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Chapter 10

Biomechanical Properties

of the Trabecular Meshwork in Aqueous
Humor Outflow Resistance

VijayKrishna Raghunathan

Introduction

Primary open angle glaucoma (POAG), age associated macular degeneration
(AMD), and cataract are the three most common age associated ocular disorders
worldwide, leading to vision loss. Among these vision loss in POAG and AMD are
irreversible. The etiology and progression of these diseases are multifactorial [1, 2]
although fibrosis, oxidative and senescence have been thought to be significant con-
tributing factors. A key facet of fibrosis is a dynamic change in the extracellular
matrix leading the tissue to become stiffer. The context in which this ‘stiffness’ is
measured is dependent on the type of tissue, sample preparation, or the method by
which it was measured. Regardless, a change in the biomechanical property of a
tissue has profound implications on how cells respond to changes in their microen-
vironment. This is indeed true of the trabecular meshwork as well. Responsible for
drainage of approximately 80% of the aqueous humor of the eye, dysfunction in the
TM is thought to be the primary site of resistance, and lowering the intraocular pres-
sure is the only modifiable risk factor in glaucoma, a major cause of irreversible
blindness in the aging population [3-9]. The increased resistance to aqueous humor
in POAG is thought to be due to dependent on a number of factors—senescence,
matrix composition/morphology/mechanics, loss of intra- and inter-cellular pores,
deposition of plaque like material, changes in segmental regions, loss of cells, and/
or collapsing of the beams. With age, accumulation of extracellular matrix,
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thickening of the beams, and loss of TM cells have all been documented [10-14].
Lutjen-Drecoll et al. [15] demonstrated that with age the elastic fibers of the TM
thicken with minimal changes to the elastin containing central core. Classical stud-
ies by Tripathi [16, 17] have shown elevated amounts of matrix proteins in the TM
that were postulated to contribute to increased resistance to outflow. Data emanating
from studies over the past 4 decades are yet to identify the molecular mechanisms
or the implications of mechanical changes in the TM contributing to the etiology
and progression of glaucoma. Such increase in thickness may contribute to the
changing biomechanics in glaucoma or age, and this is yet to be demonstrated.

The Importance of Studying Biomechanics of the Outflow Pathway

The anterior segment of the eye is complex and includes the cornea, lens, iris, ciliary
body, trabecular meshwork (TM) and Schlemm’s canal (SC). The TM and SC are
located at the iridocorneal angle and primarily regulate and drive the drainage of
aqueous humor. The TM is an incredibly complex structure (Fig. 10.1) comprised
primarily of three regions which differ in both structure and function [18-22].
Anterior to posterior, first is the <20 pm thin juxtracanalicular (JCT) or cribiform
region (primary site of resistance to outflow) that is separated from the endothelial
cells of inner wall of the Schlemm’s canal via a discontinuous basement membrane.
The JCT is a made of 2-5 layers of cells embedded in a wide variety of macromol-
ecules and residing over loose fibrillar ECM. This is followed by the corneo-scleral
trabecular meshwork (CTM) comprised of thick 8—15 trabecular beams/lamellae
made of Col I/I11, and elastic fibers. Each layer is covered by cells on a basal lamina
rich in laminin and Col IV. Posteriorly, this is followed by 1-3 layers of uveal tra-
becular meshwork (UTM) whose lamellae are thinner than those observed in the
CTM. These together form a sponge-like filter whose porosity varies between and
within the three layers.

Approximately 75% of all aqueous humor flows through the TM and SC [23,
24]. The inner wall cells are currently thought to contribute only about 10% of the
total resistance [25]. Since the cells in the JCT of the meshwork are not continuous,
the bulk of outflow resistance would lie with the extracellular matrix (ECM) of the
meshwork at the JCT. ECM components include fibrillar scaffolding proteins (e.g.
fibronectin, laminin, collagen etc), non-structural matricellular proteins (e.g.
SPARC, matrix gla protein, periostin, CCN family of proteins, thrombospondin,
tenascin etc), and glycosylated proteoglycans. Common proteoglycans observed in
the TM are glycosaminoglycans [(chondroitin sulfate, heparan sulfate, hyaluronan
etc), and versican, perlecan, decorin, biglycan etc]. These together provide struc-
tural and mechanical properties to the tissue and adequate surface for the attachment
of cells and by acting as load bearing structures. Further, through the presentation of
various ligands, ECM components can bind, sequester, and stabilize signaling mol-
ecules to modulate essential cellular processes such as migration, proliferation, dif-
ferentiation, and cell fate determination.
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Fig. 10.1 The trabecular meshwork: (a) Shows a view of the trabecular meshwork that separates
the aqueous humor in the anterior chamber from the canal of Schlemm. TM trabecular meshwork;
SC Schlemm’s canal; AC anterior chamber; SS scleral spur; CM ciliary muscle. Magnification bar
is 20 pm. (b) A magnification of the trabecular meshwork demonstrating the 3 regions: UTM uveal
trabecular meshwork; CTM corneoscleral trabecular meshwork; JCT Juxtacanalicular tissue.
Magnification bar is 5 pm. (¢) Schematic illustrates the direction of outflow across the trabecular
meshwork. (a, b) are reproduced with permission from Tamm [18]

For any tissue, the intimate interaction between cells and their matrix contribute
to the mechanical properties. The contribution of either component in defining these
properties are quite difficult to isolate. Biomechanical stimuli—such as mechanical
stretch, pulsatile motion, compression, shear, pressure, static cell guidance cues etc.
are all integral components of the cellular microenvironment in the tissue. That cells
are sensitive to dynamic mechanical forces such as shear stress, pressure, and stretch
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are well recognized [26, 27]. Nevertheless, a plethora of passive biophysical tissue
attributes of tissue exists such as stiffness or nanotopography alter cellular prolifera-
tion, migration, expression, and differentiation [28-32]. Whilst these cues may
appear to be passive at a given instant, they are capable of changing with time,
stimulus, and/or intervention. Over the past decade a number of groups have dem-
onstrated the impact that biophysical stimuli on tissue homeostasis, development,
differentiation and disease. It is therefore paramount to place these in the context of
tissue function. Biophysical, biochemical, and genetic factors act in concert to
dynamically govern the continuous interactions between cells and their extracellu-
lar microenvironment. Using other cell systems it was shown that cells cultured on
stiffer substrates adopt a more contractile tone [33—36]. Truly, TM cells have been
reported to be contractile [37, 38], and this is thought to contribute to matrix changes
observed in the tissue in POAG leading to outflow resistance [39—41]. Congruently,
the importance of Rho signaling and its effect on lowering IOP has been the target
for development of novel drugs targeting the conventional outflow pathway [42—-44].

Despite the demonstrated importance of biophysics on cellular behaviors, and its
potential to mediate IOP, the complexity of the outflow tract has prevented its com-
plete mechanical characterization. Nearly a decade ago, Overby et al. [45] proposed
a paradigm where the JCT and inner wall endothelial cells synergistically control
outflow resistance. Emerging data in the field document that the resistance goes
beyond the Schlemm’s canal by demonstrating a dynamic range in resistance to
aqueous outflow by the distal vessels of the conventional outflow pathway when the
TM was excised ex vivo [46]. Thus, a full characterization of mechanical properties
is essential to account for the substantial heterogeneity and anisotropic organization
of the tissues involved, as well as how these properties change in disease. It would
be wise to note that there are no determined standards that exist to define mechani-
cal properties of ocular tissues. Despite these challenges, a number of laboratories
have made significant inroads in characterizing the material properties using various
techniques and determining how these properties may influence cell behavior and
outflow function. In this chapter we shall explore further the published data, and
relevance of biomechanics to TM mechanobiology and outflow resistance. Data
pertaining to the Schlemm’s canal are not discussed here.

Parameters Defining the Mechanical Properties
of Biological Materials

Biological materials such as tissues are difficult to define due to the complex nature
of their compositions: ECM, cells, soluble factors, and interstitial fluid. The tra-
becular meshwork is unique in the sense that it potentially has both isotropic (direc-
tion independent) and anisotropic (direction dependent) characteristics. The way
the collagen lamellae are organized around the circumference is highly aligned
while the loosely packed matrix of the JCT is stochastic in organization. Further,
judging by the anatomical organization of the TM, it is inhomogeneous in toto
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although there may be certain localized regions where the material may be consid-
ered homogeneous. For example, flow across the TM has been recognized to be
segmental i.e. there are regions of high, low, and medium flow with marked differ-
ences in the expression of select matrix/matricellular proteins [47-53]. However,
whether there are intrinsic structural changes between these segments, and if these
vary with time, stimulus, disease are unknown. As such, cells aligned with the col-
lagen fibers may experience ‘contact guidance’ and experience static stretch. It is
been postulated that the aqueous system behaves like a mechanical pump [54, 55] to
produce cyclical strain that is capable of transferring cyclical stretch and compres-
sion to the tissue/cells/ECM. Thus the forces experienced by cells are both tangen-
tial and perpendicular to their alignment on matrix fibers/bundles. Combined with a
possible pulsatile motion, the tissue (cells & matrix) potentially thus experience
localized and bulk tensile and compressive loading. Such a property that defines the
negative of the ratio of transverse strain to corresponding axial strain is defined as
Poisson’s ratio (v) and is essentially constant for any given material. Isotropic mate-
rials have a Poisson’s ratio between —1.0 and 0.5. The Poisson’s ratio of most engi-
neering materials is typically 0.2 < v < 0.5, incompressible materials with elastic
deformations will have v = 0.5, while v = 0 demonstrates that there is no change in
transverse strain.

Combining all these attributes, the most commonly used term to define the
mechanical property of a biological tissue in the ocular field is elastic modulus often
referred to simply as ‘stiffness’. It is a measure of the tendency of a material to resist
deformation under stress (force applied per unit area). The ratio of stress to strain
(change in deformation per original length) when load is applied in plane is defined
as the Young’s modulus. The term Young’s modulus is true when a material’s prop-
erty is such that the relationship between stress and strain is linear. This is often not
the case for biological materials where the modulus varies with the amount and rate
of strain, and direction of loading. As such, tissue ‘stiffness’ is simply referred to as
elastic modulus/apparent elastic modulus/tensile modulus etc. depending on the
method used. That being said, measures of TM tissue stiffness cannot be taken as
absolute unless the methods by which samples are prepared, instrumentation/tech-
niques used, parameters applied for determination are all taken into consideration.
Nonetheless values reported in literature provide information on the differences
observed between homeostasis and disease to a reasonable extent.

Box 1 Definition of Basic Parameters

Elastic modulus: The modulus of elasticity or elastic modulus is the property
of a material that defines how deformable it is under various loads applied.
Elastic materials do not have a permanent irreversible change in structure and
behavior when a load is applied. The factors that describe the relation between
deformation and applied force are termed as ‘elastic constants’ and the modu-
lus is just one such constant. In biological science research, stiffness and elas-
tic modulus are often used interchangeable, and this has not been without
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controversy. However, in engineering context, stiffness refers to the force-
deformation relationship of the whole system, rather than an intrinsic prop-
erty of the material. The most commonly used parameter to define the
mechanical property of the trabecular meshwork is the elastic modulus, which
is defined as Young’s modulus. It must be noted that the Young’s modulus usu-
ally refers to the modulus determined by tensile testing and is defined as fol-
lows: For an isotropic material, when a uniaxial tensile stress is applied, the
initial slope, where a linear relationship exists between axial stress and axial
strain, is defined as the tensile modulus of elasticity or Young’s modulus (E)
i.e. E = o/e in units of N/m? or Pa. This linear relationship is also termed
Hooke’s law (Fig. 10.2).

Viscoelasticity: A number of materials have an elastic component and a
viscous component whose stress-strain relationship depends on ‘time’. It
must be noted that viscoelastic materials will return to their original shape
when the applied force is removed (elastic response) although with prolonged
time (viscous response) this will not occur. (Figure 10.2 shows difference
between elastic loading and viscoelastic loading also termed hysteresis). Cells
and tissues have viscoelastic properties with small perturbations at a cell
membrane eliciting an elastic response while larger forces eliminate this elas-
tic response.

Reported Mechanical Characterization
of the Trabecular Meshwork

Very few studies have actually evaluated the mechanical properties of trabecular
meshwork either in vitro or ex vivo. The most common parameter reported is the
elastic modulus; very little is known about the viscoelastic properties of the
TM. These measurements have been made directly and indirectly using a number of
techniques. To our knowledge, there are no studies that have reported any mechani-
cal characterization of the TM tissue in vivo. Further, the effects of drugs used to
lower IOP on TM biomechanics is largely lacking. However, recent studies comb-
ing imaging and computational methodologies hold great promise in accurately
characterizing the TM.

Human

The trabecular meshwork, while under constant circumferential stress, is also sub-
jected to compressive loading by dynamic remodeling of the extracellular matrix in
addition to modulation in cellular cytoskeletal dynamics. Atomic force microscopy
is an indentation technique used to determine the mechanical properties in a local-
ized environment and is thus suitable method for TM. Less than a decade ago, the
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Fig. 10.2 Tensile testing vs nanoindentation. A comparison of uniaxial tensile behavior of engi-
neering vs biological materials is illustrated. Biological materials are viscoelastic and exhibit hys-
teresis. Nanoindentation methods enable the determination of mechanical properties at a localized
area rather than the bulk of the material. General equations governing the definition of elastic
modulus are provided. F force; E elastic modulus; 6 indentation; R radius of spherical indenter;
half angle of cone; A area; v Poisson’s ratio of material; € strain; o stress

elastic modulus of the human TM, at the JCT side, was quantified using AFM [56].
This study was particular important as it the first to report that the apparent elastic
moduli of human TM isolated from glaucomatous donors was significantly greater
(~20 fold at ~80 kPa) than from normal donors (~4 kPa). There has been skepticism
with the manner in which the tissue was prepared and speculation that the cyanoac-
rylate glue used to adhere the sample may have resulted in an artifactually high
value. However, in the same study the authors demonstrate a large range of values
for the elastic modulus along the TM suggesting there may have some regional
variations. More recently, Vranka et al. [53], using AFM, demonstrated that the
elastic moduli of TM (JCT side) varied between the segmental flow regions with
mean values for low flow (LF) regions at ~7 kPa vs ~3 kPa for high flow (HF)
regions in normal TM obtained from 24 h ex vivo anterior segment perfusion cul-
tures at 1x pressure. Further, they demonstrated that with elevated pressure (2x) for
24 h in normal tissues, HF regions became softer (~1.3 kPa) while LF regions
appeared to become stiffer (~9.7 kPa). In a further recent follow up, Raghunathan
et al. [57] demonstrate that glaucomatous LF tissues have a mean elastic modulus of
~75 kPa while glaucomatous HF tissues were ~2 kPa. These two recent studies did
not use any glue as a mounting agent to adhere the TM tissue [58] and measured the
JCT side. These values are in agreement with those reported by Last et al. [56] for
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glaucomatous TM. In another study [59], using AFM, the elastic modulus of TM
from normal eyes was ~1.37 kPa while that of glaucomatous eyes was ~2.75 kPa
and observed no significant differences between HF or LF regions in either group;
here, the TM was not excised from the corneo-scleral wedge, thus the measure-
ments were likely performed away from the JCT and on the uveo/corneo-scleral side.

Using uni-axial tensile testing, the most commonly and traditionally used method
to determine tissue mechanical property, the tensile modulus of human TM from
both normal and glaucomatous donors has been reported. Camras et al. [60-62]
reported that the Young’s modulus of glaucomatous TM 51.5 MPa while that of
non-glaucomatous tissues was 12.5 MPa. Additionally, Camras et al. [60] also noted
substantial inhomogeneity, with variations in modulus in different segments within
the TM, implying the meshwork may exhibit segmental mechanics suggestive of
segmental outflow [49, 51, 63-66] although these were not investigated. Whilst
these values appear to contradict the findings of Last et al. [56], it is imperative to
understand that the methods used in the two studies are vastly different. Also, the
organization of fibrillar structural components in tissues can exhibit substantial
anisotropy, making tensile testing highly dependent on the orientation of the sam-
ple. All of these challenges are exemplified in the TM. Further, the elastic moduli
values reported depends on (i) the applied stress/strain, (ii) the hydration state, (iii)
time between tissue excision and measurement, (iv) alignment with the tissue grips,
(v) temperature, (vi) storage and bathing medium, and (vii) precise location/anat-
omy of tissue tested [67—70]. Any method used to determine the mechanical prop-
erty of soft tissues will have to simulate the native environment during testing. It is
likely that the contribution of the corneo-scleral portion of the meshwork is greater
with the tensile testing than that of JCT. Although, why the values reported for the
TM are significantly larger than values reported for scleral biomechanics are unclear.
A major factor with tensile measurements is the clamping force applied to hold the
tissue. In the case of the TM measurements, it is unclear what these were or how
they affect the moduli values reported. Also, tensile testing informs us of the bulk
properties of tissue and do not account for the individual contribution of cells versus
matrix components or the contribution from segmental regions.

Other methods have also been used to estimate the modulus of the TM, notably
by combining optical coherence tomography (OCT) images and engineering mod-
els. Johnson et al. [71] estimated the elastic modulus of the TM to be 128 kPa using
an analytical model of beam-bending under uniform load for a linearly elastic mate-
rial with simplified geometry and based on changes in TM and SC thickness.
Subsequently, using a nearly incompressible neo-Hookean solid model, Pant et al.
[72] estimate the elastic modulus for TM as 5.75 kPa by inverse finite element mod-
eling (FEM). In these above methods, the influence of TM compressibility was not
taken into account, although the values estimated by Pant et al. [72] are closer to
those reported using AFM by Last [56], Vranka [53], Raghunathan [57] and Wang
et al. [59]. Values obtained from FEM and AFM must be compared only with cau-
tion since the methods in which the load is applied are quite different (tension in
OCT imaging, vs compression in AFM). Interestingly, using inverse FEM, Wang
et al. [59] estimated normal TM modulus at 70 + 20 kPa and glaucomatous TM
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modulus at 97 + 19 kPa which is approximately 10-15 times greater than that esti-
mated by Pant et al. [72]. A major difference between these two studies are in how
the images were collected, analyzed, and thus used to create the mesh required for
FEM. Further, a major factor contributing to the discrepancy in the values in these
two studies is how the areas and thickness of Schlemm’s canal were factored.

Non-human Primate

The structure of the eye’s aqueous humor outflow system and its influence on IOP
have been studied in humans and animals for many years and continue to be inves-
tigated. Of the available animal models, experimental glaucoma (ExGl) in the non-
human primate (NHP), induced by subtotal laser photocoagulation of the trabecular
meshwork (TM), is considered the most predictive for drug efficacy in the human
[73]. Morphological and hydrodynamic data in this model suggest that fibrosis of
the TM and adjacent inner wall of Schlemm’s canal (SC) reduces the area for con-
ventional aqueous outflow, leading to decreased outflow facility, and elevated IOP
[74-78]. Furthermore, the classic arcuate mid-peripheral visual field losses observed
in human patients with primary open angle glaucoma (POAG) and elevated IOP
have also been observed in visual field testing of NHPs with ExGI [79]. Additional
evidence suggests that aqueous humor flow in eyes with ExGl is largely diverted to
the small unlasered area of TM, suggesting a capacity for this tissue to dynamically
compensate both structurally and functionally, accommodating the increased flow
[76]. However, very little is known about the mechanical properties of the NHP TM
and if there is any relevance to glaucoma. To the best of our knowledge, there is only
one study [80] that reports the elastic modulus in NHPs; mean elastic modulus as
determined by AFM was 3.3 + 0.32 kPa for control animals, while the unlasered
regions of TM in ExGI NHPs were approximately 300 Pa (0.30 kPa). This data sug-
gested dynamic compensation for chronic IOP elevation in ExGI and that a softer
TM promotes increased outflow, provided by the capacity for unlasered primate TM
cells in normal primate eyes to compensate for increased IOP and reduced overall
outflow from the eye by altering the composition and subsequent mechanical prop-
erties of the matrix in the JCT region. However, a principal limitation of that inves-
tigation is the lack of knowledge as to the mechanism of action or class of the
topical agents previously administered to these NHPs, as well as the need for spo-
radic to frequent treatment to manage excessively high IOP in eyes with ExGI.

Mice

Mice are extensively used to study pathophysiology of the TM due to their ease of
genetic manipulation, ability to administer treatments, and similarity of the conven-
tional outflow pathway with humans. However mechanical characterization of
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rodent TM, although much sought after, has been quite challenging to perform, and
as such only a couple of studies have reported the elastic modulus of the mouse TM
using various methods. The first report was by Li et al. [81] combining spectral
domain OCT images and mathematical modeling. They made the following assump-
tions for these measurements: that a decrease in Schlemm’s canal lumen was by TM
deformation, that there was change in the width of SC, that pressure inside SC
lumen was independent of IOP, and that TM was linearly elastic. The elastic modu-
lus was reported as 2.16 kPa in control eyes and 3.46 or 5.01 kPa in BMP2 overex-
pressing eyes (as a model for ocular hypertension) after 7 or 10 days respectively. It
is important to note that the parameters used for mathematical modeling were iden-
tical for all mice across the groups, and thus differences in anatomical and pressure
parameters between animals or regional variations were not considered.

More recently, Wang et al. [82] measured TM modulus in 10-20 pm thick sagit-
tal cryosections after whole globe perfusions. They compared two freezing tech-
niques one with a cryoprotectant (15% glycerol) and one without. In this initial
study, the authors found no correlation between outflow facility and TM modulus in
5 eyes (C57BL/6J) whose TM were frozen with a cryoprotectant or in 11 eyes
(CBA/]) whose TM were frozen without cryoprotectant. The elastic modulus of the
TM in cryosections obtained with cryoprotectant was 3.22 + 1.84 kPa while those
without cryoprotectant was 3.84 + 3.37 kPa. Segmental flow observations were not
taken into account in this study. In a follow up study, Wang et al. [83] report that TM
modulus from 18 C57BL/6] mice was 2.20 + 1.12 kPa vs 3.08 + 3.55 kPa in 10
CBA/J mice. Further, they demonstrated that TM modulus was 2.38 + 1.31 kPa in
mice treated with dexamethasone for 14 days vs 1.99 + 0.91 kPa in vehicle control
mice. For the first time, this study report a small but significant correlation between
TM modulus and outflow resistance but not IOP with dexamethasone treatment
using two strains (C57BL/6J and CBA/J) of mice. This is especially important con-
sidering mechanical properties were first suggested to impact the resistance to aque-
ous outflow. Although rehydrated frozen sections have been used for AFM but
non-ocular investigators, this is not without limitation. Whether such freeze-thaw
cycles alters GAG content that contribute to tissue compression resistance were not
reported or discussed.

Rabbit

Using AFM, we reported that the elastic modulus of the TM (JCT side) in adult New
Zealand white rabbits as 1.03 + 0.55 kPa and that its modulus was elevated threefold
to 3.89 = 2.55 kPa with 3 weeks of 0.1% (w/v) topical dexamethasone treatment
in vivo. In our study irrespective of any measured change in IOP, a change in the
mechanical property of the TM was observed. Long-term consequences of steroid
administration on IOP changes or TM biomechanics in rabbits were not determined,
although steroid induced IOP elevation in humans and mice have been reported
[84, 85].
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Rat

Huang et al. [86] report a method of estimating the elastic modulus of the TM in rat
eyes. This involved perfusion of the eyes with Evans blue (a non-specific tracer to
the TM), flat mounting the anterior segments, subsequently measuring indentation
on the uveal side of the TM by AFM to estimate elastic modulus, and finally using
the indentation values with a mathematical model for non-Hookean materials to
verify the moduli measurements. The geometric mean elastic modulus of the TM
was reported as 162 + 1.2 Pa.

Porcine

Elastic modulus of the porcine TM has been evaluated both by AFM and tensile
testing. Camras et al. [60, 62] reported the tensile elastic modulus of porcine TM as
2.49 MPa, while Yuan et al. [87] reported the indentation modulus by AFM as
1.38 kPa.

Considerations While Interpreting AFM
Moduli Measurements

Sample preparation: Preparation of biological samples is crucial in biomechanical
characterization. One of the major advantages of using AFM is that the tissue
needn’t be fixed or dehydrated and can be characterized in a biomimetic environ-
ment without the need for fixation or dehydration. The most common method to
immobilize biological samples is by using cyanoacrylate or fibrin based glues that
can potentially introduce artifacts [88, 89]. For very small samples, Cell-Tak or
poly-L-lysine may be used. While minimizing the amount glue to minimize errors
or discarding artifactual data are feasible, it is preferred that sample preparation is
objective and controlled. This problem is increasingly being recognized and glue-
free methods are being developed [58, 90]. Similarly, avoiding freeze-thaw of tis-
sues to prevent alterations in tissue composition should be preferred.

Anatomical location: This is undoubtedly an important consideration while per-
forming AFM on TM. The TM is defined by 3 major regions: uveo-scleral mesh-
work, corneo-scleral meshwork, JCT and cribiform plexus. Thus whether
measurements are performed on the JCT side or the uveal-/corneo-scleral side is
critical. Further, how the cells differ in each region and what their contribution to
mechanics is poorly defined. Depending on the region of the TM, cells may either
form sheets covering ECM structures or they may be scattered throughout the ECM
forming occasional gap and adherens junctions. Elastic fibers in the TM have a cir-
cumferential alignment, yet the JCT is loosely organized with large open spaces.
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Segmental flow regions of the TM also ought to be considered while performing
experiments.

Hydration medium: Tissues are hydrated in vivo and thus have to be adequately
and appropriately hydrated while performing AFM. Physiological buffer like phos-
phate buffered saline or Hank’s balanced salt solution with divalent salts (Ca*"/
Mg?*) will minimize electrostatic interactions and osmotic pressure, and prevent
potential swelling artifacts.

Cantilever considerations: Since AFM is dependent on deflection of a cantilever;
the choice of appropriate cantilever stiffness (spring constant) should be matched
with the sample stiffness. i.e. if a stiff cantilever is used to measure a sample softer
by orders of magnitude, large deformations would not lead to detectable cantilever
deflection. At the same time, the spring constant cannot be too small such that drag
force due to motion through the buffer generates appreciable deflection. Further, the
osmolarity and viscosity of the medium being used to perform the measurements
are important to consider as they can influence cantilever deflection. In addition,
prior to every experiment, it is important to calibrate the spring constant and optical
sensitivity of the cantilever. For all samples, optimal parameters for approach veloc-
ity and indentation depth have to be kept consistent. When using elastic approxima-
tions for viscoelastic tissues, approach velocity of the cantilever must be carefully
controlled.

Indenter shape and depth: This is a critical factor while obtaining force versus
indentation curves for AFM analysis. The models used to fit force versus indenta-
tion curves are geometry specific: rigid cone, sphere, or flat cylinder [91, 92]. If
cantilevers are modified with a sphere, the diameter of the sphere factors heavily in
indentation depth and subsequent analysis of elastic modulus [93-96]. For thin
samples such as tissues or cell derived matrices, it is essential to consider the influ-
ence of the underlying substrate, which is typically far stiffer. To mitigate substrate
effects the general rule is to limit the indentation depth to approximately 10% of the
total sample thickness [97, 98]. Further, due to the viscoelastic nature of biological
tissues, the velocity of indentation is critical while performing measurements.

A Brief Glimpse on the Cellular Consequences or
Mechanobiology of the Trabecular Meshwork

Besides using genetic or ocular hypertension models by steroid administration,
most of our understanding of TM biology including the study of cell signaling path-
ways come from traditional cell culture of primary human TM cells isolated from
whole eye globes or corneo-scleral rims on rigid non-physiological polystyrene/
tissue culture plastic (TCP) or glass bottom dishes. These surfaces have elastic mod-
uli of the order of >1 GPa which is several orders of magnitude greater than what
TM cells sense in the native environment, are generally topographically flat com-
pared to a topographic rich ECM in vivo, chemically devoid of functional heteroge-
neity unlike the TM tissue. An overwhelmingly large body of literature document
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the biology of cells are vastly different when presented with relevant substratum
biophysical properties (stiffness, topography, chemical and physical heterogeneity,
porosity) in vitro [99, 100]. It is thus evident that TCP dishes do not provide the
necessary cues that may be essential to dictate cell fate.

Considering just one factor, substrate rigidity, a number of studies have demon-
strated that TM cells respond differentially in the presence or absence of a number
of soluble factors when cultured on hydrogels of biomimetic elastic modulus. For
example, Schlunck et al. [101] demonstrated that cell spreading and focal adhesion
size, FAK activation, serum-induced ERK phosphorylation, expression and recruit-
ment of xSMA to stress fibers and all increased with substrate rigidity. They further
demonstrated that the morphology of fibronectin deposits differed on the various
matrices. Interestingly, elevated amounts of myociling and aB-crystallin were
observed on softer gels. Subsequently, Han et al. [102] further showed that with
increasing substratum rigidity and TGFpstimulus, protein expression (collagen VI,
aSMA, fibronectin etc) similar to that reported in primary open-angle glaucoma
was observed and partially mediated via non-Smad signaling (ERK, AKT, or PI3K).
We previously showed that an increase in substrate stiffness increases secreted friz-
zled related protein 1 (SFRP1, a potent antagonist of the Wnt pathway [103])
expression level in HTM cells [104]. SFRP increases with senescence, with steroid
treatment in HTM cells, and can actually increase senescence in these cells [105].
Using glass/plastic surfaces increases in TM cell stiffness have been observed with
dexamethasone treatment, Wnt inhibition (both canonical and non-canonical), or
with replicative senescence [106—108]. The modulatory effects of Wnt signaling in
cells cultured on substrates of varying rigidity are yet to be evaluated.

In other studies, Wood et al. [109], Thomasy et al. [110, 111] demonstrate that
substratumrigidity modulates TM cell response to actin disruption (by Latrunculin-B)
partially via mechanotransducers YAP and YAZ. Cells on softer substrates demon-
strated lower cell proliferation and attachment. Further data from these studies dem-
onstrated that TM cells cultured on hydrogels of normal or glaucomatous tissue
stiffness responded differently to Latrunculin-B treatment in comparison with when
cultured on TCP; notably decreases in ECM protein expression, and lower cellular
responses to mechanotransducers when treated with Lat-B were observed on softer
gels. McKee et al. [112] demonstrated that primary HTM cells adhered to stiffer
substrates were significantly more responsive to Lat-B suggesting that the effects of
Lat-B treatment would be most pronounced in glaucomatous eyes with a stiffer
HTM. They also show a rebound effect on HTM cell stiffness as the actin cytoskel-
eton was reforming after the Lat-B treatment. Considering a number of cytoskeletal
modulators are in clinical trial for IOP reduction, there is a possibility that a number
of drugs may be inadvertently considered ineffective because pre-clinical tests were
performed on irrelevant substrates.

Other biomechanical stimuli such as stretch (due to anisotropy of the ECM, or
dynamic strain due to pulsatile motion) also have profound effects on TM cell
behaviors. Static stretch, due to anisotropy of or underlying substrates, was suffi-
cient to increase myocilin and versican expression in TM cells in a size dependent
manner [113]. Non-topographic static stretch was shown to elevate aquaporin-1
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levels and inversely correlated with lactate dehydrogenase release suggesting a pos-
sible role in cytoprotection [114]. From non-ocular systems it is evident that both
cyclic and static strain modulate mechanosensors (integrins and focal adhesion
complexes) differentially to effect a plethora a signaling cascades downstream.
Similarly, in the context of TM cell culture in vitro, dynamic stretch elicited by
cyclic strain has been shown to affect a myriad of cellular function and gene/protein
expression. Again, not all genes/proteins are modulated in a similar or expected
manner. Cyclic stain, on the other hand, has been shown to alter the actin cytoskel-
eton, transiently decrease aB-crystallin, significantly increase both secretion and
transcription of IL-6, elevated production of metalloproteinase-2 (MMP-2),
MMP-14 and tissue inhibitor of metalloproteinase-1 (TIMP-1) but not MMP9 or
TIMP-2, increased extracellular secretion of ATP and adenosine, increased phos-
phorylation of protein kinase B, elevated expression of vertebrate lonesome kinase,
secretion of autotaxin, and modulate mTOR signaling/autophagy to name a few
[115-126]. Such phenomena are not unique to the TM and are prevalent in almost
every tissue/disease model. Whether substratum stiffness plays a role in stretch
mediated cellular outcomes remains to be seen. Despite all these, studies are contin-
ued to be performed on 2D surfaces with artificial chemistry. In an attempt to move
towards a biomimetic approach, our lab and others have begun to move towards the
use of 3D scaffolds or cell derived matrices to evaluate TM behavior [57, 108, 127—
129]. Such models have been used to both evaluate the effects of drugs [129] or to
simply demonstrate that pathologic matrices are capable to driving healthy cells
towards a glaucomatous phenotype [57].

Summary

The overview presented here is by no means exhaustive, but is meant to demonstrate
the complexities and differences in quantifying TM mechanics and how it influ-
ences their biology. Changes in mechanics by themselves are insufficient to under-
stand the fundamental question: what drives outflow resistance and how this
regulates subsequent elevated intraocular pressure? It would appear from the exist-
ing knowledge that a better means to integrate the biomechanics with the cell biol-
ogy concurrent with sophisticated tools to dissect the signal transduction pathways
as it pertains to cytoskeleton/ECM/tissue remodeling would be ideal. Recent
advances in multi-photon microscopy and second harmonic imaging capabilities are
capable of providing high resolution spatial distribution of cellular and extracellular
structures and proteins. Particularly, they are useful to resolve the associations
between tissue architecture, cells and ECM proteins [130—132]. In addition to static
imaging, dynamic motion of the TM has recently been imaged by phase-sensitive
optical coherence tomography [55] allowing for live visualization of TM in vivo.
When all the data from various techniques are integrated, they can then be used for
predictive mathematical modeling in silico. Computational modeling of TM behav-
ior will provide valuable information to predict the effects of drugs that alter



10 Biomechanical Properties of the Trabecular Meshwork in Aqueous Humor Outflow... 161

aqueous humor drainage and regulation of IOP restricting the number of animal
studies that may be required for drug development.
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