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SUMMARY

Glaucoma is the second leading cause of blindié®sever the precise mechanisms
leading to vision losm thisgroup ofdiseaseremain unknown. Increadéntraocular
pressure (IOP) has been recognized as the most important risk dactdowering IOP is
currently the only effective treatment for glaucorbafortunatelypressure lowering
usually only slovs progression and @snot cure the diseaskterestingly, he
mechanical properties diietrabecular meshwork (TM)ave been suggested to differ
significantly betweemglaucomatougyesversus unaffected eyes.i§hs important
because the TMrovides major resistance to the conventional outflow of @ggieumor
and thushas a major influence on IOP. dbbjective of this work is to devel@pmputer
modelingand experimentabols to characterez TM stiffness in situ fonumanand
mouse eyesandto evaluatethe role ofmechanical properties of TM influencinglOP

acrosdifferentconditions

We developed an inverse finite element method to estimate TM stiffnéssected
anterior wedges from 6 normal abdjlaucomatous human ey@scombination with
optical coherence tomography (Odmaging The results obtained from this method
were also compared to direct measurements using atomic force microscopy (AFM). We
showed that TM stiffness was higher, but only modestly so, in glaucomatous patients.
Interestingly, aitflow resistanceén both normabknd glaucomatous human eyes appear
to positively correlatavith TM stiffness.We then went on tetudy TM in mice, first

developng a cryosectiorbased AFM technique to localize and directly measure

compressive Youngo6s asgdficahtearelasidn beinden TWe f o un

XX



stiffness and outflow resistance in wilgbe mice. Furthenyve found thatocal DEX
treatmenbf eyesin live mice can induchigher IOP and that aignificantcorrelation

between TM stiffness and outflow resistance also esistDEX-treated mice.

Together these findings suggest thit stiffnessis a surrogate marker for
convenional outflow pathway functiorilhis work motivates development of therapies
alter TM stiffness, otthefactors underlying TM biomechanical properggulation as

potentialnovelalternative treatmesafor control of ocular hypertension glaucoma

XXi



CHAPTER 1. INTRODUCTION

Part of thischapter(Sectiors 1.4-1.6)is based on a published journal paper. Citation:
Wang K, Read AT, Sulchek T, et alrabecular meshwork stiffness in glaucoma

Experimental Eye Resear2017, Vol158, 312. doi: 10.1016/j.exer.2016.07.011

1.1 Anatomy of the Eye

The mammalianye is a slightly asymmetrical glolergelyfilled with a cleargel
called the vitreoubumor(Figure 1.1). Light passeshrough the pupidnd lendo reach
the back of the eye. The retima(tainingspeciaizedlight-sensing cefl) converts
incominglight into action potentials that are carriedthy optic nerve to theisual

cortexto generate vision.

Theoverallshape of the eye is maintaineditgyrelatively stiffenvelope, the soalled
cornecclera shell,and the intraodar pressure (IOP). The IOP is generated and
maintained via the aqueous humor circulation system in the anterior part of the eye,
which is divided into two chambers by the jm@amelythe anterior and posterior
chambes (Figure 1.2). The agueous huma a transparent fluid (98% watdhat is
secreted by the ciliary body into the posterior chamaban approximately constant rate
and then flow into the anterior chraber througtthe pupil. It thenexits the eye through
the secalledoutflow pathwayto return to the systemic circulation. There are two main
outflow pathways, namely the conventional and unconventional outflow pathways

(arrows inFigure 1.2).



In theconventionalor trabecularoutflow pathway, agueous humor floébsougha
porous tissue called trabecular meshwork (TéersSc h | e mmé s ¢ thena | (SC)
drains intothe episcleral veingn the unconventionabr uveoscleraloutflow pathway,
the aqueous humentersthe ciliary muscle and reaebthevortex veinsor permeates
across the scleffd]. The majority of aqueous humor outfl@gcursthrough the
conventional pathwayvhich is theprimarypathway relevant to IOP maintenangeler
normal circumstancgd]. Thebulk of the flowresistance provided by this pathway is
thought to be located at TM and SC endothelj@m], and thus these tissues have a
major role in the control of IOP. As suchely are a major focus of research efforts in

multiple labs around the world.

Human eye

Ciliary
muscle

Aqueous
humor

Ciliary muscle

Figure 1.1: Schematic diagrams oftrosssections ofhuman (top) and mouse eyes
(bottom). Reproduced from Veleri et al. 20155].



Trabecular

/— meshwork

Schlemm'’s canal

Ligamentous
insertions
of the ciliary
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Figure 1.2: Schematic diagram of the agueous humor circulatiof6]. The aqueous
humor is produced in the ciliary processes, flows into the anterior chamber through
the pupil and exits the anterior chamber viaeither the trabecular or unconventional

pathways.

1.2 Mouse Eyes vs. Human Eyes

Mice areimportant animal model®f eyerelated researglin partbecause their eyes

share similarities with human eyes in both anatomy and funét@mrexample, gvious

studies have shown that tbenventionabutflow pathwayof mouse eyes resembléat

of primate eyes in both theiraN-developed continuous SC and lamellated TM, iand

their network ofelastic fibers which tether the TM and SC inner waltheciliary

muscle tendonf/]. In both humasand micethe trabecular beams exhibit a central core

of collagen oriented parallel withe long axis of the beam. A layer of basal lamina



material surroudsthe core on all sideslsually adjacent trabecular beams are separated
by a space about the same width as the beams. The spaces get quite narrow in the region

directly adjacent to SC.

On the other hand, there are differesioetween mouse and human eyasaddition
to size.(1) The interior of the mouse eye is mgsiccupied by the leng-{gure 1.1,
bottorm) and here is no macula lutea or lamina cribrosthe mouseeye.(2) Thenumber
of trabecular beans are also different. In mice, there-drarerior and -0 posterior
trabecular beams, whigeabout 1/3° 1/2 the number in human ey 9]. (3) Further,
in mice iris processesanattact o t he ter mi nation of Desceme

Schwal beds | ine, theahumanéyg8l.s rarely seen in

Functionally, mouse eyes are similar to human eyes, in that they haeteatable
washout while all other species studied to date show washoutdépendent outflow
facility increasewith perfusion [10]. Further mouse eyes adhe C57BL/6 strain respond
to all conventional outflow active drugs tested to date (includptangosinel-
phosphat€¢S1P) and PEEPsreceptor agoni¥in a similar manner as for human eyes
[11]. Specifically,S1P decrea&soutflow facility in mouse eyes by 39%nd PGEPs
causes a facility increase of 106% in mibeth ofwhich areconsistentvith previous

repatsin human eyefl?2, 13].



1.3 Glaucoma

1.3.1 Pathophysiology

Glaucoma is the second most common cause of blindness worldwide. It is
characterized by damage to the optic nerve (composed primarily of retinal ganglion cell
axons), which transmits visual information from the retina to the brain. Unfortunately,
optic neve damagén glaucomacauses irreversible vison loss. Elevated intraocular
pressure (IOP) is one of the most important risk factors for glaugb#hdt is caused by
an increasedutflow resistance (or decreased outflaeifity) to drainage of aqueous
humor (AH) via the saalled caventional outflow pathwagFigure 1.2). Asexplained
in greater detail in &tion 1.3, this increasedsistance is thought to be due to changes in
the trabecul ar meshwork and/or inner wall

drainage of aqueous humor.

1.3.2 Treatments for Glaucoma

The goal of current treatments for glaucoma is to preserve vision bgimgd®P to a
target value, using either medication or surgery. Common classes of medications used to
lower I0P include prostaglandin analogues (to increase unconventional aqueous humor
drainage), betadrenergic blockers (to reduce aqueous humor proayctipha
adrenergic agonists (to reduce aqueous humor production, mithoaincrease in
outflow) and cholinergic agonists (to increase conventional aqueous humor outflow).
However, these drugs can have both local and systemic adverse[@fgctisch as

ocular irritation and dry eye. Thus, some of these drugs are contraindicated, e.g. beta



adrenergic blockers are inappropriate for patients with diseases like chronic pulmonary

obstruction or asthma.

Surgically, laser trabeculoplasty is widely usedawer IOP by inducing biological
changes in the trabecular meshwork (Th}pulting in increased aqueous outflow.
Additionally, trabeculectomy is a commonly performed incisional surgical procedure that
reduces IOP by excising a small portion of the ThMdjacent corneoscleral tissue to
provide an alternate drainage route for aqueous humor. However, all of those treatments
usually only slow progression and do not cure the disease. The pathobiology of elevated
IOP in glaucoma is still poorly understood ahd factors contributing to its progression
have not been fully characterized. Thus, there is a pressing need for deeper knowledge of
mechanismshat influencdOP in health and diseas® as to develop new treatment

strategies.

1.4 The Trabecular Meshwork (TM)

The TM can be divided into three parts according to tissue ultrastructure: the uveal
meshwork, the corneoscleral meshwork and the juxtacanalicular connective tissue (JCT,
also known aghe cribriform meshworkizigure 1.3). The wealmeshwork is the layer
closest to the anterior chamber. It is formed by connective tisgaadedrom the iris
and ciliary body. The intercellular spaces in tieigionare relately large so that it
provides little resistance to the outflow of aqueous humor. The layer adjacent to the uveal
meshwork is the corneoscleral meshwork. This layer is composed of laaradlae
perforated platesovered by TM cefl standing on a besyentmembrang6]. The

intercellular spaces in the corneoscleral meshwork are narrower than that in the uveal



meshwork, although still ndhought to besmall enough to contribute the major
resistance to the aqueous humor outflow. The JCT, whigtirext conact with the

inner wall of endothelium of SC, is an amorphous layer consisting of cells interspersed
amongst ECM. It has the smallest flow passageways in the TM, and thus it has been
suggested to be the major site providing resistance to outflow withifMHe, 16].

The lamellae or beanand platesn the uveal and corneoscleral meshwork are
covered by TM cells. TM cells are similar to endothelial dellsome ways, but also
demonstrate additional phenotypical featusesh as phgocytosis, migradn and
contractility[17]. The main components of ECM in the TM are collagens, elastin,
proteoglyans and glycoproteirjd8-21] and they provide the scaffold for TM cells to
reside on and also interact with the céllmre specificallythe stroma of theeamsn
the uveal and corneoscleral meshwexkibits typical collagen fibrilétype | and I1I)
elastic fibers and microfibril sheatterived (SD) materid[18]. Additionally, the
basement membrane proteins, type IV collagen and laminin, and basement membrane

proteoglycans have been identified in the JCT ref2@h
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Figure 1.3: Schematic diagram of the TM.The arrows indicate the direction ofthe

aqueous humorflow, fr om t he anterior cha(@®BeThe t owar
different regions of the TM are the uveal meshworkthe corneoscleral meshwork

and the juxtacanalicular (or cribriform ) meshwork. Resistance to aqueous humor

flow increasesprogressively from the anterior chamber toSC as intercellular spaces

narrow (reproduced from Textbook of Glaucoma. 3rd ed. Baltimore: Williams &

Wilkins; 1992).

The resistance provided by the TMoigantifiedby the outflow facility which is the
mathemécal inverse of theutflow resistanceOutflow facility f, is definedby the

standardsol dmanndés equati on:

E
ey v &

where [t is totalaqueous humasutflow rate, |F, is the unconventional outflow ratend
EVP is episcleral venous pressuBeo | d manndés equation simply s
facility is the flow rate of aqueous humor through the trabecular meshwork divided by the

pressure drop across tlpathway.



In normal humareyes, thetypical EVP is approximately-B mmHg[23] and IOP
ranges from 1420 mmHg[24], which resuls ina pressurdifferenceacross the
trabecular outflow pathwagf around 8 mmHgThe aqueous humor is produced at an
average rate of 2.75 pl/m[25 and normal outflow facility is around 0.23 pl/mimmHg
[26, 27]. Thepercentage afinconventionabutflow of aqueous humor rangesrin 0
62% of total outflowdepending on measurement approaches (direct or indirect) and age

[2g].

1.4.1 TM Siffness

There are severabsenations which suggeshat TM stiffness may be important in
ocular hypertension associateidh glaucoma. For emple, pharmacologic modulation
of TM cell actomyosin tone has a significant effect on outflow fadi#§]. Further,
using direct measurements of TM biomechanicaperties, Last et al. (2011) reported
that the compressive stiffnesETM was 20 times greater in post mortem glaucomatous
humaneyes corpared to ostensibly healthy e\|[@§]. These findings have motivated

to studyhow TM stiffness and fluid flowesistance are interrelated

Stiffness is a measure of the tendency of a material to resist deformation when it is
loaded, i.e. when a force is applied tdliere are many types of forces acting on tissue,
including forceghatpull or push perpendiculdo the tissue surfaced. tensle forces or
compressive forces) andestn forces which are parallel to the surfatieose forces can
apply stresgunit: Pascalson the tissugdefined as the force (unit: Newtons, N)
normalizedby the area over which #cts.Tissuestiffnesscan beformaly quantified

throughthe elastic moduluswhich is the magnitude of a stress divided by the strain



(deformation) induced by the stressor e speci fically, Youngos e
describes the resistance to compressivension forces while shear elastic modulus

describes the resistance to shear forces.

In the simplest case, strgin quantifying the extent of tissue deformatiaylefined

by

BT R ' NS P
< vvog| syglsd]

Similarly, the load is quantified through the stress,
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A measure of tissue st ifdefineglass i s then Youn
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Here we explicitly note that the stress depends on the strain; in fact, for soft tissues,
this dependence isusuallynrbnn near so t hat Youngés modul us
but one that varies with the strain. In this case, we can describe tissuesstlffy an
effective Youngbés modulus, or more simply,
comparison of stiffness values from different studies is strictly only valid when the extent

of tissue deformatiors comparable between studies.

In additiontot he magni tude of strain, the effectdi
typically depends on a number of other factors, including how the external force is

applied (i.e. direction, rate of application) and whether the tissue is in tension or

1C



compression.rhportantly for any discussion of TM stiffness, it should be noted that soft
tissues are much softer when they are loaded in compression vs. when they are loaded in

tension.

Takingallt he above into consideration, the act
modulus should be interpreted as a general indication of tissue stiffness that may not be
relevant in all situations. More realistic descriptions of tissue biomechanical behavior
requre more complex formulations that are beyond the scope ahtsss[31, 32].

Nonetheless, measured modulus values are still usieftdthey can be used for relagiv
comparisons of tissue stiffness between samples (e.g. normal vs. glaucomatous) if the

testing conditions are identical between samples.

1.4.2 Tissue Constituents Contributing to Thiffaess

In general, tissue stiffness depends on both cells and extraceiktiax (ECM), and
it is important to note thdhese two components interact in multiple ways in all tissues.
Notably, in addition to matricellular signaling pathways and modification of the matrix
by the resident cells, it is well known that cells dingsténse and respond to the stiffness
and topography of their underlying substf&@8 36]. For example, fibroblasts change
their internal stiffness to try to match that of a stiffer substrate by enhancing actin
polymerization and crodmking [37]. Similarly, airway smooth muscle cells increase
their baseline contractile tone in response to increased substrate shffngsegulating

their contractile protein expressifsg].

Accordingly, we expect the stiffness of human TM to depend in a complex fashion on

the resident TM cells, the ECMInd the interactions between the §88-43]. It is known
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that TM cells are contractilgl4] and that elevated didw resistance can be partly due to

an increase in TM ton@5]. Further, TM cell contraction can direct ECM reorganization,

and thus it has been hypothesized that the increased contraction state of TM cells in

POAG might be associated with a stiffer T¥P]. Additionally, it is suggested that

stiffness changes in the ECM of TM may in turn induce alterations in theameah

properties of the TM cell itse|B0]. The biomechanical interaction between cells and

ECM, and the likely modulation of this interaction in disease, make it difficult to

Acl eanl yo determine the relative contribut

and stiffness changes.

1.5 Measurements of TM Siffness in Different Species

1.5.1 Human

The stiffness of human TM has been determined directly and indirectly in several
studies. There are currently two approaches for direct measurement: compression
(indentation) testing and tensile testing. In view of the DiscussiSection 14.1,
modulusvalues obtained from these two techniques are not expected to be of comparable
magnitudes. Atomic force microscopy (AFM) is an example of a compressive testing
modality, with the details of the cellular deformation field depending strongly on factors

suchas cantilever tip geometry and indentation d¢pé.

In an important early study, the compressive modulus of human TM was measured
using AFM by Last et al. (2011). They found that TM stiffness was 20 times greater in
glaucomatous eyes compared to normal eyes (glaucomatous eyes: mean, 80.8 kPa, range,

0.57 565.3 kPa; normal eyes: mean, 4.0 kPa, rangd, 0(bkPa). However, in this
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study, measurements were performed on excised TM, which may affect stiffoedsr
example to the loss of ciliary muscle attachments and tension. Furthermore, it was
possible lhat the cyanoacrylate glue, used to secure the tissue for AFM, may have
affected the measuremeis-49]. Most importantly, and relevant to the interpretation
of all measurements on human glaucomatous TM sangrkstfie possible confounding
effects of glaucoma medications. Post mortem glaucomatous donor egesrhast
inevitably been treated with outflow dru@ie increasainconventionabutflow and/or
suppres®H production), and the longerm effects of these drugs on TM stiffnesisher
to stiffen or softerthe TM, is unknown but potentially significant dte e.g. sustained
underperfusion of the TMas secondary effects pfostaglandinsr betablockers
Previous studies have shown thedgtaglandis led to loss oECM components from the
cribriform region and disconnection of the TM cells from the E@Mich may softerthe
TM [50Q]. Further timolol, a type of betdlocker,induced degeneration of TM
endothelium in some regionshich would presumably soften the Tihile in other
areasthe TM was desified and collapsed with accumulation of pigment granulesmwith
TM cells[51], which would presumably increase TM stiffneBsus, we must bear in
mind the possibility that any reported stiffness alterations in glaucomakdusuld be
epiphenomenon unrelated to the pathogenesis of glaucoma per se, underscoring the
importance of making similar measurements in animal models so as to potentially

uncover mechanistic links between TM stiffness and outflow resistance.

Camras et a[52, 53] subsequently measured the tensile stiffness of both normal and
gl aucomatous human TM via wuniaxi allust ensi on

of glaucomatous TM was approximately efifeéh that of normal TM, contradicting Last
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et al.6és (2011) results. A partial expl ana
different modes of testing used (tensile vs compressive). Additionally,atifféssue
structures were involved in those two stud
JCT and inner wall of SC was primarily mea
was likely determined primarily by the corneoscleral portion offiie since it makes up

the majority of TM volume. It is also notable that the stiffness values reported by Camras

et al. were extremely large (many times stiffer than sclera), which is hard to understand

and to reconcile with experience gained from direahipulation of the very soft TM.

Turning now to indirect methods, Johnson et al. (2015) used an analytical beam
bending model to obtain an estimate of TM stiffness. They visualized in vivo changes in
TM and SC thickness by optical coherence tomograpig/Tj@s IOP was increased, and
then used this information to estimate the elastic modulus of the TM. They calculated an
average elastic modulus for the human TM of 128 kPa, a value between that measured by
Last et al. and Camras al. Another recently puldhed papef54] proposed a new
theoretical framework for mechanical analysis of the TM, asserting the meshwork to be
anisotropic and significantlyiffer in the circumferential direction compared to the
transverse directiorfhis model demonstrated that large discrejein the reported

Youngd6s modul hedue to the ahisbtrapyobithedissue.

Because the inner wall of SC is potentiallypiontant in determining outflow
resistance, the stiffness of SC endothelial (SCE) cells has also been specifically
investigated. Overby et §b5] measured the stiffness of both the cortical and subcortical
components of the cytoskeleton by AFM in cultured SCE cells. Impbytéme stiffness

of SCE cells from glaucomatous human eyes was found to be higher than those from
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healthy eyes using a 40n AFM tip (glaucomatous eyes: mean + SEM, 1.24 + 0.11 kPa;
normal eyes: 0.79 + 0.10 kPa). One possible explanation for this findigdpe that the

ECM underlying SCE cells is stiffer in the glaucomatous TM vs normal eyes, since as
noted above, the mechanical properties of
[37, 56]. In fact, Overby et al. (2014) investigated the influence of substrate stiffness on
SC cells using AFM ahoptical magnetic twisting cytometry, and discovered that both
normal and glaucomatous SC cells stiffen in response to increasingly stiffer substrates.
More interestingly, glaucomatous SC cells exhibited higher degree of stiffening than
normal SC cells. fiey also examined the expression of genes related to ECM remodeling
and found that DCN and BMP4 had lower expression in glaucomatous SC cells
compared to normal SC cells, but that DCN and CTGF were stronglguated by
increased substrate stiffnesglaucomatous SC cells. This confirms that substrate
stiffness affects SCE cell behavior, which may in turn lead to changes in SCE cell

stiffness.

1.5.2 Nonhuman primates

A recent study measured TM stiffness in laseluced experimental glaucoma monkeys
and doserved softening dhe unlaseredarts of theTM compared to untreated controls
[57]. Those data suggest that a compensat@ghanismmay exist inthe TM, wherbey
unlaseredostensibly uninjuredTM may adaptivelysoften to increasdocal outflow in
respomseto increased IORfter laserdamage Combired with the findings observed in
human eyes, it maye the casthat this compensatory mechanissomehow impagdin

human glaucoma patients.
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1.5.3 Pigs

Porcine TM stiffness has been investigated by both compressive and tensile testing.
The average compressive modulus was found to be 1.38 kPa, as measured [BgJAFM
However, the tensile stiffness reported by Camras g52159] was 2490 kPa, whicls
three orders of magnitude higher than the compressive modulus. The huge discrepancy
may again b@artly due to different measurement techniques used; however, as was the
case for human tissue, the TM stiffnesses measured by tensile testing were surprisingly

large.

1.5.4 Rabbits

The mean (x SD) stiffness of rabbit TM was measured by AFM as 1.03 + 0.55 kPa
[60]. Unfortunately, no detailed description of AFM measurement was provided in this
study, such as tissue preparatprotocoland measurement locations (e.g. which part of
the TM was indented). The same study reported that after topical administratio®of 0.1
dexamethasone (DEX) in vivo for 3 weeks, the elastic modulus of TMs intdaxed
eyes was 3.89 + 2.55 kPa, which was significantly larger than that in control eyes. This is
particularly interesting in view of the known tendency of DEX to increasaaotiar

pressurg61l, 62].

1.5.5 Rats

TM stiffness was measured in rats using AFM by Huang €83l. In their stualy,
Evans blue dye was perfused into the eye before measurement to help locate the TM. The

anterior segment was then dissected anehflainted with the TM facing upwards. They
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found the geometric mean TM stiffness to be 162 Pa; however, there were some
limitations to this study. Evans blue is not specific to the TM, making it difficult to
definitively identify the TMIocationunder the AFM microscope. Also, the integrity of
theTM was not examined at locations where measurements were made., Hirglly

conceivable that Evans blue dye itself may affect stiffness as it binds to the tissue.

1.5.6 Mice

In a glaucoma mouse model (overexprassif BMP-2 in conventional outflow
tissue), Youngds modulus of the TM was est
coherence tomographi§4]. In this study, the relationship between IOP and SC lumen
area was used to determine TM stiffness, using the same beam deflection model
descrbed by Johnson et 465]. TM stiffness was estimated to be 2.16 kPaointio|
eyes; in BMP2 treated eyes this value increased by approximately 20% on day 7 and
more than doubled on day 10 after treatment. One limitation of the theoretical model used
in this study is that all parameters were assumed to be identical forsah&{h is
likely not valid, since in realityvariations in parameters suchtasundeformed height
of the SC (SC height when IOP equals collector channel pressure) will occur from one

eye to another.

1.6 Factors and Agents Afecting TM Stiffness

In addition to disease state, there are a number of factors and agents that are known to

alter TM stiffness; here, we selectively review several important studies in this area.
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1.6.1 Lysophospholipids

Two lysophospholipids, lysophosphatidic acid (LPA) apdingosinel-phosphate
(S1P), are known to increase outflow resistance and thus have the potential to be
involved in the regulation of aqueous humor outflow. In TM cells, it has been shown that
LPA increased the exp-smostsmgocn eo f&MApirnot(eld ns
fibroblast specific proteki [66], and connective tissue growth factor (CTGEE).
Although the influence of LPAr S1P on TM stiffness has not been directly measured, it
has been suggested that both may activate a wide varietyaufellular signaling
pathways (such as Rho/Rho kinase and protein kinase) that would affect contraction and
actin cytoskeletal organization, which would in turn affect TM cell stifffié8s
Consistent with this understanding,FSandLPA causedin increase in cell stiffness of

up to 200 per cent in primary cultures of human $63E

1.6.2 Rhoassociated Protein Kinasahibitors

The TMis known to express many components of the Rho signaling pathway such as
ROCK1 and ROCKZ270]. In recent gars, Rheassociated protein kinase (ROCK)
inhibitors have emerged as a potential treatment option for glaucoma due to their IOP
lowering effecf49, 71]. Specifically, the ROCK inhibitors 27632, H1152 and AR
12286 have been shown to induce IOP lowefit®y74]. The exact mechanism by which
ROCK inhibitors work on the TM to increase outflow facility is not completely
understood. Nevertheless, it has been shown that R@I@itors increase matrix
metalloproteinase expression in TM cells which may reorganize ECM and widen

intracellular spaces in the TMspeciallyin the JCT regioi75]. Most relevant to this
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review, evidence suggests that ROCK inhibitors work by relaxing the TM through

reduction of actomyosin contractile tof¥].

1.6.3 Cytoskeletal Disrupting gents

Latrunculin B and the serirareonine kinase inhibitor H are cytoskeletal disrupting
agentghatdramatically increase outflow facility in human and monkey ¢y&s78g].
LatrunculinB substantially decreased human TM cell stiffness after 30 min of exposure
in vitro [79], while H7 has been shown to inhibit cell contractility, and expand the
intercellular spaces in the JCT, accompanied by removal of extracellular material, which

likely affected TM stiffnes$80Q].

1.6.4 Dexamethasone

Treatment wth ocular glucocorticoids such as DEX causes increased IOP in
approximately one third of the normotensiwemanpopulation. Studies have shown that
humanTM cell stiffness increased approximately thodd after just three days of
treatment with DEX, anchts was correlated with activation of extracellular signal
rel ated kinase 1/ BMA[ Fudherenore theomatrisdeposited o f
by DEX-treated human TM cells was approximately féald stiffer than that deposited
by control cells, and there was increased expression of matrix proteins such as fibrillin,
myocilin and decorif60], demonstrating that chronic treatment with DEX can alter TM
cell and matrix stiffnes This is consistent with whole tissue measurements in rabbit eyes

described above.
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1.6.5 TransformingGrowth Factor-b

Several investigators have found that the concentration of 7 GE significantly
increased in the aqueous humor of POAG pati@#83]. Early studies demonstrated
that TGF 1 stimulates a very significant increase in the expression of ECM molecules
by TM cells[84-89], and importantly, is also involved in the induction of irreversible
crosslinking of TM fibronectin[85]. Moreover, TGFs is knownto induce the
expression of crosiinking enzymes for elastin and collagi@®)]. It is possible that this
increase in crosknking and deposition may have contributed to the increased TM

stiffness oberved by Last et al. (2011) in glaucomatous eyes.

1.6.6 Nitric Oxide

Several studies have indicated that nitric oxide (NO) has an important role in IOP
homeostasis. A study using isolated strips of bovine TM also indicated that TM contracts
in response todnitroarginine, an inhibitor of NO formatidi®1]. A more recent study
using a gel contraction assay demonstrated that NO donors could relax human TM cells
[92]. Thus, one possible meatism proposed for the increase in outflow facility induced

by NO is via TM relaxatiof93].

1.6.7 Senescence

A recent study94] demonstrated that senescentay be a causal factor in human TM
stiffening. They found that the stiffness of senescent TM cells increased approximately
two-fold, indicating that such cells are intrinsically stiffer as measured by AFM. Further,

it has been shown that secreted frizzieldted proteirl (SFRP1), a potent inhibitor of a
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key pathway involved in proliferation regulation, can induce human TM cell stiffening
[95]. Increased expression of SFRP1 has also been observed in TM cells grown on

substrates that mimic the stiffness of glaucomatouqd 1H96].

1.7 Objectives of this Dissertation

Whenthe authobegarher Ph.D.there were only two papefand one erratu)
published on mechanical properties of BMhetissue leve[30, 52, 59]. However, there

were methodological concernsth the above studiescluding

1 thedissectiorprocedurewhich requirel excision of the entire TMwhich may

have damaged/altered the Thhd

1 themechanicaloading conditionswhich in some cases did not replicate the loads

that occur in vivo

Thus, it isimportant to explore alternasgproaches for TM stiffness estimation to

determine wheth€efM stiffness is truly altered in eyes with ocular hypertension.

Further, the above studies didt address the question as to whether any observed
differences between normal and glaucomatous eyes are primary causeatefld@P,
or are epiphenomena, singegost mortem human glaucomatous eyes have typically been
treated with antiglaucoma medications. Thus, it is possible that measured stiffness
differences were not directly related to the pathogenesis of glauto2l4,
BoussommietCalleja et al. found thaherewere spontaneous differences in IOP and
outflow fecility between mouse straifi97], and thisobservation suggestssing different

mouse strains could provide a waystudy the relationship between facility and TM
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stiffnessin the absence of medications. Howe\ke techniquef measuring TM
stiffness in mouse eyes had not been presented in the litdiadlyalue tothe
significant challenge of obtainingneasurements on the small, delicate TM of this

species.

Finally, patients treated witBEX cansuffer fromsteroidinduced ocular
hypertension, which can in turn lead to stetioiduced glaucoma (SIG). SIG has
commoralities with primary opefangle glaucoma, and thus an understanding of TM
changes in SIG may shed light on TM dysfunction in glaucoma in gehdratlbeen
reported that the stiffnesd culturedTM cells and of their extracellular matrix were
elevated Wen treated with DEX98]. However,whether the increased TM stiffness

contributes to altered |Of@mairs unknown.

From the above, we identified a specific set of questions that need to be answered:

1. Can we measure human TM stiffness without excising the TM from its

physiologicalenvironment?

2. Is there a significant correlation betweenflowt resistance and TM stiffness in

human eyes?

3. Can we measure TM stiffness in mice?

4. Is there a significant correlation between outflow resistance and TM stiffness

wild-type mic&
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5. Is there a significant correlation between outflow resistance and TM stiffnass in

single mouse strain after DEX treatment?

This dissertatioraddressdthesequestios by developing improved measurement
approaches to better understaine role ofTM biomechanicsin the pathogenesis of

glaucoma. Weropose the following objectives:

Objective 1: Develop a specimspecific inverse finite element motiel approach
to deducemechanical properties bumanTM, and compare the differereen TM
stiffnesshetweemormal and glaucomatous ey@sis work will provide a novel and
improved approach for TM stiffness estimation in human eyesh does not require
excision of the TM. Additionally, thismodelcan be used for predicting stiffness of other
outflow dructures/tissues (such as transluminal structures across SC and septae at
collector channels (CC)), which may also play a role in influencing aqueous humor
drainageand are difficult to assess experimentalliie objective aims to answer

guestios 1 and 2

Objective 2: Develop a cryosectitmased AFM technique to measure TM stiffness in
mice and study the correlation between TM stiffness and outfieistancecross
different strains of micerhis workwill provide a way to directly measure TM stiffness
in mice whereghe TM can be clearly localizedt could beusedin future work to study
issues such adentification of molecular factors and associated genes involvVEMI in

stiffness regulationThe objective aims to answer question 3 and 4.
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Objective 3:Apply thesameAFM technique to measure the change of TM stiffness in
DEX-treated miceand its correlation with outflow resistandéne objective aims to

answer question 5.

This dissertationis organized around those 3 objectieasd each of the following

chapters address one of the three objectives.

Chapter 2escribeshe development of a specimspecific inverse finite element
model to deduce the material properties of normal and glaucomatous human TM
(Objective 1). This work wasarried out ircollaboraion with Dr. MurrayA. Johnstone
and Dr. TedS. Acott. This study showed that comimg OCT and inverse FEM could be
an alternative approach to measure human TM stiffness in a less invasive way. En face
AFM was also performed on the same tissadidating the trend of TM stiffness
difference between normal and glaucomatous eyes observed by computer modeling. This

chaptemwaspublished in September 2017.

Chapter 3escribeshe development of a method to directly measure mouse TM
stiffness using AM andinvestigats therelationship betweelM stiffnessand aqueous
outflow dynamicsn wild-type mice(Objectve 2). It is worth mentioning that the idea of
using cryosections wamrtially inspired by previous studi@s which tissuestiffnesswas
measired by AFM on cryosections, elguman lamina cribrosa, porcine corrzedl

pericellular matrix of porcine articulaartilage[99-101].

A detailed protocois described for outflow facility and TM stiffness measurements in
mice, which has beepublished in Experimental Eye Reseaftf?. It revealed that

outflow resistance was positivetprrelated withcompressive TM stiffnesd his
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represents the first experimental characterization of the neshije between mechanical
properties of TM and outflow dynamics. This chapter and chapterelesoenbined as a

paper andhave beensubmitted for publication in November 2017.

Chapter 4 illustratethe application of the AFM method developed in Chapter 3 to
evaluate the effesbf DEX treatment on TM stiffness in mice (Objeet3). This work
wascarried out as a collaboratiavith the lab ofDr. W. DanielStamerat Duke
University. It detas how DEX was delivered to the eyes and how IOP, facility and TM
stiffness were changdwy the treatment. This study confirmed thasitivecorrelation
between I0P and outflovesistancehat we discoveredsing mice with different genetic
background. In addition, a significant correlation between aqueous outflow resistance
and TM stiffnessvas foundn DEX-treated miceTogether with chapter 3hese results
demonstrate thahe mechanical properties tfie TM are closely involved in the function

of the ouflow pathway across a range of conditions.
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CHAPTER 2. ESTIMATING HUMAN TRA BECULAR
MESHWORK STIFFNESS BY NUMERICAL MODELING AND

ADVANCED OCT IMAGING

This chapter is based on a published journal paper: Wang K, Johnstone MA, Xin C, et
al. Estimating human trabecul@eshwork stiffness by numerical modeling and
advanced OCT imaging. Investigative Ophthalmology & Visual Science September

2017, Vol.58, 48091817. doi:10.1167/iovs.122175

2.1  Abstract

PurposeTo estimate human trabecular meshwork (hTM) stiffness, thought to be
elevated in glaucoma, using a novel indirect approach and to compare results with direct

en face atomic force microscopy (AFM) measurements.

Methods: Post mortem human eyes were perftseteasure outflow facility and
identify high- and lowflow regions (HF, LF) by tracer. Optical coherence tomography
(OCT) images were obtained as Schlemmbs ca
manipulated. TM stiffness was deduced by an inverse Figtment Modeling (FEM)
approach. A series of AFM forcemaps was acquired along a line traversing the anterior

angle on a radially cut flahount corneoscleral wedge with TM facing upward.

Results: The elastic modulus of normal hTM estimated by inversew&3Ww0+20
kPa (mean = SD), while glaucomatous hTM was slightly stiffer (98+19 kPa). This trend

was consistent with TM stiffnesses measured by AFM: normal hTM stiffness =
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1.37+0.56 kPa, lower than glaucomatous hTM stiffness (2.75£1.19 kPa). None of these
differences were statistically significant. TM in HF wedges was softer than that in LF
wedges for both normal and glaucomatous eyes based on the inverse FEM approach, but
not by AFM. Outflow facility was significantly correlated with TM stiffness estimated b

FEM in 6 human eyes (p = 0.018).

Conclusions: TM stiffness is higher, but only modestly so, in glaucomatous patients.
Outflow facility in both normal and glaucomatous human eyes appears to associate with
TM stiffness. This evidence motivates further sggdo investigate factors underlying

TM biomechanical property regulation.

2.2 Introduction

The cause of increased outflow resistance leading to ocular hypertension in glaucoma
remains unknown. However, several intriguing studies suggest that human &abecul
meshwork (hTM) stiffness may differ in glaucomatous vs. unaffected[&9&s These
studies raise the possibility that TM stiffness might be involved in the pathogenesis of
ocular hypertension in glaucoma. Last et al., in an impoe@ny study, used atomic
force microscopy (AFM) in dissected TM samples from postmortem eyes to show that
TM stiffness was markedly elevated in glaucomatous vs. norma[ &flesSubsequently,
Camras et al. examined the tensile stiffness of dissected hum§@b2Ih8, 59] via
uniaxial testing. This study found that the glaucomatous TM was softer than normal TM,
contrary to the results of the AFM testing. This discrepancy might be in part due to
different testing modes used (tension vs. compression). Johnsof6é} aktimated

hTM stiffness in vivo in normal eyes using OCT imaging and an indirect method based
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on changes in TM geontgt In all of the above studies, there were methodological
concerns, including: dissection that may have damaged/altered the TM; different
mechanical loading conditions which in some cases did not replicate the loads that occur
in vivo; and/or ovessimplified modeling assumptions. In view of the limitations of the
above studies, it is important to explore alternate approaches for TM stiffness estimation

to determine whether TM stiffness is truly altered in eyes with ocular hypertension.

Optical coherence mography (OCT) is a crossectional, threglimensional imaging
technique with high spatial resolution (<20 Ui)3. Recent studies have used OfGT
characterization of tissue structure and movement inside tHa@4&09. Specifically,
spectral domain OCT (SDCT)was used to image radial limbal segments in ex vivo
primate eyes. A cannula was inserted into SC to control pressure inside SC lumen. A
pressure gradient was introduced across the TM that differed from the gradient expected
due to standing, sitting, supine prone positions. Instead, pressure gradients were typical
of those encountered during body inversion, e.g. gymnastics, yoga and the spectrum of
partial inversions that occur in daily life. SDCT was able to capture the dynamic

motion of the TM, SC andollector channels (CCs) as SC luminal pressure was changed.

The inverse finite element method (FEM) is a computer modeling technique that has
been widely used to estimate tissue biomechanical properties. The basic idea behind
inverse FEM is to select imp parameters for computational simulations that minimize
the difference(s) between simulated and measured outcomes (e.g. tissue displacement,
strain, etc.), thereby allowing indirect determination of such parameter values from

experimental datpl09-111].
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The goal of this paper was to determine human TM stiffness in normal and
glaucomatous eyes using a novel approach combining OCT and the inverse FEM. We
reasoned that this technique would be less disruptive tgtiiMture than previous
approaches. Additionally, we carried out en face AFM stiffness measurements on the
same hTM samples to compare with results obtained from the OCT/inverse FEM

approach. Finally, stiffness data were correlated with outflow facilispine eyes.

2.3 Methods

In brief, human eyes were obtained from eye banks, and anterior segments were
perfused in Portland at OHSU under organ culture condifiit® to measure outflow
facility and identify high and lowflow (HF, LF) regions of the TM. Anterior segment
HF and LF wedges iaulture medium were then sent on ice to Seattle by overnight
express and received by 10 AM the next day for OCT scanning. Finally, the same wedges
were sent to Atlanta where AFM measurements on the TM were carried out, and post hoc

analysis of the OCT scanwas undertaken.

In more detail, human eyes (5 normal and 3 glaucomatous; a@years) were
obtained within 72 hours postmortem from Oregon VisionGift eye bank. All research
followed the tenets of the Declaration of Helsinki. Details on the glaucomarmal
donors included medicati ons, but not det ai
segments were immediately dissected, gently removing the lens, iris, ciliary body and
posterior pole, while retaining the cornea, approximatel® Bnm of sclerathe TM and
SC. These anterior segments were immediately placed in stationary anterior segment

organ culture and maintained for approximately 5 da$g]. Media and conditions were
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the same except a 1:1 mix of high glucose:low glucose DMEM was used. Anterior
segments were then mountedpmrfusion chambers and perfused at a constant pressure
of 8.8 mm Hg (corresponding to approximately 15 mmHg in vivo), with gravimetric fluid
flow rates assessed using minor modifications from the original mgti&{ After flow

rates had stabilized, we averaged the perfusion outflow facility (Cpf = flow rate in pl/min
/ perfusion pressure in mm Hg) oveB2lays. To mark high flow areas in a manner that
did not affect the AFM measurements, CelBdgplasma membrane stain (ThermoFisher
Scientific) was perfused for 1 hour prior to termination of flow experiments. HF and LF
wedges approximately 4 mm wide were cut, based on relative CellMask staining
intensity, and sent to Seattle for OCT scanning. @€&nning was performed the

following day using the same formulation of culture media used at OHSU.

2.3.1 OCT

Anterior segment wedges encompassing the cornea, limbal region with TM, SC and
approximately 5 mm of sclera were mounted in a petri dish with pinsthétimner TM
surface facing upward. The entire wedge was submerged in a saline bath, eliminating
possible surface tension effects on the open end of SC. This uniform and stable saline
bath surface also helped to eliminate surface motion artifacts whamaymM motion
occurred Figure 2.1). A crucial factor in the protocol was a previously descrild€d]
custommade steeply tapered and flexible insertion cannula fashioned from PE 60 tubing
with an ouside diameter of 1.22 mm a taper length of 4.5 mm and an outside diameter at

the tip of 136150 um that provided a tight fit when inserted into SC.
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The cannula was inserted into SC with the help of a dissecting microscope and a
micromanipulator while thether end remained free (open). The tip of the cannula slid
into, and made a tight contact with, the canal lumen. The other end of the cannula was
connected to a reservoir filled with saline, so that SC lumen pressure could be controlled
by changing the dight of the reservoir. To capture the dynamic movement of tissues
along the SC lumen at high resolution, the SDT imaging probe was adjusted to face
the TM. A series of crossectional scans of the wedge were captured at multiple
locations for differenteservoir pressures (e.g. 0, 5, 10, 20, 30 and 50 mmHg). The
distance between two adjacent scans was about 10 um. The central wavelength of the
SD-OCT system was 1310 nm and the spatial resolution in each scan was 5 and 5.75 um
in axial and lateral dimerms, respectively. The imaging was performed through air
without the OCT probe touching on the sample. The system was capable of an imaging
speed of 92 kHz, i.e. 92,000gcans per second. At this speed, a system sensitivity (or
dynamic range) of 105 dBas measured when the light power on the sample was 5 mW.
Thus, for each location along TM/SC (typicalh8¥andom locations were scanned for
each wedge), a set of images were obtained for assessment of tissue configuration at

several pressure leveBigure 2.1).
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Reservoir

OCT probe AI&J h

Cross sectional-plane
observed by OCT

Cannula

Figure 2.1: Schematic overview of experimental setup, including the SDCT
system, areservoirusedfoc ontr ol |l i ng pressure in Schlem
and a Petri dish. The triangular-shaped object is a wedge of limbal tissue.

2.3.2 Inverse FEM

For 23 wedges per eye and3lcrosssectional locations per wedge, we created a
pseude2D FEM geometry in Abaci(version 6.16, Simulia Corporation, Providence,
RI). Thispseud2 D model was f or med bsectighdoka r udi ngo
distance of 10 microns from a single OCT scan at a low SC pressgueg(2.2). OCT

scans were used only if a clear, open SC lumen could be identified.
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Cornea ™

Sclera

Figure 2.2: (Upper) Representative OCT image at a low SC luminal pressure (here,
0 mmHg) with delineated tissue structures superimposed. (Bottom) Geometry
created in Abaqus with mesh superimposed. The total number of hexahedral
elements for this mesh was 55358, with typical edge lengths frorlB um. Scale

bar: 250 um. Sample: inferior tempord quadrant of Eye 77R.

In more detail, tissue components including TM, SC, sclera/cornea and ciliary body
(CB) were first delineated from the OCT scan and verified by orautioor (MAJ) by
carefully looking at the relative deformation of outflow tissues from the 3D OCT videos
of SC lumen during the pressurization interval. The model was then meshednuitle 8
hexahedral elements (edge lengths from 5 to 15 um, as justified in the Supplementary
Methods). The meshed model was then imported from Abaqus into PreView (FEBIo
package]114]. Tissues were treated acompressible, isotropic and nonlinearly
hyperelastic (ne¢tlookean material modell15. The strain energy density function for

sucha material is:
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where F is a stiffness parameter (wifar e pr esent i ng Youngds n

representi ng Plois tisediret imdasant ofahe devigtoriacantponent of

the right CauchyGreen deformation tensor.

A tissuespecific fixed value for the parameter was assigned to each tissue
component (except TM) according to either literature reports, or, for sisasciang
literature reports of their stiffness, our best estimates. Specifically, sclera/cornea stiffness
() was taken as 2700 kiPE1q, while CB stiffness was estimated as 100 kPa, close to
the stiffness of vesse]$16), since CB contains the ciliary muscle, vessels, and fibrous
connective tissue. Poi ssonbés ratio was ass
analysis (see Supplemental Materials) demonstrated that the assumed CB stiffness value
had a limied impact on the resulting estimated TM stiffness. Unlike the rest of the tissue
components, the stiffness of the TI) (vas allowed to vary over a range of values,

typically from 18300 kPa.

Loading conditions were specified based on those that wesadpexperimentally.
The plane strain assumption was made when imposing boundary conditions, suitable for
the case in which SC cressction shape changed slowly over axial distances comparable
to the characteristic dimensions of the SC cgesgion. Thdottom surface of sclera was
fixed in all three directions and one of the two side faces containing TM and SC was
fixed in its normal direction. A pressure load was applied to the walls of SC lumen,
carefully corrected for losses ihe deliverytubing, the cannula and the distance from the

tip of cannula to the OCT scécation(seeAppendixA). Due to the small cross
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sectional area of the SC lumen, the majority of the computed pressure drop typically
occurred within SC. wa¥alowedtdvary overd ceftainsangeor T M
in steps of 6 kPa, and tissue deformations were computed for each TM stiffness using the
open source FEBIo package (version 2.2.2, Musculoskeletal Research Lab at the

University of Utah)114)]. Differences in SC lumen size (area) between sitioms and

experiments were then calculated as

Area difference = = pogg (4 = Pg U (3)
where subscripts AOCTO0O and AFEMonericalff er t o
simulated crossectional areas, respectivelshe TM stiffness value that gave the
minimum difference in SC crossectional area wabken taken as the estimated local TM

stiffness for that model/crosection Figure 2.3).

As a quality control step, SC lumen contours were compared between OCT images
and simulations at the corresponding elevated presSigeré 2.3, Left). We excluded a
total of 2 quadrants when the match in contour shape was poor even if the SC cross
sectional area agreed well between the numerical simulation and the experimental data

(Figure 2.4).

Finally, the average value of estimated TM stiffnesses over all modeled quadrants in

one eye was taken as the TM stiffness of that eye.
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Figure 2.3: Comparison between SC contours as measured by OCT and as

computed for a range of TM stiffnesses. (Left) SC contours at reservoir pressures of

0 mmHg and 20 mmHg are shown in red and black, respectively. The trabecular

meshwork lies above SC lumen, with sclera immediately below. The blue dots

represent a set of computed SC contours from simulations at 20 mmHg over a range

of TM stiffnesses. Blue dots are not visible along the lower portion of the figure

because there was esstally no computed deformation of the SC outer wall, i.e.

blue dots are overlain by the red dots in this region. (Right) Quantification of SC

lumen area difference, as computed from equation (2), at a reservoir pressure of 20

mmHg for different numerically s peci fi ed Youngo-axisimodul i f
minimum difference was observed at 48 kPa, which was therefore taken as the best
estimate of Youngdés modulus for the TM at
inferior temporal quadrant of Eye 77R.

Figure 2.4: A representative poor match of SC contours. Red and black dots are SC
contours at reservoir pressures of 0 mmHg and 10 mmHg, respectively. Tissue
orientation and symbols are the same as those indtire 3. Scale bar: 50 pum.

Sample: High-flow quadrant of Eye 111.

2.3.3 AFM

The wedges, immersed into centrifuge tubes containing organ culture media, were
then shipped overnight from Seattle to Atlanta on wet ice (typical postmortem time on

receipt: 15 days). Um receipt, each wedge was glued (Super glue, Loctite, Germany)
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onto a Petri dish with the same orientation as in the OCT experiment (glue was applied at
the three corners of the wedge which were far from the limbal region). Samples were
transferred to a MD-3D AFM (Asylum Research, Santa Barbara, CA) and immersed

into the same organ culture media. Silicon nitride cantilevers with an attached

borosilicate sphere (radius, 5 pm; nominal spring constant, 0.1 N/m; Novascan
Technologies, Inc., Ames, I1A) were as€antilevers were calibrated by measuring the
thermally induced motion of the unloaded cantilever before measurements. A series of
forcemaps were obtained in regions located along a line starting on the cornea and ending
on the sclera. The starting lowat for this line was determined visually with the aid of

markers on the Petri dish. Specifically, the markers were several grids which were drawn
on the bottom of the Petri dishes using a
transparentcorneeven wi th marker 6és help, there was
measurement location due to the thickness of the samples. When observed from the
bottom camera, the cantilever tip and tissue were usually not focused on the same plane.
Thus, the desired measunent location and the cantilever tip may not have been in the

same spot. To estimate the uncertainty in measurement location, the cantilever tip was

first moved to barely touch the surface of a glass slide and the bottom camera was

focused on that surfac&hen the cantilever tip was raised by 0.8 mm (typical wedge
thickness at the limbus) and the camera was refocused on the cantilever tip. The distance
between cantilever tip before and after the refocusing was used to estimate the

uncertainty of the measement location.

Each forcemap region consisted of 16 force curves in a 4 x 4 grid covering a scan

region of 20 um x 20 um. The certercenter distance between adjacent forcemap
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regions was 280 pum. Each force curve was taken at a rate of 8 um/s auicalt
indentation depth was GBbum. The indentation depth was controlled in this relatively
narrow range for all the AFM measurements to avoid substratesgffieteusing larger
indentations resulted imuchlarger tissuestiffnessesror the 1&orce curves in each
forcemap region, those lacking either linear behavior or a clear cantilever contact point
were discarded from the analysis. The remaining force curves were fit to a Hertz model
(Equationd) for a sphere in contact with a flat surfacaletermine the local compressive
modulus (gor Pro software, 6.34Azigure 2.5)
I 0 4

In Equation4ri s Y 0 u n g 63sis tha foctesdppliexd by cantilever bendidg,
is the radius of the sphere on the cantileventtiis, the actual sample indentation, and
i s the sampl etédkenaP®5. IBigue 8.5 $027,rtha toricecexperienced
by the cantilevetip is zero when the cantilever is far from the sample surface. The force
increases as the cantilever tip touches and indents the sample surface. The cantilever

starts to retract once it reaches a maximum force, leading to a decreasing force.
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Figure 2.5: Typical force-indentation curve and fitting to raw data. Red and blue
?iltre advancing curves for soft and stiff locations respectively. Dashed lines are curve

The average modulus from the valid measugnt points within a forcemap region
was taken as the compressive modulus of that region. These moduli from all forcemap
regions in one sample were then plotted as a function of region location along the
measurement line (cornea to sclera). The TM regias putatively defined as the
anteriormost pigmented area that was adjacent to the cornea plus the narrow white band,
representing the scleral spur (shown as the region between the two dashedHige®in
2.6). The mean of the modulus values along the measurement line traversing the TM
region was taken as the TM stiffness of that location. Typical8/s@ch locations were
measured for each wedge, and the avenagetaken as the TM stiffness for that wedge
(quadrant), as shown fable 2.1 Usually, tissue was stiffest in the cornea and softened
gradually as the measurement location moved posteriorly. Surprisingly, in most cases, the
sclera had a lower modulus ththe cornea. However, it is very likely that there was
some residual iris root, ciliary body, retinal pigment epithelium or choroid left near the

Il i mbal region since we didndt aggressively

Thesetissuesarege ct ed t o be soft and could expl ai

39



\ \ Marker

Figure 2.6: A representative top view of a wedge (Glaucomatous eye 122) from the
dissection microscope with TM facing upward. AFM measurementstarted in the
cornea on the right side, along the measurement line (yellow solid line) and towards
to the sclera. The measured compressive modulus of each location along the
measurement line is indicated in blue dots. The area between the two dashed dine
taken as the TM region. Error bar: standard deviation. Tissue was stiff in the
cornea and decreased gradually as the measurement location moved posteriorly.
Relatively low modulus was obtained in sclera region probably due to
measurements on residuairis root or ciliary body. Sclera, cornea, TM and sclera
spur (SS) are labeled.

2.4 Results

TM stiffnesses for 6 normal and 4 glaucomatous human eyes were successfully
estimated using the inverse FEM methddkle 2.1). We were unable to use this
approach for one (Eye 121) out of the five glaucomatous eyes due to the lack of a clear
and open SC lumen at the OCT scan locations. The elastic modulus determined in this
way in normal hTM ranged from 42 to 102 kPa (mean 2004Pa,Table 2.1), while
glaucomatous hTM samples had slightly larger elastic moduli, ranging frael@¥RPa

(mean, 98+19 kPd,able 2.1).
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This trend of a slightly stiffer glaucomatous TM was consistent with TM stiffness
measured by AFM, where hTM stiiss in normal eyes (mean, 1.37+0.56 kPa) was
lower than that in glaucomatous eyes (mean, 2.75+£1.19 kPa). AFM measurements were
performed on a total of 4 normal and 5 glaucomatous human eyes. We were unable to
make stiffness measurements on 2 of the 6 abeyes due to logistical issues. None of
the above differences between normal and glaucomatous TM stiffness reached statistical
significance (ManfiWhitney Utest, FEM p = 0.051, AFM p = 0.127); however, we
suggest it is reasonable to call theghue of 0051 associated with the difference in TM

stiffness estimated by inverse FEM a 6bord

TM stiffness measured by AFM was approximately 1/40 of that estimated by inverse
FEM. This difference is almost certainly due, at least in padifferent modes of testing
(compressive in AFM vs. primarily tensile by SC luminal pressurization), since it is
known that the type of mechanical load applied to a tissue can result in very different
mechanical behaviqd17]. Specifically, soft tissues are usually much stiffer in tension,
consistent with our results. Further, the length scales of the two measurement techniques
were quite different, which could contribute to the discrepancy. The FEM involved
deformation of the entire TM, while AFM measurements were very local. It has been
reported that elastic properties of soft tissues can strongly depend on the length scale of
the measurement technique, since different tissue structural components can be involved
at different length scaldd418. We examined the correlation between TM stiffnesses
determined by inverse FEM vt determined by AFMAigure 2.7). Interestingly,
there was a strong positive correlation (p = 0.009) between TM stiffness measured by

AFM and that estimated by inverse FEM (n=8, 4 normal and 4 glaucomatous eyes were
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both measured by FEM and AFM). Frone thbove evidence, it appears that combining
numerical modeling and OCT has the potential to provide an alternative indirect approach

to assess hTM stiffness which does not require excision of the TM.

Outflow facility (Cpf) was measured for 4 normal and&ugomatous eyed éble
2.1). We excluded Cpf values for 2 eyes (eyes 125, 126) from further analysis since,
although they were documented as glaucomatous eyes, they had abnormally high
facilities (0.54, 0.46 pl/min mmHg, respective[@)y7, 52, 119. After excluding these
eyes, Cpf of normal eyes was higher (0.24+0.15 pl/min mmHg) compatkdt in
glaucomatous eyes (0.15+0.02 ul/min mmHg), but this difference did not reach statistical
significance. We then plotted Cpf versus TM stiffness as estimated by inverse FEM
(Figure 2.8). Despite the limited number of eyes (n=6), the Cpf and TM stiffness were
significantly correlated (p = 0.018: = 0.79) suggesting that nearly 80% of the variation
in Cpf was associated with variation in TM stiffness. Nontheftwo eyes were from the
same individual, so that the statistical confounding effect ofimd@pendence of paired

eyes was avoided.
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Table 2.1 TM stiffness in normal and glaucomatous human eyes obtained by
inverse FEM and AFM.

Identifiers FEM AFM
TM E Cpf at
TM E for ™ E 8.8
for TM E for H
EyeA e|Gende PT Quadrant each each for each each eyq mmed
# |19 (hours) quadran eye quadran (kPa) (Kl/min
mmH
(kPa) (kPa) (kPa) 9)
IN 120 ND
1|77R| 79 M 10 IT 48 78 ND ND ND
ST 66 ND
SN 60 ND
2 Rl 74 M 2 ND ND
80 5 ST 60 60 ND
31(111| 78 F 29 HF (24) 102 3.15 1.92 0.11
Normal LF 102 0.68 ' '
eyes HF 36 0.35
41115| 54 M 43 69 ' 0.73 0.17
LF 102 1.11
51116| 89 M 45 HF €0 42 0.27 1.09 0.45
LF 24 1.9 ' '
HF 66 2.62
6(124| 78 F 55 66 1.75 0.23
LF (108) 0.89
HF 57 1.27
1111 4 F 24 7 1.4 14
8 8 LF 100 9 1.63 5 0
21121| 88 M 27 HF ND ND 4.98 4.23 0.13
LF ND ND 3.47 ' '
4 HF ND 2.13
Glaucoms 511551 77| M 22 90 1.75 | 0.17
eyes LF 90 1.36
HF 108 3.12
*41125| 80 F 67 102 2.72 (0.54)
LF 96 2.32
*51126| 80 F 67 HF 20 123 3.25 3.62 (0.46)
LF 156 3.99 ' '

*PT, Postmortem Time from death to stationary culture in Portland; IN, Inferior Nasal,
IT, Inferior Temple;SN, Superior Nasal; ST, Superior Temple; HF, Highv; LF, Low-
flow; E = Youngdés modulus; ND = not determ
same individual.
TM stiffness in HF and LF regions was also compared for both normal and
glaucomatous eyd§&igure 2.9). TM stiffness determined by inverse FEM was higher in

LF wedges than that in HF wedges, both in normal and glaucomatous eyes. However,
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AFM measurements did not show the same trend. In fact, on average, AFM
measurements of TM stiffness in HF wedges waidyfclose or even higher than those
in LF wedgesHowever, none of the above comparisogsched statisticaignificarce

A power analysis indicated that a total of 42 normal eyes and 12 glaucomatous eyes
would beneeded to reach statisticadjnificane in TM stiffness between HF and LF
regionsfor the inverse FEM approa¢hU = 0 . 0 58; for poomaleeyeseffect Bize
=0.39; for glaucomatous eyes, effect size = D.BGimilar analysisdr the AFM
approachndicated that total of 100 normalyes and 114 glaucomatowsuld be

needed.

- y = 0.03% 0.67
R2=0.71 *

p value = 0.009
*

TM E by AFM (kPa)
o = N w EAN
|

0 50 100 150
TM E by FEM (kPa)

Figure 2.7: Cross-plot between TM stiffness measured by two approaches for 4
normal (blue symbols) and 4 glaucomatous (red symbols) eyes. Only eyes where TM
stiffness was measured by both AFM and inverse FEM were included. The solid line
and equation represent the linear regression of the pooled data.
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Figure 2.8: Crossplot between TM stiffness (estimated by inversEEM) and Cpf

from normal (n=4, blue symbols) and glaucomatous (n=2, red symbols) human eyes.
Only eyes where both Cpf and TM stiffness were measured were included. The solid
line and equation represent the linear regression of the pooled data.
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Figure 2.9: Regional heterogeneity in normal and glaucomatous eyes. The TM
stiffness in HF (blue bar) and LF (red bar) wedges obtained by inverse FEMupper)
or AFM (bottom) are shown. Mean values from FEM:Normal eyes:
mean+SD=4&17 kPa for HF and 63t55kPa for LF; Glaucomatous eyes: 85+26 kPa
for HF and 117+34kPa) Mean values from AFM: Normal eyes: 1.6+1.50 kPa for

HF and 1.15+1.15 kPa for LF; Glaucomatous eyes: 2.95+1.39 kPa for HF and
2.5511.14 kPaError bar s. are standard deviation. HF = high flow; LF = low flow.
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2.5 Discussion

This study estimated the stiffness of hTM in normal and glaucomatous eyes using an
inverse FEM approach, while also performing AFM on the same tissues. Our results
indicated that TM stiffngs is slightly greater in glaucomatous eyes compared to that in
normal eyes, which is qualitatively consistent with the previous study of Las{&(]al.
However, it is extremely important to note that stiffness differences that we observed did
not reach statistical significance, and the TM stiffnesses of glaucomatous eyes measured
by AFM were of much smallenagnitude than those observed by Last et al. Thus, our
results were not quantitatively consistent with those of Last[80RIThis is most likely
due to methodological differences: Last et al. dissected the TM and measured the
stiffness of the outermost part of the tisgine JCT), while we used intact wedges and
measured the stiffness of the innermost aspafcthe tissuerhis methodological
differencemay also explain, at least partially, woyr AFM results on HF/LF wedges
(uveal side) contradi¢chose ofa previous studywhich measured the stiffness of the JCT
sideof the meshworkanddemonstratethat LF regions of the TMveremore rigid than
HF regions irbothnormal and glaucomatous ®Y112(. Thissuggestshatanystiffness

differencedn HF vs. LF regionsof TM occurcloser to the inner wall of SC.

It is also important to point out that differences in Cpf between the normal and
glaucomatous eyes did not reach statistical significance. In fact, some of the
6gl aucomatousd eyes had facilities that we
may irdicate an inaccurate classification of the donated eyes; all patients that the eye
bank reported as having glaucoma were included in our study as glaucomatous eyes.

Some fAglaucomaod eyes may h atensioniglaueoma f r om p a
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without an otflow system abnormality, and/or facility may have been affected by long
term use of antglaucoma medication (e.g. prostaglandin analp$)71, 73, 121, 127.
However, it is of interest that we did observe a statistically significant correlation
between Cpf and hTM stiffness when the data was pooled from all eyes. This suggests
that these factgrare highly associated in both normal and glaucomatous eyes, although

perhaps to a lesser extent than originally suggested by the study of Ld&0kt al

We also point out that the hTM stiffness determined by the inverse FEM method
cannot be directly quantitatively compared with that measured by AFM, even though the
two were correlated. This is becauseveral factors differ between the two methods,
including how the load is applied to the tissue. In the OCT experiments the TM was
primarily in tension, while in the AFM studies the TM was primarily in compression.

Soft tissues, such as the TM, can baeos of magnitude softer when loaded in
compression vs. when they are |l oaded in
modulus deduced by inverse FEM can be interpreted as a general indication of the TM
tensile stiffness, while the modulus obtained bywAtends to reveal the local

compressive stiffness of the inner uveal meshwork. However, comparison of differences
between normal and glaucoma hTM stiffness within a measurement method should

remain valid.

Compared with other data in the literature foivh{ITable 2.2, our estimated FEM
mean hTM stiffness value is close to that measured by Johnsdb 8t dhstead of
direct measurement on TM, Johnson et al. used a-beaning model tpredict TM
stiffness based on in vivo changes in TM and SC thickness which were visualized by

OCT as IOP was elevat¢@s]. In that study, the pressure load was applied from the
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anterior thamber side, not the SC side in our FEM approach. However, in both studies,

the TM was in tension along a direction which is perpendicular to SC lumen. For AFM

results, our measured hTM stiffness of normal eyes was on the same scale but slightly

lower thanthat measured by Last et [30], and much less than that measured by Camras

et al.[52, 59]. I n Camrasédé study, the whole dissect
parallel to SC with elastic connections di
was compressed locally from different smfeT M. However, our measurements were

done on an intact wedge where elastic connections to scleral spur should be well

preserved, as well as any interactions with cornea and to the outer all of SC.

There are several limitations of our study. First, steady state IOP is usually greater
than steady state SC luminal pressure, i.e. IOP normally ranges frathrhthHg[123
and episcleral venous pressure (EVP) isi716.4 mmHg. The experimental
pressurization of SC lumen created a pressure gradient in the opposite direction.
However, it must be recalled that EVP and SC pressure are both highly dynamic. Fo
example, activities such as gymnastics and yoga frequently involve body inversion and a
spectrum of partial inversions is present in many activities. With full inversion, EVP rises
with a resultant increase in SC presqi24, 125 and entry of blood into S{126. An
IOP increase occurs within seconds with IOP increasing to as much as 43[28Hg
Syndromes that cause persistent EVP and SC pressure increases are associated with IOP
elevation that can result in an intractable glaucph2&, 128. Our SC inflation test is
therefore not inconsistent with physiological situations. To be conservative, we only
analyzed OCT scans with reservoir pressuretdd to 30 mmHg, assuring luminal

pressures well below the 43 mmHg documented in clinical studies.
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