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Abstract 

 

The trabecular meshwork (TM) is comparable to a bioactive filter that plays a 

major role in regulating outflow of aqueous humor of the eye and setting intraocular 

pressure (IOP).  TM dysfunction may lead to ocular hypertension which is the major risk 

factor in glaucoma.  Although the outflow properties of the TM have been assessed over 

the last sixty years, very little work has been done assessing its mechanical properties.  

Therefore, the major goals of these studies were two-fold: (1) to determine the 

relationship between mechanical properties of TM, specifically the bulk Young’s 

modulus, and outflow function in normal and glaucomatous eyes, and (2) to establish a 

method and possible animal model for future testing of this relationship. 

Outflow function was assessed by constant pressure perfusion in enucleated eyes 

at four pressure levels (10, 20, 30, and 40 mmHg) to determine outflow facilities and 

variability in outflow resistance with pressure elevation.  A micro-strain analyzer (MSA) 

was used to determine the circumferential bulk Young’s modulus of the TM post-

perfusion.  Based on their relative ease of availability, pigs and rats were explored as 

possible animal models.  Due to the small size of rat eyes, atomic force microscopy 

(AFM) was used to assess the Young’s modulus of TM rather than with a MSA. 

We found that there was a relationship with better outflow function and a stiffer 

TM in normal eyes.  Additionally, glaucomatous TM was found to be much softer and 
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more variable than normal TM.  Unfortunately, porcine TM did not serve as a good 

model for the bulk Young’s modulus of human TM, presumably due to anatomical 

difference in its outflow pathway.  Lastly, we were able to establish a new method for 

measuring the Young’s modulus of rat TM for future work to determine potential 

mechanism for evaluating stiffness changes that may be associated with glaucoma.   
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Chapter 1: Introduction  

 

The main risk factor for developing glaucoma is increased intraocular pressure 

(IOP).1,2  In most cases, IOP elevation is the result of increased resistance in aqueous 

humor outflow pathways.3-7  The highest outflow resistance has been shown to lie within 

the inner wall of Schlemm’s canal (SC) and the deepest layer of the trabecular meshwork 

(TM) called the juxtacanalicular tissue (JCT).4-6,8,9 However, mechanisms for the 

resistance increase remain unclear.  

Recent evidence has pointed to the role of TM and inner wall of SC stiffness in 

glaucoma.10  It has been reported that the local Young’s modulus of the inner wall and 

JCT region of the TM in glaucomatous eyes is higher and more variable than in normal, 

age-matched eyes when measured using atomic force microscopy (AFM). Questions 

remain if this stiffness change is an artifact of the treatment or related to the 

pathogenesis of the disease and outflow function.   

Increased stiffness may macroscopically reduce tissue deformation under 

mechanical loading and microscopically disrupt the tissues homeostasis causing changes 

in gene expressions, cell behaviors, and extracellular matrix formation.11 In the case of 

the TM, which provides the majority of the resistance to outflow, these changes may 

result in decreased outflow facility and, ultimately, IOP elevation.  Although evaluated 

mathematically12, these parameters have yet to be evaluated experimentally. 
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Traditionally, the resistance to aqueous humor outflow has been measured using 

tonography13-16 in vivo and perfusion5,17-19 ex vivo in humans.  In this study, we have 

investigated the outflow facility and the variance in outflow resistance with IOP 

elevation to the bulk circumferential Young’s modulus in the TM ex vivo in enucleated 

normal human eyes.  Additionally, due to the shortage of human tissues for 

experimental investigation, we have evaluated the bulk circumferential Young’s 

modulus in porcine eyes to determine its ocular mechanical similarities to humans.  

Next, the bulk circumferential Young’s modulus of glaucomatous TM was evaluated to 

differences from normal TM. Lastly, we established a new method to evaluate the 

mechanical stiffness in rat TM using AFM. 

CENTRAL HYPOTHESIS: Changes in the bulk stiffness of TM indicate 

problems with outflow function. An extremely soft TM is more likely to deform and 

cause SC collapse. We expect that stiffness extremes and heterogeneity within the TM 

are found more frequently in glaucomatous TM than normal TM. However, in all cases, 

increased stiffness leads to less variance in outflow resistance with IOP elevation in both 

normal and glaucomatous eyes.  

Specific Aim 1: Determine the relationships of outflow facility, the variance in 

outflow resistance with IOP elevations and mechanical stiffness of the TM in normal 

human and porcine eyes. 
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Hypothesis: There will be little correlation between TM stiffness and outflow 

facility.  The variance in outflow resistance with IOP elevation decreases with the 

increase of TM stiffness in normal eyes, since a stiffer TM decreases TM compression 

and SC collapse of SC.  

Specific Aim 2: Evaluate the relationships of outflow facility, the variance in 

outflow resistance with IOP elevations and mechanical stiffness of the TM in 

glaucomatous eyes and compare these results to normal eyes. 

Hypothesis: Glaucomatous eyes have a lower outflow facility with significantly 

more variable TM stiffness compared to normal eyes. In both normal and glaucomatous 

eyes, the variance in outflow resistance decreases with increased TM stiffness.   

Specific Aim 3: Develop a new method to evaluate TM stiffness in rats for future 

experiments on the physiologic and pathogenic changes in TM stiffness that may 

contribute to impaired outflow or vice versa.   

Hypothesis: Rat TM stiffness can be measured ex vivo by AFM using a flat-

mounting anterior segments technique and a tracer to identify TM under the AFM 

objective.  The TM is significantly softer than the cornea and sclera, so the modulus can 

be used as another indicator for the TM. 
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Chapter 2: Background  

 

2.1 Aqueous Humor Dynamics 

 

Figure 1: Aqueous humor is produced in the ciliary body and flows from 
the posterior chamber into the anterior chamber of the eye.  It then exits 

either through the trabecular or uveoscleral pathways. 

There is a constant circulation of clear fluid called aqueous humor in the eye. 20-22 

Aqueous humor serves to nourish the cornea, trabecular meshwork (TM) and lens 

(Figure 1), as well as maintain the intraocular pressure (IOP).   It is produced by the 

ciliary body at an average rate of 2.4 μL/min23 and circulates to the anterior chamber of 

the eye through the pupil with an estimated aqueous humor turnover rate of 1.0 to 1.5% 

per minute.24  Aqueous humor is composed of 99% water and has a similar composition 

to plasma, except that aqueous humor has a higher concentration of lactic and ascorbic 

acid and a lower concentration of proteins and glucose.  

Aqueous humor production is the result of predominantly active transport, 

although there are some aspects of passive transport through ultrafiltration and 
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diffusion.22,25 Aqueous production is at its peak in the morning due to adrenergic 

response and then reduces throughout the day, causing an IOP changes between 3-6 

mmHg in normal eyes. Additionally, there is an ocular pulse resulting in a diastolic and 

systolic IOP fluctuation.  The pulse amplitude is approximate 1-3 mmHg in normal eyes. 

The exiting of aqueous humor is through a passive transport within the 

trabecular or uveoscleral outflow pathways.4,22  In the trabecular outflow pathway, the 

aqueous flows into the trabecular meshwork (TM), through Schlemm’s canal (SC), into 

the collector channels, and is emptied into the episcleral veins.  In the uveoscleral 

pathway, aqueous humor passes through the first layer of the TM (uveal meshwork) and 

anterior surface of the ciliary muscle. Aqueous humor enters the interstitial spaces of the 

ciliary body and then moves into the supraciliary and suprachorodial spaces. This fluid 

then enters the sclera or absorbed by the choroid.  The trabecular outflow pathway is 

considered the pressure-dependent pathway, while uveoscleral outflow is considered 

the pressure-insensitive pathway.  

The total rate of aqueous outflow can be divided into two components and is 

defined by the Goldmann’s equation 4:   

      TMu FFF       (Eq. 1) 

where F is the aqueous production, FTM is the rate of aqueous outflow in the trabecular 

pathway,  and Fu is the rate of aqueous outflow in uveoscleral pathway. Unlike the 

trabecular pathway, the uveoscleral pathway is considered to be mostly pressure 
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independent; therefore, only the trabecular pathway is considered when evaluating 

outflow facility of an eye. 4  

The outflow facility (C) is equivalent to the inverse of the resistance of tissues to 

aqueous outflow and plays an important role in maintaining the IOP of an eye. Using 

Darcy’s law and Goldmann’s equation, outflow facility is represented by Equation 2: 

      
EVPIOP

F
C TM


     (Eq. 2) 

where EVP is the episcleral venous pressure which is approximately 8-12 mmHg 

in normal humans.26 The healthy range of IOP in humans is between 10 and 20 mmHg 

with an outflow facility measurement ranging from 0.23-0.31 μL/min/mmHg. 23,27 The 

majority of the outflow resistance to aqueous humor outflow has been shown 

experimentally to reside in the inner most layer of the TM (juxtacanalicular tissue, JCT) 

and inner wall of Schlemm’s canal.3-5  It is believed that IOP elevation associated with 

glaucoma is caused by dysfunction in the trabecular outflow pathway. 

 

2.2 Glaucoma  

Over 2 million people in the United States have some degree of vision loss 

resulting from glaucoma and it is estimated that glaucoma affects 70 million people 

worldwide.28  Glaucoma is a group of chronic, age-related, neurodegenerative diseases 

of the optic nerve, which is characterized by cupping of the optic nerve head and visual 

field loss.   The most common form of glaucoma is called primary open angle glaucoma 
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(POAG).29  The major risk factor for developing glaucoma is increased IOP.1,2,30 Elevated 

IOP is related to an increase in resistance to aqueous humor outflow through the 

trabecular outflow pathway.4  Reduction of IOP, even in the cases of normotensive 

glaucoma, is the only proven treatment to delay the progression of vision loss caused by 

glaucoma.31   

Anti-glaucoma drugs have been used to reduce aqueous humor production or 

increase outflow to lower IOP.32,33 The most common drugs are prostaglandin 

analogues34-36, which increases uveoscleral outflow.  Muscarinic agonists, like 

pilocarpine, increases trabecular outflow by causing flexion of the ciliary body which 

pulls down on scleral spur and creates opening in the TM and prevents SC collapse.37-39  

There are multiple aqueous suppressive drugs (such as β-blockers, α2- agonists, and 

carbonic anhydrase inhibitors) that act on different receptor enzymes to reduce aqueous 

production. 32,33,40,41  Many of these drugs are used in combinations.  It is unclear what 

affect long-term treatment of these drugs may have on the trabecular and uveal outflow 

pathways. 

   

2.3 Trabecular Outflow Pathway: Trabecular Meshwork  

The TM encircles the perimeter of the eye, extending from the root of the iris, 

also known as the sclera spur, to the peripheral cornea 42.  The TM is approximately 100 

m thick in humans and is divided into three layers: the inner uveal meshwork, the 
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central corneoscleral meshwork, and outer the juxtacanalicular tissue (JCT) (Figure 2).4 

The greatest resistance was measured to be within the deeper one-third to one-fourth of 

the TM about 7-14 µm from the inner wall of Schlemm’s canal, which is the approximate 

the thickness of the JCT.5,6,43,44 

 

Figure 2: Histology of a sagittal traverse section showing the three regions of 

the trabecular meshwork (TM): 1) the uveal meshwork, 2) the corneoscleral 

meskwork, and  3) the juxtacanalicular tissue (JCT), as well as Schlemm's canal (SC). 

The dashed orange line shows the division between the uveal and corneoscleral 

meshwork and its insertion into scleral spur. The dotted red line shows the 

approximate division between the corneoscleral TM and JCT.  The JCT is 

interconnected with Schlemm’s canal (SC). (Annotated version of a figure from 

Allingham et al 199642) 

The uveal and corneoscleral meshwork have very large void spaces with 

intersecting beams consisting of collagen and elastin covered with a continuous 

monolayer of trabecular meshwork cells on the basement membrane (Figure 3).45 The 

TM cells are similar to endothelial cells, but possess the unique ability to phagocytosis, 
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migrate, produce ECM, and respond to metabolic, lysosomal and matrix degrading 

enzymes.46 These cells are believed to act as “pre-filters” to prevent clogging further 

downstream.  Between the TM beams are tortuous void space.  The void spaces decrease 

in size moving from the uveal to corneoscleral layers. The pores sizes at the proximal 

side of uveal meshwork range from 25–75 m and decrease to 2–15 m in the distal 

layers of the corneoscleral meshwork.   

 

Figure 3: An illustration of the TM highlighting: 1) the collagen and elastin in 

the trabecular beams of the corneoscleral and uveal meshwork and in the JCT, 2) the 

TM cells lining the TM beams over the basement membrane, 3) JCT cells embedded 

within the ECM, and 4) a discontinuous basement membrane with a continuous 

monolayer of SC cells.45 
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The JCT extends from the corneoscleral meshwork to the inner wall of the 

Schlemm’s canal, while the uveal meshwork is unbound and is adjacent to the anterior 

chamber. 23  The JCT is more disorganized than the uveal and the corneoscleral 

meshwork because of its loose tissue appearance with free cells, connected by processes 

to the inner wall of the SC and to fine collagen and elastic fibrils and fibers. 

Additionally, these elastic type fibers in the JCT originate from corneoscleral meshwork 

and extend to the basement membrane of the inner wall of SC.  JCT cells have no basal 

lamina and have a fibroblastic appearance.  SC is a small endothelial-lined collecting 

duct for aqueous humor.  SC consists of an inner and outer wall 47 spaced approximately 

25 m apart at normal pressure.9,48   

Table 1: Excellular Matrix Components in the Trabecular Meshwork46 

Component Type 

Collagens Type I, III, IV, V, VI, and VIII 

Proteoglycans Decorin, biglycan, syndecan, versican, perlecan 

Adhesive glycoproteins Fibronectin, laminin, vitronectin 

Elastin Elastin 

 

The extracellular matrix (ECM) of the TM consists of collagens, proteoglycans, 

adhesive glycoproteins, and elastin.46  Table 1 summarizes the main components found 

in the ECM.45,46 The ECM in the trabecular meshwork is more than just a scaffold for cells 

to reside, it also affects the function and activity of TM cells.  Proteoglycans that contain 

polysaccharides are known as glycosaaminoglycans (GAGs).  Approximation of the total 

types GAGs through experimental evidence revealed that there is 20-25% of hyaluronic 
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acid, 40-60% of chondroitin and dermatan sulfates, 5-10% of keratin sulfate, and 15-20% 

of heparin sulfate.45  It has been proposed that GAGs play a major role in the outflow 

resistance.49,50  Studies in human organ culture perfusion shown that inhibition of GAG 

biosynthesis51-53 increases outflow; however, it is unclear whether there are GAG-specific 

enzymatic changes in humans that directly explains differences in outflow function.45 

The inner wall of SC consisting of the basement membrane adjacent to the JCT 

and the endothelium has unique characteristics when compared to other tissues.4  The 

basement membrane in SC is discontinuous, which more similar to the lympathic system 

than the continuous basement membrane found in blood vessels.54  In the endothelium, 

there are ‘giant vacuoles’ that help transfer aqueous humor into SC by means of 

intracellular pore formation is a distinct phenomena.55  Additionally, there are border 

pores which form between SC cells.  Computational the number of pores is estimated to 

only account for 10% of the outflow resistance56; however, the length of fixation process 

has been shown to generate additional intracellular pores55.  

 

2.4 Trabecular Outflow Pathway: Segmental Flow 

Trabecular outflow of aqueous humor has been shown to be segmental.57,58  This 

may be due to circumferential variability of TM permeability, the opening of SC, and the 

downstream resistance.   The “downstream resistance” refers the resistance of trabecular 

outflow pathway downstream from inner wall of SC. The downstream resistance has 
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been estimated to account for 25% of the total outflow resistance.5,43  Although SC is 

continuous, there are approximately 25-30 collector channels spaced around the 

perimeter of the outer wall of SC. When aqueous humor empties into the collector 

channels, it enters the deep scleral plexus or directly into the aqueous veins. From the 

deep scleral plexus, aqueous humor flows into the intrascleral venous plexus and then 

into aqueous veins (Figure 4)26.  There are approximately 2-6 aqueous veins which 

connect to the episcleral veins, allowing the aqueous humor to rejoin the blood stream.  

 

Figure 4: After aqueous humor enter Schlemm’s canal, it flows into collector 

channels (not labeled) and then either enter the aqueous veins directly or indirectly 

through the deep scleral plexus and intravenous plexus.26  

The permeability of TM may not be spatially homeogenous and the outflow 

paths are influenced by the location of collector channels.47,59  As known with capillaries 

and venules, presumably there are preferential collector channels that lead to regional 

variability downstream.  Pressure elevation in SC may cause the dilation of collector 
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channels and/or activate more channels.60  Also, more and larger aqueous veins are 

found in the inferior-nasal position61, which may influence better outflow in that region.   

There are regions of the SC which may be collapsed or even have herniations in the 

collector channels that would occlude the flow in those regions.62-64  The biomechanics of 

the TM may play a role in its potential to collapse of SC.   

 

2.5 Trabecular Outflow Pathway: Biomechanics 

The TM is known to reside in a very dynamic environment.  IOP changes due to 

blinking, diurnal variations in aqueous production, extraocular muscle movements, 

ocular pulse, etc. affect the mechanical stresses and strains on the TM. 27,65-67   The 

magnitude of the strain is influenced by the modulus, or ‘stiffness’, of the tissue and the 

magnitude and direction of the stress on the tissue.   Both the uveal and the 

corneoscleral meshwork have been shown experimentally to provide insignificant 

resistance to aqueous humor outflow. Instead, the resistance has been shown to lie 

within the JCT and inner wall of SC. 3-5  

In 1973, Murray Johnstone and Morton Grant presented evidence that SC 

collapses with elevated IOP due to the TM and inner wall of SC bowing towards the 

outer wall of SC.48 This gave rise to the idea that there was stretching of the TM and SC.  

Since the resistance lies primarily in JCT and inner wall, these tissues experience more 

applied stresses due to the elevation in IOP and, depending on the tissues elastic 



 

14 

moduli, may more mechanical stretch.  Because of the mechanical deformation occurring 

in TM, many groups have focused on the mechanobiology in the outflow pathway that 

may affect the ECM remodeling, gene expression, cell proliferation, differentiation, and 

migration, and potentially the outflow resistance.68-75 

Atomic force microscopy (AFM) has been used to look at the substrate stiffness 

of the JCT and inner wall in human eyes.10  This study found that glaucomatous eyes, 

which would presumably have lower outflow facility than normal, had a larger Young’s 

modulus in comparison to normal eyes.  The local modulus may be stiffer in 

glaucomatous eyes, which influences outflow resistance in JCT and inner wall of SC 

regions through changes in gene expressions, cell behaviors, and ECM structures. 

However, this local TM stiffness has yet to be correlated to outflow facility.  It is also 

unclear if a stiffer TM relates to the pathophysiology of glaucoma or is an artifact of its 

treatment.  Additionally, this study does not account how the bulk stiffness and 

deformation of the entire TM with IOP fluctuation, since the uveal and corneoscleral 

cells of the TM play an important role as a ‘pre-filter’ and can synthesize proteins 

affecting cells downstream in the JCT region.  Investigation into the bulk Young’s 

modulus of TM and how it relates to outflow resistance and glaucoma is necessary for 

understanding the complete picture of TM biomechanics. 
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2.6 Trabecular Outflow Pathway: Glaucoma & Aging  

Glaucoma is an age-related disease; therefore when evaluating difference 

between normal and glaucomatous eyes, it is important to be aware of the effects of 

aging as well.  Outflow facility is lower in most types of glaucoma 76 , but it also has been 

shown to decrease with age27. Additionally, the filtration area of Schlemm’s canal has 

been shown to be reduced in POAGs in comparison to normals.42 It was calculated that a 

decreased filtration area may account for 41-55% of the outflow facility difference in 

normal and glaucomatous eyes. 

The most notable histological differences are decreased cellularity77 and 

increased plaque formation78-80 with aging and in glaucoma.  Decreased cellularity in 

glaucoma77 may greatly affect the homeostasis of the TM.  Although the precise cause for 

cell loss is unclear, there is evidence that under-perfused TM will lead to cell loss81.  It is 

estimated that approximately 0.58% of TM cells decrease with each year.82,83  

Interestingly, there are regional differences with a greater loss of cellularity with age in 

the corneoscleral meshwork rather than JCT.83  Outflow facility is known to be reduced 

with age27; however, decreased outflow facility and cellularity in the TM has yet to be 

correlated. Likewise, increased plaque-like material found underneath the inner wall of 

SC78-80 in aging and glaucomatous eyes has yet to be directly correlated to decrease in 

outflow function.  
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As mentioned in the previous section, the local Young’s modulus of the 

JCT/inner wall region of the TM has been reported to be more than twenty times stiffer 

in glaucomatous eyes (80.8± 32.5 kPa, n = 10) than normal age-matched eyes (4.0± 2.2 

kPa, n = 10).10,84   Additionally, the local modulus is more variable in glaucoma than 

normal eyes.  It should be noted that the postmortem time was different between 

groups.  Normal eyes were evaluated 17.5 ± 10.7 days and glaucomatous eyes were 

evaluated 7.4 ± 4.2 days post-mortem.  This may account for some of the differences 

between samples.  Outflow function was not evaluated in these eyes, so still remains 

unknown if the TM stiffness relates to pathogenesis of the disease. 
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Chapter 3: Circumferential Trabecular Meshwork 
Stiffness in Normal Human and Porcine Eyes

1
 

 

3.1 Abstract 

Purpose: The study was designed to determine trabecular meshwork (TM) 

stiffness and its relationship to outflow facility (C) in perfused normal human and 

porcine eyes.  

Methods: Human and porcine eyes were perfused at pressures of 10, 20, 30, and 

40 mmHg to determine C and how outflow resistance (R=1/C) varied with the pressure.  

Following perfusions, TM tissue segments were dissected and stretched uniaxially to 

determine the circumferential bulk Young’s modulus (E). Statistical significance of 

difference between different groups was evaluated, using two-tailed Student t-test or 

Mann-Whitney U test. 

Results:  A larger E correlated with a higher C measured at 10 and 20 mmHg (p < 

0.05, R2 = 0.61 and 0.76, respectively), and a similar trend was observed at 30 and 40 

mmHg in human eyes (n=7).  Additionally, a higher C correlated to a lower variance of 

R (p < 0.05, R2 > 0.6), and a stiffer TM correlated to lower a variance of R in human eyes 

(p < 0.05, R2 = 0.88). For porcine TM, E was inversely correlated to cross-sectional area (p 

                                                      

1 Camras LJ, Stamer WD, Epstein D, Gonzalez P, Yuan F. Differential effects of trabecular meshwork 

stiffness on outflow facility in normal human and porcine eyes. Invest Ophthalmol Vis Sci. 2012:53:5242-5250.  
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< 0.003, R2 = 0.65, n = 11), and its value (24.9 & 1.5 kPa; geometric mean & geometric SE) 

was lower than E of human TM (515 ± 136 kPa; mean ± SE) (p < 0.01). C and variance of 

R were not significantly different between the species. 

Conclusion: Circumferentially stiffer TM may have a smaller change in R 

induced by IOP elevation and a higher C in normal human eyes. For future studies, 

these correlations need to be evaluated in glaucomatous eyes to better understand 

normal and abnormal TM functions. 

 

3.2 Introduction 

The main risk factor for developing glaucoma is elevated intraocular pressure 

(IOP).1,2  In most cases, the pressure elevation in glaucomatous eyes is the result of 

increased resistance to aqueous humor outflow in the conventional outflow pathway.5,7   

The greatest resistance to aqueous outflow is in the juxtacanalicular (JCT) region of the 

trabecular meshwork (TM) and the inner wall of Schlemm’s canal (SC).4,6,8,55,85,86  

However, mechanisms responsible for the generation and (dys) regulation of resistance 

remain unclear. 

Natural fluctuations of IOP occur throughout the day due to eye movements, 

blinking, circadian variations in aqueous production, ciliary muscle contraction, and 

ocular pulsations.27,65-67  These normal IOP changes alter mechanical stresses that induce 

deformation in ocular tissues, particularly the pressure-responsive TM. Consequently, 
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the deformation may significantly affect tissue permeability to fluid flow or the 

hydraulic conductivity as reported in other tissues. 87-89 Additionally, IOP fluctuation-

induced TM deformation in extreme or chronic circumstances may lead to collapse of SC 

that increases resistance to aqueous humor outflow,4,9,18,42,63,90,91 which in turn causes an 

increase in IOP. The magnitude of the TM deformation is influenced by the bulk 

Young’s modulus, or ‘stiffness’, of the tissue. The stiffness may change with aging or 

due to pathological processes. Recent evidence has demonstrated the association 

between the higher Young’s modulus of the JCT and glaucoma.10,84 The local modulus in 

glaucomatous eyes is observed to be significantly higher and more variable than that in 

normal, age-matched eyes.  However, the local modulus is only a measure of surface 

stiffness rather than a bulk tissue property that would have a greater influence on tissue 

deformation. 

Outflow resistance has been shown to increase with IOP elevation in perfused 

human eyes ex vivo.17,92-95 The resistance increase is believed to be caused by IOP 

elevation-induced ocular tissue deformation that obstructs outflow pathways. For 

example, TM deformation in the outflow direction will reduce cross-sectional area of SC, 

which leads to an increase in the resistance to fluid flow in the SC.18 Therefore, it is 

expected that the outflow resistance depends on not only the local stiffness of JCT/inner 

wall of SC, but also the bulk Young’s modulus of TM, which depends mainly on 

structures of uveal and corneoscleral meshworks.  
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The bulk Young’s moduli of other ocular tissues, such as the sclera, lamina 

cribrosa and cornea, have been investigated experimentally.96-99 However, despite its 

relevance to ocular hypertension in glaucoma, only local Young’s modulus of TM has 

been measured experimentally.10 The bulk moduli of TM have only been estimated 

theoretically.12,100  Furthermore, no study has tested whether TM stiffness correlates with 

outflow facility. To this end, we designed the study to measure the stress-strain curves 

of TM in normal human and porcine eyes and to correlate their bulk Young’s moduli to 

outflow facilities. To our knowledge, this study marks the first experimental 

documentation of the bulk Young’s modulus of TM in human and porcine eyes. Results 

from the study may lead to a better understanding of the relationship between 

mechanical properties of the outflow pathway and fluid dynamics in the eye. 

 

3.3 Methods 

3.3.1 Eye Preparation   

Both human and porcine eyes were prepared for whole globe perfusion as 

described previously.5,17,92,101  Human eyes were obtained from Lions Eye Institute of 

Tampa, FL, and had no reported history of ocular diseases and/or surgeries.   They were 

kept in saline-wetted gauze, placed in moist chambers, and shipped on ice.  The left 

donor eyes were perfused within 48 hours postmortem.  Porcine eyes were obtained 
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within 3 hours postmortem and shipped on ice.  Porcine eyes were refrigerated upon 

arrival and perfused within 7 hours postmortem. 

 

3.3.2 Perfusion System 

An isotonic solution was prepared with 5.5 mM of glucose in Dulbecco’s 

phosphate buffer saline (PBS) (276 ± 12 mOsm; Sigma Chemical Co., St. Louis, MO) to 

imitate aqueous humor.102  The perfusion system design was a modified version of the 

system described by Camras et al.103 to measure outflow facility. A syringe filled with 

solution was connected to a three-way stopcock which was linked to pressure tubing.  

One of the tubes was connected to a pressure transducer (Honeywell model 140 PC; 

Honeywell Sensing and Control, Freeport, IL). The other tube was attached to a second 

three-way stopcock linked to a fluid column, which acted as a manometer to set the 

perfusion pressure through control of the height of fluid column.  The pressure 

transducer was connected using an analogue cable to a computer and calibrated by 

varying the height of fluid column.  The calibration was also checked prior to each 

experiment by referencing a fluid column height to pressure detected by the transducer.  

The system pressure was referenced to zero corresponding to zero flow rate.  A 25-

gauged needle was attached to the second stopcock and placed in the posterior chamber 

of the eye. A small moist Kim-wipe was placed over the cornea to prevent dehydration.  

Eyes were set in a water bath maintained at 34ºC.  PowerLab software was used to 
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record the pressure for the duration of the experiment at a sampling rate of 10 Hz.  At 

the end of the experiment, the needle was re-zeroed to verify that no obstructions in the 

perfusion system had occurred. 

 

3.3.3 Outflow Facility Calculation 

Outflow facilities were calculated from the stabilized flow rates measured at set 

perfusion pressures of 10, 20, 30, and 40 mmHg.  As described in our previous study,103 

the fluid exiting the perfusion system was proportional to the decline in height of the 

column or decline in pressure over time.  The volume of the fluid column was calibrated 

to be equivalent to 170.75 µL/mmHg based on its 4-mm diameter. We assessed steady 

state of perfusion by monitoring the pressure decline rate (mmHg/s) in 3-minute 

intervals.  Additionally, we made sure that the pressure in the eye matched the pressure 

in the fluid column by briefly valving off the column so the transducer referenced the 

pressure in the eye.  When the pressure decline rate changed less than 10% between two 

adjacent intervals and the pressure in the eye match the pressure set by the fluid 

column, we assumed that the perfusion had reached a steady state. Steady state 

occurred typically in a 10-minute recording period.  After which, the eyes were perfused 

for additional 6 to 10 minutes.  The average pressure and pressure decline rate were 

assessed over 6 minutes of the steady-state recording. For all experiments, the pressure 

drop was less than 1 mmHg at steady state; therefore, we assumed that the steady state 

eye perfusion was performed under a constant pressure condition. The average pressure 
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decline rate was then converted to a flow rate (µL/min). The perfusion measurement 

described above was repeated for the four pressure levels set in the system in ascending 

order (10, 20, 30, and 40 mmHg). The total perfusion time was less than 1.5 hours for 

porcine eyes to minimize the effects of washout.101   

For enucleated eyes, there is no aqueous production, the episcleral venous 

pressure can be assumed to be zero, and the uveoscleral outflow is considered 

negligible.5,104  Therefore, the inflow rate of fluid from the perfusion system (F) equals 

the outflow rate of fluid through the trabecular meshwork; and the IOP equals the 

perfusion pressure set in the system (P).  Based on these assumptions, the outflow 

facility for each level of P was calculated by:103 

C=  F/P = 1/R       Eq. 1  

The inverse of outflow facility is defined as the outflow resistance (R). The values 

of R at the four different levels of P were used to determine the statistical variance (i.e., 

the square of standard deviation) of R for each eye. 

 

3.3.4 Trabecular Meshwork Dissection 

Eyes were removed from the perfusion system and cut along its equator.  The 

choroid, iris, and lens were removed from the anterior segment.  The TM was isolated 

by using a small surgical blade to cut along the pigmented line of the scleral spur below 

the TM. Forceps were used to grab the TM and pull it free along Schwalbe’s line (see 

Figure 5). Once the TM was isolated, it was placed in PBS and kept at 4°C until 
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mechanical assessment.  Post-TM removal, one porcine anterior segment was embedded 

in paraffin, cut into 0.5 µm thick sections, and stained with Toluidine blue to visually 

examine the quality of the dissection. 

 

Figure 5: TM Dissection Method. Human and porcine eyes were dissected in a 

similar manner. Thus, only porcine TM dissection procedures are shown here. A)  A 

portion of TM was removed from a porcine anterior segment. When TM was 

completely removed, remnants of pigment and scleral spur were removed to further 

isolate the TM for mechanical measurement. The final sample is shown in B) and C) 

with low and high magnifications, respectively. D) Histological sections of the 

porcine AS showed completed TM removal. OW: outer wall of aqueous plexus. Scale 

bar indicates 100 µm. 

 

3.3.5 Trabecular Meshwork Preparation and Mechanical Test 

The TM was cut into approximately 1 cm long segments and secured onto a 

bracket cut from cardstock paper (Figure 6A). The ends of the TM segment were glued 

to the top and bottom of the bracket.  The bracket was labeled and placed in a petri dish. 
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Drops of PBS were applied to the TM to assure that it remained hydrated. All TM 

segments secured on the brackets were then imaged with an optical coherence 

tomography (OCT) instrument to assess the width and thickness to determine the cross-

sectional area for the later mechanical assessments.  Fifty B-scans or cross-sectional 

views were acquired along 5 mm length of each TM segment. Volume reconstruction 

was performed to determine uniformity of its width (Figure 6B).  Cross-sectional areas 

(Figure 6C) were averaged over 3 regions approximately 1-2 mm apart using a Matlab 

program (courtesy of Hansford Hendargo). 

 

Figure 6: Cross-Sectional Area Calculation. A) A diagram showing the ends of 

TM segments to be adhered to the top and bottom of a cardboard bracket. B) Optical 

coherence tomography (OCT) was used to make a volume scan of the TM segment.  

Areas at three cross-sections were evaluated along the TM segment (white dashed 

lines). The average of three areas was used to determine the normal stress in TM 

based on the force measurement. C) In each cross-section, the thickness (T, solid 

arrow) and width (W, dashed arrow) were measured in terms of the number of pixels.  

Each pixel was equivalent to 2.07 µm. The area was estimated to be thickness times 

width. 

The TM underwent a quasistatic uniaxial tensile mechanical test at room 

temperature within 6 hours after whole eye perfusion to determine its bulk Young’s 

modulus. Prior to being loaded onto the testing machine, TM segments secured to 
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brackets were submerged in PBS. The TM was loaded into a micro-strain analyzer 

(MSA) by clamping the top and bottom of the bracket into the upper and lower 

fiber/film holders, respectively (Figure 7A).  Once loaded, the spine of the bracket was 

cut leaving the two ends of TM secured to fiber/film holders. The TM was stretched 

continuously at 0.1% strain per second until mechanical failure. The percent strain () 

and force were recorded by using TA Orchestrator software and exported to Microsoft 

Excel software for offline analysis. To minimize tissue dehydration during the 

mechanical test, the experimental procedures from loading of the TM to completion of 

the mechanical test were finished in less than 5 minutes. 

 

Figure 7: Mechanical Test of TM.  A) The bracket with the TM (see Figure 2A) 

was first secured to the upper and lower holders of a micro-strain analyzer (MSA). 

Afterwards, the spine of the bracket was removed. B) It shows a typical stress-strain 

curve of human TM. The stress was determined by dividing the force measured by 

MSA by the average cross-sectional area calculated from the OCT images. C) Curve-
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fitting of data points was calculated at the strain range between 0 and 2%. The symbol 

represents experimental data and the solid curve is the nonlinear fitting of the data, 

using the equation:  σ(ɛ)=A/B*(e
Bɛ

- 1). The curve fitting provided the values of A and B 

for each TM segment. The bulk Young’s modulus at 0% strain was determined using 

the equation:  E = dσ/dɛ = A*e
Bɛ =A.  

The tensile stress ( ) was calculated by dividing the force by the average cross-

sectional area determined from the OCT images.  A typical stress-strain curve is shown 

in Figure 7B; and its small deformation portion was fitted with an exponential function 

(Equation 2),3,99,105 using a custom designed Matlab code (Figure 7C). 

σ(ɛ)=A/B*(eBɛ- 1)     Eq. 2 

where A and B are constants.  The apparent Young’s modulus ( ) was defined 

by Equation 3,  

E = dσ/dɛ = A*eBɛ     Eq. 3 

which depends on the strain.  Only the modulus at its relaxed state (i.e., 0% 

strain) was analyzed in this study, which is equal to the constant A.   

 

3.3.6 Statistics 

All data were evaluated to determine their distributions using box and whisker 

plots.  If a plot was significantly positively skewed and bounded by zero, a logarithmic 

transformation was used for normalization of the distribution.  Comparisons between 

different experimental groups were evaluated with unpaired, two-tailed Student t-tests 

for approximately normally distributed data, and two-tailed Mann-Whitney U-test for 
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abnormally distributed data. Linear regression analysis was performed to evaluate the 

correlation between variables or logarithmically transformed variables. Statistical 

significance was defined when the p-value was less than 0.05. 

 

3.4 Results 

Human donors (n = 7) were primarily Caucasian and between the ages of 53 and 

72 y.o (Table 2).  The left eyes were perfused under 48 hours postmortem and outflow 

facilities were measured at pressures of 10, 20, 30 and 40 mmHg, respectively (Table 3).  

To determine stiffness of the TM in two species, the stress-strain curves of human (n = 7) 

and porcine (n = 11) TM tissues are shown in Figure 8.  

Table 2: Human Donor Eye Information # 

Donor Gender Ethnicity Cause of Death Age 
(y.o.) 

PMT 
(hrs) 

1 Male White prostate cancer with mets 70 46 

2 
Female Pacific brain aneurysm, gallbladder 

cancer, sepsis 
53 45 

3 
Male White cardiac arrest, acute cardiac crisis, 

sepsis 
53 42 

4 Male White respiratory failure, sepsis 56 44 

5 
Male White lung cancer, respiratory failure, 

sepsis 
68 36.5 

6 Male White lymphoma 72 24.5 

7 Female White bladder cancer 55 33.5 

Average 61.0 38.8 

# OS was used from all donors (n = 7) for both perfusion and mechanical studies. 

Table 3: Outflow Facility of Human Donors 

Donor 
(OS) 

C at 10 
mmHg # 

C at 20 
mmHg 

C at 30 
mmHg 

C at 40 
mmHg 

VAR of R 
* 
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1 0.250  0.248 0.341 0.361 0.455 

2 0.180 0.224 0.211 0.240 0.352 

3 0.361 0.358 0.347 0.355 0.002 

4 0.137 0.154 0.120 0.080 6.996 

5 0.273 0.207 0.162 0.165 1.387 

6 0.334 0.366 0.363 0.384 0.026 

7 0.179 0.212 0.226 0.211 0.268 

Average 0.245 0.254 0.253 0.257 0.220 & 

# C is outflow facility, µL/min/ mmHg, * VAR of R is variance of outflow resistance, 

(mmHg/µL/min)2, & It is geometric mean of VAR of R, (mmHg/µL/min)2. 

 

Figure 8: Stress-Strain Curves of All TM samples. The curves were generated 

using the equation: σ(ɛ)=A/B*(e
Bɛ

- 1), where values of A and B were determined for 

each TM based on curve-fitting of experimental data. If two segments from the same 

TM were measured in the study, the arithmetic average of the two stress-strain curves 

is plotted here. A) Stress-strain curves of seven human TM samples (dashed lines) 

and the arithmetic average of these curves (solid line). B) Stress-strain curves of 
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eleven porcine TM samples (dashed lines) and the geometric average of these curves 

(solid line).  

Based on the curves, the bulk Young’s modulus was determined for each sample 

at zero strain. The data are summarized in Tables 4 and 5. Box plots revealed that the 

Young’s modulus of PTM segments were positively skewed (Figure 9). Therefore, the 

porcine moduli were logarithmically transformed to normalize the data distribution for 

statistical analysis (Figure 9). The geometric mean and geometric standard error (SE) of 

the porcine moduli are reported in Table 5. The distribution of HTM modulus data was 

approximately symmetric about the mean (data not shown), so no transformation was 

made. The PTM and HTM data were compared using the Mann-Whitney U-test since 

the distributions of data in these two groups differed. The average modulus of HTM 

segments was significantly higher than that of PTM segments (p < 0.01; Table 5).  

Table 4: Bulk Young’s Modulus and Morphology of Human Donor TM 

Donor 
(OS) 

E (kPa) Width (µm) Thickness (µm) Area (mm2) 

1 228 306 124 0.038 

2 622* 230* 127* 0.029* 

3 1085 102 79 0.008 

4 13 145 106 0.015 

5 410 149 47 0.007 

6 819* 244* 190* 0.044* 

7 426* 259* 183* 0.048* 

Average 515 205 123 0.027 

* Calculated from average stress-strain curve of two TM segments from the same eye. 

Table 5: Comparison of Human versus Porcine Data 

Parameter Human Sample 
(Mean ± SE, n = 7) 

Porcine Sample 
(Mean ± SE, n=11) 

P-value 

PMT (hrs)  38.8 ± 2.9 4.6 ± 0.4 < 0.001  
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Area (mm2)  0.027 ± 0.006 0.052 ± 0.005 < 0.005 

Thickness (µm)  123 ± 20 152± 9.0 0.09 

Width (µm)  205 ± 28 339 ± 23 < 0.005 

E (kPa)  515 ± 136 24.9 & 1.5 b < 0.01 a 

C at 10 mmHg c  0.245 ± 0.032 0.305 ± 0.032 0.23 

C at 20 mmHg  0.254 ± 0.030 0.311 ± 0.030 0.22 

C at 30 mmHg  0.253 ± 0.037 0.267 ± 0.025 0.75 

C at 40 mmHg 0.257 ± 0.043 0.260 ± 0.022 0.94 

VAR of R d 0.220 & 2.71 b  0.130 & 1.50 b  0.58 
a Statistical significance in E comparison was determined by using two-tailed Mann-

Whitney U-Test. In comparisons of other parameters, the statistical significance was 

determined by using two-tailed Student t-tests. b Geometric Mean & SE where ‘&’ 

represents ‘×/÷’. c C is outflow facility, (µL/min/mmHg). d VAR of R is variance of 

outflow resistance, (mmHg/µL/min)2 

 

Figure 9: Box Plots of the Bulk Young’s Modulus (E) of porcine TM and its 

logarithmic transformation (n = 11). 

The outflow resistance varied with increasing the IOP level; and the distributions 

of its variance at different IOP levels were positively skewed for both porcine TM 

(Figure 10A) and human TM (Figure 10B). Thus, they were logarithmically transformed, 

and the geometric means and SEs are reported in Table 5.  The distributions of other 
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data, i.e., outflow facilities and TM thickness, examined for porcine and human eyes 

were approximately symmetric about their means and thus were evaluated for statistical 

significance of differences between PTM and HTM data using unpaired, two-tailed 

Student t-tests. No significant differences were observed for these data between porcine 

and human eyes. 

 

Figure 10: Box Plots of the Variance of Outflow Resistance. A) The variances of 

outflow resistances (VAR of R) and their logarithmic transformations for porcine TM. 

B) The same plots as those in B) for human TM. The VAR of R in porcine (n=11) and 

human (n = 7) eyes were positively skewed but their logarithmic transformations were 

approximately symmetric to the geometric means. 
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Linear regression analysis showed significant correlations between three 

parameters in human eyes. First, the outflow facility correlated with the Young’s 

modulus; however this correlation was only statistically significant for outflow facilities 

measured at 10 and 20 mmHg (p < 0.05; R2 = 0.61 and 0.76, respectively; Figure 11A). A 

similar trend was observed at pressures of 30 and 40 mmHg but they were statistically 

insignificant. Second, the bulk Young’s modulus was inversely correlated to the variance 

of outflow resistance (p < 0.05; R2 = 0.88, Figure 11B). Lastly, the variance of outflow 

resistance decreased with increasing outflow facility measured at 10, 20, 30 and 40 

mmHg, respectively (p < 0.05; R2 = 0.66, 0.87, 0.66, and 0.63, respectively; Figure 11C). 

The age of the donor, dimensions of the TM (i.e., thickness and cross-sectional area), and 

the postmortem time (PMT) did not significantly correlate with any parameters 

measured in human eyes.  

For porcine eyes, the only significant correlation observed was between cross-

sectional area and bulk Young’s modulus (p < 0.005, R2 = 0.645, n = 11; Figure 12), 

suggesting that the modulus measured depended on the width of dissected TM. This 

variability in dissection may partly explain the lack of significant correlations between 

the bulk Young’s modulus and other parameters.   
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Figure 11: Correlations between the Bulk Young’s Modulus (E), Outflow 

Facility (C), and Variance of Outflow Resistance in Human Eyes. A) The outflow 

facility, measured at perfusion pressure of 10 mmHg (C 10) and 20 mmHg (C 20), 

increased with increasing the bulk Young’s modulus (p < 0.05, n = 7). Although not 

statistically significant, the outflow facility measured at 30 and 40 mmHg followed 

the same trend with increasing the bulk Young’s modulus. B) Logarithmically 

transformed variance of the outflow resistance (VAR of R) inversely correlated with E 

(p < 0.05, n = 7; R2 = 0.88). C) Logarithmically transformed VAR of R inversely 

correlated with C at all pressure levels (p < 0.05, n = 7; R2 = 0.66, 0.88, 0.66, 0.63 for 

pressures of 10, 20, 30, 40 mmHg, respectively). The unit of VAR of R is 

(mmHg/µL/min)2. 
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Figure 12: Cross-sectional Area and Bulk Young’s Modulus (E) of PTM.  The 

bulk Young’s modulus decreased with increasing the cross-sectional area for porcine 

TM (p < 0.005; R2 = 0.645, n = 11). The unit of E is kPa. The symbol represents 

experimental data and the solid line is the linear curve fitting. 

To understand mechanisms of the difference between human and porcine eyes, 

structures of extracellular matrix (ECM) in the TM were examined based on tissue 

autofluorescence. The images shown in Figure 13 were obtained when TM tissues were 

epi-illuminated. They indicated that orientations of fibers in the ECM were random in 

PTMs, but approximately aligned in the circumferential direction in HTMs. 

 

Figure 13: Autofluorescence Images of TM.  Autofluorescence from TM tissues 

was imaged with a green fluorescence protein filter set (Zeiss).  The fluorescence 
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images show ECM fibers in PTM (A) and HTM (B).  The black arrows highlight the 

orientations of the fibers in the TM. ECM fibers in the HTM appeared to be aligned 

more parallel to each other in the circumferential direction in comparison to those in 

the PTM.  Scale bars indicate 50 µm. 

Circumferentially along the TM, the bulk Young’s modulus was non-uniform 

since variations were observed between the moduli of two TM segments from the same 

eye. The difference in the moduli between two HTM segments (E) from the same eye 

was 488 ± 192 kPa (mean ± SE, n = 3), indicating that the mean of E was large since it was 

comparable to the arithmetic mean of E of all human TM samples (515 kPa, n = 7). For 

HTM samples whose stiffness was measured using two different segments, Table 3 

shows the TM modulus of the donor eye determined by the mean of the two fitted 

stress-strain curves. For PTM, it was observed that the geometric mean and SE of E were 

3.1 and 2.5 kPa (n = 4), respectively, suggesting that E between two PTM segments from 

the same eye was small because the geometric mean of E was only 12% of the geometric 

mean of E of all PTM samples (24.9 kPa, n = 11). Taken together, the data described 

above suggested that circumferential distribution of E in PTM was less heterogeneous 

compared to that in HTM.   

 

3.5 Discussion 

This study marks the first time that the circumferential stiffness of the TM is 

measured and correlated with outflow facility (C) and IOP-induced variation in outflow 

resistance (R). Human eyes demonstrated significant correlations between the 
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circumferential bulk Young’s modulus (E) of the TM, C, and the variance of R. 

Specifically, a larger E (or stiffer TM) significantly correlated to a higher outflow facility 

(C) measured at 10 and 20 mmHg, respectively, and to a lower variance of R.  

Additionally, a higher C correlated with a lower variance of R at every given pressure. 

In contrast, the only statistically significant relationship found in porcine eyes was that a 

smaller E correlated with a larger cross-sectional area. Comparing human versus porcine 

eyes, it was observed that HTM was ~20 times stiffer than PTM, while C and variance of 

R were statistically the same between the two species.  

 

3.5.1 Bulk Young’s modulus of TM 

The stress-strain curve of TM was nonlinear indicating that the apparent tissue 

stiffness increased with increasing strain. In this study, only E at zero strain was 

analyzed, representing the TM stiffness at a relaxed state. The experimental data of E in 

humans were close to those predicted by mathematical models.12,100 However, these 

values were much higher than the local Young’s modulus of TM determined by using 

atomic force microscope (AFM) for both normal and glaucoma eyes.10  This difference 

between local and bulk stiffnesses was consistent with the findings regarding E in other 

soft tissue studies,11 suggesting that the measurements with different techniques reflect 

different structural properties of tissues.  We previously measured porcine TM stiffness 

(Yuan F, et al., E-abstract 6693, ARVO, 2011) with AFM. The average local modulus of 

porcine TM (n=9) was 1.38 kPa, which was one order of magnitude lower than the bulk 
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Young’s modulus of the same tissue reported in this study.   This discrepancy suggests 

that the moduli of TM measured with different techniques reflect different structural 

properties of the tissue.11 It is likely that local Young’s modulus measured with AFM 

reflects the stiffness of individual cells or bending stiffness of fibers in ECM whereas the 

bulk Young’s modulus reveals tensile strength of ECM fibers.  In future studies, 

mathematical models need to be developed that can integrate local properties of cells 

and ECM at microscopic scales for predicting bulk properties of tissues. Experimentally, 

mechanical tests will be needed to determine anisotropic properties of the TM since the 

Young’s modulus may depend on the direction of tissue deformation. TM stiffness 

measured under uniaxial tension in the circumferential direction may be different from 

those when TM is stretched in other directions. The information on anisotropic 

properties of TM is critical for determination of strain distribution in the TM induced by 

IOP elevation. 

Cell viability was not measured in this study.  Although performed with 

different experimental conditions, evidence in the literature indicates that the majority of 

TM cells are still alive if the PMT is less than 36 hours.106  In this study, outflow facility 

measurements in human eyes began within 24.5 to 48 hours PMT and the mechanical 

tests were performed in less than 6 hours afterwards, indicating that cell viability may 

be a concern for some of the samples used in this study. However, all outflow facility 

measurements were within the normal physiologic range and stable during the course of 
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the experiments.  Furthermore, regression analysis revealed no correlation between PMT 

and C, E, or variance of R. These observations suggest that changes in cell viability were 

insignificant, compared to other factors, for determining the trends in E, C, and variance 

of R in the seven human samples used in this study. These trends were more likely to be 

caused by intrinsic differences in tissue structures. In TM stiffness analysis, we assumed 

that the bulk Young’s modulus in the circumferential direction was minimally 

dependent on the viability and contraction/relaxation of TM cells as the corneoscleral 

and uveal beams provided the major resistance to tissue deformation in this direction 

(JCT and inner wall of SC were minor components in dissected TM tissues). In future 

studies, it is important to quantitatively investigate if TM cells have any influence on E 

and C through direct manipulation of cell viability in experiments. It is also important to 

investigate changes in C in response to treatments that cause TM cell contraction or 

relaxation in human eyes with wide ranges of PMT and donor ages. 

Mechanical properties of soft tissues are affected by hydration.107 Prior to the 

mechanical testing, the TM used in this study remained submerged in PBS. The tissue 

hydration levels might change when the TM was removed from the PBS for 

measurement of E. However, the measurement took less than 5 minutes; and only the 

data with < 3% strain in the stress-strain curves were used for determination of E, which 

were collected in less than 3 minute after TM was removed from the PBS.  Within this 

short period, we did not consider effects of tissue dehydration on E being important.  In 
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future studies, the hydration level should be controlled during mechanical stretching of 

TM. 

Porcine TM with a lower modulus had a larger cross-sectional area. This 

phenomenon might be attributed to a more disorganized ECM in PTM (see Figure 13A). 

This fiber matrix could not provide significant resistance to tissue stretching since the 

axes of some fibers were perpendicular to the direction of deformation. In the HTM, 

ECM fibers were aligned mainly in the direction of mechanical deformation (see Figure 

13B). They together provided a higher resistance to tissue stretching under the applied 

forces. This difference in fiber orientation may partly explain the inverse dependence of 

the TM modulus on the cross-section area of PTM and the difference in tissue stiffness 

between HTM and PTM. The same observation may also indicate that the cells 

themselves provide minimal contributions to the modulus, and the organization of the 

ECM has a greater effect on its bulk Young’s modulus. To ultimately determine the 

validity of this hypothesis, future studies need to be performed quantitatively to 

separate contributions of ECM and cells to the bulk Young’s modulus. 

There were some variations in the modulus of TM in different segments within 

the same eye. The variation in E was larger in HTM than in PTM. These data were 

consistent with the notion that the modulus may be segmental in the TM, similar to the 

aqueous humor outflow57,108-110 and microscopic TM stiffness 22 reported previously. 
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Future studies may elucidate these findings when regional changes in modulus and 

preferential flow patterns in TM are investigated simultaneously. 

 

3.5.2 Effects of TM bulk Young’s modulus on outflow facility and 
variance of outflow resistance 

Compared to data in the literature, the outflow facility measurements in this 

study were consistent with those reported for human17,92-95 and porcine94,95,101 eyes.  A 

lower variance of outflow resistance was statistically correlated to larger outflow facility 

and stiffer TM in human eyes. 

Outflow facility measured at 10 and 20 mmHg was statistically significantly 

correlated to the bulk Young’s modulus of TM in human eyes (see Figure 11A). The bulk 

moduli of TM measured in this study represents the circumferential stiffness of the 

entire meshwork, presumably contributed mostly by corneoscleral and uveal beam 

network. A stiffer uveal and corneoscleral meshwork would provide structural support 

to the highly resistant JCT and inner wall of SC and facilitate more expansion of these 

tissues in the direction of aqueous outflow, which increased tissue porosity and thus 

reduced outflow resistance. Outflow facility measured at 30 and 40 mmHg showed a 

supportive trend, but the relationship was not statistically significant. This may be 

explained largely by the fact that outflow facility did not always decrease with IOP 

elevation; in fact in over half of the cases in this study, the outflow facilities was 

increased. It is well known that IOP elevation increases outflow rate and drag forces on 
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the trabecular beams, which compress TM and reduce in the cross-sectional area of 

SC.9,18 Both structural changes will lead to an increase in outflow resistance. However, 

the IOP elevation will also increase the pressure in SC, which may lead to a decrease in 

the downstream resistance, potentially through inducing dilation of collector channels to 

facilitate outflow. The IOP elevation may also alter giant vacuole structures in the inner 

wall of SC, thereby increasing its hydraulic conductivity.111 Taken together, the changes 

in structures of outflow pathway or driving forces for aqueous outflow, induced by IOP 

elevation, may either increase or decrease the outflow facility, depending upon 

conditions of the tissues. In all cases, the IOP elevation should cause less change in the 

outflow facility if the ocular tissues are stiffer. That may explain why the variance of 

outflow resistance decreased with increasing TM stiffness observed in this study. 

The correlations between outflow facility, TM stiffness and variance of outflow 

resistance, however, were insignificant in porcine eyes. The discrepancy between human 

and porcine eyes might be explained by differences in tissue structures. The outflow 

pathway in porcine eyes is anatomically different from that in humans. After passing 

through the TM, aqueous humor enters a series of discontinuous collector vessels or the 

angular plexus (AP) in porcine eyes rather than a continuous vascular ring, i.e., SC, in 

human eyes.112  The segmental aspect of the outflow pathway in porcine eyes may 

provide the main support to the JCT and inner wall region, making them less relying on 

mechanical support provided by the uveal and corneoscleral meshwork. As a result, 
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there was a minimal variability in porcine outflow facility measured in this study, 

making it difficult to find correlations between variance of outflow resistance and bulk 

Young’s modulus of TM. Overall, porcine eyes did not appear to be a good model for 

predicting effects of TM stiffness on outflow resistance in human eyes. 

A recent study reported that the local modulus of TM was higher in 

glaucomatous than in normal human eyes.10 Glaucomatous eyes are also known to have 

lower outflow facility than the normal eyes.5 Thus, a stiffer TM has been presumed to 

lead to lower outflow facility.10 However, we observed that a stiffer TM was correlated 

with a higher outflow facility in human eyes. This apparent contradiction with 

observations in the literature can be explained as follows. The local modulus as 

measured by Last10 is fundamentally a different mechanical property of tissues 

compared to the bulk Young’s modulus measured in the circumferential direction in the 

present study. Most soft tissues are anisotropic; therefore, differences in the type 

(compression, bending, tensile, etc), direction, rate, and frequency of the applied forces, 

as well as locations in tissues selected for mechanical test, can result in variable 

mechanical stiffnesses. The local modulus may be stiffer in glaucomatous eyes, which 

influences outflow resistance in JCT and inner wall of SC regions through changes in 

gene expressions, cell behaviors, and ECM structures, whereas the bulk Young’s 

modulus 11 measured in this study may influence the resistance to aqueous outflow 

mainly through affecting the height of SC and compression of the TM in the outflow 
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direction. Further analysis is needed to determine how different moduli influence the 

outflow facility in glaucomatous eyes and compare these moduli and the influence to 

those in normal human eyes. 

 

3.5.3 Conclusion 

The circumferential bulk Young’s modulus of the TM was evaluated in this 

study. The results showed that in normal human eyes, larger circumferential bulk 

Young’s modulus of TM correlated to increased outflow facility and decreased variance 

of outflow resistance. Stiffer TM may, macroscopically, reduce tissue deformation under 

mechanical loading, thereby making TM structures more stable during IOP fluctuations.  

Porcine eyes did not show the same correlation, indicating that this species was not a 

good model for investigation of effects of TM stiffness on outflow facility. Additional 

studies are needed to evaluate the bulk Young’s modulus of TM, outflow facility, and 

the variance of outflow resistance in glaucomatous eyes with different donor ages, and 

compare the observations to those in normal human eyes. 
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Chapter 4: Circumferential Trabecular Meshwork 
Stiffness in Glaucomatous Eyes 

 

4.1 Abstract 

Purpose: Our previous work indicated that a larger bulk Young’s modulus (E) of 

trabecular meshwork (TM) correlated with a higher outflow facility (C) in normal donor 

eyes (Camras, et al, IOVS. 2012). This study investigated the influence of TM stiffness on 

C in glaucomatous donor eyes. 

Methods: The left eyes of eight glaucomatous donors were perfused within 48 

hours postmortem (PMT). With the exception of cataract surgery, there were no 

previous ocular surgeries. Outflow was measured at pressures of 10, 20, 30, and 40 

mmHg to determine C and how outflow resistance (R=1/C) varied with pressure.  The 

TM was then isolated and cut into 5-10 mm segments. Optical coherence tomography 

was used to determine cross-sectional area of the TM segments. Uniaxial tensile stress 

was applied longitudinally to TM segments at a rate of 0.1 % stretch per second to 

generate stress-strain curves. E was calculated at 0% strain to represent the 

circumferential stiffness of the TM at a relaxed state. Confocal images of DAPI stained 

TM segments post-mechanical stretching were used to determine cellularity. Regression 

analysis was used to determine statistical significance of the correlations.  

Results: Glaucomatous eyes had lower outflow facilities than normal eyes, which 

lowered (0.17 ± 0.02 to 0.11 ± 0.02 uL/min/mmHg; mean ± SE, n=8) with increasing 
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pressure from 10 to 40 mmHg. The distribution of E was right-hand skewed and 

logarithmically converted for linear regression analysis.  The geometric mean and 

standard error of E was 121 & 1.4 kPa. The glaucomatous TM was about 5 times softer 

than normal TM (n=7) presented in our previous study.  A larger E correlated to a 

smaller cross-sectional area (p<0.03, R2 = 0.60). There were no significant correlations 

between E and post-mortem time, age, C, or variance of resistance. 

Conclusion: Glaucomatous TM showed a greater variability in stiffness and a 

lower average stiffness compared with normal TM.  Additionally, E was dependent 

upon its cross-sectional area, indicating the stiffness heterogeneity within layers of 

glaucomatous TM. Due to its variability, there were no correlations between stiffness 

and outflow facility in glaucoma.  Prospective studies are needed to confirm the 

influence of TM stiffness on outflow regulation. 

 

4.2 Introduction 

The role of trabecular meshwork (TM) stiffness in the pathogenesis of glaucoma 

is unknown.  Recent evidence supports that a circumferentially stiffer TM has a higher 

outflow facility and less variability in outflow at elevated pressures in normal donor 

tissue.113 In contrast to the bulk properties of the TM, the microscopic or local stiffness 

measured with atomic force microscopy (AFM) has shown that the juxtacanicular tissue 

(JCT) and inner wall to be stiffer and more variable in glaucomatous than normal TM.10 
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However this study did not test outflow function and it remained unclear if stiffness is 

an artifact of the treatment.   

TM cells play an important role in regulating ECM turnover .114  TM cellularity 

has been shown to reduce in glaucoma and decrease with age, especially in the 

corneoscleral meshwork.77,82  Age-related changes in outflow facility have been 

reported27 and outflow facility is lower in most types of glaucoma, presumably due to an 

increase in resistance in the JCT region.  However, in comparison to other regions in the 

TM, the JCT cells have shown only a minimal change in cellularity with age. 83  The 

direct correlation between a reduction TM cellularity and a decrease in outflow facility 

has been proposed, but has yet to be shown experimentally.  

This study aims to investigate the circumferential bulk Young’s modulus of 

glaucomatous TM, which consists mainly of the uveal and corneoscleral meshwork, and 

how it relates to its outflow function.  Additionally, we evaluated TM cellularity to 

determine its potential role in the bulk Young’s modulus and outflow facility in 

glaucoma.  Lastly, we compared these findings with the data collected from normal eyes 

described previously113 (Chapter 3). 

 

4.3 Methods 

The methods used for the glaucoma eyes are identical to the methods in Section 

3.3 with a few additions and exceptions.  The TM was not pulled to mechanical failure to 
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allow for cellularity and histological evaluation post-mechanical testing.  Cell counts 

were evaluated in TM segments using DAPI staining and confocal imaging.  Histological 

evaluations were performed on TM segments to validate TM morphology. 

 

4.3.1 Eye Preparation   

Human eyes were prepared for whole globe perfusion as described 

previously5,17,92,101,113 and described in Section 3.3.1.  Glaucoma eyes were obtained from 

Lions Eye Institute of Tampa, FL or the San Diego Eye Bank.  With the exception of 

cataract surgery in some eyes, they had no reported history of ocular diseases and/or 

surgeries.   Eyes were kept in saline-wetted gauze, placed in moist chambers, and 

shipped on ice.  The left donor eyes were perfused within 48 hours postmortem.   

 

4.3.2 Perfusion System 

The perfusion system and methods described by Camras60,113 and in Section 3.3.2 

were used to measure glaucomatous outflow facilities at 10, 20, 30, and 40 mmHg.  

 

4.3.3 Outflow Facility Calculations 

Outflow facilities and outflow resistances were calculated from the stabilized 

flow rates measured at set perfusion pressures of 10, 20, 30, and 40 mmHg as described 

in Section 3.3.3.  For one eye, the flow was out of range of the sensitivity of the perfusion 
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at 10 mmHg and was excluded.  The variance in outflow resistance was also determined 

by taking the statistical variance of the four outflow resistances for each eye. 

 

4.3.4 Trabecular Meshwork Dissection 

Prior to dissection, eyes were removed from the perfusion system and the 

extraocular muscles and optic nerve was used to identify temporal and nasal regions of 

the eye.  A tissue marker was used outline this region prior to dissection.  The eyes were 

dissected as described in Section 3.3.4 and kept in saline until optical and mechanical 

measurements.   

 

4.3.5 Trabecular Meshwork Preparation and Mechanical Test 

The TM preparation and mechanical testing were performed as described in 

Section 3.3.5 with only a couple minor changes.  Briefly, the TM was cut into smaller 

pieces approximately 5-8 mm long segments and the region (temporal or nasal) was 

recorded.  The methods of the TM attachment to the bracket and imaging of the cross-

section with OCT are identical to what was performed for the normal eyes. Instead of 

stretching the TM to mechanical failure, the TM was only stretched to approximately 5% 

of its original length to preserve the TM for cellularity and histological assessment. The 

Young’s modulus was calculated at 0% strain as performed with the normal TM. 
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4.3.6 Cell Count and Histological Analysis 

Unlike the normal TM, cellularity was evaluated after mechanical stretching.  

The TM was submerged in solution containing DAPI (2 µg/mL) for 20 minutes and then 

fixed in 2.5% glutaraldehyde and 2% paraformaldehyde. The fixed TM was then imaged 

with a spinning disk confocal microscope (Revolution XD, Andor Technologies, South 

Windsor, CT) at an excitation wavelength of  405 um.  Z-stacks were generated in 1µm 

sections for 100 slices through the TM. Cellularity  was determined from cell counts 

from a uniform area (268x268 pixels; 0.701 µm/pixel) at least 3 slices spaced greater than 

15 µm apart (Figure 14). The cell counts were than divided by the selected area (0.035 

mm2) to determine cellularity.  Fixed TM segments were then embedded in Spurr resin, 

cut into 0.4 to 0.5 µm thick sections, and stained with 1% Methylene blue. 

 

Figure 14: A) Confocal image of glaucoma TM after DAPI stain. B) ImageJ was used to 

select a standard area (orange box, 286x286 pixels) in which TM cells were counted 

(red circles) for TM segments. 
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4.3.7 Statistics 

All data was evaluated to determine its Gaussian distribution using box and 

whisker plots.  If the data was not symmetric, a logarithmic transformation was used for 

normalization.  Comparisons between glaucoma and human samples were evaluated with 

unpaired, two-tailed Student t-tests for normally distributed data. Two-tailed Mann-

Whitney U-test was used to compare data sets that were not normally distributed. 

Regression analysis was used to evaluate the correlation between variables. Statistical 

significant was defined when a p-value was less than 0.05. 

 

4.4 Results 

4.4.1 Glaucoma Data 

Glaucoma donors (n = 8) were primarily Caucasian and between the ages of 66 

and 90 y.o (Table 6 & 7).  The left eyes were perfused under 48 hours postmortem and 

outflow facilities were measured at pressures of 10, 20, 30 and 40 mmHg, respectively 

(Table 8).  To determine stiffness of the TM, the stress-strain curves of glaucomatous TM 

tissues (n = 8) are shown in Figure 15A. Box plots revealed that the Young’s modulus of 

glaucomatous TM segments were positively skewed (Figure 15B).  Based on the curves, 

the bulk Young’s modulus was determined for each sample at zero strain. The data are 

summarized in Tables 9.  
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Table 6: Glaucoma Donor Eye Information # 

Donor Gender Ethnicity Cause of Death Age 
(y.o.) 

PMT 
(hrs) 

1 Male White pulmonary fibrosis, rectal bleed 82 46 

2 Female White renal cancer 76 41.5 

3 Male White cardiac arrest 84 42 

4 Female --- pneumona 81 43.5 

5 Female White pneumona 90 42 

6 Male --- septic shock 77 40 

7 Male White Cancer-lung 84 42.5 

8 Female --- Intracranial hemmorhage 66 41 

Average 80.0 42.3 

# OS was used from all donors (n = 7) for both perfusion and mechanical studies. 

 

Table 7: Ocular Treatment of Glaucoma Donors (OS) 

Donor Year of 
Diagnosi
s 

Latest IOP 
(mmHg) 

Cup/ 
Disc 

Cataract 
Surgery 

Glaucoma Medications 

1 2003 13 0.6 Yes (2009) 
Travatan (travoprost)*, 
Azopt (brinzolamide)** 

2 N/A N/A N/A Yes (2012) Glaucoma drops*** 

3 N/A 13 0.7 Yes (2007) 
Xalatan (latanoprost)*, 
Azopt (brinzolamide, 

CAI)** 

4 N/A N/A N/A Yes (N/A) Glaucoma drops*** 

5 N/A N/A N/A Yes (N/A) Alphagan (brimonidine)** 

6 N/A N/A N/A Yes (N/A) Lumigan (bimatoprost)* 

7 1995 11 N/A Yes (2008) Glaucoma drops*** 

8 2009 N/A N/A No Glaucoma drops*** 

*Prostaglandin derivative increases uveoscleral outflow; **Carbonic anhydrase 

inhibitor decreases aqueous production; Alpha-2 agonist decreases aqueous 

production; ***Unspecified glaucoma drops 

 

Table 8: Outflow Facility of Glaucoma Donors 

Donor 
(OS) 

C at 10 
mmHg # 

C at 20 
mmHg 

C at 30 
mmHg 

C at 40 
mmHg 

VAR of R 
* 
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1 
 

0.076 0.052 0.045 22.9 

2 0.154 0.126 0.108 0.086 3.45 

3 0.155 0.106 0.096 0.091 0.620 

4 0.239 0.135 0.120 0.082 6.61 

5 0.079 0.080 0.058 0.049 15.4 

6 0.198 0.191 0.187 0.171 0.113 

7 0.166 0.191 0.212 0.197 0.069 

8 0.233 0.142 0.169 0.125 2.56 

Average 0.175 0.131 0.125 0.106 6.47& 
# C is outflow facility, µL/min/ mmHg, * VAR of R is variance of outflow resistance, 

(mmHg/µL/min)2, & It is geometric mean of VAR of R, (mmHg/µL/min)2. 

 

Figure 15: A) Stress-Strain Curves of Glaucoma TM samples (solid lines) and 

the geometric average of these curves (dash line). B) Box Plots of the Bulk Young’s 

Modulus (E) of TM and its logarithmic transformation (n = 8). 

 

Table 9: Bulk Young’s Modulus and Morphology of Glaucoma Donor TM 

Donor 
(OS) 

B E (kPa) 
Width 
(µm) 

Thickness 
(µm) 

Area (mm2) 
Cellularity 

(cells/ mm2) 

1 0.205 30.5 369.1 154.8 0.0582 315 

2 0.222 81.8 134.6 96.5 0.0135 1205 

3 0.347 73.0 173.3 153.4 0.0245 662 

4 0.282 526.1 110.6 109.1 0.0111 764 
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5 0.190 119.5 119.0 100.9 0.0117 405 

6 0.396 132.1 241.9 64.3 0.0156 1019 

7 0.656 122.0 223.3 81.0 0.0183 901 

8 0.324 314.2 212.4 42.2 0.0090 1000 

Average 0.33±0.05 120 &1.4* 198±30 100±14 0.020±0.006 784±109.5 

* Geometric Mean & SE, where ‘&’ is ×/÷  

 

4.4.2 Differences from Normal and Glaucoma Eyes 

Table 10 summarizes the statistical difference between the normal eyes (n=7) 

described in Chapter 2 with the glaucoma eyes (n=8).  Normal eyes were phakic, while 

all but one glaucoma eye was pseudo-phakic (not shown in table).  Glaucoma eyes were 

perfused within same time post-mortem as the control eyes.  Also, the thickness, width 

and cross-sectional area of the TM, as well the exponent “B” of the stress-strain curve fit 

(Eq 2 in Section 3.3.5), were not significantly different in normal and glaucomatous TM.  

However, the circumferential bulk Young’s modulus of glaucomatous TM was 

significantly lower than normal TM (Figure 16A).  Outflow facility decreased more with 

pressure elevation in glaucoma eyes than normal eyes.  Additionally, outflow facility 

was significantly lower in glaucoma eyes than normal eyes measured at 20, 30, and 40 

mmHg (Figure 16B).  Unlike the normal TM, the bulk Young’s modulus of 

glaucomatous TM did not correlate with outflow facility or the variance in outflow 

resistance.  It did however depend upon the cross-sectional area of the TM (Figure 17).   

 

Table 10: Comparison of Normal versus Glaucoma Data 

Parameter Normal (OS) Glaucoma (OS) P-value 
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Mean ± SE (n=7) Mean ± SE (n=8) 

PMT (hrs) 38.8 ± 2.9 42.3 ± 0.64 0.23 

Age (yrs) 61.0 ± 3.2 80.0 ± 2.5 < 0.005 

Area (mm2) 0.027 ± 0.006 0.020 ± 0.006 0.56 

Thickness (µm) 119 ± 18 100 ± 14 0.42 

Width (µm) 202 ± 27 198 ± 30 0.92 

B 0.475 ± 0.224 0.328 ± 0.053 0.51 

E (kPa) 515 ± 136 
175 ± 58 

120 & 1.36* 
< 0.05 
0.06# 

C at 10 mmHgǂ 0.245 ± 0.032 0.175 ± 0.021 0.09 

C at 20 mmHgǂ 0.254 ± 0.030 0.131 ± 0.016 < 0.005 

C at 30 mmHgǂ 0.253 ± 0.037 0.125 ± 0.021 < 0.01 

C at 40 mmHgǂ 0.257 ± 0.043 0.106 ± 0.019 < 0.01 

Var(R)҂ 0.216 & 2.75* 1.778 & 2.15* 0.11 

Statistical Significance determined by using two-tailed Student t-tests unless 

indicated by # ; # Two-tailed, Mann-Whitney U-Test was used to calculate significance; 

* Geometric Mean & SE, where ‘&’ is ×/÷; ǂ Outflow facility (C, µL/min/mmHg); ҂ 

Outflow resistance (R, (mmHg/µL/min)2)  

 

 

Figure 16: A) Normal TM (n=7) was 4x stiffer than glaucomatous TM (n=8).  

This difference was statistically significant with a Student t-test (p < 0.05) and 

marginally significant with a Mann-Whitney U-test (p < 0.06). B) Outflow facility was 

significantly reduced in glaucoma when measured at 20, 30 and 40 mmHg (p <0.05) 

and further reduced with IOP elevation.  
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Figure 17: The cross-sectional area of the TM correlated to a smaller bulk 

Young’s modulus in glaucomatous TM (p<0.05, n=8) but not in normal TM. Normal 

and glaucomatous TM had a similar range of cross-sectional area.  

 

Normal eyes had shown a correlation with outflow facility and variance in 

outflow resistance at all pressure elevations (Figure 14 C; p< 0.05, n=7). Similarly, 

outflow facility in glaucoma eyes significantly correlated to the variance in outflow 

resistance at all pressures (p<0.01, n=8), except for outflow facility measured at 10mmHg 

(Figure 18).  Outflow facility measurements at 10 mmHg are subject to greater error 

based on low flow rate and sensitivity of our perfusion system (Appendix B). Eyes with 

lower outflow facility would have a have pressure gradient across the JCT and inner 

wall, leading to a great chance of Schlemm’s collapse.  Considering the variance in 

outflow resistance is associated with the collapse of the canal, it was an expected finding 

that lower outflow facility measurements correlated with increase variance. 
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Figure 18: Increased outflow facility leads to decreased variance in outflow 

resistance at pressure elevations of 20 mmHg (p < 0.005), 30 mmHg (p<0.01), and 40 

mmHg (p<0.001), but not at 10 mmHg, in glaucoma eyes (n=8). 

It is important to note that the glaucoma donors (80.0 ± 2.5) were significantly 

older than normal donors (61.0 ± 3.2; p < 0.005). There were no significant correlations 

with age for glaucoma eyes, although there was a correlation with increasing age and 

reduction in TM cellularity (p<0.08).  Additionally, an increased cell counts per area 

correlated to better outflow facility in glaucoma eyes (Figure 19) and was significant for 

outflow facilities measured at 20 and 30 mmHg (p<0.05; R2 = 0.53 and 0.50, respectively).  

Cellularity was not assessed and no other significant trends were found with age in 

normal eyes.  Although the glaucomatous eyes were significantly older than the normal 

eyes, we do not expect the differences found with outflow facility and circumferential 

stiffness between normal and glaucoma eyes are age-related, as there were no significant 

correlations with donor age and any of the parameters tested. 
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Figure 19: Higher cell counts in glaucomatous TM (n=8) correlated to better 

outflow facility and was statistically significant at outflow facilities measured at 20 

and 30 mmHg (p<0.05). 

Exclusion of one “normal” donor did affect some of the statistical difference 

between some of the comparisons.  This donor had very low outflow facilities (0.14, 0.15, 

0.12, and 0.08 µL/min/mmHg, from 10 to 40 mmHg respectively) indicating a potential 

outflow impairment.  If excluded, the differences in outflow facilities at all pressures 

were significantly (p<0.05) lower in the glaucoma eyes (n=8) then the normal eyes (n=6).  

Additionally, the modulus became very significantly (p<0.005) larger in normal TM 

(598.5 ±118 kPa, n=6) than glaucomatous TM (120 & 1.36, n=8).  The regression analysis 

of the modulus verses outflow facilities in the normal eyes was still statistically 

significant at 20 mmHg after excluding this donor, but it becomes insignificant for 

outflow facility measured at 10 mmHg (n=6, p>0.15).  One of the statistical outliers was a 
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glaucomatous TM with a cross-sectional area of 0.058 mm2 (Figure 15).  When removed 

the modulus dependence upon cross-sectional becomes insignificant (p<0.1, n=7).   

 

4.4.3 Trends with Normal and Glaucoma Eyes Combined 

Normal and glaucoma eyes (n=15) were combined to determine any overall 

trends regarding outflow facility, the circumferential bulk Young’s modulus, the 

variance in outflow resistance, age, post-mortem time (PMT), and cross-sectional area of 

TM.  Box plots revealed that the combined data resulted in a right-hand skewed 

distribution of the bulk Young’s modulus and was log-converted for regression analysis 

(Figure 20).  

 

Figure 20: Box plots of the Young’s modulus (E) of normal (top left, n=7) and 

glaucomatous (bottom left, n=8) TM when combined showed a slight positively or 
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right-hand skewed distribution (top right, n=15). A box plot of log-converted 

combined E (bottom right, n=15) resulted in a more symmetric whiskers and centered 

median. 

Log-converted TM stiffness did not correlate with age, PMT, or TM cross-

sectional area.  It did, however, correlate very strongly with an increase in outflow 

facility at all pressure levels (Figure 21; p < 0.01) and with a decrease in the log-

converted variance in outflow resistance (Figure 22; p < 0.02).  As seen in the literature, 

older donors did show a decreasing trend with outflow facility, but this was only 

statistically significant at 20 mmHg (p <0.03, n=15). 

 

 

Figure 21: Outflow facility (C) increased with larger bulk Young’s modulus (E) 

in human eyes (n=15) at 10, 20, 30, and 40 mmHg (p <0.005, p <0.005, p <0.01, and p 

<0.01, respectively).  
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Figure 22: The variance in outflow resistance (VAR) was significantly reduced 

in eyes with a stiffer TM (p <0.02, n=15). 

 

4.4.4 Glaucoma Case Study 

One glaucomatous eye had undergone a glaucoma filtration surgery.  

Unfortunately, the specifications of the surgery were not given with the donor 

information, but an Express Shunt was found in the superior quadrant of the eye (Figure 

23).  Similar to the other glaucoma eyes, this eye was pseudo-phakic and medicated with 

anti-glaucoma drops (Alphagan, Azopt, and Travatan).  The donor was a white male 

that died of respiratory failure and eye was perfused within 44 hrs PMT.  The outflow 

facility increased (0.23 to 0.29 µL/min/mmHg) with pressure from 10 to 40 mmHg.  The 

bulk Young’s modulus of TM segment was 25 kPa in this eye, which is one-fifth of the 

average stiffness of glaucomatous TM. 
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Figure 23: Express Shunt found in a glaucoma eye in the superior quadrant of 

an eye after the removal of the uveal tissue. 

 

4.5 Discussion 

This study marks the first time that the circumferential stiffness of the TM has 

been assessed in glaucoma eyes and evaluated to determine its relationship to outflow 

function in comparison to normal TM. Comparison with normal eyes revealed that the 

TM had a lower E (or softer TM) in glaucoma.  Unlike the previous study, glaucoma 

eyes showed no significant correlations between the circumferential bulk Young’s 

modulus (E) of the TM, C, and the variance of R.  A smaller E significantly correlated 

with a larger cross-sectional area, potentially indicating stiffness heterogeneity within 

glaucomatous TM.  Increased cellularity with TM segments correlated higher outflow 

facility and younger donors.  Combining the normal and glaucoma data revealed 

significant trends with outflow facility, stiffness, and the variability of outflow resistance 
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with pressure elevation.  An eye that had undergone filtration surgery had a softer TM, 

which indicates effects of diverting flow away from the TM. 

 

4.5.1 TM stiffness and morphology in glaucoma  

Glaucomatous TM with a lower modulus correlated with a larger cross-sectional 

area and E was not normally distributed. This phenomenon might be attributed to the 

heterogeneity of glaucomatous TM stiffness10 and potential segmental variability58.  

Glaucomatous TM is known to have increased plaque formation78,80 and decrease 

cellularity77.  A recent study has shown that there can be fusion of trabecular beams due 

to the lost of TM cells in primary angle closure glaucoma.115  This was not investigated in 

primary open angle glaucoma (POAG), but it is reasonable to assume that fusion of 

trabecular beams may occur after TM cell loss.  Reorganization of the beam structure 

may lead to some fibers were perpendicular to the direction of deformation, and thus 

providing little resistance to the circumferential stretch applied to the glaucomatous TM. 

To our knowledge, this is the first time that the cellularity and outflow facility 

have shown a significant correlation.  Our assessment of cellularity is difference from 

previous studies,77,82,83 which have performed cell counts in meridional or radial cuts of 

stained-histological sections. Cells were identified in this study through longitudinal or 

circumferential histological sections where cell nuclei were identified with a DAPI stain-

fixed tissue in z-stack from confocal images.  Previous work did show that the loss of 
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cellularity was more pronounced in the corneoscleral meshwork in comparison to the 

JCT.77,82 TM dissected consisted mainly of corneoscleral meshwork, which may explain 

why we found more significant changes with cellularity.  Similar to the previous 

studies82, we found that cellularity decreased that older donors , even though this was 

insignificant.  Unfortunately, due to difference between our means of determining 

cellularity, we did not compare our overall number with the previous work.   

A previous study10 evaluating the microscopic stiffness of glaucomatous verses 

normal TM by AFM showed that JCT/inner wall region was stiffer and more variable in 

glaucoma.  Our data supports stiffness variability or heterogeneity in glaucomatous TM 

as the stiffness was dependent upon cross-sectional area.  However, we found the 

circumferential bulk Young’s modulus to be softer in glaucoma rather than stiffer.  

Considering the TM is anisotropic tissue, the direction, location, rate, type (compression, 

bending, tensile, etc), and frequency of the applied forces can result in variable 

mechanical stiffness.  The JCT may in fact be stiffer, while the uveal and corneoscleral 

meshwork may be softer, in glaucoma leading to a greater dysfunction in outflow.  

Specifically, a soft meshwork would cause SC to collapse and a stiffer JCT would 

prevent its expansion with pressure elevation leading to increased outflow resistance.   

 

4.5.2 Effects TM bulk Young’s modulus on outflow function 

Outflow facility decreased more pronouncedly with pressure elevation in the 

glaucomatous eyes than normal eyes (Figure 16B).  It has been shown in enucleated eyes 
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that this outflow reduction with pressure elevation may be due to the collapse of 

Schlemm’s canal, potentially causing herniations of TM into the collector channels and 

occlusion of ostia.59,63  Presumably, herniations and Schlemm’s canal collapse would be 

more prevalent in glaucoma eyes as the gradient of pressure across the TM, specifically 

the JCT and inner wall, is larger due to its increased resistance.9  Additionally, a more 

variable and softer TM would be expected to have a similar effect on outflow function 

with pressure elevation. 

TM cells play an important role in maintaining the TM homeostasis of the 

extracellular matrix (ECM).45,114  Matrix metalloproteinases (MMPs) and tissue inhibitor 

metalloproteinases (TIMPs) are important regulators of ECM turnover in the TM.  

Specifically, MMPs degrades ECM and initiate the synthesis of new ECM by TM cells, 

which has been shown to increase outflow facility in organ culture perfuson.116 

Additionally, TIMPs inhibited by endogenous MMPs caused a reduction in outflow 

facility.  MMPs can be stimulated by TNFα117, IL-1α117, TGFβ118,119, anti-glaucoma 

drugs120,121, pressure elevation122 and/or mechanical stretch70,75,123-126.  TNFα and IL-1α 

have been shown to be trigger after laser surgery117 and increases MMP-3 in the JCT127, 

which is believed to help restore outflow function and reduce IOP.  TGFβ2 has been 

shown to be elevated in glaucomatous aqueous humor118 and to increase expression of 

MMP-3 in the TM119. Certain anti-glaucoma drugs have shown to stimulate MMPs and 

TIMPs levels in conjunctival tissue in rats and in human fibroblasts and corneal cells.120 
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Specifically, latanoprost, brimonidine, and nipradilol have been shown to increase 

MMP-3 and decrease in TIMP-3.120  Latanoprost has also shown to increase MMP-1, 

MMP-2 and MMP-3 in the ciliary muscle in monkeys.121  Mechanical stretch of the TM 

cells have been shown to alter their mRNA expression of many ECM genes123, including 

the increase in MMP-2.124-126  

The increased levels of MMPs would degrade ECM and initiate TM cell 

remodeling. In glaucoma77 and with aging, there are less cells in the TM82,83, with a 

greater loss of the TM cell around the trabecular beams in the corneoscleral meshwork77; 

therefore, we hypothesize that the reduction in TM cells causes a decrease in ECM 

synthesis  in the corneoscleral and uveal meshwork to maintain TM stiffness in 

glaucoma. Also, it has been reported that under-perfused TM can lead to cell loss in 

TM.81  Since there are preferential flow regions, the TM cell distribution may have 

regional variability and affect TM homeostasis and its stiffness heterogeneity.  

Decreased stiffness associated under-perfused TM is further supported by data 

collected from the eye with the Express shunt (Figure 23).  The Express would 

presumably have an under-perfused TM since the aqueous humor would be expected to 

be redirected through the shunt.  Also the patient was on Alphagan (brimonidine) and 

Travatan (prostaglandin analogue), which may increase levels of MMP-3 and decrease 

levels of TIMP-1 and -2120.  Presumably the under-perfused TM would have decreased 

cellularity and the anti-glaucoma drugs might cause an excess of MMPs that would 
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degrade the TM without sufficient ECM replenishment leading to a softer TM.  Future 

studies with a larger sample size would need to be used to confirm these findings. 

 

4.5.3 Conclusions 

The circumferential bulk Young’s modulus of the glaucomatous TM was 

evaluated in this study and compared with normal TM collected previously113. 

Additionally, outflow facility, outflow resistance with pressure elevation, and cellularity 

were evaluated in these glaucomatous eyes.  The results showed glaucomatous TM to be 

softer than normal TM and had a dependence on the cross-sectional area indicating 

stiffness heterogeneity in glaucomatous TM. Higher outflow facilities were associated 

with less variance with pressure elevation, which is expected since the TM would have a 

higher pressure gradient across the TM with lower outflow facility causing more 

deformation and outflow resistance variability.  A positive correlation was found with 

lower outflow facility and decreased TM cellularity.  

Stiffer TM may, macroscopically, reduce tissue deformation under mechanical 

loading, thereby making TM structures more stable during IOP fluctuations and prevent 

SC collapse.  TM softening may be due to the increased levels MMPs and decreased 

levels of TIMPs associated with glaucoma and/or its treatment and the reduction TM 

cellularity. Additional studies are needed to confirm the effects of MMPs on TM 

stiffness, as well as explore other potential mechanisms for TM softening in glaucoma. 
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Chapter 5: Local Trabecular Meshwork Stiffness in Rat 
Eyes 

 

5.1 Abstract 

Purpose:  Stiffness of trabecular meshwork (TM) may play a important role in 

regulating outflow resistance in healthy and glaucomatous eye (Last et al., 2011; Camras, 

et al., 2012). To further investigate its effects on pathogenesis of glaucoma in animal 

models, we developed a technique to determine TM stiffness in rat eyes using atomic 

force microscopy (AFM). 

Methods: Thirteen eyes were enucleated from seven rats immediately after death 

and perfused with Evans blue (0.5 mg/mL) for 40 minutes. The Evans blue perfusion 

allowed for better visualization of TM in subsequent tissue dissection and tissue 

assignment with the AFM probe. Incisions were made in posterior sclera to remove the 

iris, ciliary body, lens, choroid, and retina leaving the ocular shell (cornea, sclera, and 

TM) that, with the TM facing upwards, was flat mounted to a petri dish using glass 

coverslips. Some of the uveal (iris, ciliary body, and choroid) tissue remained on the 

sclera post-dissection.  Histological examination was performed to check any damages 

of TM caused by tissue dissection. A probe with gold-coated colloid (5 µm in diameter) 

was used to indent the corneal, uveoscleral, and TM regions, as well as the transition 

between the cornea and TM (corneal-TM) and between the TM and sclera (TM-

uveoscleral), at a velocity of 5 µm/sec. The Hertz equation was used to calculate the 
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Young’s modulus (E) of tissues.  ANOVAs and Fisher’s PLSD post-hoc tests were used 

for statistical analysis of normalized data. 

Results: The nasal and temporal regions and paired eyes showed no significant 

differences.  Additionally, the stiffnesses measured in the TM-uveoscleral and 

uveoscleral areas were not statistically different from each other.  The average Young’s 

modulus of TM (Geometric mean & SE: 149 & 1.2 Pa, n=7) and cornea (6,116 & 1.4 Pa, 

n=6) were significantly different from the other tissue areas. Histological examination 

confirmed that TM structures were still intact post-dissection.  

 Conclusion:  The rat eye is potential model for investigation of TM stiffness and 

its effects on outflow resistance. The enabling technique developed in this study will 

allow investigators to use rat model to evaluate mechanisms of TM stiffness change 

related to aging or pathogenesis of glaucoma. It can also be used to study interventions 

and drug treatments that can be used to modulate TM stiffness.  

 

5.2 Introduction 

Recently, the relevance of both local and bulk stiffness of the trabecular 

meshwork (TM) have been evaluated in glaucomatous and normal human eyes10,113, as 

well as in porcine eyes113 (Appendix A)128. The TM accounts for 75% of the resistance to 

outflow, specifically in the juxtacanalicular tissue (JCT) and the inner wall of Schlemm’s 

canal (SC).  The local stiffness of the JCT, measured by atomic force microscopy (AFM), 
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has been shown to be stiffer in glaucomatous than normal TM10; however, the local 

modulus has yet to be directly correlated to its outflow function in humans.  We 

evaluated porcine TM and found no significant correlation with outflow function and 

local modulus.128  The bulk Young’s modulus of the TM did, however, show a 

correlation with a stiffer TM and better outflow in normal human eyes (Chapter 3).113 

Glaucomatous TM was shown to be one-fourth of the average bulk Young’s modulus of 

normal TM (Chapter 4).   

The mechanism behind the relationship between outflow function and TM 

stiffness needs further investigation.  Unfortunately, these mechanical tests have only 

been performed on donor eyes, which gives minimal opportunity to evaluate isolated in 

vivo mechanisms that could affect the TM stiffness and outflow function prior to ex vivo 

testing.  Rats provide a means of evaluating potential mechanisms that might affect 

ocular tissue.  Anatomically, the outflow pathway in rat eyes is similar to human eyes as 

they have a TM and a continuous SC.129  Their aqueous humor dynamics, however, are a 

bit different as they have much lower aqueous production rates and higher outflow 

resistance.130  Additionally, they pose challenges due to the small size of the eye and 

specifically the dimensions of its TM to assess its mechanical properties.  

Currently, there has no established method to measure TM in rats.  Removal of 

the TM as previously done10,113 in human and porcine eyes is near impossible without 

risking damaging and pre-stretching the tissue due to small size of rat TM.   AFM does, 
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however, provide a unique ability to accommodate the small size of the rat eye.    

Additionally, a flat mounting technique of rat anterior segments, after removal of the 

lens and uveal tissues, has been used previously131,132  to expose TM.  In these studies, the 

TM location was identified microscopically with the use of viral vectors for fluorescent 

proteins that preferentially targeted TM after prolonged infusion.   This study focuses 

creating a method to assess rat TM stiffness by AFM in flat-mounted anterior segments 

after prolonged tracer infusion.   

 

5.3 Methods 

5.3.1 Eye Preparation 

Long Evans rats were procured from Charles River labs and sacrificed.  The 

superior region of the left and right eyes was marked prior to whole eye enucleation.  

Whole eyes were perfused for 40 minutes by placing a microneedle connected to 

solution reservoir filled with a tracer (0.5 mg/mL Evans blue) in the anterior chamber 

(Figure 24A). The meniscus of the solution reservoir height was raised approximately 20 

cm above the eye, equivalent to 15 mmHg. After the perfusion, the eyes were dissected 

at the posterior pole.  The use of pigmented rats allowed for better differentiation of iris, 

choroid and retina for dissection than albino rats. The lens, iris, ciliary body, choroid, 

and retina were removed and the anterior chambers were flat-mounted so the TM was 

exposed (Figure 24 B & C).  Pigment from the choroid and ciliary body remained on the 
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scleral surface and allowed for better differentiation from the blue-stained TM. Broken 

coverslips were used to glue down the sclera (Figure 24 D) and secure the anterior 

chamber for atomic force microscopy (AFM).  The temporal and nasal positions were 

identified for each eye. 

 

Figure 24: Perfusion of the tracer into a rat eye to label the trabecular 

meshwork. A) Evans blue was perfused with a microneedle placed in the anterior 

chamber of enucleated rat eye. B) Flat-mounted anterior chambers showed remnants 

of uveal tissue (black). The TM is stained in blue and can be better visualized in C.  

D) Cover slips were used to glue the sclera down for AFM analysis. 

 

5.3.2 Local Young’s Modulus with Atomic Force Microscopy 

Flat-mounted anterior segments were submerged in phosphate buffer solution 

and placed under the Asylum MFP-3D atomic force microscope (Asylum Research, 

Santa Barbara, CA). A probe with a spring constant of 0.08 N/m with 5 µm in diameter 

gold-coated colloid (Novascan Technologies, Ames, IA) was used to indent the cornea, 

sclera, and TM at a velocity of 5 µm/sec. The stiffness probe was calibrated prior to each 

measurement.  Selected areas were indented for a minimum of three times in the same 
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location and force curves were generated. The Young’s modulus was determined using 

the Hertz equation (Figure 25A) for each curve using a Matlab code (Figure 25 B &C). 

 

Figure 25: A) A schematic of the indentation occurring on tissue with the AFM 

probe and the calculation of the Young’s modulus (E) based on the radius of the 

colloid (R), the indentation (d), and the force (F) applied. B) The force-separation 

curve shows both the approach (blue) and retraction (red) of the AFM probe during 

indentation. C) The Matlab code only analyzed the approach curve on a log-scale.  

The slope (m) of a linear fit of (F)2/3 and the indentation is used to determine the 

Young’s modulus with the following equation:  E= 0.75 (1-υ2) (R)1/2 (m)3/2. The contact 

point is determined by the intercept of the linear fit. 

The Hertz’s equation assumes that the material is linear elastic and homogeneous 

and the contact region is perfectly smooth and non-adhesive.133-135  Obviously, tissues are 

not purely elastic and are heterogeneous, being composed of cells and ECM, leading 
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variations based on indentation depth and contact region of the TM may not be perfectly 

smooth.  Furthermore, the calculation of the modulus assumes the indentation is less 

10% the diameter of the AFM colloid.134   

In our study, we use a 5 µm diameter colloid; therefore, the maximum 

indentation should be less than 0.5 µm.  However, the contact point can be difficult to 

define, especially with respect to the TM where it is unclear. Additionally, further 

indentation may be necessary to collapsing of the trabecular beams to make a smooth 

contact region to obtain an accurate force measurement.  Because of these potential 

sources of error, our Matlab code allowed us to select the separation in which the 

maximum force was less than 5.0 nN134 for force curves that had indentations greater 

than 0.5 μm. The Young’s modulus (E), correlation of the fit, maximum force, 

indentation, and contact point was generated for each curve.  When selecting the areas 

of the fit on the force curve, the correlation was used to make sure R2 was above 0.7.  

 

5.3.3 Identification of Anatomical Structures 

Images of the anterior segments were taken under the AFM objective.  The 

combination of the Young’s modulus and the location of the probe in each AFM image 

allowed us to project the anatomical structures. Figure 26 shows an AFM image, where 

the corneal, corneal-TM junction, TM, uveoscleral-TM, or uveoscleral regions are 

defined as areas 1-5, respectively.  Areas 4 and 5 are identified as TM-uveoscleral and 
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uveoscleral regions due to the remnants of uveal tissue (iris root and choroid) on the 

sclera.  Although the iris and choroid may have different moduli than the sclera, we 

group them together for the purpose of this study.   

 

Figure 26: Rat anterior segment under AFM objective showing the five areas: 

(1) corneal, (2) corneal-TM, (3) TM, (4) TM-uveoscleral, and (5) uveoscleral regions. 

Remnants of the choroid and iris root (black) on the sclera were still visible under the 

AFM camera objective and by histology; hence areas (4) and (5) are defined TM-

uveoscleral and uveoscleral instead of TM-scleral and scleral regions. 

The probe location on the AFM images in conjunction with the Young’s modulus 

calculated was used to differentiate areas.  Not all eyes had measurements in all of the 5 

areas and many cases there would be multiple measures in the same area.  A decrease in 

stiffness from area (2) to (3) followed by an increase from (3) to (4) or (5) was assumed to 

be an indication of the probe hitting the TM. 
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5.3.4 Histology 

Histological sections of the anterior segments from a couple rat eyes were used to 

confirm that the TM was still intact post-dissection.  Anterior segments were immersed 

in 2.5% glutaraldehyde and 2% paraformaldehyde and embedded in Spurr resin.  The 

resin was then cut into 0.4 to 0.5 µm thick sections and stained with 1% Methylene blue. 

 

5.3.5 Statistics 

All data was evaluated to determine its Gaussian distribution using box 

and whisker plots.  If the data was not symmetric, a logarithmic transformation 

was used for normalization.  Multifactoral ANOVA was performed to determine 

differences in stiffness for the normalized data for the following three factors: tissue 

areas (corneal, corneal-TM, TM, TM-uveoscleral, or scleral), segmental differences (nasal 

or temporal regions), and paired eyes using Statview program.  The interactions 

between these factors were evaluated with this analysis.  Fisher’s Protected Least 

Significant Difference (PLSD) post hoc tests were used to determine statistical 

differences between groups.   

Statistical analysis revealed that there were no difference between paired eyes 

and segmental regions, these factors were then considered repeated measures and 

averaged for each tissue area. A one-factor ANOVA was performed, where the sample 
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size was defined as number of rats, and Fisher’s PLSD post hoc tests was performed to 

compare differences between tissue areas. Statistical significance was defined by a p-

value less than 0.05. 

 

5.4 Results 

A total of 13 eyes from seven rats were used for AFM analysis.  One eye was 

excluded due to cutting the sclera during enucleation, which would make impossible to 

perfuse without leaks.   All eyes were marked to indicate the nasal or temporal region.  

Histology confirmed the presence of the TM in the flat mounted rat anterior segments 

(Figure 27).  The presence of uveal tissues is evident in both the histology and AFM 

images.   

The tissue five areas (1: corneal, 2: corneal-TM, 3: TM, 4: TM-uveoscleral, and 5: 

uveoscleral regions) were identified based on the AFM images and the modulus 

measurements. A Matlab software was used to analyze AFM force curves and to 

calculate the Young’s modulus (E), the maximum force, the correlation of the curve fit, 

the total indentation, and the contact point.  The ranges of these measurements are 

reported in Table 11.  Not every eye had measurements for all five areas.  For all of the 

tissue areas, there was no force that exceeded 5 nN even though the indentation may 

have been greater than 0.5 µm.  
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Figure 27: Images taken with a A) 40x objective and B) 63x objective of rat 

anterior segment histology after the dissection revealed that the TM was still intact 

and Schlemm’s canal (SC) is clearly defined for AFM analysis.  

 

Table 11: Range of Measurements Prior to the Exclusion of Statistical Outliers 

Parameter Range 1 2 3 4 5 

E (Pa) 
Min 
Max 

445.5 
44,491.6 

180.4 
7,776.1 

42.2 
441.3 

41.7 
9,529.3 

45.3 
13,350.2 

Maximum 
Force (nN) 

Min 
Max 

1.7 
4.9 

1.2 
4.7 

0.8 
5.0 

1.1 
5.0 

0.7 
4.8 

R2 Min 
Max 

0.9 
1.0 

0.8 
1.0 

0.7 
1.0 

0.9 
1.0 

0.9 
1.0 

Indentation 
(µm) 

Min 
Max 

0.1 
1.7 

0.3 
2.9 

1.9 
8.8 

0.2 
4.0 

0.1 
7.6 

Contact 
Point (µm) 

Min 
Max 

0.1 
2.1 

0.3 
2.9 

1.9 
8.8 

0.2 
4.0 

0.1 
7.6 

where column “1” indicates the corneal region, column “2” indicates the corneal-TM 

region, column “3” indicates the TM region, column “4” indicates the TM-uveoscleral 

region, and column “5” indicates the uveoscleral region 

Box plots revealed that the data was right-hand skewed (Figure 28A and B); 

therefore it was log-transformed to normalize the data for ANOVA (Figure 28C).  A 

multifactor ANOVA accounting for the tissue area, region (nasal or temporal), and 



 

79 

paired eyes revealed a statistical significance (p < 0.0001) between tissue areas.  There 

was no significant difference between nasal or temporal regions and between paired 

eyes.  There were significant interaction effects between: i) tissue area × eye (p < 0.03) 

and ii) tissue area × eye × region (p < 0.04). This simply reinforced the importance of 

tissue area and that the stiffness in the nasal and temporal region could be considered 

repeated measures and averaged for each eye and tissue area.   

 

Figure 28: A) Box plots show the complete data set of all stiffness 

measurements for all five tissue areas as defined as “1” corneal (n=17), “2” corneal-TM 

(n=13), “3” TM (n=18), “4” TM-uveoscleral (n=13), and “5” uveoscleral regions (n=13). 

B) A magnification of the box plot of area (3) or TM. C) Box plots of the data after log-

transformation of the complete data set appears more symmetric for ANOVA. 
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After the nasal and temporal regions were considered as repeated measures, a 

two-factor ANOVA was performed to compare tissue area and paired eyes on the log-

transformed data.  The tissue areas were still statistically different (p<0.0001), but the 

interaction between the tissue area and paired eyes lost its significant (tissue area × eye, 

p > 0.30).  Post-hoc tests revealed that the corneal and TM areas were statistically 

different from all tissues areas as shown in Table 12 and Figure 29. 

Table 12: Fisher’s Post-hoc Tests between Tissue Areas for each Eye 

 
Fisher’s PLSD Post-hoc Tests: Tissue Area 

 
1 (n=12) 2 (n=10) 3 (n=12) 4(n=12) 5 (n=10) 

1  
 

0.0095 <0.0001 0.005 0.0302 

2  
  

<0.0001 0.917 0.6586 

3  
   

<0.0001 <0.0001 

4  
    

0.5719 

 

Figure 29: Box plots of the normalized Young’s Modulus of the five tissue 

areas of the rat eyes after the nasal and temporal regions were averaged.  The cornea 

“1” (n=12) was significantly stiffer (p<0.05) and TM “3” (n=12) was significantly softer 

(p<0.001) than other tissue areas.  

Table 13 shows the complete data set with the geometric mean and standard 

error defined and treating each eye separately.  TM-uveoscleral area (geometric mean & 
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SE: 1,107 & 1.4 Pa; n=12) was not statistically different from the uveoscleral area (1,446 & 

1.5 Pa; n=10).  In consideration that the TM-uveoscleral and uveoscleral areas are 

difficult to define and their moduli are not statistically different from one another, only 

four measurements in are needed in each tissue are to differentiate areas as 

demonstrated in Figure 30 & 31.   After these two areas were combined, the cornea (p < 

0.005) and TM (p < 0.0001) was still significantly different from the other tissue areas. 

Table 13: Young’s Modulus (Pa) of Areas in Rat Anterior Segments 

  Tissue Areas 

Rat Eye Ϯ 1 2 3 4 5 

1 OD --- 3,210.9 285.7 240.7 --- 

2 OD 17,374.1 1,518.3 167.7 1,714.8 2,791.9 

2 OS* 445.5 570.3 353 576.6 --- 

3 OD 25,907.2 --- 175.5 --- 86.7 

3 OS 11,342.9 4,448.7 135.5 3,354.4 3,912.6 

4 OD 6,840.0 5,858.7 46.3 1,631.4 735.6 

4 OS 8,593.4 1,666.9 113.6 649.0 499.8 

5 OD** 3,035.1 795.2 85.1 3,182.3 4,538.3 

5 OS* 550.8 339.6 --- 8,821.2 3,662 

6 OD** 1,684.4 245.9 75.1 367.2 1,245.1 

6 OS** 5,848.6 --- 278 1,041.1 --- 

7 OD 11,093.5 --- 72.8 981 3,537.5 

7 OS 1,012.1 562.2 160 379.0 1,571.9 

Geometric Mean (Pa)  4,131 1,163 137 1,107 1,446 

Geometric SE (Pa) 1.5 1.4 1.2 1.4 1.5 

Ϯ Modulus measurements from the nasal and temporal regions were averaged for 

each eye, except for those specified as an*only nasal region measurement or **only 

temporal measurement.  
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Figure 30: Box plot of the four important tissue areas to define differences in 

stiffness where “1” corneal (n=12), “2” corneal-TM (n=10), “3” TM (n=12), and “*4” 

combined uveoscleral (n=13) areas where TM-uveoscleral and uveoscleral areas were 

treated as repeated measurements. The TM (p < 0.0001) and cornea (p < 0.005) was 

significantly different from the other tissues areas. 

 

Figure 31: Rat anterior segment under AFM objective.  A) The top image shows 

a composite of each of the red points (1-4) hit by the AFM probe within the same eye. 
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B) The four images shows the areas of each point measured with the AFM probe in 

each tissue area.  The modulus measurements represent raw data in each area where 

(1) corneal, (2) corneal-TM, (3) TM, and (*4) uveoscleral areas and not an average 

within repeated measurements in each area. 

Comparisons between paired eyes showed no significant difference for any of 

the areas; therefore, we treated the left and right eyes as repeated measurements. We 

performed a one-way ANOVA for our sample size of 7 donors. The TM (149 & 1.2 Pa, 

n=7) was remained significantly softer (p < 0.0002) and cornea (6,116 & 1.4 Pa, n=6) was 

remained significantly stiffer (p < 0.006) than the other tissue areas after the post-hoc 

tests (Figure 32).   

 

Figure 32: Box plot of the four important tissue areas to define differences in 

stiffness where (1) corneal (n=6), (2) corneal-TM (n=7), (3) TM (n=7), and (*4) combined 

uveoscleral (n=7) areas where TM-uveoscleral and uveoscleral areas were treated as 

repeated measurements.  The TM (p < 0.0002) and cornea (p < 0.006) was significantly 

different from the other tissues areas. 
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5.5 Discussion 

TM stiffness has shown to be different in glaucoma10 (Chapter 4) and has a direct 

relationship with outflow function (Chapter 3)113; however, there is no standard animal 

model to test factors that may affect TM stiffness and outflow function.   Rats and mice 

are use ubiquitously in ophthalmology due to their availability, low cost, and their 

ocular similarities.  There are establish methods for determining outflow function in 

rat115 and murine103, 121-123 models, but there have been no attempts to evaluate TM 

stiffness in these animals.  Therefore, we produced the first method to evaluate TM 

stiffness in rats ex vivo.   

Utilizing a flat-mounting technique and Evans blue as a tracer, the TM was 

identified in pigmented rats for AFM analysis.  The AFM probe was moved along the 

anterior segment from the corneal to uveoscleral region.  Both AFM images and change 

in modulus were used to define the corneal, corneal-TM, TM, TM-uveoscleral and 

uveoscleral areas.   Extensive statistical analysis was used to determine the importance 

of each tissue area, regions of the eye, and paired eyes for future studies. 

 

5.5.1 Statistical Differences in Tissue Areas 

The TM was significantly softer and cornea significantly stiffer than the other 

tissue areas evaluated.  Nasal and temporal regions showed no significant differences 

within the same eyes.  Also, due to the similarities in paired eyes, they may be 
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considered as repeated measures in the same area for each animal; further indicating 

that future study designs could use the contralateral eye as an adequate control.  Due to 

the similarities in the modulus in the uveoscleral-TM and uveoscleral areas, these 

parameters can be treated as the same area.  To summarize, Figure 31 shows our 

recommended method for identifying the cornea, corneal-TM division, TM, and 

uveoscleral areas. 

The composition of the tissue would greatly affect the range in stiffness within 

each area measured with AFM.  Even within a cell, there might be a 100-fold difference 

between the Young’s modulus of the cell nucleus and its cytosol.136 The content of GAGs 

and collagens in the ECM create variable stiffnesses as well as hydration levels. 

Although it was not performed in this study, AFM may also be used for topography and 

force measurements.  The resolution of the image is based on the tip of the probe.  In 

general, future studies may benefit by taking more measurements within each region 

and evaluate the stiffness distribution when determining differences between groups. 

One of the assumptions of our study is that the TM was softer than the other 

tissue areas in rats.  The literature11 shows that the stiffness of TM10 is lower than the 

cornea137 in humans measured by AFM.  The episcleral region of porcine sclera was 

measured by AFM138 was stiffer than porcine TM (Appendix A)128. Presumably, a loose 

meshwork in comparison to dense collagen fibrils found in the cornea and sclera139 

would be stiffer; however, the remnants of uveal tissues (choroid, iris, etc) on the sclera 
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may be just as soft as TM.  Luckily, by using pigmented rats, the uveal tissues are dark 

brown/black, which nicely contrast the Evans blue tracer in the TM, and allowed for 

better visualization of TM and uveoscleral boundary regions under the AFM objective.  

Also, considering the TM-uveoscleral and uveoscleral areas were not statistically 

different, measuring a further distance from the TM into uveoscleral area to ensure there 

is no contact with TM to better differentiate between tissues. 

 

5.5.2 Sources of Measurement and Calculation Errors 

The major sources of error in determining the Young’s modulus is based on the 

assumptions of the Hertz equation.133,140,141  As mentioned previously, the Hertz equation 

assumes that the sample is linearly elastic and isotropic material, the contact region is 

smooth, has negligent adhesive forces, and the indentation is less significant less than 

the diameter of the colloid.  However, ocular tissues have irregular surfaces, 

heterogeneities, and nonlinearly elastic properties.  Also, much of the data had the 

indentations greater than 10% (>0.5 µm) of the diameter of the colloid (Table 11).    

In particular, the contact region is very difficult to define for rat TM, as it is a 40 

µm thick, soft, loose meshwork stretched over SC (Figure 27) with a presumably order 

of magnitude stiffer sclera underneath.  Regardless, these errors are prevalent for 

majority of soft tissues and reinforce the need for taking repeated measurements in each 

tissue area when determine its overall tissue. 
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5.5.3 Conclusions 

 This study presents the first model to measure TM stiffness in a rat model.  The 

combination of a tracer, use of pigmented rats, and an anterior segment flat-mounting 

technique allowed for visualization of the cornea, TM, and uveoscleral areas.  The force 

measurements along the anterior segment from the corneal to the uveoscleral areas 

enabled better means of differentiation of the TM, as the TM was significantly softer 

than the other tissues.  There were no significant differences between paired eyes and 

the nasal and temporal regions.  In conclusion, this model creates the opportunity to 

explore mechanism that may lead to stiffness changes in the TM. 
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Chapter 6: Future Work 

6.1 Correlations between Local and Bulk Young’s Modulus in 
Normal and Glaucomatous Trabecular Meshwork 

The bulk circumferential modulus of TM in normal eyes was about 5 times 

higher than glaucomatous eyes (Chapter 4), while the local modulus of the JCT region 

showed to be 20 times lower in normal than glaucomatous eyes10.  A higher bulk 

Young’s modulus also corresponded to better outflow facility in normal eyes.  We 

proposed that in glaucomatous eyes, the uveal and corneoscleral meshwork is overall 

softer and more variable while its JCT region is stiffer and more variable than normal 

eyes.   

To test this hypothesis, the local and bulk stiffness of normal and glaucomatous 

TM would be assessed by atomic force microscopy (AFM) and micro-strain analyzer 

(MSA), respectively, in the same TM segment.  Considering MSA more significantly 

deforms the TM to assess bulk properties, AFM would be performed first as described 

Appendix A128.  This is a modified version of Last et al10 to avoid the supergluing of the 

entire TM segment that may result in errors in stiffness measurements as well as 

compromise the tissue for measurement of its bulk mechanical properties.  After AFM 

analysis, the ends of the TM would be cut to release the TM from the petri dish.  The TM 

would then be transferred to a custom-made bracket and assessed for its bulk properties 

as described in (Chapter 3)113.  This study would allow for potential correlations between 



 

89 

uveal and corneoscleral meshwork and JCT region and a better understanding of how 

these may relate to glaucomatous changes. 

 

6.2 Stiffness of Preferential Flow Regions in the Trabecular 
Meshwork 

Normal human eyes showed correlations between circumferential TM stiffness 

and outflow facility.  However outflow facility relates to the outflow resistance of the 

trabecular outflow pathway and does not take in account the segmental variability in 

preferential regions with better outflow.  The use of tracers59,108 in ex vivo perfusion 

allows to the identifications of preferential outflow regions in the TM.  Evans blue has 

been used for years to evaluate permeability and is easily visible in natural light, as well 

as being quantified using fluorometric measurements.142 Therefore, Evans blue would be 

perfused at a fixed time, rate, volume, and concentration in human eyes.  Darker blue 

regions of the TM would indicate higher outflow and be easily identified during 

dissection.  TM segment of 5-10 mm of high and low levels of tracer would be isolated 

and then their fluorescent intensity would be quantified under a fluorescent microscope.  

TM segments would then be prepared for mechanical testing as described in Chapter 3 

and 4 to determine the circumferential bulk Young’s modulus.  Direct correlations 

between tracer concentration in each region and bulk Young’s modulus would be 

assessed using regression analysis. 
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6.3 Trabecular Meshwork Stiffness in Pseudophakic Normal 
Human Eyes 

One of the potential spurious results of our comparisons between normal and 

glaucomatous TM stiffness is that 7 of the 8 donors were pseudophakic while the normal 

TM came from phakic eyes.  Although the direct effects of cataract surgery on the 

trabecular outflow pathway are unclear, it has been well characterized that it decreases 

IOP and may increase outflow facility.   The removal of crystalline lens may affect 

molecules that are released in the aqueous humor, potential affecting the homeostasis in 

the outflow pathway.  Additionally, the ciliary muscle tone may change after cataract 

surgery and affect the activity of the scleral spur on the TM.  Lastly, the 

phacoemulsification process may cause changes in the TM, potentially by eliciting an 

immune response. 

Assessment of the circumferential bulk Young’s modulus of normal human TM 

that underwent cataract surgery will better elucidate our finding in glaucomatous 

pseudophakic eyes.  Repeating the methods described in Chapter 4, including the 

cellularity assessment in pseudophakic normal eyes, will ultimately, determine if 

cataract surgery affects TM stiffness.  Also, the cellularity study in normals may show 

the same correlation with outflow facility as found with the glaucomatous eyes as well 

as an age correlation.  
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6.4 Perfusion Rate Effect and Anti-glaucoma Drugs on 
Trabecular Meshwork Stiffness in Organ Culture Model 

We hypothesized that TM softening is from increased levels of MMPs degrading 

the ECM and a decreased cellularity that reduces the remodeling resulting in a soft 

tissue.  Increased levels of MMPs may come from anti-glaucoma drugs.  To test this 

theory, an organ culture perfusion as described by Johnson et al81  would be used to 

reduce TM cellularity by perfusing eyes at lower flow rates.  Briefly, control human 

anterior segments will be perfused with culture media at rates of 0.5 µL/min or 2.5 

µL/min to simulate underperfused or normal perfusion rate, respectively, for seven 

days.  The experimental group of anterior segments would be treated identically, except 

the media would have a concentration of an anti-glaucoma drug, like latanoprost.   

After perfusion the circumferential bulk Young’s modulus of the TM and 

cellularity will be assessed as described in Chapter 4.  Multi-regression analysis will be 

used to determine significant correlations between type of anti-glaucoma drug, TM 

softening, under-perfused TM, and reduced cellularity.  This study will better elucidate 

our proposed theory that TM softening is due to reduction TM cellularity and may be an 

artifact of anti-glaucoma agents.   
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6.5 Treatment of Anti-glaucoma Drugs on Trabecular Meshwork 
Stiffness in Rat Eyes 

The question still remains if the differences found with TM stiffness in glaucoma 

are related to the pathogenesis of the disease or an effect of the treatment.  The creation 

of the rat model (Chapter 5) opens the possibilities of testing the common anti-glaucoma 

drugs in vivo long-term and determining their effect on TM stiffness.  Our study also 

shows that the contralateral eye can be used for a control.  Anti-glaucoma drugs, like 

latanoprost, would be administered to one eye of a rat daily for 8 weeks with weekly 

IOP measurements.  At the 8 week mark, rats will be sacrificed and TM stiffness in each 

eye would be assessed as described in Chapter 5.  After AFM measurement, MMPs 

levels in the anterior segments will be assessed with either PCR or western blot as 

described by Ito et al120 to determine if there is a change in MMPs/TIMPs balance and if 

this correlates to stiffness changes in ocular tissues. 

 



 

93 

Appendix A: Local Stiffness of Trabecular Meshwork in 
Porcine Eyes 

 

The goal of the study was to determine if the outflow facility was dependent on 

trabecular meshwork (TM) stiffness in perfused porcine eyes, and whether the 

dependence varied with post-mortem time (PMT).  Porcine eyes were obtained within 1-

2 hrs post-mortem and maintained at 4°C until use.  Whole eyes were perfused at a 

constant pressure of 15 mmHg for 30 min to determine outflow facility (C). The TM was 

then removed for mechanical analysis using atomic force microscopy (AFM) within 3-6 

hrs after perfusion. The end of the TM was secured using the superglue onto a petri dish 

and filled with phosphate buffer solution for AFM measurement.  A probe with gold-

coated colloid of 5 µm in diameter was used to indent the tissue at a velocity of 5 µm/s.  

The Hertz equation was used to calculate the elastic modulus (E). The values of C and E 

were measured over a range of 3-32 and 6-38 hrs post-mortem, respectively. TM tissues 

were also assessed for any morphological changes.   

The average values of C and E were 0.23 ± 0.02 µL/min/mmHg and 1.31± 0.42 kPa 

(n=9), respectively.  There were no correlations between stiffness, outflow facility or 

PMT (Figure ). No significant morphological changes were observed with PMT.  TM 

stiffness did not correlate to outflow facility in perfused porcine eyes ex vivo.  Likewise, 

the post-mortem time did not have a significant effect on outflow facility and TM 

stiffness within the experimental periods reported above.  
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Figure 33: No statistical correlations between: (A) E vs. C (R2=0.139), (B) post-

mortem time vs. E (R2=0.454), or (C) the post-mortem time vs. C (R2=0.217). 
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Appendix B: Perfusion Sensitivity Assessment 

The sensitivity and accuracy of the perfusion system to measure low flow rates 

was tested. In brief, a syringe pump was connected to the column and infused at the 

flow rates shown in the first column of the Table below.  Once the pressure slope 

appeared stable an average slope over 5 minutes of data was used to calculate the flow 

rate.  The infusion rate and calculated flow rate was compared.  

 

Infusion Rate 
(uL/min) 

Calculated Flow 
Rate (uL/min) 

Pressure Change in 
5 mins (mmHg) 

Error (%)  

0.25 0.002 0.0001 99.22 

0.5 0.008 0.0002 98.32 

0.75 0.917 0.0269 22.28 

1 1.033 0.0302 3.25 

1.5 1.575 0.0461 4.97 

2 2.055 0.0602 2.75 

3 3.055 0.0895 1.85 

4 4.052 0.1186 1.29 

5 5.101 0.1494 2.03 

 

 
Figure 34: Accuracy and sensitivity of perfusion system assessed with syringe 

pump. 
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The data reveal that there is less than 5 % error associated with flow rates 

between 1 and 5 uL/min and the figure above shows it is quite sensitive to flow rate 

changes within 0.5 uL/min intervals; however, once the flow rates go below 1 uL/min, 

the error increases significantly.  Considering that the flow rates were higher than 2 

uL/min in most eyes, the sensitivity of the perfusion system should not significantly 

affect our data measured at IOPs of 20, 30, and 40 mmHg.  However these finding may 

explain the lack of significance at 10 mmHg with eyes that had flow rates lower than 1 

uL/min measure at 10 mmHg. 
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