tissues
specify the orientation of the lens cells and signal for the formation of the lens capsule. The
synthesis of the lens capsule also appears to be critical for lens morphogenesis since the first
detectable abnormality in the anophthalmia (Webster and Zwaan, 1984), mylencephalic bleb
(Center and Polizotto, 1992), and trisomy one (Smith, 1989) mouse mutants is the delayed or
absent synthesis of ECM molecules.

Postnatally, both the lens epithelium and fiber cells continue to deposit matrix molecules to
the inner surface of the thickening capsule (Haddad and Bennett, 1988; Young and
Ocumpaugh, 1966). Additionally, metabolic pulse labeling and copper reabsorption following
lenticular chalcosis studies of the capsule have demonstrated that its matrix turns over
extremely slowly, with a turnover rate measuring in months and years (Haddad and Bennett,
1988; Seland, 1976; Young and Ocumpaugh, 1966) compared to the hours measured for other
basement membranes (Beavan et al., 1989; Dunsmore et al., 1995; Young and Ocumpaugh,
1966). In the human eye, the lens capsule remains intact for decades following removal of lens
cells during extracapsular cataract extraction, allowing for the insertion and stability of
artificial intraocular lenses (IOLs) and the emerging designs of accommodating IOLs (Bruck,
1993). The very slow turnover rate of capsular components (Fisher and Pettet, 1972; Seland,
1976; Young and Ocumpaugh, 1966) in concert with the continued deposition of capsular
matrix results in a relatively thick membrane with regional thickness differences that continues
to grow throughout life (Barraquer et al., 2006; Fincham, 1937; Fisher and Pettet, 1972; Krag
et al., 1997; Parmigiani and McAvoy, 1989; Young and Ocumpaugh, 1966).

Depending on species, the lens increases 20-200 fold in surface area from its initial formation
until adulthood (Coulombre, 1979). Since the lens substance is completely enclosed by the
lens capsule and new capsular material is added only to the inner surface of the capsule after
its secretion by lens cells (Johnson and Beebe, 1984; Rafferty and Goossens, 1978), some
unknown mechanism must allow the capsule to increase in surface area as the lens grows
(Coulombre, 1979). In other tissues, synthesis and degradation of the basement membrane is
dynamically controlled in response to functional pressure. For instance, it has been estimated
that over 10% of the alveolar basement membrane is degraded and resynthesized each day
(Dunsmore et al., 1995; Dunsmore and Rannels, 1995; Dunsmore and Rannels, 1996).
However, this seems unlikely to be the major mechanism allowing for expansion of lens capsule
area since the core proteins of the lens capsule do not significantly turnover throughout life
(Johnson and Beebe, 1984; Rafferty and Goossens, 1978; Sundelin and Sjostrand, 1999; Young
and Ocumpaugh, 1966). Overall the molecular mechanisms leading to the expansion of lens
capsule area during development are not known. Notably though, a number of laboratories
have observed that the lens capsule does change its physical, biomechanical, and biochemical
properties with aging (Fisher, 1969a; Friedenwald, 1930a; Fukushi and Spiro, 1969; Krag and
Andreassen, 2003b; Krag et al., 1997; Parmigiani and McAvoy, 1991; Seland, 1974) which
may be the result of the mechanisms allowing the lens capsule area to keep pace with lens
growth.

The adult lens is suspended between the anterior and posterior chambers of the eye by zonules
which originate from and are produced by the ciliary processes (Hanssen et al., 2001) (Figure
1). Anterior, equatorial, and posterior zonules integrate into the lens capsule near the equator
(Canals et al., 1996; Mir et al., 1998) of the lens and are used to transmit accommodative forces
from the ciliary processes to the lens in primates. In these regions, bundles of zonules spread
into smaller fibrillar networks that seem to blend into the capsule matrix (Hansson, 1970;
Streeten, 1977). However, the mechanisms by which this insertion occurs and the regulation
necessary to form reproducible zonular organizations is not yet known.
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Lens Capsule Molecular Composition and Interactions
The slow turnover rate and steady deposition of matrix material by lens cells makes the lens
capsule an extremely thick membrane (Barraquer et al., 2006; Fisher and Pettet, 1972; Krag et
al., 1997; Young and Ocumpaugh, 1966). Surprisingly though, its molecular composition is
quite similar to other, thinner basement membranes. Adult lens capsules are composed of
interacting networks of laminin (Cammarata et al., 1986; Kohno et al., 1987; Muraoka and
Hayashi, 1993; Parmigiani and McAvoy, 1984) and type IV collagen (Brinker et al., 1985;
Cammarata et al., 1986; Kelley et al., 2002) in addition to entactin/nidogen (Cammarata et al.,
1986; Dong et al., 2002), and several heparan sulfate proteoglycans; predominately perlecan
(Cammarata et al., 1986; Laurent et al., 1978; Peterson et al., 1995; Rossi et al., 2003) and
collagen XVIII (Fukai et al., 2002) while possibly also containing collagen XV (Ylikarppa et
al., 2003b) and agrin (Fuerst et al., 2007; http://neibank.nei.nih.gov, 2008). These molecules
have consistently been found in most basement membranes in a variety of species and tissues.
The core structural molecules, laminin, collagen IV, nidogen, and perlecan, self-assemble into
a three dimensional matrix (Figure 2) that provides structural, protective, and signaling roles
to the developing and mature lens. Additionally, fibrillin fibers have been found in the capsule,
however only in the equatorial regions overlapping and adjacent to zonule insertion (Figure
1). The most intense staining for fibrillin is found in a morphologically distinct outer layer
called the zonular lamella (Mir et al., 1998; Streeten, 1977; Wheatley et al., 1995) which
consists of interlaced zonules and capsule matrix. Marfan syndrome patients have a mutation
in the fibrillin-1 gene and are prone to dislocated lenses in addition to severe myopia, glaucoma,
and cataract formation (Ammash et al., 2008). Elastic fiber components of the zonules are also
likely interdigitated into the lens capsule (Garner and Alexander, 1986) and may be important
for capsule stability in the region of zonule insertion. Notably, it was recently shown that certain
polymorphisms in the lysyl oxidase-like 1 (LOXL1) gene, an enzyme required for elastic fiber
formation, are a major risk factor for pseudoexfoliation syndrome (Aragon-Martin et al.,
2008; Mossbock et al., 2008; Thorleifsson et al., 2007), a condition associated with lens
subluxation, lens capsule weakness, and glaucoma (Naumann et al., 1998).

Interactions between all of the molecules found in the lens capsule and their temporal and
spatial incorporation have been shown to be quite complex.

Laminin
Laminins are glycoproteins consisting of three subunits, α, β, and γ which play a vital role in
the formation of all basement membranes. There are five known α, four known β, and three
known γ subunits, which can combine intracellularly into fifteen different cross-shaped
heterotrimeric isoforms (Hallmann et al., 2005). Extracellularly, the heterotrimers associate
with cell membrane bound dystroglycans and integrins through their long arms and then
polymerize via their short arms into regular polygonal sheets creating initial scaffolding for
the other basement membrane molecules to adhere (Aumailley and Smyth, 1998; Cheng et al.,
1997; Colognato and Yurchenco, 2000; Henry and Campbell, 1998; Kefalides and Borel,
2005) (Figure 2).

The fifteen different laminin isoforms are tissue specific (Li et al., 2002).
Immunohistochemical studies have shown reactivity for five laminin subunits, lam-α1, lam-
α5, lam-β1, lam-β2, and lam-γ1, at all stages of lens capsule development in humans (Bystrom
et al., 2006; Kohno et al., 1987), and embryonic and adult bovines (Cammarata et al., 1986),
rats (Parmigiani and McAvoy, 1984; Parmigiani and McAvoy, 1991), mice (Belford et al.,
1987), and zebrafish (Lee and Gross, 2007; Semina et al., 2006; Zinkevich et al., 2006).

In embryonic zebrafish, knockdown or missense mutations in lam-α1 result in lens
degeneration (Zinkevich et al., 2006) and membrane blebbing during lens vesicle formation
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(Semina et al., 2006), respectively. In addition, embryonic zebrafish with insertional mutations
in lam-β1 and lam-γ1 had dysplastic lenses which were un-attached to the anterior chamber
(Lee and Gross, 2007). Humans with mutations in lam-β2 have phenotypes associated with
Pierson Syndrome with several eye development abnormalities including abnormal lens shape,
posterior lenticonus and cataract (Zenker et al., 2004), however, no lens phenotype is described
in mice with a knockout for lam-β2 (Noakes et al., 1995).

Collagen IV
Another molecule ubiquitous to basement membrane matrices including the lens capsule
(Brinker et al., 1985; Cammarata et al., 1986) is collagen IV, which forms an integrated network
within the laminin scaffold providing the strength and stability required by many basement
membranes. Collagen IV is encoded by six different genes, col4α1 through col4α6. Each
monomer contains a C-terminal non-collagenous domain (NC1), a long triple helical domain
containing glycine repeats with frequent interruptions, and an N-terminal 7S domain. The
isoforms first self-assemble within the endoplasmic reticulum into one of three heterotrimers,
α1α1α2, α3α4α5, or α5α5α6 which are also called collagen IV protomers. Upon secretion,
multiple triple helical collagen IV protomers can super-helically twist around each other
forming extensive lateral associations. Furthermore, the NC1 domains of two non-laterally
associated protomers dimerize, while each protomer's 7S domain tetramerizes with three other
collagen IV protomers creating an irregular polygonal meshwork capable of forming lateral
associations with other basement membrane molecules (Figure 2) (Charonis et al., 1986; Chen
and Hansma, 2000; Kuhn, 1995; Laurie et al., 1986; Yurchenco and Ruben, 1987; Yurchenco
et al., 1986). Consistent with the super-helical twisting, recent modeling has proposed a
topology for the collagen IV meshwork as predominately containing three-way junctions and
irregular hexagonal fenestrations (Burd, 2008).

Three different collagen IV networks are known to form and all have been found in the lens
capsule, α1α1α2:α1α1α2, α3α4α5:α3α4α5, or α1α1α2:α5α5α6 (Gay and Miller, 1979; Kelley
et al., 2002; Kleppel and Michael, 1990; Kleppel et al., 1989). The α1α1α2:α1α1α2 and
α1α1α2:α5α5α6 networks play a significant role in tissue development and function.
Embryonic mice without functional col4α1 and col4α2 alleles die by day E9.5 with noticeable
basement membrane discontinuities and ruptures in many tissues (Poschl et al., 2004).
However, mice heterozygous for a point mutation affecting the glycine repeats within the triple
helical domain of col4α1 display several abnormalities in the anterior eye segment (Gould et
al., 2007) including irregular lens capsules with local interruptions and vacuolar cataracts (Van
Agtmael et al., 2005).

The only two collagen IV networks present in embryonic human and mouse lens capsules from
early lens pit formation until just after birth are α1α1α2:α1α1α2 and α1α1α2:α5α5α6 (Kelley
et al., 2002). These two collagen IV networks have fewer disulfide cross-links than the
α3α4α5:α3α4α5 network, which begins to be incorporated into the lens capsule shortly after
birth in mice (Kelley et al., 2002). It is possible that the need for the fast growing embryonic
lens to expand followed by the requirement of a stronger capsule postnatally capable of
maintaining normal lens shape and structural stability might explain the late addition of the
α3α4α5:α3α4α5 network. The integration of the stronger α3α4α5:α3α4α5 network also seems
vital for the capsule to endure the forces applied by the ciliary apparatus and zonules. Humans
lacking one of the subunits to form this network have phenotypes associated with Alport's
Syndrome, which include proteinuria, deafness, and several lens defects. The vast majority of
these patients have the X-linked version of Alport's and lack a functional collagen IV α5 allele.
These patients have thinner, more fragile capsules resulting in anterior and posterior lenticonus,
capsular ruptures, and cataract (Colville and Savige, 1997; Olitsky et al., 1999; Takei et al.,
2001; Wilson et al., 2006). Patients with the autosomal recessive version, lacking functional
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col4α3 or col4α4 alleles, can also have similar capsule phenotypes as the X-linked version
(Colville et al., 1997). Conversely, collagen IV α3 null mice (Cosgrove et al., 1996; Miner and
Sanes, 1996) lack any lens phenotypes (Danysh and Duncan, unpublished data) perhaps
because they die by 8 weeks of age. Since it is believed that nocturnal rodents do not
accommodate and hence do not experience the accompanying capsular stresses (Sivak,
1980), mouse lenses might not be as sensitive to the loss of the α3α4α5:α3α4α5 network as
human lenses. Interestingly, humans with autosomal dominant Alport's typically harboring
point mutations in either the collagen α3(IV) or α4(IV) genes have not been reported to have
any lens abnormalities (Colville et al., 2000; Jefferson et al., 1997).

Nidogen/Entactin
Collagen IV and laminin form the two main networks of ECM molecules found in basement
membranes including the lens capsule. Two additional molecules, nidogen and a class of
molecules called heparan sulfate proteoglycans stabilize these two independent networks into
a single three dimensional matrix (Fox et al., 1991) (Figure 2). Nidogen, which is also known
as entactin, is a single chain sulfated glycoprotein ubiquitous to all basement membranes
(Timpl and Brown, 1996). It is encoded by two different genes, nidogen-1 and nidogen-2,
which share 46% sequence identity (Kohfeldt et al., 1998). Both nidogen isoforms can bind to
laminin and collagen IV, in addition to perlecan's core protein (Farach-Carson and Carson,
2007; Kohfeldt et al., 1998). Further, these isoforms are generally capable of compensating for
each other, as has been shown for most tissues of nidogen-1 or nidogen-2 single mutant mice
(Bader et al., 2005; Gersdorff et al., 2007; Murshed et al., 2000; Schymeinsky et al., 2002).
Most reports on nidogen null mice do not note lens capsule defects (Bader et al., 2005; Bose
et al., 2006; Gersdorff et al., 2007; Lebel et al., 2003; Murshed et al., 2000), however one
investigator describes an irregular fiber cell/posterior capsule boundary containing fiber cells
protruding into the capsule presumably arising from the lack of nidogen-2 expression in the
lens (Dong et al., 2002). Interestingly, the glomerular basement membranes of nidogen-1 null
mice show molecular organizational and functional differences. The glomerular basement
membranes of these mice possess alterations in the distribution of anionically charged sites
and in the permeability to endogenous albumin (Lebel et al., 2003), which has yet to be
investigated in their lens capsules.

Heparan Sulfate Proteoglycans
Heparan sulfate proteoglycans (HSPG) are another class of molecules which are part of the
core ultrastructure of basement membranes. HSPGs have several attached sulfated
glycosaminoglycan (GAG) side chains which initiate at specific consensus Ser-Gly residues
on the core protein (Perrimon and Bernfield, 2000) and can be several hundred nanometers in
length (Iozzo, 2001). These side chains are anionic, and along with the carboxyl groups from
acidic amino acid residues, result in the capsule having a net anionic charge (Friedenwald,
1930b; Winkler et al., 2001). These anionic sites are unevenly distributed within the capsule
and appear most abundant along the outer and inner surfaces in young human (Winkler et al.,
2001), mouse (Webster et al., 1987), and rabbit (Landemore et al., 1999) capsules. This appears
to alter during aging in humans since older human lens capsules appear to have a more even
distribution of anionic sites compared to younger lens capsules (Winkler et al., 2001).

There are two major HSPGs that have been confirmed to be present in the lens capsule; perlecan
and collagen XVIII (Fukai et al., 2002; Rossi et al., 2003; Ylikarppa et al., 2003b). Additionally,
agrin has been detected in the capsules of embryonic mouse lenses in one report (Fuerst et al.,
2007) and agrin mRNA was found in the NEI bank adult human lens expressed sequence tag
database. Despite this, agrin protein has not been reported in adult human lens capsules nor
are there any lens capsule defects described in agrin null mice (Gautam et al., 1999; Hausser
et al., 2007). Similarly, collagen XV has been found in the lens capsules of sixteen day old
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mice, but null mice have no noticeable lens capsule defects although they exhibit abnormal
tunica vasculosa regression (Ylikarppa et al., 2003b).

HSPGs have varying binding affinities toward each other as well as the basement membrane
molecules, laminin, collagen IV, nidogen, and fibronectin (Iozzo, 2005; Kramer, 2005; Timpl
and Brown, 1996). The highly sulfated GAG side chains can also bind growth factors (Lamanna
et al., 2007; Uchimura et al., 2006) and serve as reservoirs, possibly protecting the factors from
proteases. The side chains have been known to associate with growth factors such as fibroblast
growth factor-2 (FGF2), hepatocyte growth factor (HGF), and platelet derived growth factor
(PDGF) (Chu et al., 2005; Kreuger et al., 2005), molecules which are essential for lens growth
and development (Lovicu and McAvoy, 2005).

Perlecan
Perlecan is common to almost all basement membranes (Handler et al., 1997). It is incorporated
into the main scaffolding of the lens capsule through both its core protein and three to four
GAG side chains. The core protein domains are capable of binding integrin receptors as well
as forming dimers, and binding nidogen and laminin-nidogen complexes. Perlecan has also
been reported to potentially interact with collagen XVIII and endostatin, collagen XVIII's
cleaved NC1 domain (Marneros et al., 2004; Marneros and Olsen, 2005; Miosge et al., 2003;
Mongiat et al., 2003). The GAG side chains readily bind the main capsule matrix structural
molecules laminin, collagen IV and nidogen (Figure 2), in addition to fibronectin (Battaglia et
al., 1992; Farach-Carson et al., 2008; Farach-Carson and Carson, 2007; Hopf et al., 1999;
Iozzo, 2005; Kramer, 2005; Timpl and Brown, 1996). The presence of perlecan GAG side
chains appears to be critical for the normal structure of the lens capsule, but not other basement
membranes. Mice lacking three of the GAG attachment sites in the core perlecan protein are
normal with the exception of equatorial and posterior capsule leaks in newborns, which develop
into capsular degeneration and ruptures by three weeks of age (Rossi et al., 2003). The capsule
degeneration is accelerated when these perlecan mutant mice are mated with mice containing
knockouts of collagen XVIII (Rossi et al., 2003). It is possible that perlecan is the major HPSG
in the lens capsule but plays a smaller role in other basement membranes which allows other
HPSGs such as agrin and collagen XVIII to compensate for its loss.

Collagen XVIII
Collagen XVIII is also widely distributed in mammalian basement membranes and found in
the lens capsules of newborn and 16 day old mice (Fukai et al., 2002; Ylikarppa et al.,
2003a; Ylikarppa et al., 2003b). Humans lacking collagen XVIII are diagnosed with Knobloch
syndrome and have variable expression of ocular phenotypes. Most are highly myopic with
various degrees of cataract and lens subluxation (Iozzo, 2005). Collagen XVIII has been
reported to bind to the basement membrane scaffolding molecules, laminin, nidogen, and
perlecan, through its NC1 domain but no structural or signaling role in the mouse lens capsule
has been shown (Fukai et al., 2002; Kramer, 2005; Marneros and Olsen, 2005). However, the
irises of collagen XVIII null mice have enhanced adhesion to the lens capsule (Ylikarppa et
al., 2003a) while its cleaved C-terminal NC1 domain (endostatin) has been shown to be an
anti-angiogenic factor (Sasaki et al., 1998). Although endostatin is involved in regression of
hyaloid vessels along the inner limiting membrane of the retina, it has not been shown to be
involved in tunica vasculosa regression (Fukai et al., 2002).

Fibronectin
Fibronectin is a homodimeric glycoprotein commonly found in serum (Johansson et al.,
1997) but is also present as a minor component of some basement membranes (Cammarata et
al., 1986; Laurie et al., 1983). It is capable of binding both HPSGs and collagen IV in the
capsule (Dessau et al., 1978; Ruoslahti et al., 1981; Ruoslahti et al., 1982) as well as several
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integrin receptors in the lens cell membranes (Johansson et al., 1997). Fibronectin has been
detected in the lens capsule of embryonic chicks during lens placode formation (Kurkinen et
al., 1979) and in rats during lens vesicle formation, however it has not been detected in rat
embryonic day nineteen lens capsules (Parmigiani and McAvoy, 1984; Parmigiani and
McAvoy, 1991). Its presence in adult lens capsules is debatable. Fibronectin has been detected
throughout the adult mouse posterior capsule (Duncan et al., 2000) but only on the outer
surfaces of the anterior and equatorial capsules of adult rats (Sramek et al., 1987), mice (Duncan
et al., 2000), and humans (Kohno et al., 1987) or not at all in purified extracts of calf anterior
capsules (Brinker et al., 1985). If fibronectin is a component of the capsule, its source is not
known as it is not produced or secreted by either cultured bovine epithelial explants or epithelial
cells from cultured rabbit lenses (Lee and Joo, 1999); although fibronectin was detected in the
fiber cells of transgenic mice over expressing Pax6(5a) in the lens (Duncan et al., 2000). Human
fibronectin intravenously introduced into mice co-localized with and was indistinguishable
from the endogenous protein (Oh et al., 1981) hence its presence in the capsule may be from
soluble fibronectin via the vitreous and aqueous humors.

It is possible that fibronectin serves more as a cell signaling molecule rather than as a structural
component of basement membranes. It has been proposed that fibronectin may play a role in
lens wound healing and posterior capsule opacification (PCO) as it is released from lens
epithelial cells undergoing EMT (Lee and Joo, 1999) and promotes epithelial cell attachment
and migration of lens epithelial cell explants from young embryonic rats (Parmigiani and
McAvoy, 1991), adult human (Oharazawa et al., 1999) and rabbit lenses (Olivero and Furcht,
1993).

SPARC
SPARC (also called osteonectin) is a monomeric glycoprotein that has been associated with
the lens capsule, and like fibronectin, is considered to serve more in a regulatory role between
lens cell and capsule interactions as opposed to involvement in capsular structure. SPARC can
bind the growth factors, PDGF, VEGF, and FGF-2 (Brekken and Sage, 2000), and even though
it can also bind collagen IV (Mayer et al., 1991), it has not been detected as an integral part of
the lens capsule matrices of mice (Yan et al., 2003), humans (Yan et al., 2000), or bovines
(Yan and Sage, 1999) but has been found in mouse lens epithelial cells and newly
differentiating fiber cells adjacent to the capsule (Yan et al., 2003). Interestingly, adult SPARC-
deficient mice develop cataracts and posterior capsule ruptures (Gilmour et al., 1998; Yan et
al., 2002) however these phenotypes are most likely due to a role in cell morphology as has
been observed in endothelial cells (Goldblum et al., 1994). The posterior lens fiber and anterior
epithelial cells in these mice take on an abnormal morphology with protrusions into the capsule
creating crevasses (Yan et al., 2002) which are believed to weaken and increase permeability
of the capsule to macromolecules (Yan et al., 2002). These mice also have an increase in
laminin-1 (α1β1γ1) deposition in the lens capsule, inferring a possible role in basement
membrane matrix composition (Yan et al., 2005).

Lens Capsule Biology
The lens capsule is more than just structural support for the lens within the eye. It also provides
the anchor point for the basal surfaces of epithelial and fiber cells, which provides necessary
signals for proper lens cell proliferation, migration and differentiation (Bassnett et al., 1999;
Blakely et al., 2000; Lu et al., 2008; Oharazawa et al., 1999). Lens cells contain membrane
bound integrins capable of binding collagen IV, laminin, fibronectin, and perlecan within the
lens capsule through the RGD (Arg-Gly-Asp) amino acid sequence and various other epitopes
(Figure 3) (see Menko review in this issue) (Menko et al., 1998; Pedchenko et al., 2004). These
cell-capsule interactions have been shown to be required for normal lens development and
growth. Notably, β1-integrin is required to maintain the lens epithelial cell phenotype in vivo
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(Simirskii et al., 2007) and α6-integrin/α3-integrin double null mice also have lens epithelial
defects (De Arcangelis et al., 1999). α6-integrin is also essential for lens fiber cell
differentiation in vitro (Walker et al., 2002). Human lens epithelial (HLE) cell lines grown on
lens capsular bag explants in serum free media readily proliferate and migrate (Wormstone et
al., 1997). Similar results with HLE cells grown on tissue culture plates coated with matrix
molecules found in the capsule show enhanced survival, attachment, and migration, but not
proliferation over those grown just on plastic (Oharazawa et al., 1999). In contrast, primary
lens epithelial cells suspended in collagen type I gels rapidly undergo irreversible epithelial to
mesenchymal transitions (Greenburg and Hay, 1982; Zuk et al., 1989) similar to those seen in
anterior subcapsular cataract (see West-Mays article in this issue) and posterior capsule
opacification (see Wormstone review in this issue) (de Iongh et al., 2005). Further, primary
HLE cells must be plated on ECM coated dishes to survive and proliferate at rates similar to
immortalized HLE cells grown on plastic (Blakely et al., 2000).

The capsule is also considered to be a reservoir for growth factors (Mott and Werb, 2004;
Vlodavsky et al., 1991) that have been found to contribute to lens development. Under low
serum conditions (0.1% FCS), both primary HLEs and HLE cell lines require plating on lens
capsule explants or within lens capsular bags for growth (Tholozan et al., 2007; Wormstone
et al., 1997). Significant evidence suggests that growth factors are sequestered within the
capsule via binding to the heparan sulfate side chains of perlecan and collagen XVIII (Lamanna
et al., 2007; Uchimura et al., 2006; Vlodavsky et al., 1991). For instance, several fibroblast
growth factors (FGF) have been found bound to the lens capsule. FGF1 and FGF2 have both
been found within the anterior, equatorial, and posterior capsule of adult rats in distinct laminae.
FGF1 is found along the outer region of the anterior capsule, in a middle band within the
equatorial region, and in a band along the inner layer of the posterior capsule (Lovicu and
McAvoy, 1993). Conversely, FGF2 is found at higher levels and in multiple bands throughout
all regions (Lovicu and McAvoy, 1993). In lens cell explants, recombinant FGF1 and FGF2
are known to promote proliferation and differentiation (Chamberlain and McAvoy, 1987;
McAvoy and Chamberlain, 1989) but lens defects have not been described in either FGF1 or
FGF2 knockout mice (Dono et al., 1998; Miller et al., 2000) questioning their role in lens
development. However, more recently it has been reported that mice with lens cell specific
knockouts for two of the four FGF receptors present in lens cells, FGFr1 and FGFr2, develop
cataract and microphthalmia. Additionally, mice lacking three of the four receptors, FGFr1,
FGFr2, and FGFr3, have very profound lens developmental defects including a lack of cell
fiber differentiation, increased cell apoptosis, and a decrease in the synthesis of cell cycle
regulators, transcription factors, and crystallins (Zhao et al., 2008). Additionally, studies using
FGF19 knockdown zebrafish have shown defects in epithelial cell survival and differentiation
into fiber cells but not proliferation (Nakayama et al., 2008). Interestingly, in embryonic chick
lenses, FGF19 is found only in the equatorial region (Francisco-Morcillo et al., 2005; Kurose
et al., 2005), precisely where a growth factor involved in fiber cell differentiation would be
required. However, FGF19 is not found in the chick lens beyond approximately HH stage 26
(Francisco-Morcillo et al., 2005; Kurose et al., 2004; Kurose et al., 2005).

Growth factors sequestered in the lens capsule must be released prior to binding to their
respective cell membrane receptors. Matrix metalloproteinases (MMPs), which have
endopeptidase activity, along with tissue inhibitors of metalloproteinases (TIMPs) together
regulate the release of growth factors from basement membranes and participate in basement
membrane remodeling (Tholozan et al., 2007; Vu and Werb, 2000). There are at least twenty
three MMPs that have been identified in humans and can be classified into several categories
based on their substrate specificity, collagenases, gelatinases, stromelysins, matrilysins, and a
membrane-type containing a transmembrane domain (Parks and Shapiro, 2001; Vu and Werb,
2000). All of the secreted MMPs are normally found at low levels in the lens, however two,
MMP-2 and MMP-9, are upregulated in lens cells stressed by either cataract surgery, primary
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lens cell culture (Hodgkinson et al., 2007; Wormstone et al., 2002), or cataract (Tamiya et al.,
2000). Conversely, the membrane-type MMPs are expressed at relatively high levels in both
normal and stressed lenses (Hodgkinson et al., 2007). Upregulation of active MMP-2 and
MMP-9 secretion by primary HLE cells cultured on lens capsules frees capsule-bound FGF-2,
TGFβ, and VEGF and improves cell survival (Tholozan et al., 2007).

Physical and Biomechanical Properties
The accessibility of the lens capsule makes it ideal for studying its physical and biomechanical
properties. Capsule thickness and material properties are used to develop better cataract
surgical techniques (Krag et al., 1993; Thim et al., 1991; Thim et al., 1993) and contributes to
a better understanding of how the capsule participates in accommodation and its role in the
onset of presbyopia (Fincham, 1937; Schachar, 2006; Schachar and Koivula, 2008; Ziebarth
et al., 2008). Studies of the selective diffusion of intermediate sized macromolecules through
the lens capsule have been performed to determine its usefulness in tissue replacement and its
involvement in the development of cataract. Here we shall discuss the most recent
understanding of each.

Capsule Thickness
Lens capsule thickness is an important consideration in calculating the effects of disease and
age on several biomechanical properties (Fisher, 1969a; Krag and Andreassen, 2003b; Krag
et al., 1997). The strain energy within the capsule is directly correlated with its thickness
(Fisher, 1969a; Fisher, 1969b; Krag and Andreassen, 2003a). This thickness varies with age,
along different regions of the capsule, between species (Danysh et al., 2008a; Fincham,
1937; Fisher and Pettet, 1972; Krag et al., 1997; Salzmann, 1912), and different mouse strains
(Danysh et al., 2008a). In the accommodative human lens, the capsule is thickest just anterior
and posterior to the lens equator, coinciding with the two regions central to zonule insertion,
with a thinning of the capsule towards the anterior and posterior poles and central equatorial
region (Barraquer et al., 2006; Fincham, 1937; Salzmann, 1912). In contrast, the anterior
capsule of non-accommodative lenses are more uniform in thickness although it is thinner
towards the equator leading to a dramatic thinning at the posterior pole (Figure 1). The
equatorial region and the anterior pole in both accommodative and non-accommodative lenses
are approximately five to ten times thicker than the posterior capsular pole (Barraquer et al.,
2006; Fisher and Pettet, 1972; Krag and Andreassen, 2003b). For instance, the adult human
capsule measures between 25 μm and 30 μm at the anterior pole, while the anterior poles of
the mouse, rat, rabbit, and bovine measure approximately 10 μm, 13 μm, 14 μm, and 48 μm
respectively (Danysh et al., 2008a). This is compared to posterior pole measurements between
2 μm and 4 μm for both human and mouse (Barraquer et al., 2006; Danysh et al., 2008a). In
comparison, human capillary basement membranes are approximately 0.1μm thick (Siperstein
et al., 1968) while the glomerular basement membrane is approximately 0.3 μm thick (Ramage
et al., 2002).

Diffusion Through the Lens Capsule
The lens capsule compartmentalizes the lens cells from direct contact with other ocular tissues
and the surrounding aqueous and vitreous humors. The capsule has been proposed to be a
barrier protecting the lens from bacterial and most viral infections (Beyer et al., 1984; Cotlier
et al., 1968; Karkinen-Jaaskelainen et al., 1975) in addition to conferring immune privilege to
the lens (Coulombre, 1979). It has been shown that fetal rubella infections resulting in cataract
formation can only occur prior to the closure of the lens vesicle and formation of a continuous
lens capsule (Cotlier et al., 1968; Karkinen-Jaaskelainen et al., 1975). Additionally, the
posterior capsule is capable of protecting the posterior eye tissues from bacterial infections of
the anterior chamber (Beyer et al., 1984). Despite this, adenovirus vectors (approximate
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diameter of 70-130 nm) injected into the aqueous chamber in vivo can transduce lens epithelial
cells but only with very high vector concentrations and even then at a one thousand fold lower
transduction efficiency than observed in ciliary tissue (Borras et al., 1996; Budenz et al.,
1995; Robertson et al., 2007).

Although these large infectious agents have a difficult time diffusing through the capsule,
smaller molecules required for cell metabolism such as glucose, salts, water, O2, CO2, and the
resulting metabolic waste all pass freely through the capsule and into the cortex and nucleus
of the avascular lens (see Delemere review in this issue) (Fisher, 1977; Friedenwald, 1930a;
Friedenwald, 1930b). Interestingly, the permeability of water and sugars through the lens
capsules of bovines and rabbits decreases with age (Fels, 1970; Friedenwald, 1930a;
Friedenwald, 1930b) however an association with the occurrence of cataract has not been
established (Fisher, 1977; Friedenwald, 1930b).

Intermediate sized molecules (such as proteins) present in the aqueous and vitreous humors
are also required for proper growth and development of the lens and must transit the lens
capsule. Further, the lens produces proteins that must be released into the humors for
appropriate development and homeostasis of the remainder of the eye. The lens capsule is
thought to be selectively permeable to these molecules with the rate of their passage influenced
by their size and charge. Overall, the distribution of heparan sulfate side chains and free
carboxyl groups within the capsule matrix give it a net anionic charge (Friedenwald, 1930b;
Winkler et al., 2001). In early qualitative studies, Jonas Friedenwald determined that the lens
capsule was less permeable to intermediate size molecules with an anionic charge than ones
with neutral or cationic charges (Friedenwald, 1930b). Partial masking or removal of these
anionic sites in glomerular basement membranes results in an increase in permeability to
proteins (Bertolatus and Hunsicker, 1987; Bridges et al., 1991; Kanwar et al., 1980; Morita et
al., 2005), although this has not yet been explored in the lens capsule.

Proteins as large as albumin (66 kDa), horse radish peroxidase (40 kDa), the crystallins
(20-1,200 kDa), and 4.7 Kb plasmids have been reported to enter lenses with intact capsules
(Boyle et al., 2002; Lo and Harding, 1983; Sabah et al., 2005; Sabah et al., 2004). Additionally,
phacotoxic uveitis, an ocular inflammatory condition associated with hypermature cataract in
animals, appears to be caused by the release of lens crystallins through intact lens capsules
(Coulter et al., 1999; van der Woerdt, 2000). Quantitatively, the diffusion rates of intermediate
size molecules in the lens capsule differ based on molecular size. Neutral dextrans, which are
highly branched polysaccharides, between 376 Da and 147.8 kDa diffuse through the lens
capsule at rates directly correlated to their molecular weights (Lee et al., 2006). Conversely,
proteins and molecules carrying a net negative charge, such as recombinant epidermal growth
factor (pI of 5.4) and single stranded DNA, have significantly slower diffusion rates than neutral
dextrans of similar molecular weights (Danysh et al., 2008b). These data lead to the conclusion
that molecular charge has a significant contribution to a molecule's diffusion rate through the
lens capsule. However, much work is necessary to yield a comprehensive understanding of
which molecules efficiently transit the capsule and the constraints placed upon those that do
not.

Biomechanical Properties of the Capsule
Much of the historical work on biomechanical measurements of anterior and posterior lens
capsules was reviewed in detail by Krag and Andreassen in 2003. Here we incorporate more
recent studies and explain some of the terms used (Figures 4a-c) while emphasizing the
significance of capsular biomechanics for a non-engineering audience.

The mechanical behavior of a tissue is generally studied in experiments where a sample is
deformed in a controlled manner and the resulting reaction load, generated within the material,
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is measured. Conversely, a controlled load can be applied to the tissue and the resulting
deformation measured. The experiment often continues until the tissue sample is damaged or
fails. Deformation-controlled and load-controlled experiments result in data expressed as
variations in load, expressed in Newtons (N or kg/ms2), and deformation, in millimeters (mm)
(Figure 4a). Structural properties that describe the experimental results are determined for
comparison across specimens, harvest location within the tissue, age or intervention. These
include the ultimate load (N) and the ultimate deformation (mm) experienced by the tissue at
failure. If a straight line can be fit to a portion of the load-deformation data, the linear slope of
the relationship can be determined. This value is called the stiffness (N/mm). These structural
parameters are a function of the geometry of the tissue sample, not the intrinsic properties of
the material itself. As a result, a specimen made of the exact same material will have a greater
ultimate load if it is thicker or larger in size. A specimen with a greater ultimate deformation
may just be longer. Stiffness will be similarly affected by geometry. Because of this, the
structural behavior is normalized to account for differences in the dimensions of the tissues.
This requires the ability to accurately measure the tissue geometry, as suggested in the lens
capsule thickness section, but allows for comparisons among capsules of different thicknesses
due to age, region along the lens, pathologies, and species. However, unnormalized data is
perhaps more practically useful in developing surgical techniques and accommodative IOLs.

Load is normalized by dividing it by the cross sectional area perpendicular to the direction of
load application (capsule thickness), resulting in the normal stress in Pascals (Pa) with the units
of Newtons per millimeter squared (N/mm2). Deformation is normalized by dividing the length
of the material after loading (measured in the direction of loading) by the original length of the
material, to yield the engineering strain. Strain is unitless (length over length) or presented as
a percentage value. The load-deformation relationship is then normalized to the stress-strain
relationship and the intrinsic material properties determined (Figure 4b). These include the
ultimate stress (also called ultimate strength, in Pa or N/mm2) and ultimate elongation (%)
which are defined at the point of material failure in a loading experiment. The stiffness becomes
normalized to the elastic modulus, a ratio of stress over strain (or Young's modulus in Pa or
N/mm2). Materials with a higher elastic modulus require more stress than materials with a
lower elastic modulus to achieve the same percent of strain. The area under the stress-strain
curve is a representation of how much energy the tissue can absorb before failure, which is
called the toughness (in Pa or N/mm2).

Krag and Andreassen harvested uniform circular specimens from different capsular regions
using laser dissection. The ring specimens were wrapped around pegs attached to an actuator
and uniaxial tests were performed by loading them with tension until failure. As with most
biological soft tissues, the stress-strain relationship shows a bi-linear response with an initial
region of high strain resulting from little stress and a second region when the tissue becomes
stiffer, requiring more stress to increase strain (Krag et al., 1997). A representation of stress-
strain data with two elastic moduli regions is shown in Figure 4b. A third region of sub-failure
response may be present where the stress-strain curves vary wildly preceding failure.
Stiffnesses and elastic moduli can be determined for each of the first two regions or the entire
curve modeled as with an exponential equation. It is thought that during uniaxial stress tests
the collagen IV network's polygonal structure is initially straightened during the first region
and then become fully loaded in the second (Burd, 2008). Individual matrix bonds or tissue
layers begin breaking during the third region and quickly transfer their stress to adjoining tissue
until all the structure fails. In tests using biaxial loads, the collagen IV network does not undergo
the initial straightening and would be cause for differences when comparing stress-strain
responses to uniaxial tests (Burd, 2008).

Uniaxial tests demonstrate structural and material properties vary at different locations and
with aging in the lens capsule. The ultimate load of the anterior capsule is three to seven times
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higher than the posterior capsule (Krag and Andreassen, 2003b). This is directly correlated to
the difference in thicknesses between the anterior and posterior capsules. The ultimate load for
human lens capsules decreases throughout life in both the anterior and posterior capsules (Krag
and Andreassen, 2003b). Ultimate stress in the human anterior lens capsule decreases
approximately 1% each year throughout life, ranging from 17.5 to 1.5 N/mm2 (7 month to 97
year old donors) with a similar decline in the posterior capsule (Krag and Andreassen,
2003b; Krag et al., 1997). In the posterior capsule, the decline begins at a slightly earlier age
(Fisher, 1969a; Krag and Andreassen, 2003b). Interestingly, about 30% of lens capsules from
patients older than 75 years old experienced a sub-failure damage event prior to complete
failure in the load-deformation curve (Krag et al., 1997). This is attributed to a partial
delamination of the capsule into two layers within some of the older lens capsules. The
toughness of the lens capsule also decreases steadily with age, approximately 0.8% per year
(Krag et al., 1997). These decreases in failure and toughness values in older patients are of
great concern to cataract surgeons, who usually apply loads greater than those the capsule
experiences through accommodative forces (Krag and Andreassen, 2003a). This should be of
particular significance while performing cataract surgery on patients with pseudoexfoliative
glaucoma (Fine and Hoffman, 1997) or mature cataracts (Natchiar et al., 1993) since in both
cases the lens capsule is more friable and subject to rupture.

The stress-strain response of the anterior lens capsule is bilinear and the first elastic modulus
region represents capsular strains up to 10% of the initial length. This lies in the presumed
range of deformation experienced by the capsule under accommodative forces (Fincham,
1937; Fisher, 1969a). Under uniaxial load, capsular elastic moduli at 10% strain increase with
age until about age 35, from 0.3 to 2.3 N/mm2, and then are relatively constant (Krag and
Andreassen, 2003a). These values are similar for both the posterior and anterior capsule poles
(Krag and Andreassen, 2003b). The second elastic modulus region of the stress-strain curve
describes strains the capsule would experience beyond normal accommodative forces, from
20% to >40% (point of failure). In this region, under both uniaxial and biaxial loading
experiments, the elastic moduli decrease throughout life, from approximately 6 N/mm2 at birth
to 2 N/mm2 (Fisher, 1969a; Krag et al., 1997). Biaxial loading on different regions of the
anterior capsule demonstrate a gradient of increasing stiffness moving from the anterior pole
toward the equatorial region (Pedrigi et al., 2007a). The ratio of elasticity in the circumferential
(parallel to the circumference) versus the meridional (perpendicular to the circumference)
directions is nearly isotropic but becomes increasingly anisotropic towards the equatorial
region as the circumferential direction becomes more elastic (David et al., 2007; Pedrigi et al.,
2007a). Accommodative intraocular lenses often take advantage of the elastic properties of the
lens capsule to return the lens to an unaccommodated state. Their design must take into
consideration the plateauing of capsule elasticity in the accommodative force range and the
decline in higher ranges (Weale, 2005).

The lens capsule also behaves as a viscoelastic material exhibiting a time-dependent
mechanical response (Krag and Andreassen, 2003a; Thim et al., 1993). Viscoelastic materials
recover to their original dimensions after being strained, but unlike ideal elastic materials, they
will absorb energy during the recovery. The absorbed or lost energy is presumptively a result
of the rearrangement of water and molecules within the capsule matrix during deformation.
The behaviors that define viscoelasticity are rate-dependence, stress-relaxation, and creep. The
lens capsule is rate-dependent in that it will have a larger stiffness or elastic modulus when
loaded quickly compared to slowly. This is important to consider when comparing stiffnesses
and elastic moduli from different experiments. Stress-relaxation is the stress response versus
time after the application of a step strain to the tissue (constant strain applied). Initially the
stress peaks and then reduces over time as a viscoelastic material relaxes. Stress-relaxation is
recorded as the percent loss in stress over a specific time while a constant strain is applied
(Figure 4c). Similarly, creep is the strain response versus time after the application of a step
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stress to the tissue (constant stress applied). The tissue will slowly strain after loading. The
viscoelastic properties of the lens capsule have significance in designing cataract surgical
techniques using viscoexpression of the lens cellular material, which induces fluid pressure
within the capsular bag over time and takes advantage of the lens capsule's viscoelastic
properties (Thim et al., 1993). The stress-relaxation measured in the human anterior lens
capsule was 12% over 20 seconds after a 10% step strain is applied and 21% over 20 seconds
after a 40% step strain is applied. Both stress-relaxation responses stay consistent with age
(Krag and Andreassen, 2003a).

The Effects of Non-Enzymatic Glycation on the Lens Capsule
Hyperglycemia is a condition in which the blood contains high levels of glucose (such as in
poorly managed diabetes). Long periods of exposure to high blood glucose levels can result in
intramolecular and intermolecular cross-linking between lysine amine groups, termed non-
enzymatic glycation (Bailey et al., 1993), altering a basement membrane's native structure and
mechanical properties. Additionally, glycated lysines within specific domains interfere with
protein binding and normal basement membrane-cell interactions affecting cellular signaling
pathways (Hasegawa et al., 1995; Hong et al., 2000; Raabe et al., 1996). The extremely slow
molecular turnover rates in the lens capsule make its structural molecules highly susceptible
to the accumulative effects of this cross-linking (Bailey et al., 1993; Garlick et al., 1988; Raabe
et al., 1996). In vitro experiments demonstrate that glycation of the NC1 domain of collagen
IV monomers impairs the initiation of collagen IV protomer assembly (Tsilibary et al., 1988)
and glycation of the triple helical domain of collagen IV monomers leads to a decrease in the
stability of the protomer (Raabe et al., 1996); however, any impaired collagen IV protomer
assembly does not affect established collagen IV networks (Bailey et al., 1993). Conversely,
intermolecular cross-linking due to non-enzymatic glycation occurring between super-coiled
and laterally aligned triple helical domains as well as adjoining 7S domains of collagen IV
protomers result in more stiff and brittle lens capsules (Bailey et al., 1993; Raabe et al.,
1996). Human lens capsules incubated in glucose show a concentration and exposure time
dependent increase in capsular stiffness in all regions of the anterior capsule. This increase
parallels the anisotropic stiffness gradient observed in normal anterior lens capsules in both
the circumferential and meridional directions (Bailey et al., 1993; Pedrigi et al., 2007a; Pedrigi
et al., 2007b).

The Role of the Capsule in Lens Accommodation
The accommodative mechanism in primates involves alterations in the curvature of the anterior
lens surface, changing the optical power of the lens. Variations in radial tension applied to the
zonules through the relaxation and contraction of ciliary muscles are transmitted to a compliant
lens substance via the lens capsule, changing the shape. In a fully disaccommodated state (far
focused eye), in which the ciliary muscles relax and move away from the lens, radial tension
is applied through all of the zonules (Schachar, 1994; Schachar, 2006) stressing the lens capsule
at the zonule attachment points around the equatorial region. Recently, optical coherence
tomography studies demonstrate there is a significant increase in capsular stress at the anterior
pole while the lens is in a disaccommodative state (Schachar and Koivula, 2008). These forces
spatially vary the curvature of the anterior surface, flattening the anterior periphery more than
the anterior pole. A relatively flat anterior lens surface is considered to be the natural curvature
of the primate lens since it takes on a similar shape when the capsule is removed (Fincham,
1937; Glasser and Campbell, 1999). In a fully accommodated state (near focused eye), the
ciliary muscles contract moving the ciliary process both anteriorly and towards the lens. This
movement releases the radial tension on the anterior and posterior zonules while increasing
the radial tension on the equatorial zonules (Schachar, 1994; Schachar, 2006). The release of
radial tension on the anterior and posterior zonules allow the stored strain energy in the lens
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capsule to apply stress to the lens material, reshaping the lens and increasing the curvature of
the anterior surface as well as thickening the lens axially. This reshaping results from a
reorganization of the lens cortical fibers and nucleus (Koretz and Handelman, 1982).
Coordinated sliding of the fiber cell basal and apical tips (Kuszak et al., 2006) gives the lens
the ability to mold around the shape of the lens nucleus (Brown, 1973; Koretz et al., 2002).

The precise role of the lens capsule in the accommodative mechanism and how the forces
applied by the lens capsule reshape the lens material is not completely understood. The elastic
modulus of the lens capsule must be sufficiently higher than that of the lens substance to allow
the forces applied by the ciliary muscles to mold the lens shape. The adult human capsule has
an elastic modulus approximately two thousand times higher than the cellular lens cortex and
nucleus it surrounds, 1.2, 3.2 × 10-3, and 0.6×10-3 N/mm2 respectively (Fisher, 1971; Krag
and Andreassen, 1996). Since thicker elastic materials are more effective in distributing forces,
it had been hypothesized that the varied thickness of the capsule actively molds the lens to its
appropriate shape during accommodation (Fincham, 1937). However, it is now thought that
the lens capsule simply serves as a force distributor, evenly applying stored elastic energy over
the surface of the lens. First, the anterior and posterior capsule thickness variations observed
in adult lenses are also seen in animals whose lenses do not accommodate, and may arise from
metabolic differences between the epithelial and fiber cells (Bhat, 2001). In this light, the
regional thickness variations observed in the primate anterior capsule (Fincham, 1937) could
simply be the result of stress-induced capsular remodeling. Second, the viscoelastic properties
of the lens capsule have been proposed to be more suited for even transmission of forces over
the lens surface making the capsule less likely to play more than an elastic force transmission
role in lens molding (Krag and Andreassen, 2003a).

The ability of the human lens to accommodate decreases with age and is manifested in the
onset of presbyopia (see Truscott review in this issue). How the lens capsule contributes to this
decline, however, is unclear. A recent study measured stiffness by radially stretching human
capsular bags within the accommodative range. Capsular bag stiffness, which does not account
for the continual increase in capsule thickness, does not increase with age (Ziebarth et al.,
2008). This is similar to uniaxial elastic modulus data of the human anterior and posterior
capsules after the age of 35 (Krag and Andreassen, 1996; Krag and Andreassen, 2003b).
Conversely, there is an increase in stiffness (Ziebarth et al., 2008) and elastic modulus (Fisher,
1971) observed in the lens nucleus and cortex resulting from the continual accession of fiber
cells (Koretz et al., 1997). As the elastic modulus of the lens substance increases more force
must be transmitted through the lens capsule to mold its shape. The inability of the lens capsule
to achieve a sufficient elastic modulus over the lens substance in order to transmit the necessary
accommodative forces may be a primary cause of presbyopia (Fisher, 1969b).

Unanswered Scientific Questions
It is obvious that the lens capsule is more than just an inert membrane surrounding the cells of
the lens. Through its direct and indirect interactions with lens cell membrane receptors it has
been shown to play an integral role in lens development and biology. However, much of the
nature of these interactions and how they might contribute to the onset of cataract is still
unknown. The characterization of the spatial and temporal variations in molecular isoforms,
such as for laminin, that occur in the capsule is incomplete. It is also not fully known how these
variations in molecular isoforms alter lens development and growth via their interactions with
integrins. The reservoir of growth factors held by the capsule and the regulation of their release
is also an area of great interest and still requires more exploration.

It is known that the capsule increases in area and thickness dramatically. However, nothing is
known about how this area increase can occur since the core components of the capsule do not
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generally turn over during development while new capsule material is made by the cells it
encloses. Further, the lens capsule must be interdigitated with zonules produced by the ciliary
body during lens development, however, nothing is known about how the zonular apparatus
is assembled or how this process is regulated. In addition, while many of the physical properties
of the adult lens capsule have been determined, it is not clear what structural and molecular
changes produce the gradual weakening seen in mature lens capsules. It is also not certain to
what degree the lens capsule is selectively permeable to intermediate sized charged molecules
and whether the distribution of anionic sites contributes to its permeability. Overall, the lens
capsule is an understudied participant in lens biology and the explosion in our knowledge of
other extracellular matrices in recent years makes this a fruitful topic of future investigation.
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Figure 1.
A cross section of an adult mouse lens showing the lens capsule (blue) surrounding the cellular
lens (yellow). The anterior and posterior lens capsules are the basement membranes for the
lens epithelial cells and the lens cortical fiber cells, respectively. In the equatorial region the
lens capsule serves as the basement membrane for the epithelial cells differentiating into fiber
cells and is also the site of zonule (purple) integration.
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Figure 2.
The lens capsule is a matrix of molecules consisting primarily of interacting collagen IV and
laminin networks which are further bound together by nidogen and perlecan. The interactions
between all four molecules and water create a viscoelastic membrane capable of withstanding
and transmitting the forces of accommodation. Other molecules important for lens biology are
also capable of binding to this scaffolding such as collagen XVIII and a variety of growth
factors.
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Figure 3.
A cryo-SEM image (35,000X) showing lens capsule (lc) slightly separated from an epithelial
cell membrane (cm). The meshwork structure of the capsule is apparent.
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Figure 4.
a) A load-deformation curve represents the capsule's structural parameters as a function of the
capsule's geometry when an increasing uniaxial or biaxial load or deformation is applied.
Stiffness is determined from a linear slope fit to this curve while ultimate load and deformation
is the point of complete lens capsule failure. Sub-failure events represent the breaking of
individual matrix bonds or tissue layers prior to complete failure. b) The load-deformation
relationship is normalized into a stress-strain curve to account for differences in the dimensions
of the capsule. This relationship represents the intrinsic properties of the lens capsule material.
Elastic moduli are determined by fitting linear slopes to regions of the curve. The area under
the stress-strain curve represents the toughness of the capsule while the ultimate stress and
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strains are determined at the point of lens capsule failure. c) Stress-relaxation is the responding
change in stress over time after a constant strain is applied to a viscoelastic material. After the
initial strain is applied (time zero) to the lens capsule, the matrix relaxes over time resulting in
a reduction in stress. The stress-relaxation is reported as the percent stress relief after a given
time as a result of the constant applied strain.
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