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Over 35 years of research, the unique POAG Beagle model has been a boon to glaucoma 

researchers. Our study proposes to expand the usefulness of the model by creating protocols for 

the primary culture of TM cells from normal and glaucomatous canines and confirm the identity 

of cultured cells, so that TM from the POAG Beagle can be confidently utilized in future 

research.  

Primary cultures obtained by enucleation and dissection of normal and glaucomatous 

canine were cultured in high-glucose DMEM supplemented with 20% FBS initially and 10% 

FBS after cell establishment. Slices of anterior segment from two eyes were cultured for various 

times out to one week, fixed and mounted to view expansion histologically. Cell lysates from 

glaucomatous and normal TM cells incubated with dexamethasone were examined for the 

presence of myocilin protein. Glaucomatous and normal TM cells were incubated with 0.5 

micron latex microbeads to assay phagocytic activity.  

79 normal and 16 glaucomatous primary and subsequent cultures were successfully 

created, as well as cells used for assays and experiments. Passaging, freezing, and thawing of 

cells was shown to be safe and reliable, leaving 10 aliquots of glaucomatous TM cells for future 

experimentation. TM cells grew at increasing rates according to percent FBS in their medium, up 
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to a maximum of 20% serum. Histology showed TM cells in culture do not increase in density at 

their tissue of origin, but migrate along surfaces to which they can attach. Stimulation with 

dexamethasone increased myocilin expression in both normal and glaucomatous TM cultures. 

Glaucomatous cell monolayers retained fewer microbeads than normal counterparts, and 

dexamethasone treatment appeared to impair microbead retention in both normal and 

glaucomatous cells.  

Glaucomatous and normal canine TM cells were successfully cultured, safely passaged, 

and can be frozen for storage and rescued. Cultures behave as predicted for cells of TM origin in 

myocilin production and phagocytic activity. A population of cultured glaucomatous TM from 

the POAG Beagle model has been created for future use.   

 
 



 

CHAPTER 1 
INTRODUCTION 

Glaucoma 

The glaucomas are a set of related disorders marked by progressive atrophy of the optic 

nerve, giving the appearance of an excavated or ‘cupped’ optic nerve head when viewed by 

ophthalmoscopy. Untreated or unsuccessfully treated, the disease can end in blindness in the 

affected eye(s), and the glaucomas are the second leading cause of blindness worldwide. 

Elevated intraocular pressure (IOP) is a primary risk factor shared over most forms of glaucoma.  

The primary glaucomas were estimated to affect 66.8 million people worldwide in the year 2000, 

with 6.8 million reaching a state of bilateral blindness. Primary open angle glaucoma (POAG) 

was estimated to affect 33.2 million, and is the primary form of glaucoma found in those of 

European, African, and Latin American descent. Primary angle closure glaucoma (PACG) was 

estimated to affect 33.6 million, and is most prevalent in those of Asian descent, most notably in 

Chinese populations (Quigley et al., 1996).  

In the canine, the primary glaucomas show a similar penetrance in the overall population, 

which was shown to be 0.5% (Martin, 1977), and further described as an increase from 0.24% to 

0.89% in the period from 1964 to 2002 (Gelatt and MacKay, 2004b). As in man, the primary 

glaucomas in the canine can be classified as POAG or PACG, but there is also the opportunity to 

organize the many varieties of the disease based on the breeds in which a given variety is 

prevalent. For example, the American Cocker Spaniel (ACS) has the highest prevalence of 

glaucoma of any breed, as high as 5.52%, with a gender-biased distribution. Glaucoma in the 

ACS is typically narrow or closed angle, often presents unilaterally before advancing to the 

contralateral eye, and seems to generally advance in acute IOP elevations that increase in 

intensity over time (Gelatt et al., 2007). 
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The POAG Beagle is the disease model which will be used to represent the glaucomatous 

canine eye in our study. This model, when introduced, was the only heritable POAG disease 

model available, and continues to be unique, in that other animal models for glaucoma are 

limited to hypertension or another feature of glaucoma without showing the full disease, or are 

induced glaucomas. In the glaucomatous Beagle, the disease typically shows the first elevations 

in IOP, often in temporary spikes, between 8 and 16 months of age, with continuous elevated 

IOP and other clinical signs of the disease appearing later, between 2 and 5 years of age. 

Inheritance of the disease is autosomal recessive. The spontaneous, inherited POAG of the 

Beagle has kept the model in active research and publication for more than 35 years (Barrie et al. 

1985, Brooks et al. 1995, Gelatt et al. 1976, 1977, 1981, 2007, Gelatt and MacKay 1998, 2001, 

2004a, Källberg et al. 2007, Kuchtey et al. 2008, Samuelson et al. 1989, 2001).  

The etiology of POAG, whether in man or in the Beagle, is incompletely defined. The 

progression of the disease seems to depend on the elevation of IOP causing mechanical 

difficulties, as well as creating a stressful environment for various tissues resulting in changes in 

gene and protein expression and a coincident change in the biochemical environment. A rise in 

IOP is defined as increasing fluid pressure of the eye, and the fluid in question is aqueous humor, 

a complex mixture of chemical and biological factors that provides circulation to the avascular 

tissues of the anterior eye, especially the lens and cornea. Aqueous humor is produced by, and 

enters the eye from, the epithelium of the ciliary processes, posterior to the iris. The primary 

flow of aqueous humor takes it anteriorly from the posterior chamber where the lens is held, 

through the iris, and into the anterior chamber where it can come into contact with the cornea. 

Aqueous then exits the eye primarilythrough the corneoscleral, or conventional, outflow 

pathway, i.e. the primary outflow pathway, or through a uveoscleral outflow pathway, in which it 
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either drains sclerally or is reabsorbed into the uvea. The conventional outflow pathway brings 

the aqueous humor to the iridocorneal angle, formed by the anterior iris and the corneoscleral 

junction. The fluid first flows past the pectinate ligament, a series of fibrous columns anchoring 

the iris to the corneoscleral wall. Then the aqueous encounters and passes through the trabecular 

meshwork (TM), the tissue of interest for our study, and finally into an angular aqueous sinus, 

referred to as the Schlemm’s canal in man, or the angular aqueous plexus (AAP) in canine, to 

finally enter the venous system and exit the eye. This pathway and relevant anatomy are shown 

in Figure 1-1.  

Trabecular Meshwork Tissue 

Canine TM consists of a network of filamentous trabeculae coated in fibroblast-like TM 

cells. The tissue can be subdivided based on the location relative to neighboring tissues as well 

as the density of the filamentous network and associated cells. The trabeculae filaments, or 

beams, are composed of a core of collagen and elastin sheathed with granular material and most 

exteriorly with a basement membrane-like material, on which the cells of the TM attach. The 

filaments and any incidental extracellular material in the TM are considered extracellular matrix 

(ECM). The most inner portion of the TM, which is anteriorly attached to the pectinate ligament, 

is termed the uveal trabecular meshwork (UTM), and contains the most open area of the TM, 

with little or no fluid resistance. This open network of filaments in the UTM anchors in the 

anterior ciliary muscle fibers and at the fibrous tunic at the corneoscleral junction, coincident 

with the site of the scleral spur in human. The portion of TM connecting the UTM to the inner 

wall of the globe’s fibrous tunic is the corneoscleral trabecular meshwork (CTM). In the CTM, 

both the trabeculae and the spaces between them are noticeably reduced, resulting in a tighter 

network that possibly provides some fluid resistance. Within the scleral wall, at the point of 

attachment of the CTM, lies the angular aqueous plexus (AAP), the radially aligned drainage 
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veins through which aqueous humor can exit the angle. The AAP veins are internally lined with 

a monolayer of endothelial cells.  The region allowing entry to the AAP from the CTM is often 

termed the juxtacanalicular region of the TM, where fluid must either circumvent cell junctions, 

or pass through vacuoles and be transported across the endothelial cell to reach the AAP 

(Samuelson, 2007).  

Since a great deal of the TM cell culture performed to date has been with human tissue, 

some anatomical differences from the canine model should be highlighted. The human TM can 

be divided into sections similar and likely orthologous to those in the canine. The first portion of 

TM encountered by the exiting aqueous flow are beams of ECM coated with a monolayer of TM 

cells. Further into the angle is the juxtacanalicular or cribriform region with an increasingly 

dense mixture of ECM and cells. This differs from the canine in that the juxtacanalicular region 

seems perhaps a compression of the canine CTM, without separable beams. Schlemm’s canal, a 

circumferential drainage vein for exiting aqueous, replaces the AAP of the canine eye, but is 

similarly lined by endothelial cells, usually referred to as Schlemm’s canal endothelial cells 

(Acott and Kelley, 2008).  

Glaucomatous TM as differentiated from normal has been documented histologically in the 

Beagle, showing condensed and less organized trabeculae in glaucomatous TM, as well as a 

marked increase in extracellular material compared to normal (Samuelson et al., 1989). These 

findings match similar data found in human normal and glaucomatous TM, which show an 

increase in extracellular material with age for all samples, with a sharper increase in 

glaucomatous TM (Tripathi, 1972, Lutjen-Drecoll, et al., 1981, Rohen, et al., 1981). In canine 

and human tissue, it has also been noticed that TM cellularity changes in a similar pattern; in 

both normal and POAG eyes, TM cellularity decreases with age in a parallel manner, but at any 
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given age, glaucomatous eyes have fewer cells (Alvarado et al., 1984, Samuelson and Gelatt, 

1999). These changes are unlikely to account for a restriction of aqueous outflow by themselves, 

but undoubtedly reflect aspects of the disease not yet fully understood.  

Trabecular Meshwork Cell Culture 

The first report of successful growth of a TM culture system (using human TM) was by 

Polansky et al. in 1979. They described growing explanted TM tissue in Dulbecco’s Modified 

Eagle Medium (DMEM), with 10% human serum, glutamine, antibiotic and antimicotic 

supplements. They also experimented with adding fibroblast growth factor (FGF), and found that 

it modestly accelerated the plating and expansion of the cultures, slightly decreasing the 

attachment time from the standard 1-2 weeks. They noted that no proteolytic agents or tissue 

dissociation techniques were used, due to concern that cells could be altered in unforeseen ways. 

On the lookout for potential contaminating cell populations, they cultured corneal endothelium 

(CE) as well, to compare its growth characteristics, finding that the CE grew much slower, was 

morphologically distinct, and could not be sustained in culture beyond 2 passages. Further work 

in culture, description, and characterization of TM and neighboring tissues was described in a 

follow-up article (Alvarado et al., 1982). The TM cultures from this group were shown to grow 

into the fourth and fifth passages, although they noted some morphological alterations in later 

passages, especially when they allowed the cells to remain at confluency for 1-2 weeks. A more 

recent paper looked further into the senescence of porcine TM cell cultures, showing that cells 

that had undergone more doublings in culture not only revealed an ‘older’, flattened morphology, 

but had shortened telomeres and upregulated expression of a senescence-related β-galactosidase 

protein (Yamazaki et al., 2007).  

Once a procedure for culture of this tissue, important in the pathology of the glaucomas, 

was available, it took very little time for others to folow, and 1983, a study using TM cultured 
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from glaucoma patients was published (Southren, et al.). In this study, TM cells were cultured 

from small segments of TM removed during trabeculectomy surgeries rather than dissected 

whole eyes. Obtaining glaucomatous human eyes for primary culture is an ongoing difficulty, 

and another reason why an analogous animal model for glaucomatous TM is desirable.  

Stamer et al. advanced the technique in 1995 by re-evaluating the protocol of dissociating 

the TM cells from the surrounding ECM. These investigators proposed that without some 

digestion, only the outermost layer of cells were available for culture, and that by freeing cells 

from deeper in the tissue, a more representative culture of TM cells could be established, with 

the added boon of a larger founding population. They used a collagenase digestion procedure to 

accomplish this, successfully growing cultures and in time showing that the digestion procedure 

produced better results for the primary culture of glaucomatous human TM (Stamer et al., 2000). 

This method soon became the preferred method for producing monolayer TM cultures.  

In the aim to recreate more closely a living ocular outflow system, a new TM culture 

system was developed. After dissecting away the posterior segment, vitreous, and lens, the 

remaining anterior chamber is clamped into a modified culture dish which allows the segment to 

be filled with media from the inside and pressurized to recreate the IOP of a living eye, allowing 

outflow to build up outside the eye in a reservoir. This technique allows perfusion-based 

experiments, as well as retaining the cells in their natural niche, which can still be sectioned for 

histological examination after manipulations (Johnson and Tschumper, 1987, 1989). Another 

technique used to examine perfusion through TM is simply growing a TM monolayer on a filter, 

which can be placed in a closed system and subjected to a known pressure (Perkins et al., 1988; 

Roberts et al., 2007).  
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With the continuing goal to understand the character and activity of TM cells and how they 

behave in vivo, some attention has recently been paid to the growth media used for TM or 

anterior segment organ culture. In vivo, TM grows in the presence of aqueous humor, and while 

serum supplementation seems necessary to cause TM cells to replicate and grow in culture, some 

studies can and have been done noting the differing effects of normal growth media and aqueous 

humor. It was noted that aqueous humor supplementation stimulated migration of TM cells in a 

culture system (Hogg et al., 2000). In more depth, Fautsch et al. showed in 2005 that monolayer 

cultures grown in 50% aqueous humor differed in morphology and protein expression compared 

to cells in serum-supplemented media. Aqueous-supplemented cells also dramatically slowed 

replication, which is certainly more similar to an in vivo situation, where most TM cells also 

replicate very slowly (Kimpel and Johnson, 1992). A further study showed that TM cells in 

perfusion culture, treated with recombinant myocilin, showed increased outflow resistance in the 

presence of aqueous humor, but not in normal media (Fautsch et al., 2006).  

Characterization of Trabecular Meshwork 

Simply having successfully isolated a distinct cell line does not always guarantee the 

accuracy of an investigator’s expectations about the identity of the cell line; characterization is a 

necessary step to lend credence to the isolation. Characterization of many cell types is performed 

by identifying antigens on the cell surface that distinguish the cell population from neighboring 

or similar types, but research has so far not turned up any definitive antigens proving the identity 

of TM tissue in comparison to its neighbors. Fortunately, there are other characteristics that are 

routinely used: TM cells produce an excess of myocilin protein product when stimulated with 

certain environmental stresses; and TM cells are actively phagocytic, and have been shown to 

ingest a variety of particles.  
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The myocilin protein was described in separate publications by Stone et al. and Polansky et 

al. in 1997 as TIGR, the Trabecular meshwork Inducible Glucocorticoid Response protein. As 

the name implies, the protein product was identified as being produced in the presence of 

glucocorticoids including corticosteroids, and was isolated from cultures of TM tissue. This 

finding was supported and clarified in 1999 to show that in vivo and organ-cultured TM produce 

myocilin constitutively, while TM cell lines produce little to undetectable amounts without 

stimulation. Dexamethasone, TGFβ, or mechanical stress can all induce expression of myocilin 

as shown by northern blot mRNA analysis (Tamm et al., 1999). Immunoflourescence staining 

with antibodies against myocilin show that in uninduced TM cell populations, 20% of cells were 

expressing various levels of myocilin. Once induced with dexamethasone, 60 to 80% of the cells 

were showing myocilin expression, and at higher average levels of expression. (SC cells showed 

no basal staining with 6-15% of cells stained when induced) (O’Brien et al., 1999).  

Even before TM cells had been cultured in vitro, they had been characterized as phagocytic 

(Rohen and van der Zypen, 1968; Grierson and Lee, 1973). It was also made clear that cells in 

monolayer culture retained phagocytic capacity (Tripathi and Tripathi, 1982), and it was further 

shown that TM phagocytosis also extended to synthetic particles, of which latex microbeads 

have been used most frequently (Grierson et al., 1986). An experiment using bioparticles 

(zymosan, 0.3µm diameter) in live eyes shed light on the process of TM phagocytosis and 

indicated that some cells detached and migrated after ingesting a volume of particles (Sherwood 

and Richardson, 1988). Perfusion anterior segment culture again confirmed both bioparticle and 

synthetic particle phagocytosis by TM cells (Buller et al., 1990).  

TM phagocytosis in the canine has also been confirmed. It was shown that while canine 

TM cells would engulf latex beads as large as 3µm, 0.5µm beads were the most readily ingested. 
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It was also shown that this phagocytosis was well underway one hour after introduction of the 

particles (Samuelson et al., 1984). Based on this data, our study will use the phagocytosis of 

0.5µm beads as additional evidence that the cells cultured are indeed of TM origin, and will 

allow the cells 2 hours of incubation with the beads before analysis. 

Phagocytosis was demonstrated with cells from POAG human eyes in perfusion organ 

culture, but there was not a significant increase or decrease in phagocytic activity compared to 

normal (Matsumoto and Johnson, 1997a).  Exposure to dexamethasone in the same culture 

system caused a 57% decrease in phagocytic activity by nonglaucomatous TM cells (Matsumoto 

and Johnson, 1997b). A more recent study showed a significant difference in phagocytic activity 

between glaucomatous and normal TM cells (Zhang et al., 2007).While countering the previous 

finding, it confirmed that in both normal and glaucomatous cells, dexamethasone treatment 

significantly lowered phagocytic activity.  
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Figure 1-1. Aqueous humor outflow pathway and relevant anatomy of the drainage angle 
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CHAPTER 2 
METHODS 

Primary Cell Culture of Canine TM cells 

Methods and sources for obtaining cadaver eyes for our study were approved by the UF 

Institutional Animal Care and Use Committee (IACUC). Normal eyes were obtained from 

heartworm positive mixed-breed canines of unknown age after being euthanized by Alachua 

County Animal Services and brought to the UF College of Veterinary Medicine to be used for 

multiple research and teaching purposes. Glaucomatous eyes were obtained from a single 

individual upon reaching the endpoint of his research career in the UF POAG Beagle colony. All 

eyes were enucleated using a subconjunctival method to minimize harvesting of excess tissue. 

Enucleations were performed 0.5 to 2 hours post-mortem for the normal eyes and immediately 

upon euthanasia for the glaucomatous eyes. All eyes were placed on wet ice for no more than 3 

hours, until dissection could be performed.  

Dissections were performed using aseptic technique with sterile instruments. Excess tissue 

was removed from the globe using a razor blade, and the globe was then submerged in a 1:1 

mixture of phosphate-buffered saline (PBS) (Hyclone) and 7.5% Betadyne solution (Webster 

Veterinary Supply) and rinsed with PBS to remove all traces of Betadyne. The eye was 

hemisected equatorially using a razor blade and the posterior portion was removed and placed in 

formalin (for glaucomatous eyes) or discarded. The lens and vitreous were carefully removed 

from the remaining anterior segment and discarded. The iris and ciliary body were then removed 

in an intact ring, pulling apart points of attachment to the sclera. These tissues were placed in 

formalin if they were from glaucomatous eyes, but were otherwise discarded. The resulting 

anterior segment was placed in primary culture medium (20% FBS,  High-glucose DMEM, 

100u/mL pen/strep/fungiezone [all Hyclone]) and incubated briefly at 37ºC and 5% CO2.  
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The anterior segment was removed from incubation to a dish or well filled with PBS to 

cover the segment, as the removal of TM tissue is stabilized by a fluid environment. The anterior 

segment was quartered, as each quarter eye would provide the starting material for one well of a 

six-well cell culture plate (Corning costar). Once quartered, the tissue in its PBS environment 

was placed under a dissection scope to scrape unwanted tissue away from the TM. Using a 

scalpel, the corneal endothelium was scraped away from the anterior TM, and then any excess 

tissue from the anterior ciliary body, iris, or pectinate ligament was scraped away from the 

posterior TM. The PBS environment can be changed at this point to rinse away floating pieces of 

corneal endothelium, which could otherwise contaminate the culture. A curvette was employed 

to peel up one end of the TM from the sclera, and then the tissue could be grasped with a forceps 

and carefully peeled away. The PBS environment assisted at this step, helping to keep the fragile 

strip of TM from breaking as it peeled away from the sclera.  

The TM strip was removed to a collagenase solution (5mg collagenase A and 5mg human 

albumin [Roche], in 5mL PBS [Hyclone]), and the TM was removed from the other quarters and 

each placed in its own aliquot of collagenase. The strips in solution were agitated and incubated 

at 37ºC and 5% CO2 for 30 minutes. The digested TM material was pelleted by centrifugation at 

2000rpm for 8-10 minutes at room temperature. The collagenase solution was then removed, and 

the TM material was resuspended in primary culture medium. This was plated into either one 

well of a six-well plate or into a T25 cell culture flask (Corning costar).  

The culture was incubated at 37ºC and 5% CO2 for 3-5 days. When phase contrast 

microscopy showed TM cells adhering to the culture surface and migrating away from the TM 

tissue, the media was changed to 10% culture media (10% v/v FBS, High-glucose DMEM, 

100u/mL pen/strep/fungiezone [all Hyclone]). For cultures from glaucomatous eyes, in order to 
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add to the number of cultures being created, the original media with the TM tissue pieces was 

moved to another well in the cell culture plate to begin an additional primary culture, as 

recommended by Dismuke (personal communication). Once the culture reached confluency in 

the primary culture well or flask, it was passaged 1:3 or 1:4 into identical containers. 

Alternatively, one confluent well of a 6-well plate could be passaged into a T25 flask, or even 

1:2 into T25 flasks; and one confluent T25 flask could be passaged 1:6 or even 1:12 into 6-well 

plate wells.  

Deviations 

The entire TM of eye 05 was placed into a single culture, following the above technique, 

rather than dividing the quarters into separate cultures. Eyes 03 and 04 were collected as 

described above, but were sprayed with a 2% solution of Betadyne and rinsed with sterile water 

to prepare the globe after excess tissue removal. When quartered, quarters 03C and 03D were 

dissected differently: after scraping away neighboring tissue, the exterior limbus was also 

carefully scraped to remove limbal epithelium, and full-thickness cuts were made anterior and 

posterior to the TM, resulting in a full-thickness explant of TM sitting atop the scleral wall. 

Quarters 04C and 04D were also dissected differently: after scraping away neighboring tissue 

under the surgery scope, TM was removed as described but without the aid of a PBS bath, and 

placed directly into culture as an explant rather than subjected to a collagenase digestion. These 

explants were placed into 10% culture media and then treated as described above. Quarters 03A, 

03B, 04A, and 04B were dissected as described above, but without the aid of a PBS bath when 

removing the TM; additionally, while the collagenase solution for these samples was identical, 

their incubation with the solution deviated from above, with nutation for 2 hours at room 

temperature before centrifugation and plating with 10% culture media. Quarters 03A and 03B 
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were placed together into collagenase solution and into culture to compare use of a half-eye of 

TM to a quarter.  

Passaging of Canine TM Cells 

Passaging was performed when cultures were estimated to be at 90% confluence or higher, 

and was performed in a laminar flow hood using sterile technique. Media was removed by 

vacuum from the culture container. The container was then rinsed with HBSS (HyClone) to wash 

away remaining serum albumin, and the rinse was removed by vacuum. Tryspin (0.25% Trypsin 

EDTA, Hyclone) was added to cover the bottom of the container (1mL was sufficient for either a 

6-well plate or a T25 flask), and was left to act on the cells for 3-4 minutes. The trypsinized cells 

were gently pipetted up and down to assist in loosening cells still attached to the culture surface, 

and then removed to a prepared conical tube containing the desired culture media at a volume 

that would allow 1mL of media plus cell suspension to be dispensed to each new culture 

container (for 6-well plates or T25 flasks). The cell suspension was gently pipetted up and down 

to mix. If a cell count was desired, it could be taken at this stage. The cell suspension was then 

plated in equal volume to each new culture container, and additional volume of desired culture 

medium was added to reach a 5mL total (for 6-well plates or T25 flasks). The new cultures were 

incubated  at 37°C and 5% CO2, and occasional observations were made to monitor growth. 

Media was changed every 4-7 days as required, and when reaching confluency, cells were 

passaged again, frozen, or used as desired. 

Cell Counting of Canine TM Cells 

Preparation for cell counting was performed in a laminar flow hood using sterile technique, 

but once cells were placed into the counting chambers, they would not be re-used for culture, as 

the hemacytometer is not sterile. Beginning with a cell suspension of known volume, a small 

amount (50ul) was transferred to both counting chambers of a freshly cleaned hemacytometer 
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(with a new or freshly cleaned cover slip). Cells were allowed to settle briefly before counting. 

The slide was viewed at 100X and cell counts were performed in 5 squares (center and four 

corners) on both counting chambers. The total tally was kept on a hand counter as each square 

was sequentially viewed. Cells covering the border line between two squares were counted if 

they were on the top or left boundary, but not counted if they were on the bottom or right 

boundary. If a dilution was thought to be necessary, it would be performed on the cell suspension 

before removing the aliquot to the hemacytometer. The average count per square was determined 

by dividing the total count by 10. The cells/mL value was determined by multiplying the average 

count per square by 104 (the volume correction factor for the hemacytometer), and multiplying 

by the dilution factor if applicable.  

Freezing and Thawing of Canine TM Cells 

Freezing was performed when cultures were estimated to be at about 90% confluence and 

still growing. Both freezing and thawing were performed in a laminar flow hood using sterile 

technique, or with cell suspensions in sterile containers when not working in the hood 

(centrifuge, freezer). Media was removed by vacuum from the culture container. The container 

was then rinsed with HBSS (HyClone) to wash away remaining serum albumin, and the rinse 

was removed by vacuum. Trypsin was added to cover the bottom of the container (1mL was 

sufficient for either a 6-well plate or a T25 flask), and was left to act on the cells for 3-4 minutes. 

After their short incubation in trypsin, the cells in suspension were gently pipetted up and down 

to assist in loosening cells still attached to the culture surface, and then removed to a prepared 

conical tube containing 2 mL of 4ºC 10% culture media. The cell suspension was gently pipetted 

up and down to mix. The resulting suspension was centrifuged at 1500rpm for 8-10 minutes, and 

the supernatant was removed. The pellet was resuspended in 1mL 4ºC freezing medium (10% 

v/vFBS, High Glucose DMEM, 100u/mL pen/strep/fungiezone [all Hyclone], 10% v/v DMSO 
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[Fisher Bioreagents]). A cell count was performed using this suspension, and the total volume 

was adjusted to bring the final concentration around 106 cells/mL. The cell suspension was 

distributed into 2mL cryovials at 1mL/vial (Corning costar) and placed immediately on wet ice 

for 20-30 minutes, then transferred to a -80ºC freezer for freezing and storage.  

To thaw frozen aliquots of cells, the cryovials were placed into a 37°C water bath with 

constant agitation until thawed (1-2 minutes), after which the contents were transferred to a 

15mL conical tube containing 2mL 37°C primary culture medium. This suspension was 

centrifuged at 1500 rpm for 8-10 minutes and the supernatant, containing DMSO, was removed. 

The pellet was resuspended in 1mL 37°C culture medium and plated into either one T25 culture 

flask or 2 wells of a 6-well culture plate. The new cultures were incubated at 37°C and 5% CO2, 

and occasional observations were made to monitor growth. Media was changed every 4-7 days 

as required, and when again reaching confluency, cells were passaged or used as desired. 

Serum Concentration Assay   

All procedures over the course of this assay were performed in a laminar flow hood using 

sterile technique, or in sterile containers, with the exception of cell counting, and cell suspension 

aliquots used for counting were subsequently discarded. The cells used for the assay were 

growing into their second passage, plated from primary cultures 04A and 03C. Culture 04A was 

cultured using the collagenase digestion method, while 03C was cultured using a full-thickness 

explant. Both cultures were passaged into 20 wells of a 24-well culture plate (Corning costar). 

Wells derived from 04A were plated at 1.7X104 cells per well, and those derived from 03C were 

plated at 1.45X104 cells per well. Cells from each source were grown at 5, 10, 15, 20, or 25% 

FBS-supplemented, high glucose DMEM with 100u/mL pen/strep/fungiezone (all Hyclone). 

Cells from each source growing in each variety of media were subjected to cell counts at day 2, 

day 4, day 6 and day 8 from plating. The configuration of the experimental plates is shown in 
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Figure 2-1. Each well was discarded after counting rather than re-suspending and counting the 

same population at every time-point, in order to minimize interference with normal growth over 

time.  

Histological Time-Course 

Normal eyes were used to histologically visualize migration of TM cells away from an 

explant in a culture dish. Procedures prior to immobilization were performed in a laminar flow 

hood using sterile technique, or in sterile containers. Four eyes from two animals were used for 

our study. Enucleations were performed as described above, and dissections were identical 

through the step removing the vitreous, lens, ciliary body, and iris. After this point, the anterior 

segment was cut into 8 slices, and the 6 most regularly shaped were placed into 10% culture 

media. On days 0, 1, 2, 3, 4, and 7 one segment from each eye would be immobilized in 

HistoGel (Richard-Allan Scientific) and fixed in 10% buffered formalin for at least 24 hours. 

The tissue was serially dehydrated and placed into paraffin, then cut into 5µm sagittal sections 

and mounted on glass slides. The slides were rehydrated for staining with hematoxylin and eosin 

to show cell nuclei and morphologies and to define tissue types, and finally dehydrated and 

mounted with coverslips for viewing.  

Dexamethasone-Induced Myocilin Expression 

All cell culture procedures over the course of this experiment were performed in a laminar 

flow hood using sterile technique, or in sterile containers, with the exception of cell counting, 

and cell suspension aliquots used for counting were subsequently discarded. All steps related to 

cell lysis and protein separation and detection were performed using aseptic technique. 

The glaucomatous cells used for the assay were growing into their second passage, plated 

from primary culture WOSA. The culture was passaged into all wells of a 24-well culture plate 

(Corning costar), plated at 1.04X105 cells per well. Cells were grown in 10% culture media or 
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the same media with 100nM dexamethasone (Roche). Media was changed for all wells (without 

changing the type of media in each well) on day 2 to introduce a second dose of dexamethasone 

to those wells where it was in play. Media was not changed subsequent to day 2 in order that any 

detectable protein product secreted into the supernatant would be retained.  

The normal cells used for the assay were growing into their third passage, plated from 

primary cultures 06A-C and 06B-B, combined in order to better approach the plating numbers of 

the glaucomatous wells. After combining the cells, they were passaged into all wells of a 24-well 

culture plate as above, plated at 0.42X105 cells per well. Plates were then treated identically to 

the glaucomatous wells, above. Configuration of the experimental plates is shown in Figure 2-2.  

On day 6, the cellular material of selected wells was subjected to detection for myocilin. 

The supernatant was removed to collection tubes and stored at 4ºC. The wells were then rinsed 

with PBS, trypsinized, and the cells in solution placed into 10% culture media in a 1.5mL 

centrifuge tube to halt the action of the trypsin. The tubes were spun at 2000 rpm for 10 minutes 

to pellet the cells and supernatants were discarded. Cells were resuspended in lysis buffer 

(Fermentas) and set on ice for 10 minutes. An additional centrifugation at 4000 rpm for 10 

minutes pelleted the nuclei and fragments of membranous material, leaving the cytoplasmic 

cellular contents in solution. This supernatant was transferred to a collection tube and stored at 

4ºC until Western blots were performed, and the pellets were discarded.  

All samples used for Western blots were combined with SDS reducing buffer (Cell 

Signaling Technology) and heated at 100°C for 5 minutes in a boiling water bath. Samples were 

placed on ice for 5 minutes and centrifuged for 5 minutes at 14,000 rpm. Samples were loaded 

into 15-well 12% Bis-Tris gels in an electrophoresis apparatus. The lane assignments are as 

shown in Figure 2-3, with normal control TM cells in lanes 1 and 2, normal TM cells stimulated 
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with dexamethasone in lanes 3 and 4, glaucomatous TM cells in lanes 5 and 6, glaucomatous TM 

cells stimulated with dexamethasone in lanes 7 and 8,  positive control recombinant myocilin in 

lane 9, and a size ladder in lane 10. The gel was electrophoresed for 1 hour at 200V, then 

transferred to a  0.2μm nitrocellulose membrane at 30V for 1.5 hours. 1% Ponceau S stain was 

added to visualize proteins, after which the blot was blocked for 30 minutes at room temperature with 

1x TBA, 0.5% Tween 20, and 1% BSA. The primary antibody, rabbit anti-human myocilin 

(Santa Cruz Biotechnology) is added at a 1:100 dilution and gently rocked overnight at 4°C. 

After washing, the blot was incubated with secondary antibody at 1:2000 dilution with gentle 

agitation for 90 minutes at room temperature. After another wash, Avidin/Biotin conjugate 

(ABC) solution (Pierce Biotechnology) was added and incubated with gentle agitation for 30 

minutes at room temperature. After a final wash, Supersignal West Pico Chemiluminescent 

Substrate (Pierce Biotechnology) was added to cover the membrane in a small dish for 1 minute, 

after which the blot was sealed in plastic wrap and imaged on a Biorad ChemiDoc XRS. The 

membrane was exposed to the digital imager for 10 minutes and the image used for analysis. 

Phagocytosis 

Of the 24 wells of glaucomatous TM cells and 24 wells of non-glaucomatous TM cells, 12 

wells from each plate were also used to observe the phagocytotic activity of the cells. Equal 

numbers of wells used for this experiment were growing in dexamethasone-treated media and 

normal media.  

Microbeads of 0.5µm diameter (Polysciences) were added to each well at a concentration 

of 109 beads/mL. The beads were allowed to incubate with the cells for 2 hours at 37°C and 5% 

CO2. These wells would all still follow the procedures for detection of proteins in the supernatant 

and cell extracts described above, but before the supernatant was transferred to a sample tube for 
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storage, a small amount was collected to detect for the concentration of microbeads still present 

in solution.  

To assemble a standard curve, known concentrations of beads from 107 beads/mL to 1010 

beads/mL were prepared in 10% complete culture media, in a 24-well plate with no cells present. 

These were allowed to incubate for 2 hours before being collected, as above. A drop of solution, 

whether for the standard curve or from wells containing cells, was placed on a glass slide, 

coverslipped, and allowed to dry for 24 hours. Slides were then observed at 400X magnification 

and photographed, and the resulting images were overlaid with a grid and microbeads were 

manually counted. Counts were made over the entire image, except in the case of 1010 count 

images, where a tighter grid was used, and representative areas were counted to extrapolate a 

total count.  
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Figure 2-1. Experimental set-up for serum concentration assay. Percent serum concentration and 
day of collection and count are noted.  
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Figure 2-2 Experimental set-up for characterization assay. Two plates were prepared as above, 
one with glaucomatous TM cells, and one with normal TM cells. Each well is labeled 
with the protein to be detected for, the presence of 100nM dexamethasone if 
applicable, and the addition of 0.5µm latex beads to study phagocytic activity, if 
applicable.  
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Figure 2-3 Lane assignments for electrophoresis.  
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CHAPTER 3 
RESULTS 

Primary Cell Culture 

TM from normal and glaucomatous eyes was successfully grown in culture. Normal TM 

was successfully grown using three techniques: a full-thickness tissue explant, a TM tissue 

explant, and a collagenase digestion of TM tissue. Glaucomatous TM from POAG Beagle eyes 

was grown using only the collagenase digestion method, to avoid the possible contaminations 

introduced with a full-thickness explant, and based on the literature indication of better success 

for POAG TM culture (Stamer et al., 2000). Normal TM was grown into the 4th passage to 

observe morphological signs of senescence, while glaucomatous TM was frozen during the 2nd 

passage to preserve a maximum number of pre-senescent cells for future use. Normal TM 

recovered after freezing and thawing, indicating the capability to store canine TM for long 

periods.  

All TM cultures created over the course of our study are listed in Table 1, totaling 79 

cultures or subcultures derived from normal tissue and 16 cultures or subcultures from 

glaucomatous tissue. Cultures derived from segments 03C and 03D were cultured from a full-

thickness TM explant; cultures derived from 04C and 04D were cultured from a TM tissue 

explant without collagenase; all remaining cultures were produced by collagenase digestion of 

TM tissue. Typical growth in the primary plate was highly heterogeneous, with growth centered 

on tissue explants or remains of digested tissue, and very little growth in other areas of the plate, 

as seen in Figure 3-1. Growth proceeded at variable rates, but a primary plate was generally 

confluent and ready to passage at 9-14 days for explant cultures, or 7-11 days for collagenase-

digested cultures. There was no significant difference detected in establishment and growth rate 

in culture for normal vs glaucomatous cells. A typical course of development in a glaucomatous 
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primary culture is shown in Figure 3-2. Subcultures of passages beyond primary growth did not 

show the same heterogeneity, and could grow to confluence in slightly less time, dependant on 

their passage number and the density at which they were passaged. Cells in the second passage 

generally expanded to confluence in 5-9 days. Whether in primary culture or subcultures, TM 

cells isolated in space from other cells would often send out long cellular processes. As the cells 

expanded and reached confluence, the elongate spindle- or fibroblast-shaped cells would 

typically be aligned with neighboring cells, sometimes linearly, but often creating swirling or 

fingerprint-like patterns, as in Figure 3-3.  

Cells were frozen  to -80˚C and recovered successfully. Second-passage cultures 04B-A, 

04B-B, 04B-C, 04D-A, 04D-B, and 04D-C were frozen after 5 days of growth. The cells were 

frozen in 1mL aliquots at approximately 106 cells/mL, producing 6 aliquots of cells. After 

thawing, all 6 vials produced a viable culture, and grew to confluence in 10 days, at which point 

each was passaged 1:3; all subcultures were also viable.  

Two instances of fungal contamination occurred during the study; the first occurrence was 

isolated to the primary culture 03D and the culture was discarded after 6 days of growth. The 

second occurrence was in isolated wells in the dexamethasone/phagocytosis plates.  These wells 

were not used for analysis and were treated with bleach to prevent the spread of the contaminant. 

At the point of enucleation, it was noted that eye 05 contained blood in the anterior 

chamber. Dissection and culture were performed as normal, using TM from the entire eye, in 

case there was damage to the tissue. The culture, shown in Figure 3-4, contained far more debris 

associated with the TM than any other culture over the course of the study, even when compared 

to the glaucomatous plates, which themselves contained a high level of debris compared to 

cultures from non-glaucomatous sources.  
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As observed above, TM cells in the second passage would typically grow to confluence in 

5-9 days. This did not seem to vary between normal and glaucomatous cultures, as the second 

passage glaucoma cultures were near confluent when frozen for storage on day 6. Non-

glaucomatous cells were observed in their third and fourth passages as well. Growth in the third 

passage cells was slower, taking 12 days to achieve confluence and be ready for further 

subcultures. The fourth passage was still capable of expanding, but showed variable growth, with 

some areas approaching confluency by day 10 while other areas in the same plate showing only 

sparse growth at the same time. Day 10 of these fourth-passage cultures marked the end of the 

study, so no further data was collected, and no further passages were attempted. Cells of 

advancing passages, particularly the fourth, should marked morphological difference. Figure 3-5 

shows non-glaucomatous cultures during expansion from primary culture through passage 4. 

Later passages are characterized by a loss of typical elongate cell shape, with a tendency toward 

ragged edges, and a lack of typical organization when confluent.  

Serum Concentration Assay   

Cultures 04A and 03C were plated into wells of a 24-well culture at 1.7X104 cells per well, 

and 1.45X104 cells per well, respectively. Results are averaged from cell counts of both cultures, 

and are summarized in Figure 3-6. Media containing 5% serum caused a 2.95-fold increase in 

cell number in the first 2 days, and a maximum growth of 3.37-fold at day 6. Media containing 

10% serum caused a 4.44-fold increase in the first 2 days and a maximum growth of 7.30-fold on 

day 8. Media containing 15% serum caused a 5.84-fold increase on day 2 and a maximum 10.9-

fold increase on day 8. Media containing 20% serum caused a 7.97-fold increase on day 2 and a 

maximum 15.55-fold increase on day 4. Media containing 25% serum caused the most variable 

results, but averaged 3.59-fold increase in cells on day 2, and a maximum of 11.17-fold increase 

on day 6.  
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Over the first four days, the growth in media of 5 to 20% showed a clear pattern: higher 

serum concentration led to increased cell expansion. Media containing 25% serum did not follow 

this pattern, indicating a limit to the growth benefits provided by level of serum concentration. 

Also of note was the duration of sustained growth: media with 20% serum caused a population 

crash after day 4; 15% and 10% serum media continued to grow through day 8, though at a 

reduced rate during the final 4 days; 5% serum media only showed significant growth from day 0 

to day 2.  

Histological Time-Course 

The methods employed allowed visualization of a process of TM cell outgrowth in culture 

in the context of a tissue explant. This allowed a rather different perspective than that gleaned 

with observations of monolayers in culture. It was observed that TM cells in their native TM 

environment expand only minimally, compared to the rapid growth seen in culture plate by 

phase-contrast microscopy. As shown in Figure 3-7, the cellularity of explanted TM tissue does 

not change significantly over the 7 days observed, whereas a 2nd passage population in a culture 

flask could double many times over in the same period. It is not simply the case that cells do not 

grow in the context of a media-soaked explant, because other cells in the explant showed 

proliferation, and there was even spread of TM cells into areas other than their native ECM 

meshwork.  

The cell population that was the first to show significant expansion was that of cells along 

the exterior limbal epithelium. Concern that these cells could be a serious contaminant is one 

purpose for the iodine soak of enucleated eyes prior to dissection (see methods). Figure 3-8 

shows these cells beginning to spread off the explant as early as day 1. By day 2 they have 

travelled along the cornea and around the edges to the interior face, tending to cluster in ragged 

crevices of the cornea formed as artifacts of the initial dissection. They are distinguishable from 
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trabecular cells simply by their rounder, thicker morphology, staining properties, and growth in 

multiple layers, unlike the cells of the corneal endothelium, which they occasionally grew over. 

They also appear able to migrate away from tissue, as seen in Figure 3-8 A and D.  

While TM cells showed little proliferation in their native ECM meshwork, there was 

noticeable growth into other areas. This usually took the form of TM cells finding open areas in 

the sclera nearby the ICA and growing into them, forming a web-like network of cells, as seen in 

Figure 3-9 A and B. They would also occasionally be seen growing along a flat scleral surface, 

but would still show a tendency toward web-like growth, rather than a flat monolayer, as in part 

C, with shapes somewhat reminiscent of the protruding cellular processes seen in culture as cells 

spread into new areas.  Part D shows what appeared to be a more organized, mature outgrowth 

on day 7, in that the cells furthest from the growth surface (which in this case was corneal) have 

connections only to each other and not to the surface. These cells are growing in an arrangement 

similar to those in culture, generally aligned on a shared axis, rather than the web-like 

morphology that characterized surface-associated growth.  

Characterization 

Western blot analysis of cell lysates showed that TM cells expressed baseline levels of 

myocilin, and increased expression when stimulated by incubation in culture medium containing 

100nM dexamethasone. Blots consistently showed smears around bands in both the positive 

control (recombinant myocilin) and dexamethasone-treated cell lysate lanes, but the differences 

in intensity were clear, as seen in Figure 3-10. This result supports the statement that the cells 

being grown are of TM origin.  

The assay for phagocytic activity also indicated a confirmation of previous findings 

(Matsumoto and Johnson, 1997a, 1997b; Zhang et al., 2007). A standard curve was created, as 

shown in Figure 3-11a, and a regression equation was fit to the data, allowing bead counts from 
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experimental slides to be converted to concentrations in beads/mL of supernatant solutions. As 

each well contained 1mL of media, this concentration is equal to the actual number of beads in 

the well. The number of beads retained was highest in untreated normal TM cells at 9.71X108 

beads, significantly higher than the 9.28X108  beads retained in untreated glaucoma cells. The 

dexamethasone-treated cells from both normal and glaucomatous populations showed a 

downward trend relative to controls, with 9.47X108  beads retained in treated normals and 

9.07X108 beads retained in treated glaucomatous, but comparisons between treated and untreated 

cells in either population were not significantly different. These results are summarized in Figure 

3-11b, and indicate that these cells are phagocytic, retaining a large percentage of the microbeads 

they were incubated with, and that glaucomatous canine TM cells are less actively phagocytic 

than healthy cells. 
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A  

B  

Figure 3-1. Heterogeneous growth in a primary culture plate. A) TM cells expanding from a 
digested piece of tissue in culture 06A on day 5, B) Identical culture and day of 
growth, in a portion of the plate not containing any tissue remnants. 
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A   B  

C   D  

Figure 3-2. TM cell expansion in culture over time. A) Culture WODA 1 day after plating, B) 
Culture WODA at 3 days, with long cellular processes, C) Culture WODA at 5 days, 
D) Culture WODA at 7 days showing come cellular alignment. 
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A   

 B  

Figure 3-3. Confluent TM cell growth patterns. A) Culture 04C showing near-confluent cells in a 
linear arrangement B) Culture 06C showing near-confluent cells in a swirled 
arrangement.  
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A   B  

C  

Figure 3-4. Debris in primary TM cultures. A) Culture 05A at day 5, much more confluent than 
other day 5 primary cultures, presumably due to the use of TM from an entire eye 
rather than a quarter eye. B) Glaucomatous culture WODA at day 8, also showing 
some debris. C) Non-glaucomatous culture 06A at day 8.  
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A   B  

C   D  

Figure 3-5. TM cell senescence over multiple passages. A) Primary culture 06A. B) Second 
passage culture 06A-C. C) Third passage culture 04C-D-C with some loss of typical 
elongate shape. D) Fourth passage culture 04C-C-A-D showing loss of shape and 
some development of ragged cell edges.  
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Figure 3-6.  Cell growth over time by percent serum in media.  
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A   B  

C   D  

 

Figure 3-7. Histological time-course at the TM. AC = anterior chamber, S = sclera. Overall 
cellularity of the native environment remains relatively unchanged over the course of 
the experiment. Pictures selected as representative samples from A) day 0, B) day 2, 
C) day 4, D) day 7. All images H&E stained and viewed at 250X.  
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A   B  

C   D  

Figure 3-8. Expansion of cells of the limbal epithelium by histological time-course. LS = limbal 
sclera, EX = extraocular space, C = cornea, AC = anterior chamber, D = Descemet’s 
membrane. A) Cells were noted escaping from the exterior surface of the limbus, atop 
the limbal epithelium at day 1, 100X. B) Cells quickly spread around explant onto cut 
edges of cornea and filled available spaces (cut edges lack corneal epithelium), day 2, 
250X. C) Cells appear on the interior surface, growing over the Descemet’s 
membrane and corneal endothelium, day 2, 400X. D) Cells expanding away from cut 
edges of cornea after growing several layers deep by day 3, 100X.  
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A   B  

C   D  

Figure 3-9. Expansion of TM cells away from the TM by histological time-course. AC= anterior 
chamber, S = sclera. All images 250X.  A) TM cells expanding from ECM meshwork 
into open space, day 2. B) TM cells fully inhabiting a space previously empty, day 3. 
C) TM cells that have grown away from their native environment to inhabit an area of 
adjacent sclera, forming a web-like network as they spread away from their 
attachments, day 3. D) TM cells that have grown onto adjacent sclera, spindle shaped 
with aligned spindle axes, day 7. 
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Figure 3-10. Western blot for myocilin  
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Figure 3-11. Phagocytic activity of canine TM cells. A) Bead counts from concentration 
standards are plotted against known concentrations, and a regression equation was 
derived, as shown. B) The equation was used to convert bead counts from sample 
supernatants into concentrations, which were subtracted from the total concentration 
to give the concentration retained, equal to the number of beads retained (in 1 mL of 
media), which is plotted here by treatment group. 



 

Table 3-1. Master list of cultures 
Culture Origin Method Activity  Fate 
03A Normal alt. Collagenase day 4: media changed day 14: discarded 
03C Normal Full-thickness explant day 4: media changed; day 8: explant removed day 10: subcultured into serum conc. Assay 
03D Normal Full-thickness explant day 4: media changed, explant removed day 6: contaminated, discarded 
04A Normal alt. Collagenase day 4: media changed day 10: subcultured into serum conc. Assay 
04B Normal alt. Collagenase day 4: media changed day 11: passaged 1:3 
 04B-A Normal subculture  day 5: frozen as 04B-X 
 04B-B Normal subculture  day 5: frozen as 04B-X 
 04B-C Normal subculture  day 5: frozen as 04B-X 
 04B-Xa Normal thawed from 04-B-X day 2: media changed; day 8: media changed day 10: passaged 1:3 
  04B-Xa-A Normal subculture  day 6: discarded 
  04B-Xa-B Normal subculture  day 6: discarded 
  04B-Xa-C Normal subculture  day 6: discarded 
 04B-Xb Normal thawed from 04-B-X day 2: media changed; day 8: media changed day 10: passaged 1:3 
  04B-Xb-A Normal subculture  day 6: discarded 
  04B-Xb-B Normal subculture  day 6: discarded 
  04B-Xb-C Normal subculture  day 6: discarded 
 04B-Xc Normal thawed from 04-B-X day 2: media changed; day 8: media changed day 10: passaged 1:3 
  04B-Xc-A Normal subculture  day 6: discarded 
  04B-Xc-B Normal subculture  day 6: discarded 
  04B-Xc-C Normal subculture  day 6: discarded 
04C Normal TM explant day 4: media changed; day 8: explant removed day 14: passaged 1:4 
 04C-A Normal subculture day 9: media changed day 11: discarded 
 04C-B Normal subculture day 9: media changed day 11: discarded 
 04C-C Normal subculture  day 9: passaged 1:6(wells) 
  04C-C-A Normal subculture day 8: media changed day 12: passaged 1:4 
   04C-C-A-A Normal subculture day 4: media changed day 10: discarded 
   04C-C-A-B Normal subculture day 4: media changed day 10: discarded 
   04C-C-A-C Normal subculture day 4: media changed day 10: discarded 
   04C-C-A-D Normal subculture day 4: media changed day 10: discarded 
  04C-C-B Normal subculture day 8: media changed day 12: passaged 1:4 
   04C-C-B-A Normal subculture day 4: media changed day 10: discarded 
   04C-C-B-B Normal subculture day 4: media changed day 10: discarded 
   04C-C-B-C Normal subculture day 4: media changed day 10: discarded 
   04C-C-B-D Normal subculture day 4: media changed day 10: discarded 
  04C-C-C Normal subculture day 8: media changed day 12: discarded 
  04C-C-D Normal subculture day 8: media changed day 12: discarded 
  04C-C-E Normal subculture day 8: media changed day 12: discarded 
  04C-C-F Normal subculture day 8: media changed day 12: discarded 
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Table 3-1. Continued 
Culture Origin Method Activity  Fate 
 04C-D Normal subculture  day 9: passaged 1:6(wells) 
  04C-D-A Normal subculture day 8: media changed day 12: discarded 
  04C-D-B Normal subculture day 8: media changed day 12: passaged 1:4 
   04C-D-B-A Normal subculture day 4: media changed day 10: discarded 
   04C-D-B-B Normal subculture day 4: media changed day 10: discarded 
   04C-D-B-C Normal subculture day 4: media changed day 10: discarded 
   04C-D-B-D Normal subculture day 4: media changed day 10: discarded 
  04C-D-C Normal subculture day 8: media changed day 12: discarded 
  04C-D-D Normal subculture day 8: media changed day 12: discarded 
  04C-D-E Normal subculture day 8: media changed day 12: discarded 
  04C-D-F Normal subculture day 8: media changed day 12: discarded 
04D Normal TM explant day 4: media changed, explant removed day 11: passaged 1:3 
 04D-A Normal subculture  day 5: frozen as 04D-X 
 04D-B Normal subculture  day 5: frozen as 04D-X 
 04D-C Normal subculture  day 5: frozen as 04D-X 
 04D-Xa Normal thawed from 04-D-X day 2: media changed; day 8: media changed day 10: passaged 1:3 
  04D-Xa-A Normal subculture  day 6: discarded 
  04D-Xa-B Normal subculture  day 6: discarded 
  04D-Xa-C Normal subculture  day 6: discarded 
 04D-Xb Normal thawed from 04-D-X day 2: media changed; day 8: media changed day 10: passaged 1:3 
  04D-Xb-A Normal subculture  day 6: discarded 
  04D-Xb-B Normal subculture  day 6: discarded 
  04D-Xb-C Normal subculture  day 6: discarded 
 04D-Xc Normal thawed from 04-D-X day 2: media changed; day 8: media changed day 10: passaged 1:3 
  04D-Xc-A Normal subculture  day 6: discarded 
  04D-Xc-B Normal subculture  day 6: discarded 
  04D-Xc-C Normal subculture  day 6: discarded 
05A Normal Collagenase day 3: tissue removed to seed a second well (05A-A) day 5: discarded 
 05A-A Normal seeded from 05A  day 2: discarded 
06A Normal Collagenase  day 8: passaged 1:3 
 06A-A Normal subculture day 3: media changed day 6: discarded 
 06A-B Normal subculture day 3: media changed day 6: discarded 
 06A-C Normal subculture day 3: media changed day 6: discarded 
06B Normal Collagenase  day 8: passaged 1:3 
 06B-A Normal subculture day 3: media changed day 6: discarded 
 06B-B Normal subculture day 3: media changed day 6: discarded 
 06B-C Normal subculture day 3: media changed day 6: discarded 
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Table 3-1. Continued 
Culture Origin Method Activity  Fate 
06C Normal Collagenase  day 8: passaged 1:3 
 06C-A Normal subculture day 3: media changed day 6: discarded 
 06C-B Normal subculture day 3: media changed day 6: discarded 
 06C-C Normal subculture day 3: media changed day 6: discarded 
WOSA Glaucomatous Collagenase day 5: media changed day 7: passaged 1:3 
 WOSA-A Glaucomatous subculture day 5: media changed day 6: frozen 
 WOSA-B Glaucomatous subculture day 5: media changed day 6: frozen 
 WOSA-C Glaucomatous subculture day 5: media changed day 6: frozen 
WOSB Glaucomatous Collagenase day 5: media changed day 7: subcultured into dex&phag exp, media replaced  
 WOSB-A Glaucomatous subculture day 5: media changed day 6: frozen 
WODA Glaucomatous Collagenase day 5: media changed day 9: passaged 1:4 
 WODA-A Glaucomatous subculture day 3: media changed day 4: frozen 
 WODA-B Glaucomatous subculture day 3: media changed day 4: frozen 
 WODA-C Glaucomatous subculture day 3: media changed day 4: frozen 
 WODA-D Glaucomatous subculture day 3: media changed day 4: frozen 
WODB Glaucomatous Collagenase day 5: media changed day 9: passaged 1:4 
 WODB-A Glaucomatous subculture day 3: media changed day 4: frozen 
 WODB-B Glaucomatous subculture day 3: media changed day 4: frozen 
 WODB-C Glaucomatous subculture day 3: media changed day 4: frozen 
 WODB-D Glaucomatous subculture day 3: media changed day 4: frozen 

 

 



 

CHAPTER 4 
DISCUSSION 

Cell Culture 

Our study represents a successful step toward broadening the usefulness and scope of 

research that can be done based on the POAG Beagle model. This model is already unique in 

presenting a spontaneous, complete POAG disease in a reliably heritable pattern. The specific 

genetics behind this trait are being explored, and if successfully identified, will only add to the 

value of an in vitro tissue culture representation of the model. Our study has defined a protocol 

for the successful establishment of TM cells from normal and glaucomatous canines in 

monolayer culture. Characterization data confirms that these cells are of TM origin.  

Time becomes a challenge when working with a canine model, with a reproduction rate far 

slower than the standard rodents used in research and a disease that progresses over a course of 

years. The use of monolayer cell culture to answer questions about the molecular and cell 

biology of POAG is a significant advantage. Using the protocols described in our study, half of 

the tissue from each eye of one animal produced ten aliquots of frozen cells that, when thawed, 

could each be used for separate experiments that might require multiple eye sacrifices were they 

to be performed in other ways. From the perspective of minimizing sacrificed tissue, an even 

better solution would be to immortalize lines of normal and glaucomatous canine TM cells, 

alleviating pressures both to obtain new eyes and to use cultures at the correct passage to avoid 

variation do to cell senescence. Immortalizing primary cells also carries the risk of losing traits 

specific to the cell type, so it would be advisable to use both immortalized and primary cells 

through a few experiments to show whether their responses and properties are similar, or attempt 

to characterize them with mRNA and/or protein expression profiles.  
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From an alternate perpective, with the aim to preserve as much similarity to an in vivo 

situation as possible with an in vitro design, there is the option of perfusion culture as described 

by Johnson and Tschumper (1987, 1989). There are certainly advantages to this method, like the 

ability to measure outflow facility, maintain a physiologic IOP, and have the cells in their own 

native ECM meshwork. Additionally, after an experiment has been run on a perfusion culture, 

histology can be performed exactly as it would in a freshly enucleated eye. Unfortunately, this 

requires full eyes, so the benefits are balanced by the cost in tissue, and this technique is 

probably a poor solution to apply to the POAG Beagle model.  

Serum Concentration Assay   

Fetal Bovine Serum is used in cell culture for the growth factors and nutrients it provides. 

The obtained results support its use within a reasonable range, as increases in the percent 

composition of serum in the culture media resulted in larger increases in the cell population. 

Based on the results of this assay in early cultures, later primary cultures, including those from 

glaucomatous sources, were placed in 20% serum supplemented media to encourage rapid initial 

growth. With the viability and hardiness of cells from glaucomatous sources in question, this 

encouraged the best possible expansion. While this was useful for the purposes of establishing a 

glaucomatous TM culture, it should be remembered that blood serum is not a part of the TM 

environment in vivo. Previous studies have shown that TM cells grown with aqueous humor as 

growth media or as a supplement to growth media can alter cell behavior and growth 

characteristics (Fautsch et al., 2005, 2006; Hogg et al., 2000). In particular, Fautsch et al. found 

that myocilin levels were significantly higher in cells grown with aqueous humor-supplemented 

media. Re-creating experiments with aqueous-supplemented growth media could be interesting, 

but aqueous humor is not a readily available resource. The UF CVM Ophthalmology canine 

aqueous humor library would allow fascinating experiments comparing the growth of normal and 
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glaucomatous cells not only in aqueous humor supplements, but even in aqueous supplements 

from glaucomatous vs. cataract eyes.  However, it is possible that growing cells from one animal 

of origin in aqueous from one or more other animals could provide confounding variables. What 

might prove an ideal compromise is a culture media designed to more closely resemble aqueous 

humor in types and relative concentrations of protein and other bio-products.  

Histological Time-Course 

An interesting finding was the lack of noticeable increase in cellularity of TM cells in the 

native ECM meshwork. This observation allows for many interpretations, and calls for further 

experimentation. On one hand, the well-documented success of primary culture of TM cells from 

dissected meshwork seems contradictory to the statement that TM cells did not expand in their 

native tissue. However, the observation aligns perfectly with the knowledge that TM cells are 

terminally differentiated and non-mitotic in vivo.  

A possible line of explanation is that the non-mitotic nature of TM cells is a feature that 

relies on cues given to the cell from its environment. Perhaps the ECM of the ICA meshwork 

interacts with the cells in such a way to encourage their mitotic quiescence. Aqueous humor may 

also contain factors suppressing replication or cell cycle advancement, a possibility supported by 

studies of TM cells grown in aqueous-supplemented media (Fautsch et al., 2005). Perhaps more 

likely than the existence of a single cause is the combination of cellular-ECM signaling and 

factors in the aqueous humor environment. To set up experiments regarding the degree with 

which ECM affects cells, it might prove useful to use decellularized ECM meshwork as a 

substrate for TM cell culture. Decellularization is a process through which a tissue is exposed to 

a series of physical and chemical challenges designed to remove cells and cell debris from a 

tissue while minimizing disruption to the ECM. Gilbert et al. have a good review of methods that 

have been used to create decellularized tissue for a variety of applications (2005). Stripping cells 
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out of an empty canine anterior chamber and then allowing TM cells that have been passaged 

through primary culture access to the resulting empty TM as a growing surface could provide 

interesting results. Modifications to the composition of the decellularized ECM could be 

carefully controlled to note the effect on cells growing to inhabit the tissue.  

Another line of reasoning that could explain the combination of expanding and non-

expanding behavior of TM cells is that a sub-population of TM cells exist that are capable of 

division and expansion, while the remaining cells are non-replicative. Taking this view, a likely 

candidate is a relatively small population of cells known as the Schwalbe’s line cells. This sub-

population of TM cells was first identified in primate and presence in the canine eye was later 

confirmed (Raviola, 1982; Samuelson et al., 2001). Cells existing at the Schwalbe’s line have 

been labeled with markers typically found in stem or progenitor cells, though these methods also 

mark TM cells generally (Whikehart et al., 2005; McGowan et al., 2007). Further, after damage 

by laser trabeculoplasty, it has been shown that the majority of increase in cell division in the 

TM localizes to the anterior TM near Schwalbe’s line (Acott et al., 1989). Taken together, these 

pieces of evidence point to the anterior, non-filtering TM in general, and perhaps Schwalbe’s line 

cells in particular, as the origin of new TM cells. In the context of cell culture, it is possible that 

pre-existing adult TM cells replicate minimally or not at all, and that cells from this sub-

population are responsible for expansion. A thorough test for this hypothesis would involve 

finding a way to selectively label the genome of Schwalbe’s line cells, grow cells out into 

culture, and see what proportion of the culture population becomes labeled.  

Characterization 

Both assays used to characterize the cells cultured confirmed them as being of TM origin. 

The most widely used method for characterization of TM cells, induction of myocilin by 

dexamethasone treatment, showed positive results by western blots of cell lysates. Assaying for 
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phagocytic activity, an important and well-documented feature of TM cells, also demonstrated 

the cultured cells to be in agreement with the literature.  

The phagocytic activity of TM cells has been implicated as a possible mechanism for 

outflow, by transporting fluid and extracellular material across the juxtacanalicular region and 

into the AAP (or Schlemm’s canal in humans) by way of giant vacuoles. This theory, taken with 

an impairment of phagocytic activity in glaucoma, provides an explanation for the findings that 

glaucomatous TM retains higher levels of extracellular debris along with the reduced capability 

for conventional outflow, because both the debris and the fluid would be dependant on a failing 

mechanism (Tripathi 1972, Lutjen-Drecoll et al., 1981, Rohen et al., 1981). The finding here 

supports such a model, since glaucomatous TM cells were shown to have significantly decreased 

phagocytic activity compared to normal.  

While the results obtained by our study were in agreement with previous literature, the 

technique used in our study to observe phagocytic activity was imperfect in its lack of 

quantitation of beads that may have been absent from the media, yet not engulfed by the TM 

cells. This population of beads could include beads that had settled into intercellular spaces, had 

somehow adhered to cell surfaces, or simply failed to be resuspended into the media. A superior 

technique has been developed and used in several studies, where the material to be ingested, 

whether biological or synthetic in nature, is fluorescently labeled. The labeled material is clearly 

visible, but to further define the picture, a secondary antibody can be added after fixation that 

will attach only to extracellular particles, such that ingested and uningested particles are labeled 

differently (Matsumoto and Johnson, 1997a, 1997b; Zhang et al., 2007). 

Prostaglandin Pathway 

A significant biochemical pathway in the glaucoma disease process is that employed by the 

prostaglandin analogue family of IOP-lowering drugs. In vivo, prostaglandins are produced from 
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arachidonic acid in a multi-step synthesis. Cyclooxygenase-1 and -2 (COX-1 and COX-2, also 

known as prostaglandin H synthase-1 and -2) perform the rate-limiting step in this synthesis, the 

conversion of arachidonic acid to PGH2 through a PGG2 intermediate. COX-1 is typically 

considered the constitutive form, and COX-2 the inducible form, and while this doesn’t always 

hold true, it is COX-2 that has been observed to have correlations with aqueous humor flow. A 

family of synthases creates final prostaglandin products from PGG2, including prostaglandin E2 

and F2α (Smith et al., 2000) Analogues of these two products have been used as glaucoma drugs 

for their IOP-lowering ability.  

COX-2 has been shown to be expressed at higher levels in glaucomatous canine eyes 

compared to normals. The COX-2 in normal canine eyes was limited to the ciliary epithelium, 

while glaucomatous eyes showed expression throughout the cornea, iridocorneal angle 

(including the TM), and ciliary epithelium with increased intensity compared to normal 

(Marshall et al., 2004). This at first seems counter to a study previously done in human POAG 

cases, which still found the baseline COX-2 expression in the non-pigmented ciliary epithelium 

of normal controls, but showed no COX-2 expression in glaucomatous tissue (Maihofner et al., 

2001). The two studies are actually not in disagreement, however. The canine study was done 

only in cases of secondary glaucoma, confirming the human publication which saw expression of 

COX-2 in the ciliary epithelium of glaucomatous patients that were not POAG or steroid-

induced glaucoma cases. Taken together, this calls for a COX-2 immunolocalization in POAG 

canine eyes, and concurrently in POAG canine TM cells. It would be interesting to note whether 

there is expression in the ciliary epithelium of the eye, the TM and angle, and whether a 

monolayer TM culture expresses COX-2  the same or differently than TM in a histological 

section. It would also be interesting to note whether canine TM cells, both glaucomatous and 
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normal, produce prostaglandins in the same way as seen in human and primate TM cultures 

(Weinreb et al., 1988; Weinreb and Mitchell, 1989).  

The prostaglandin products of the aforementioned pathway, as well as prostaglandin 

analogues used in treatment, are recognized by the prostaglandin FP receptor, which sets events 

in motion that lead to a decrease in IOP. It has been handily shown that prostaglandin analogues 

latanoprost, bimatoprost, travoprost, and unoprostone are all ineffective at lowering IOP in mice 

where the FP receptor has been knocked out (Crowston et al., 2004, 2005; Ota et al., 2005). 

These receptors have been shown to be expressed in human trabecular meshwork both in vivo 

and in TM cell culture (Anthony et al., 1998). While it would seem obvious that glaucomatous 

and normal canines express these receptors, simply because they show IOP decrease with 

prostaglandin analogues, it would be revealing to see if there is any up- or down-regulation of FP 

receptors in glaucomatous and normal eyes. TM cell culture would provide a useful screen for 

the observation of these receptors, as would tissue sections. It should also be noted that the cells 

of the smooth muscle of the anterior ciliary body could also be important in their expression of 

FP receptors, due to the nature of prostaglandin-class drugs to induce increased uveoscleral 

outflow through this tissue.  

Once the FP receptors are stimulated by the appropriate prostaglandins, intracellular 

pathways probably initiate many changes in expression and cellular dynamics in both ciliary 

smooth muscle and TM cells. It has been shown that prostaglandin F2α stimulates production of 

matrix metalloproteinases-1, -2, -3, and -9 (MMP-1, -2, -3, and -9) in vitro in ciliary smooth 

muscle cells (Weinreb et al., 1998). The matrix metalloproteinases are a family of enzymes 

responsible for digestion of extracellular gelatin and collagen fibers, a mechanism that has been 

implicated in the increased uveoscleral outflow seen with prostaglandin treatment. Glaucomatous 
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canine (although not necessarily POAG canine) aqueous humor has higher levels of latent MMP-

2 than normal control, as well as higher levels of both active MMP-2 and latent MMP-9 in ICA 

tissue (Weinstein, et al., 2007). Tissue inhibitors of matrix metalloproteinases (TIMPs) counter 

the action of MMPs and have also been studied in the context of aqueous outflow.  MMP and 

TIMP concentrations have been studied both in AH from normal and glaucomatous humans 

(Maata et al., 2005), and in TM tissue explants from normal and glaucomatous humans (Ronkko 

et al., 2007). The ratios of MMPs to TIMPs have been shown to vary in these tissues, indicating 

an imbalance of ECM turnover in glaucomatous eyes compared to normal. Performing a study in 

POAG beagle tissues and fluids comparing the levels and ratios of the MMPs and TIMPs could 

provide new insight or confirmatory data to all of these ideas.  

Targeted Genetic Techniques  

The POAG Beagle model, already a valuable resource in the study of glaucoma disease 

and treatment, is situated to become an even more exciting model. The autosomal recessive 

inheritance of the disease seen in the Beagle model suggests a single gene may be responsible for 

their glaucoma. Ongoing research collaborations are underway to use pedigree-based, genome-

wide single nucleotide polymorphism (SNP) analysis to localize the genetic defect (Kuchtey et 

al., unpublished data). If this endeavor is fruitful, there could be a target gene or small group of 

genes of interest for further study. Work in quickly-dividing ocular cell culture could provide 

valuable information about relationships a target gene and its protein product have with known 

pathways involved in glaucoma, or elucidation of new pathways.  

Additionally, simple recessive inheritance with the presence of non-glaucomatous carriers 

suggests that a single dominant allele is sufficient to provide healthy function. This makes a 

tempting target for gene therapy, because the introduction of a healthy allele into cells would 

theoretically by sufficient to restore function. There already exists a lentiviral vector that has 
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been shown to safely and effectively transfect TM in cats and primates (Khare et al., 2008; 

Barraza et al., unpublished data). Such a vector could theoretically be designed to carry a healthy 

copy of the gene of interest, and permanently add it to the genome of transfected TM cells.  
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