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Abstract

Vitreoretinal mechanics plays an important role in retinal trauma and many sight-threatening
diseases. In age-related pathologies, such as posterior vitreous detachment and vitreomacular
traction, lingering vitreoretinal adhesions can lead to macular holes, epiretinal membranes,
retinal tears and detachment. In age-related macular degeneration, vitreoretinal traction has

been implicated in the acceleration of the disease due to the stimulation of vascular growth
factors. Despite this strong mechanobiological influence on trauma and disease in the eye,
fundamental understanding of the mechanics at the vitreoretinal interface is limited. Clarification
of adhesion mechanisms and the role of vitreoretinal mechanics in healthy eyes and disease

is necessary to develop innovative treatments for these pathologies. In this review, we evaluate
the existing literature on the structure and function of the vitreoretinal interface to gain insight
into age- and region-dependent mechanisms of vitreoretinal adhesion. We explore the role of
vitreoretinal adhesion in ocular pathologies to identify knowledge gaps and future research areas.
Finally, we recommend future mechanics-based studies to address the critical needs in the field,
increase fundamental understanding of vitreoretinal mechanisms and disease, and inform disease
treatments.
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1. Introduction

The mechanics of adhesion at the vitreoretinal interface (VRI) contribute to the progression

of many diseases that lead to visual impairment or blindness. For example, strong focal
vitreoretinal adhesions can prevent complete posterior vitreous detachment (PVD) from
occurring. These adhesions can exert traction forces on the retina, leading to macular
holes and epiretinal membranes in the macula, and retinal tears and detachment in the
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periphery (Escoffery et al., 1976; Jackson et al., 2013; Patronas et al., 2009). In age-related
macular degeneration (AMD), persistent focal attachments between the vitreous cortex and
the macula are more prevalent in exudative AMD than non-exudative AMD (Jackson et al.,
2013; Krebs et al., 2007) and may be an important risk factor for the disease.

Despite its involvement in these debilitating visual diseases, the mechanisms and mechanics
of vitreoretinal adhesion are not well understood. The protein composition at the VRI has
been investigated (Jerdan et al., 1989; Kohno et al., 1987; Russell et al., 1991), but has not
been explicitly linked to the mechanics of the VRI. Further, vitreoretinal adhesion has not
been directly measured until very recently (Creveling et al., 2018). There is a critical need
for research focused on elucidating the mechanics of the VVRI to address these limitations.
Such research could identify region-dependent multiscale mechanisms across the VRI and
evaluate how those mechanisms change or weaken with age. The strength of adhesion could
be connected to the microstructure and offer insight into the best methodology to eliminate
adhesion without compromising the underlying architecture of the retina. Further, a better
understanding of the adhesion mechanisms could lead to imaging biomarkers to identify
those at risk for lingering vitreoretinal adhesion.

In this review, we prepare for the development of this new field of research by evaluating
existing literature on the VRI from the perspective of mechanics. We first evaluate the well-
characterized microstructure and composition of the VRI and identify how each component
contributes to structural integrity and mechanical adhesive strength. Then, we discuss the
many pathologies affected by vitreoretinal adhesion and identify areas where knowledge

of adhesion mechanics could accelerate the discovery of treatments for those diseases.
Next, we explore microstructural mechanisms of adhesion in non-ocular biological tissues
to identify potential mechanisms of adhesion at the VRI in light of existing experimental
VRI data. Finally, we end the review with a discussion of the critical needs in the field and
recommend future mechanics-based studies to address those needs.

2. Ocular Anatomy, Microstructures, and Compositions Related to

Vitreoretinal Adhesion

2.1. Vitreous

The vitreous occupies 80% of the ocular volume, making it the largest structure in the eye
(Sebag, 1998). The vitreous is between 98-99.7% water with a three-dimensional network
of heterotypic collagen fibrils maintaining the gel-like structure (Bishop, 1996). These
fibrils are randomly spaced and held apart by hyaluronan, otherwise known as hyaluronic
acid (HA). HA is a glycosaminoglycan (GAG) that is hydrophilic and acts to inflate the
vitreous, providing resistance to compression. The vitreous contains other proteins and
GAGs (Bishop, 2000), but the mechanical properties and strength of the vitreous are
primarily dictated by the concentrations and interactions of collagen and HA (Lee et al.,
19944, 1994b).

Vitreous collagen fibrils are heterotypic, composed primarily of type Il collagen (80%) and
type IX collagen (20%), with negligible amounts of type V/XI collagen (Bishop et al.,
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1994a). Bishop (1996) proposed a structure of vitreous collagen fibrils based on knowledge
of the constituent collagen molecules (Figure 1). In this model, the typical vitreous collagen
fibril is composed of a type V/XI collagen core, with surrounding type Il and type 1X
collagen. Type V/XI collagen is a hybrid collagen molecule that is responsible for nucleating
collagen fibril formation and regulating fibril diameter (Wenstrup et al., 2004b, 2004a). Type
Il collagen is a fibril-forming collagen bound to the outside of the type V/XI collagen core.
Type IX collagen does not typically form fibrils, but can be found on the surface of fibrils

of other collagens (Bishop et al., 2004), potentially mediating interactions between collagen
fibrils. N-propeptides of type 11 and type v/XI collagen protrude from the surface of the fibril
(Smith and Birk, 2012), which may allow the fibril to interact with the proteoglycans found
in the vitreous (Sebag, 1998; Zhidkova et al., 1995).

Evidence suggests that the total amount of vitreous collagen is constant through
development, increases slightly in adolescence, and remains relatively constant into
adulthood and advanced age (Balazs and Denlinger, 1984). Some believe vitreal collagen
genesis ceases with age (Balazs and Denlinger, 1982), but there is evidence in adult bovine
and human eyes to suggest vitreous collagen turnover continues into adulthood and is
actively synthesized through aging (Bishop, 1996; Bishop et al., 1994b; Los et al., 2003;
Ponsioen et al., 2005). If collagen is not actively synthesized in advanced age, collagen
structure will naturally degrade and weaken the mechanics of the vitreous. However, if
collagen is actively synthesized, the vitreal mechanics will remain fairly stable as long as
the collagen network structure is unchanged. Therefore, clarification on this debate will be
important to understanding and simulating changes in vitreous mechanics with age.

Collagen, however, is not the sole contributor to the mechanics of the vitreous. Vitreous
collagen fibrils interact with HA to form a network characterized by widely separated
fibrils. When the collagen fibrils are removed, a viscous solution remains (Comper and
Laurent, 1978). If HA is removed from the network, the fibrils lose their spacing, and the
vitreous shrinks and liquefies (Bishop et al., 1999). Changes in the material properties of the
vitreous have been observed when HA is injected into (Schulz et al., 2019) or exuded from
(Nickerson et al., 2008) the vitreous.

In a multi-part study, the rheological mechanical properties of the anterior, central, and
posterior vitreous were quantified in bovine, porcine, and human eyes (Lee et al., 1994a,
1994h, 1992). Mechanical properties across the three species were compared to species-
specific differences in concentrations of collagen and HA. It was concluded that the
differences in collagen and HA among bovine, porcine, and human eyes did not explain

the mechanical differences in rheological properties. However, when evaluating each species
independently, regional trends in collagen and HA concentration correlated with regional
trends in rheology. For example, in bovine and human vitreous, increasing HA concentration
from anterior to posterior vitreous correlated with increasing viscosity from the anterior

to posterior vitreous. In porcine eyes, increasing collagen concentration correlated with
increasing porcine viscosity. No statistics were performed, but these data indicate that both
collagen and HA contribute to the complex, rate-dependent, regional material properties of
the vitreous.
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Colter et. al. (2015) examined the age-dependent viscoelastic material properties of the
vitreous in a sheep model, specifically quantifying the storage modulus, loss modulus, and
tan &. The storage modulus is a measurement of stored energy in a viscoelastic material

and represents the material’s elastic response. The viscous portion of the material’s response
representing lost energy during deformation is quantified by the loss modulus, and tan §

is the ratio of the loss modulus to the storage modulus. In adult eyes, the storage modulus
decreased and tan & increased compared to infant eyes, suggesting reduced elasticity with
age. Similar changes have been noted when comparing adults younger than 60 years of age
to those older than 60 years of age (Tram and Swindle-Reilly, 2018). More importantly,
similar changes in viscoelasticity measurements have been reported following enzymatic
degradation of vitreous collagen (Filas et al., 2014), suggesting that collagen network
degradation may be a more important factor in age-related changes of the vitreous’ dynamic
response than changes in HA. However, the contribution of collagen and HA to the material
response were not measured directly. Future studies that directly measure the contribution of
HA and collagen, and their interaction, to the mechanical properties of vitreous throughout
development and aging will be valuable in designing vitreous substitutes or identifying
strategies to prevent adverse effects of PVD.

The retina is a multi-layered structure, of which the inner limiting membrane (ILM) is the
most superficial layer (Figure 2). The ILM forms the retinal portion of the VRI and is
likely the most important retinal structure involved in vitreoretinal adhesion mechanics. To
understand the mechanics of adhesion at the VRI, however, one must also understand the
connections of the ILM to the underlying retinal structure, specifically to the Miller cells in
the nerve fiber layer.

Muiller cell bodies reside within the inner nuclear layer of the retina. Their processes extend
superficially to interact with the ILM as well as deeper into the retina to interact with the
photoreceptors in the outer limiting membrane (Hoon et al., 2014). It is believed that Miiller
cells act like springs, providing essential tensile strength to hold the neural retina together. /n7
vivo, the cells have been shown to be under tension and recoil upon being cut (Macdonald
et al., 2015). The end feet of the Miller cells contain integrin cell surface receptors that
mediate adhesion with the overlying ILM, or potentially with vitreous collagen fibrils that
penetrate through the ILM, as reported in the vitreous base (Sarthy and Ripps, 2001;

Wang et al., 2003a). This retinal organization results in a mechanosensing mechanism
where tangential and normal stresses applied to the ILM can be relayed to other retina
structures. To date, intracellular calcium, extracellular signal-regulated kinase, c-Fos, and
basic fibroblast growth factor have been correlated to mechanical stimulation of Muller cells
(Lindgvist et al., 2010). However, it’s likely that the expression of other Miiller cell-derived
proteins, such as vascular endothelial growth factor (VEGF), are altered as a function of
mechanical loading and may have implications in the progression and treatment of diseases
such as diabetic retinopathy, retinopathy of prematurity, and AMD. Further research in this
area is needed to clarify the effect of vitreoretinal traction on the mechanotransduction of
Muiller cells.
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2.3. Vitreoretinal Interface: Inner Limiting Membrane

The VRI consists of the vitreous cortex and the retina ILM. The ILM is a 3-layered structure
resembling a typical basement membrane (Heegaard, 1997; Matsumoto et al., 1984), and

is often considered the basement membrane of the Miller cells (Sebag, 1992). The ILM
consists of a lamina rara externa, which borders the vitreous cortex. The middle layer is

the lamina densa. The lamina densa is an electron dense matrix composed primarily of
collagen, which appears as a dark, thick line in transmission electron microscopy (TEM)
images. The third layer is the lamina rara interna, or lamina lucida, adjacent to the endfeet
of Miiller cells. There is some debate as to whether the lamina lucida is an actual layer of
the ILM or an artifact of microscopy preparation. Basement membranes in the trachea and
epidermis have been shown to have lamina lucida when rapid dehydration was used and no
lamina lucida when slow dehydration was used (Chan et al., 1993). A similar result has been
observed in muscle fibers (Goldberg and Escaig-Haye, 1986). Heegaard (1997) reported that
the lamina rara interna appeared only sporadically in his TEM images of non-human primate
and human ILM, which supports the theory that this third layer is a microscopy artifact.

The vitreous side of the ILM is typically smooth, while the retinal side of the ILM

conforms to the underlying Muller cells and contains irregular undulations. The undulations
become increasingly irregular in the posterior pole, leading to a greater variation in ILM
thickness (Figure 3) (Creveling, 2021; Foos, 1972). The ILM provides a physical barrier to
macromolecules (Jackson et al., 2003) and is thought to anchor the vitreous cortex to the
retina through mechanisms that are not known (Balazs, 1973). In the vitreous base, scanning
electron microscopy of the VRI shows vitreous collagen penetrating through the ILM (Wang
et al., 2003a). These penetrations visually appear as thick braids of fibrils that splay out
beneath the ILM to form a web of thin fibrils. In younger eyes, these splays are relatively
sparse. With age, the splays progress into a dense mat beneath the ILM. The penetrating and
splaying fibers likely provide structural resistance to vitreoretinal separation. It is unknown
if there are chemical adhesive components or additional mechanisms that contribute to the
strong vitreoretinal adhesion at the vitreous base.

Focal densities on the surface of Miiller cells, known as “‘attachment plaques,’ are another
potential mechanism of adhesion between the vitreous and the retina. TEM has illustrated
dark spots beneath the ILM at the surface of Muller cells (Figure 4) (Foos, 1972; Heegaard,
1997; Sarthy and Ripps, 2001; Sebag, 1991). These attachment plaques are present in the
vitreous base and equator, but are absent from the posterior pole except in the fovea (Foos,
1972). Attachment plaques in the vitreous base appear to coincide with an increased number
of delicate fibrils traversing the ILM (Foos, 1972), but this has not been observed in the
equator. The ultrastructure of these plaques, and their location at the surface of Muller

cells where integrin receptors exist (Elner and Elner, 1996; Guidry et al., 2003), suggests
they may be hemidesmosomes. Hemidesmosomes are known for their role in adhesion in
basement membranes and contribute to the adhesion of the corneal epithelium to the stroma
(Chi and Trinkaus-Randall, 2013; Gipson, 1992; Madigan and Holden, 1992; Theocharis et
al., 2016; Zagon et al., 2001). While the functionality of attachment plaques in the retina has
not been explicitly studied, their association with strong regions of vitreoretinal adhesion in
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the eye suggests they may indeed be hemidesmosomes and contribute to regional differences
in adhesion at the VRI.

In addition to the regional variations in the number of attachment plaques, regional
variations with respect to ILM thickness have been observed that may have implications for
vitreoretinal adhesion (Creveling, 2021; Foos, 1972; Heegaard, 1997). The ILM is thinnest
at the vitreous base and thickens towards the posterior pole. The ILM thins again in the
fovea and at the optic nerve (Foos, 1972). Creveling (2021) captured this trend using TEM.
Specifically, he found that the thickness of the ILM in the posterior pole (1165.3+597.6
nm) was 3.8 times greater than in the equator (304.8+151.3 nm). The variability of ILM
thickness was greater in the posterior pole due to the increasingly undulated ILM as it
conforms to the uneven surface of the Muller cells on its retinal side. In both the equator
and the posterior pole, the ILM was significantly thinner in donors older than the age of

60 compared to younger than the age of 60 (Creveling, 2021). These age-related thickness
measurements reflect other previously reported trends in or near the macula (Heegaard,
1997), but differ from measurements made superior to the optic nerve in the peripapillary
region (Candiello et al., 2010). There are distinct structural differences in the ILM between
the macular sub-regions and the peripapillary regions (Matsumoto et al., 1984), which likely
influence ILM thickness changes with age. Importantly, these sub-regional differences in
ILM structure and thickness highlight potential variability in adhesion mechanisms and
mechanics within the sub-regions of the posterior pole.

2.4. Vitreoretinal Interface: Vitreous Cortex

Darkfield slit illumination of whole vitreous reveals collagen fibers running predominantly
in an antero-posterior direction (Sebag and Balazs, 1989). This suggests that vitreous fibers
are generally perpendicular to the retinal surface in the vitreous base and macula, and
parallel to the retinal surface in the equator. However, the VRI consists of a dense packing
of collagen fibrils, called the vitreous cortex, which encapsulates the vitreous and interfaces
with the ILM. The vitreous cortex has an organizational pattern unique from the fibers in
the vitreous body. On high magnification TEM, collagen fibrils at the vitreous base can be
described as numerous and often oriented perpendicular to the ILM (Foos, 1972). However,
at lower TEM magnifications, collagen fibers have been described as primarily parallel to
the VRI (Wang et al., 2003a). To our knowledge, quantification of the fiber angles in the
vitreous base has not been performed at any magnification.

Similar discrepancies in the literature exist surrounding the collagen fiber orientation in the
equator and posterior pole. Some studies have reported that fibers run primarily parallel to
the ILM in the equator (Foos, 1972), but other studies have observed no differences in fibril
angle relative to the ILM in the equator or posterior pole (Creveling, 2021; Heegaard, 1997).
In the only quantitative study to measure fibril angle, there were no significant differences
between the equator and posterior pole quantified by segmentation of TEM images from
human donors (Creveling, 2021). Specifically, collagen fibrils in the posterior pole were
normally distributed about 30° with a range of 9-60° and collagen fibrils in the equator had
a mean of 29° with a range of 13-71° (Figure 5).
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2.5. Similarities and Differences with Species

The vitreous of all mammalian species is composed of the same protein and GAG
components, but the relative concentrations of HA and collagen vary (Table 1) (Sebag,
1998). One would expect these relative component concentration variations to account for
the differences in rheologic properties between species; however, as previously discussed,
no significant correlation between HA or collagen concentration with rheological properties
across cow, pig, and human vitreous was found (Lee et al., 1994a, 1994b, 1992). Still, within
each species, decreased collagen or HA concentrations generally correlated with decreased
viscosities. These data suggest that there may be other chemical or structural differences
between species that contribute to differences in material properties between species.

HA is not uniformly distributed across the vitreous in humans or other mammals.
Specifically, higher concentrations of HA are found in the posterior pole (Bishop, 1996;

Lee et al., 1994b) compared to the equator or vitreous base. Additionally, HA concentration
does not remain constant throughout life (Balazs et al., 1959). In humans, HA concentration
increases with age until 20 years, then remains relatively constant until 70 years, where

it again increases, possibly as a result of the shrinking vitreous due to aging (Balazs and
Denlinger, 1982). Collagen concentration is not uniformly distributed in humans either, with
the highest concentrations found in the vitreous base and decreasing towards the central and
posterior vitreous (Bishop, 1996).

All vertebrates share the same fundamental components and functions of the retina (Hoon
et al., 2014), and the human ILM has a similar arrangement to that of most animals
(Heegaard, 1997). Primates are the only species to mimic the inter-regional differences of
ILM thickness and undulations in the macula of humans (Heegaard, 1997). Species-specific
structural differences, such as ILM thickness and undulation, likely affect vitreoretinal
mechanics. For example, in humans, peeling the ILM around the macula as a continuous
sheet is feasible, but attempts to remove the ILM as a single sheet in the macula of a

cat model was unsuccessful and resulted in intraretinal bleeding (Gandorfer et al., 2005).
Similarly, vitreoretinal adhesion measurements in young adult sheep eyes (human age
equivalence of 28-36 years old, 16.7+7.5 mN) were on average 2.3 times greater than in
human young adult donor eyes (30-39 years old, 7.2+4.1 mN) (Creveling et al., 2018).
Despite the species-related differences in magnitudes of adhesion, the regional trends within
each species were the same. Specifically, in both human and sheep eyes, the vitreoretinal
adhesion in the equator was double the adhesion in the posterior pole. This suggests that
sheep eyes may be useful to make comparisons by region.

3. Pathologies Affected by Vitreoretinal Adhesion

3.1. Posterior Vitreous Detachment (PVD)

With age, the vitreous gel begins to liquefy and separate from the retina. Vitreous
liquefaction first appears in human eyes as early as four years of age (Balazs and Denlinger,
1982). At least half of the vitreous is liquefied in most people over 70 years of age.
Accelerated vitreous liquefaction may lead to adverse outcomes, and may occur in people
with myopia (Stirpe and Heimann, 1996), aphakia (Harocopos et al., 2004), intraocular

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Phillips et al. Page 8

inflammation (Hogan, 1975), retinal vein occlusion (Ma et al., 2005), and following ocular
trauma (Tolentino, 1987). There is some debate over the cause of vitreous liquefaction.
Bishop (2000) proposed that the vitreous liquefies due to a loss of interaction between

HA and collagen, allowing HA to diffuse away from the collagen network and pool,
creating liquefied pockets. This theory is supported by the chemical composition of the
liquefied pockets in vitreous, which consist predominantly of HA (Balazs and Denlinger,
1984). Los et al. (2003) found evidence of collagen fibril breakdown into smaller fragments
surrounding the liquefied pockets, which may further contribute to the liquefaction process.
The molecular changes that initiate liquefaction are still unclear. Clarification of the
mechanisms of liquefaction will improve understanding of PVD and other disorders affected
by vitreoretinal traction.

As the vitreous gel begins to shrink and liquefy, one of two events may occur. The

vitreous begins to detach from the retina, starting in the mid-periphery (the area between

the posterior pole and equator) and progressing toward the posterior pole (Koller et al.,

2021; Tsukahara et al., 2018). Nearly all healthy individuals have vitreoretinal separation

in the mid-periphery by age 40 (Tsukahara et al., 2018), and 80% of healthy individuals
have vitreoretinal separation from the posterior pole by age 70 (Itakura and Kishi, 2013).
However, when vitreous liquefaction occurs before sufficient weakening of vitreoretinal
adhesion, the vitreous does not separate completely from the posterior retina, resulting in
localized traction on the retina from lingering adhesions that can induce retinal hemorrhages,
tears, and macular holes (Balazs, 1973; Foos, 1972).

It is not clear why vitreoretinal adhesion weakens with aging or why some lingering
adhesions persist long after the vitreous has separated. The contact area of lingering
vitreoretinal adhesions affects the risk for adverse outcomes. Specifically, a smaller area

of lingering adhesion in the fovea may result in greater stress and deformation, and
increased risk of retinal damage (Spaide et al., 2002). A better understanding of the adhesion
mechanisms and mechanics could provide insight into why lingering adhesions occur and
lead to novel strategies to prevent adverse outcomes during PVD.

3.2. Age-related Macular Degeneration (AMD)

AMD is the leading cause of irreversible blindness in developed countries in people 50 years
of age or older (Eagle Jr., 2016). The initial stage of AMD is called non-exudative AMD, or
dry AMD, and consists of atrophy of the retinal pigment epithelium (RPE) beneath the fovea
and photoreceptor degeneration. The disease progresses to exudative AMD, or wet AMD,
characterized by choroidal neovascularization. Choroidal neovascularization, the leaking of
fluid, lipids, and blood, ultimately results in fibrous scarring of the macula and vision loss
(Krebs et al., 2007; Lim et al., 2012). Lingering vitreomacular adhesions due to partial PVD
are more prevalent in wet AMD patients than dry AMD patients (Jackson et al., 2013; Krebs
et al., 2007). Therefore, lingering vitreomacular adhesions may exacerbate the progression
of AMD from non-exudative to exudative.

Vitreomacular adhesions have been shown to negatively affect the outcome of anti-VEGF
treatments (Krishnan et al., 2015). This may be due to the release of VEGF in response to
mechanical stimulation from the adhesion, counteracting the anti-VEGF treatment. Cyclic
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stretching of rodent retinal pigment epithelial cells in vitro led to a significant increase

in VEGF expression compared to controls after one hour of 15% pulsatile stretching, and
after 24 hours of 10% pulsatile stretching (Seko et al., 1999). These data support the
hypothesis that vitreomacular adhesion may promote exudative AMD by increasing VEGF
expression. Understanding the mechanics of adhesion in this population and eliminating
localized vitreomacular adhesions may be a solution to mitigate escalation from dry to wet
AMD (Furashova and Engelmann, 2020; Mojana et al., 2008).

3.3. Vitreomacular Traction

In addition to its potential role in the progression of AMD, vitreomacular traction has many
other clinical implications. Tractional forces exerted on the macula can cause decreased
vision, metamorphopsia, photopsia, and micropsia (Maumenee, 1967). Vitreomacular
traction has been associated with other pathologies, including cystoid macular edema,
epiretinal membranes, and macular holes (Bottos et al., 2012b). Two patterns of pathology
have been identified in vitreomacular traction syndrome (Gandorfer et al., 2002). The

first pattern consists of a cellular monolayer covering the vitreal side of the ILM and

no detectable epiretinal membrane. The second consists of fibrocellular tissue separated
from the ILM by a layer of native vitreous collagen resembling the clinical features of

an idiopathic epiretinal membrane. Symptoms of vitreomacular traction syndrome typically
develop slowly, resulting from chronic tractional effects (Bottds et al., 2012a). In many
cases, the symptoms are minor and require no treatment, or they may resolve spontaneously
with the onset of PVD (Errera et al., 2018). A better understanding of the region-specific
mechanisms of vitreoretinal adhesion may guide bio-imaging studies to identify patients at
risk for traction-related disorders.

3.4. Other Vitreoretinal Pathologies

Many other vitreoretinal pathologies, such as diabetic macular edema, retinal vein occlusion,
and macular holes are negatively affected by vitreoretinal adhesions either directly through
traction or indirectly through the potential release of VEGF as a result of traction (Jackson
et al., 2013; Patronas et al., 2009; Seko et al., 1999). Macular holes may be considered a
variant of vitreomacular traction syndrome and develop when anteroposterior traction on

the retina creates a full-thickness neurosensory hole (Gass, 1995). Additionally, epiretinal
membranes may form as a result of vitreomacular traction as well as retinal vascular
disease, retinal breaks and detachments, inflammation, and surgical interventions. Epiretinal
membranes are associated with the pathogenesis of many other interface diseases, but are
typically asymptomatic.

In summary, several of the most severely impacting visual disorders are created or worsened
through lingering vitreoretinal adhesion. There is a definitive knowledge gap in the
underlying mechanisms and mechanics of vitreoretinal adhesion in multiple regions of the
eye and at different stages of life that may be inhibiting the advancement of innovative
treatments for these diseases. Quantifying the contribution and interaction of key proteins

in the mechanics of adhesion will assist in establishing imaging biomarkers suggestive

of strong adhesion and lead to more targeted therapeutic strategies to eliminate lingering
adhesions.
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4. Experimental and Computational Studies of Vitreoretinal Mechanics

4.1. Experimental Measurement of Vitreoretinal Adhesion

Very little data has been collected to measure the strength of adhesion in different regions of
the eye and at different ages. Sebag (1991) peeled the retina from the ILM in the vitreous
base and posterior pole in 59 human eyes (ages 33 weeks gestation to 94 years of age) using
forceps. After peeling, retina samples were evaluated using TEM to visualize the failure and
estimate strength. In the posterior pole, all eyes from individuals 21 years of age and older
failed cleanly between the ILM and the posterior vitreous cortex. Most of the eyes tested

in this age group came from individuals older than 41 years of age. In 40% of eyes from
individuals aged 20 years or younger, the retina failed within the Miiller cells adjacent to
the VRI. The inner portions of these cells were found adherent to the ILM, which remained
attached to the vitreous cortex. Sebag suggested the deeper failure location indicated that the
adhesive strength was greater in the younger eyes than the older ones.

A recent study by Creveling et al. (2018) directly measured vitreoretinal adhesion in the
equator and posterior pole in sheep and human eyes of different ages. They assessed

ILM damage by light microscopy. As previously observed qualitatively (Sebag, 1987), the
maximum peel force in human eyes was significantly greater in the equator (7.2 £ 4.1 mN)
than in the posterior pole (4.1 £ 2.0 mN), a trend that was especially evident in eyes from
donors 30 to 39 years old. Regional maximum peel forces in adult sheep mimicked their
human counterparts and had nearly double the amount of adhesion force in the equator (16.7
+ 8.5 mN) than the posterior pole (8.5 £ 2.4 mN).

Adhesion between the neurosensory layer and RPE is thought to be weaker than vitreoretinal
adhesion in young, healthy eyes. To date, there are no quantitative measurements of RPE
adhesion in human eyes to compare to the vitreoretinal adhesion data. Kita and Marmor
(1992) performed subretinal injections to estimate RPE adhesion in young adult primates.
They report average posterior RPE adhesive forces of 140+3 dynes/cm. Without knowing
the bleb circumference, it is challenging to compare their measurements to Creveling et al.
However, Kita and Marmor state that adhesive forces were 140% greater than their previous
study in rabbits (Kita et al., 1990). Therefore, we estimate the posterior RPE adhesion

in primates was 2.8+0.3 mN, which is nearly 1.5 times lower than average posterior
adhesion in humans reported by Creveling. These reported values provide confidence in

the vitreoretinal measurements, but may not be directly comparable to humans.

Creveling et al. report ILM disruption in the posterior pole, similar to Sebag. However, the
ILM disruption was not correlated to the measured adhesive strength. Specifically, the ILM
in the posterior pole was consistently disrupted and torn, but had lower adhesion forces than
the equator, which had smooth separation between the ILM and vitreous cortex (Figure 7).
Therefore, failure characteristics are likely a function of the mechanism of adhesion, and not
necessarily correlated to the strength of the adhesion.

Researchers have described strong adhesion in the vitreous base (Sebag, 1987), macula
(Grignolo, 1952), and the optic disc (Foos, 1973; Grignolo, 1952), all regions with relatively
thin ILM. Sebag hypothesized that these thin ILM regions have stronger adhesion than
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other regions because a thicker ILM may interfere with Muller cells’ ability to synthesize
components critical for maintaining adhesion integrity (Sebag, 1991). While Creveling et al.
did not measure adhesion directly in the macula, around the optic nerve, or in the vitreous
base, this hypothesis matches the measurements made by Creveling et al. that adhesion in
the equator was greater than in the posterior pole, and the ILM is thinner in the equator than
in the posterior pole.

The regional dependence of vitreoretinal adhesion and the varying structure in those regions
suggests that the mechanism of adhesion may be unique to each region. In addition to
variation in the vitreous base, equator, and posterior pole, there are likely additional
variations in adhesion in the small foveal, parafoveal, and perifoveal subregions of the
macula. Therefore, future studies will likely need to rely on microscale, or even nanoscale,
experimental testing such as atomic force microscopy (Strasser et al., 2007; Van Der Rijt et
al., 2006), or optical or magnetic tweezers (Aermes et al., 2020; Herath et al., 2017; Shawky
and Davidson, 2015; Sun et al., 2004) to capture the heterogeneity of vitreoretinal adhesion
across the retina. An in-depth evaluation of these methods is outside the scope of this review,
but future experimental challenges will include the creation of innovative methods for
gripping collagen fibers within the gel-like vitreous and validation of methods for estimating
stress distribution on the ILM. Further, interpretation of data collected will likely rely on a
basic understanding of how adhesion is formed in these microscale interactions.

4.2. Computational Studies of the Vitreoretinal Interface

In addition to experimental studies evaluating vitreoretinal adhesion, mathematical and
computational models of the eye have led to improved understanding of mechanics of the
vitreous, retina and their interface. Examples include models evaluating saccadic movement
(David et al., 1998), eye rotations (Bonfiglio et al., 2015; Repetto et al., 2004), retinal
detachment (Bottega et al., 2013; Lakawicz et al., 2015), and eye trauma (Bhardwaj et al.,
2014; Rangarajan et al., 2009; Rossi et al., 2011; Yoshida et al., 2014). The paucity of

data of vitreoretinal adhesion mechanics during development of these models has resulted
in the general assumption that the vitreous is rigidly or uniformly attached to the retina. For
some models, such as vitreous flow during eye motion, this assumption may be allowable.
However, for others, such as those simulating eye trauma or retinal detachment due to
vitreous contraction, this assumption may limit the results.

To date, very few computational studies exist that focus on the mechanics of the VVRI. Di
Michele et al. (2020) created a computational framework to model visually realistic results
of an anomalous PVD and infer the intensity of traction from the shape of the detached
vitreous. A dimensionless parameter representing the strength of vitreoretinal adhesion was
varied in the absence of experimental data. It was found that the higher strengths of adhesion
resulted in higher stresses experienced at the VRI, and the shape of the detached vitreous
provided an indication of the magnitude of vitreomacular stress.

In development of a method to represent regional non-rigid adhesion of the vitreous to

the retina, Creveling (2021) used cohesive element modeling to optimize three-dimensional
adhesion modulus (K, K¢, and Kp,), failure stress (tg, t;, and t,), and fracture energy against
experimental peel measurements. The vitreoretinal adhesion modulus was insensitive to

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Phillips et al. Page 12

region and age-related differences in adhesion. This insensitivity is likely because each
model was tuned to match vitreous elasticity prior to initiation of damage and this elasticity
likely encompassed both vitreous and adhesive elasticity. Normal failure stress did not
significantly correlate to maximum peel force, but both shear failure stresses (ts and t;) had
positive correlations with maximum peel force and were 594.02 + 398.20 Pa on average.
While thresholds tended to decrease in simulations of eyes from donors greater than 63 years
of age, no statistically significant age and region effects were found. The fracture energy was
the failure parameter that most significantly correlated with maximum vitreoretinal adhesion
for each region and age. Specifically, simulations of peel tests performed in the equator with
eyes from donors less than 60 years of age had higher fracture energies (2.2+0.2 x 1074 J)
than the posterior pole and eyes greater than 60 years of age (9.6+15.2 x 1076 J).

These studies highlight the potential of computational modeling to provide significant
insights into vitreoretinal disorders and injuries. However, more experimental data is needed
to improve the biofidelity and advance the predictive capability of the models. Once that
data is made available, mathematical and numerical analyses will be able to contribute
substantially to the advancement and understanding of P\VD, AMD, vitreomacular adhesion,
trauma and many other vitreoretinopathies.

5. Potential Mechanisms of Vitreoretinal Adhesion

The above experimental and computational studies illustrate age and region-specific
differences in vitreoretinal adhesion and failure. However, the precise mechanisms of
adhesion at the VRI remain unclear. Several possibilities emerge when considering

the biochemistry of the interface and adhesion mechanisms in other tissues. Interfacial
adhesion in biological tissues is achieved mainly through complex networks of fibrous
proteins, elastin, fibronectin, laminins, glycoproteins, proteoglycans, and GAGs called the
extracellular matrix (ECM). The ECM can be divided into two types: the interstitial matrix,
characterized by cells dispersed within the matrix, and the pericellular matrix, which comes
into contact with a cell or tissue layer (Theocharis et al., 2016). Basement membranes are
multi-layered membranes found at tissue interfaces and are considered pericellular matrices.

Basement membranes, such as the ILM, are composed of a laminin network that adheres

to the underlying cells and a type IV collagen network that stabilizes the matrix structure.
Other proteins and proteoglycans, such as fibronectin, agrin, and perlecan have also been
identified in the ILM (Candiello et al., 2007; Halfter et al., 2008, 2000; Kohno et al., 1987).
Laminins are large, heterotrimeric proteins that interact with other laminins, cells, or ECM
components, such as collagen to contribute to the organization and mechanical strength of
the tissue (Durbeej, 2010). Laminin has been shown to have a high affinity for type IV
collagen (Terranova et al., 1980), which is prominent in the ILM (Ponsioen et al., 2008).
Fibronectin is a glycoprotein dimer that serves as a linker in the ECM and binds to cells via
integrin receptor domains (Pankov and Yamada, 2002). Fibronectin has been shown to have
a high affinity for binding to type Il and VI collagen (Engvall et al., 1978; Kuo et al., 1997;
Ruoslahti et al., 1982), found in the vitreous and ILM, respectively (Bu et al., 2015).
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Laminin and fibronectin are commonly implicated in vitreoretinal adhesion, particularly in
the posterior pole and equator, and exhibit unique regional and age-related distributions that
may correspond with the region and age-related distributions of adhesion. In the posterior
pole of young (<40 years of age) donor eyes, laminin and fibronectin are distributed
throughout the thickness of the ILM (Kohno et al., 1987). Given the high affinity of
fibronectin for type Il collagen, one proposed hypothesis for vitreoretinal adhesion in this
region is that type Il collagen fibers from the vitreous cortex penetrate into the ILM to bind
to fibronectin. TEM images have shown individual vitreal collagen fibrils penetrating the
ILM (Creveling, 2021; Foos, 1972; Heegaard, 1997), but no studies have directly evaluated
fibril penetrations as a mechanism of adhesion. The penetration of fibrils into the ILM may
explain the observations of ILM disruption following vitreoretinal separation in the posterior
pole (Creveling et al., 2018; Sebag, 1991).

In the equator of young (<40 years of age) donor eyes fibronectin is absent. Laminin,
however, is strongly present on the surface of the ILM. This supports the theory of equatorial
adhesion being formed by a type of ‘ECM glue’ between the vitreous cortex and ILM, and
may result in strong adhesion through increased contact area compared to collagen fibril
penetration. It also corresponds with the smooth surface separation between the ILM and
vitreous cortex upon peeling (Creveling et al., 2018). Laminin, however, likely requires a
mediator to bind strongly to type Il collagen. Le Goff and Bishop (2008) proposed opticin
and heparan sulphate as potential mediators, but no studies have evaluated the role of these
proteoglycans in vitreoretinal adhesion.

The role of fibronectin and laminin in vitreoretinal adhesion in the equator and posterior
pole is supported further by Gandorfer et al. (2001). In this study, plasmin, an enzyme
known to hydrolyze fibronectin and laminin, was injected into pig eyes using different
concentrations and incubated for different periods of time. Eyes injected with the smallest
dose of plasmin (1 U) and incubated for the shortest amount of time (30 minutes) only had
remnants of cortical vitreous remaining in the posterior pole and the equator. The vitreous
base did not appear affected by the plasmin. These data suggest laminin and fibronectin
facilitate adhesion in the posterior pole and equator, but not in the vitreous base. However,
the degree of enzymatic reaction between the plasmin and the laminin/fibronectin was not
quantified, so it is not explicitly known how fibronectin and laminin were altered in each
region when plasmin was injected. A later study was conducted by the same group in human
eyes, and similar results were found (Gandorfer et al., 2002). A careful investigation of
the how plasmin alters laminin and fibronectin when injected into the eye is important to
understand the contributions of each protein to adhesion the equator and posterior pole.

Vitreoretinal adhesion in the vitreous base is less ambiguous than adhesion in the posterior
pole and equator. SEM and TEM studies have illustrated that thick collagen fiber bundles
from the cortex penetrate through the ILM in the vitreous base and splay underneath (Gloor
and Daicker, 1975; Wang et al., 2003b). The penetrating and splayed fiber bundles likely
anchor the vitreous to the retina, similar to adhesion in amniotic epithelium (Ockleford et al.,
2013). The protein interactions that bind collagen fiber bundles to the retina are unknown,
but data suggests that laminin and fibronectin do not play a substantial role. In the ILM at
the vitreous base, laminin is present and fibronectin absent. With age, laminin decreases and
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fibronectin increases (Kohno et al., 1987). Despite these changes with age, adhesion in the
vitreous base appears to remain strong. Further, injection of plasmin did not alter the VRI in
the vitreous bases as it did in the equator and posterior pole (Gandorfer et al., 2002).

All aspects of vitreoretinal mechanics are important for developing computational models
and understanding vitreoretinal pathology and disease progression. However, understanding
the mechanisms of adhesion in the posterior pole and equator may have the most immediate
clinical impact. Specifically, they can lead to strategies to modulate problematic adhesion
such as that found in vitreomacular traction or PVD. In addition, proactive modulation

of adhesion could be beneficial to inhibit disease progression, such as in AMD where
VEGF production may be stimulated by vitreoretinal traction. Any studies investigating the
modulation of adhesion, however, would need to be coupled with mechanical testing to
verify successful modulation.

6. Conclusion and Future Studies

From the available experimental data, we conclude that mechanisms of vitreoretinal
adhesion are region-dependent. The primary adhesion mechanisms in the posterior pole
appear to be different from those in the equator and vitreous base. It is likely that the macula
also has a unique adhesion mechanism, but there is no data to date to verify this statement or
suggest what that mechanism may be. The specific region-dependent adhesion mechanisms
need to be clarified to understand the regional variations in vitreoretinal adhesive strength
measured by Creveling et al. (2018). In the basal zone, vitreous collagen fiber bundle
penetration likely plays an important role in the strong adhesive strength. In the equator,

we hypothesize that sheet-like laminin networks provide the primary source of adhesion
between the vitreous cortex and ILM, but other proteins may mediate that adhesion. In the
posterior pole, the presence of fibronectin throughout the ILM may suggest that collagen
penetrates the ILM. This collagen penetration may explain why Creveling et al. observed
increased disruption of the ILM in the posterior pole after mechanical peeling. In contrast,
traction in the equator may peel the laminin networks from the ILM, resulting in mostly
smooth separation.

There are minimal quantitative data available to elucidate vitreoretinal adhesion mechanics
with age. Data by Creveling et al. (2018) confirms that adhesion in the equator decreases
with age. Creveling et al. did not find a significant decrease in adhesive strength in the
posterior pole with age, but noted increased ILM disruption. Bilamination of laminin and
fibronectin within the ILM in the posterior pole may contribute to the disruption and
weakening of the ILM with age. Microscale studies are needed to evaluate and further
clarify failure mechanisms at the VRI, identify weak links within the architecture, and
quantify how the strength of all the components varies with age.

The cause of lingering adhesions in PVVD remains unclear. Kohno et al. (1987) found no
significant difference in the distribution of laminin and fibronectin in age-matched eyes
with and without PVD. The mechanism of vitreoretinal separation or failure in eyes with
and without lingering adhesions during PVD will be necessary to identify microstructural
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differences. This effort will require a combination of microscale imaging and mechanical
testing to correlate the structural and mechanical differences, respectively.

Once the mechanisms of adhesion, or lingering adhesion, are known, new opportunities for
identifying the risk of lingering vitreoretinal adhesion and treating it, can be developed.
For example, understanding the microstructure of lingering vitreoretinal adhesion can lead
to imaging biomarkers to identify patients at risk for lingering vitreoretinal adhesion.
Closer follow-up or treatment can be implemented to prevent retinal tears or detachment.
Physical or pharmacological treatments targeting the specific proteins driving lingering
adhesions can be developed to effectively eliminate adhesions with minimal disruption to
the underlying retina. Finally, understanding adhesion mechanisms will allow focused and
realistic experimental efforts to link traction forces to the upregulation of VEGF or other
proteins that exacerbate diseases such as AMD or lead to epiretinal membranes. With
careful collaboration between clinical scientists and researchers, vitreoretinal mechanics
is necessary to achieve all these goals and make a significant contribution to reducing
debilitating vision loss in patients.
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Type IX collagen
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Figure 1:
Proposed structure of vitreous collagen fibrils based on knowledge of the constituent

collagen fibrils. This figure was adapted from Bishop (1996).
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Figure 2:

The layers of the retina include the inner limiting membrane (ILM), the nerve fiber layer
(NFL), the ganglion cell layer (GCL), the inner plexiform layer (IPL), the inner nuclear
layer (INL), the outer plexiform layer (OPL), the outer nuclear layer (ONL), the outer
limiting membrane (OLM), the photoreceptor layer (PL), and the retinal pigment epithelium
(not shown).
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Figure 3:
TEM images of the equator (A) and posterior pole (B) retina from a 78-year-old donor.

The ILM (red bracket) is relatively uniform in the equator, while the posterior ILM displays
characteristic undulations and irregularities. Here, the lamina lucida (cyan arrows) appears in
the equator, but not in the posterior pole.
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old donor with multiple attachment

TEM image of a retina from the equator of a 69-year-

plaques (cyan arrows).

Figure 4:
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Figure 5:

Creveling (2021) reported no significant difference between collagen fibril orientation in the

posterior pole and equator.
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Figure 7:
Light microscopy images from the peeled retina of a 63-year-old human donor. (A) In the

posterior pole, peeling resulted in ILM disruption. (B) In the equator, peeling resulted in a
smooth, intact ILM. Magnification 20x.
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Table 1:

HA and collagen concentration in vitreous for humans and common animal models.

Species | HA Concentration (ug/ml) | Collagen Concentration (ug/ml) Source

Human 100-400 40-120 (Balazs and Denlinger, 1984)

Sheep 100-400 67-82 (Balazs and Denlinger, 1984)

Rabbit 20-50 75-900 (Balazs and Denlinger, 1984)
Cat 20-40 - (Balazs and Denlinger, 1984)
Pig 90+4 150+8 (Noulas et al., 2002)

Cattle 110-1070 52-112 (Balazs and Denlinger, 1984)
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