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Abstract

Steroid-induced 10P elevation affects a significant number of patients. It results from a decrease in
outflow facility of the aqueous humor. To understand the pathophysiology of this condition a
number of model systems have been created. These include ex-vivo cell and organ cultures as well
as in-vivo animal models in organisms ranging from rodents to primates. These model systems can
be used to investigate specific aspects of steroid-induced IOP elevation. This brief review
summarizes the strengths and limitations of the various model systems and provides examples of
where these systems have been successfully used to advance our understanding of steroid-induced
IOP elevation.
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Introduction

Steroid-induced ocular hypertension is a frequent complication of chronic treatment with
corticosteroids (Jones and Rhee, 2006). Although usually reversible with steroid
discontinuation it has been increasingly prevalent because of the use of potent
corticosteroids in or around the eye as treatment for various eye diseases (Kiddee et al.,
2013). Steroid-induced 0P elevation occurs within weeks in susceptible individuals and is
dependent on steroid potency, pharmacokinetics, duration of treatment and route of
administration (Becker and Mills, 1963). Approximately one in three individuals on chronic
topical steroid therapy will experience 10P elevation and in ~20% of those, IOP elevation
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will be significant (Becker and Mills, 1963). Intraocular steroids increase the risk for IOP
elevation dramatically. In trials of sustained release fluocinolone acetonide implant, over
75% of patients receiving the steroid intravitreally required IOP lowering therapy and 40%
required surgical intervention for IOP control (Goldstein et al., 2007). The prevalence of
steroid—induced IOP elevation is even higher among patients with glaucoma. Approximately
90% of these patients and 30% of glaucoma suspects will develop moderate IOP elevation
after 4 weeks of treatment with steroid drops (Armaly, 1963b).

If unrecognized, prolonged steroid-induced IOP elevation can lead to (or exacerbate)
glaucomatous optic neuropathy (Goldmann, 1966) and result in loss of vision. Although it is
well established that steroid-induced 10P elevation is the result of increased aqueous humor
outflow resistance (Armaly, 1963a; Bernstein and Schwartz, 1962) the exact pathogenetic
mechanism remains unknown. However, the similarities in the pathology and the increased
prevalence with primary OAG (POAG) suggest that common mechanisms are operational in
both conditions.

The rise in IOP caused by steroids is often attributed to alterations in cell cytoskeletal
dynamics, and a dysregulation in extracellular matrix (ECM) deposition and remodeling
(Clark et al., 1994; Jones and Rhee, 2006; Raghunathan et al., 2015) which result in
morphological changes (Tektas and Lutjen-Drecoll, 2009) and reduction in facility of
outflow. To try to understand changes at the cellular and molecular level that lead to steroid
induced ocular hypertension, a number of ex-vivo and in vivo models for the condition have
been created. These model systems have to date provided relevant information but many
details of the pathophysiology of this condition still remain unclear. This review summarizes
some of the work performed in the various steroid-induced IOP elevation models, highlights
some of the strengths and limitations of each one and provides some examples of successful
application of model systems in addressing relevant questions.

Ex-vivo model systems

1. Tissue culture models

Some of the earliest attempts to understand steroid-induced I0OP elevation at the cellular and
molecular level led to the isolation of primary trabecular meshwork (TM) cells (Polansky et
al., 1979). These cells can be easily isolated from both human post-mortem eyes as well as
animal eyes (Crean et al., 1986; Grierson et al., 1985; Yue et al., 1988) and can be used to
study the physiology (Clark and Wordinger, 2009; Gasiorowski and Russell, 2009) and gene
expression (Paylakhi et al., 2012; Rozsa et al., 2006) of the cells that in large part control
ECM deposition and either directly or indirectly ultimately affect outflow facility. The use of
TM cells has resulted in some spectacular success stories in the quest to identify genes
related to glaucoma. Most notably work on HTM cultures identified the protein encoded by
the first glaucoma gene: TIGR/myocilin (Polansky et al., 1997; Stone et al., 1997). Other
relevant important findings that come from work on TM cultures treated with steroids
include the increased stiffness in trabecular meshwork (McKee et al., 2011), the activation
and proliferation of the endoplasmic reticulum and Golgi apparatus and increased
extracellular matrix (ECM) deposition (Wilson et al., 1993), the increase in fusion vesicles
on TM cell membranes (McCartney et al., 2006), the increase in HTM cell size (Tripathi et
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al., 1989), the changes in TM cell cytoskeleton (Wilson et al., 1993) and the decreases in
phagocytotic activity (Yang and Li, 1996; Zhang et al., 2007), as well as cell migration and
proliferation (Clark et al., 1994).

Although transformed lines of TM cells were generated and used in the 90s (Liu et al., 2002;
Pang et al., 1994; Tamm et al., 1999) they have fallen out of favor as they seem to deviate
significantly in their physiology and gene expression from primary cells (Liu et al., 2002). In
fact even primary cells appear to senesce and change as they progress through different
passages (Schachtschabel and Binninger, 1990). The number of viable usable passages
depends on donor age with cells from older individuals having decreased replicative
capacity. Some TM cultures stop dividing after only a few passages. Typically primary TM
cells grown in culture, reflect the physiology of TM cells in vivo only up to passage five.
Use of cells beyond this passage may potentially provide unreliable results and should be
avoided. Because isolation of TM cells involves dissection of tissue and can potentially
result in contamination with other cells from surrounding tissues and because of gene
expression changes with passaging, it is advisable to verify the identity of TM cells in
primary culture. Most investigators rely for such verification on confirmation of expression
of a panel of genes and/or their respective proteins that are typically expressed in TM cells.
Prominent among them are myocilin (MYOC), matrix protein Gla (MGP), caveolin 1
(Cavl), collagen 4 alpha 5 (Col4A5) and tissue inhibitor of metalloproteinase 3 (TIMP3)
(Du et al., 2012; Hernandez et al., 1987; Kuehn et al., 2011; Mao et al., 2012; Ueda et al.,
2000; Xue et al., 2006). Other cell markers include ap-Crystallin (Welge-Lussen et al.,
1999), tissue plasminogen activator (Seftor et al., 1994) and smooth muscle actin (Pang et
al., 1994). Significant upregulation of MYOC by steroid treatment is considered also to be
strongly indicative of the TM nature of human cells in culture (Polansky et al., 2000)
although MYOC mRNA transcription upregulation occurs 12 to 24 hours after exposure to
steroids (Joe et al., 2011). An important caveat is that myocilin upregulation (which is
universal in humans) does not occur in a number of animal species (e.g. (Sawaguchi et al.,
2005)). Since TM cells have avid phagocytic activity (Rohen and van der Zypen, 1968), a
phagocytosis assay can also be used as further confirmatory proof that cells in culture are
TM cells. In addition contractility assays have been recently developed to characterize and
positively identify HTM cells (Dismuke et al., 2014).

Isolation and nutritional requirements of TM cells have been well described (Polansky et al.,
1979; Stamer et al., 1998) and involve relatively straightforward manipulations and methods.
A number of investigators use rings of tissue left over after keratoplasty to isolate these cells
from human post-mortem eyes. If using such tissue source it is important to thoroughly rinse
tissue with culture medium prior to putting tissue fragments into culture.

The recent development of differentiated HTM cells from stem cells (Abu-Hassan et al.,
2015; Ding et al., 2014; Du et al., 2012) opens up the possibility of generating large amounts
of TM cells in culture that will be identical and can be used for experimentation (provided
they express all relevant markers and behave similarly to primary HTM cells). This
development would make generation of cells that can be readily shared between labs a
reality. In addition it holds the promise of allowing generation of disease specific cells.
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The other important cellular component of the outflow pathways in the area of the
juxtacanalicular tissue (JCT) are Schlemm’s canal (SC) cells. Contrary to TM cells that are
fairly easy to culture, SC cells are notoriously hard to obtain in culture (Dautriche et al.,
2014). The method most often used for generating such primary cultures involves the
placement of a suture in the SC and lengthy incubations (Stamer et al., 1998). Verification of
the nature of the cells involves screening for a panel of markers that are normally expressed
on these cells including fibulin-2, VE-Cadherin, integrin-a6 (Perkumas and Stamer, 2012)
and PECAM-1 (Dautriche et al., 2015) and the absence of LYVE-1 expression (van der
Merwe and Kidson, 2014). SC cells in culture also over time change their gene and protein
expression (Lei et al., 2014a, b). Furthermore, Human Schlemm’s canal (HSC) cells in
traditional culture lose spatial, mechanical, and biochemical cues resulting in altered gene
expression and cell signaling compared to in-vivo (Dautriche et al., 2015). This in
combination with the difficulty in isolating them creates a bottleneck in terms of
experimentation with these cells. To date, generation of SC cells from stem cells has not
been reported.

Culturing TM and SC cells allows for the observation and study of structural characteristics,
biological properties, as well as the growth patterns of the cells (Dautriche et al., 2014).
Gene and protein expression after exposure to steroids have been reported (for examples see
(Bollinger et al., 2011, 2012; Zhao et al., 2004)) and contribute to our current understanding
of some of the processes that lead to steroid-induced IOP elevation. In addition TM and SC
cells in cultures have been used to study the biomechanical properties of these cells
(Raghunathan et al., 2015). However, use of TM and SC cells in traditional culture to study
steroid induced IOP elevation is limited by the lack of a physiologic parameter that one can
monitor to indicate functional effects on outflow facility. Thus, even though traditionally
cultured TM and SC cells can be used to dissect molecular pathways in these cells,
relationship of these pathways to IOP control has to be established in other models.

Notwithstanding the above caveats, traditional cultures of TM cells and SC cells have been
used as systems to study steroid-induced 10OP elevation. Cells have been treated with a
number of steroids including dexamethasone, triamcinolone, prednisolone, cortisol,
progesterone, cortexolone, methyltestosterone, fluorometholone, and rimexolone (for
examples see (Clark et al., 1994; Raghunathan et al., 2015; Sharma et al., 2014; Sohn et al.,
2010)).

It appears that drug partitioning in the TM increases as lipophilicity increases. The rank
order of lipophilicity and subsequently observed steroid partitioning was triamcinolone <
prednisolone < dexamethasone < triamcinolone acetonide < fluocinolone acetonide <
budesonide (Thakur et al., 2011). Although the effects on gene and protein expression are
generally similar, the various steroids should not necessarily be considered interchangeable
in their effects on outflow cells in culture.

Culturing TM and SC cells on membranes rather than at the bottom of culture dishes has
been a significant improvement as it has enabled the use of these cells in flow studies. Initial
attempts to utilize commercially available mixed cellulose ester (HATF) filters for growing
the TM cells were only met with limited success (Perkins et al., 1988) although HTM cells
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grown on such filters responded to steroid treatment by changing transendothelial flow
(Underwood et al., 1999). Similarly polyester trans-well inserts do not provide optimal
support (Torrejon et al., 2015) as cells tend to orient on these membranes randomly and
membranes provide significant resistance to flow because of low porosity. More recently,
trans-well inserts have also been used to culture HSC cells for physiological studies (Pedrigi
et al., 2011). In addition photolithographically patterned SU-8 biocompatible (Kotzar et al.,
2002) epoxy membranes have been used to culture both HTM and HSC cells (Torrejon et al.,
2013). HTM cells grown on such well-defined membranes highly resemble cells in vivo in
their morphology, assume specific orientation in relationship to the pores and exhibit the
characteristic actin stress fibers. Because of the high porosity of these membranes resistance
to flow is minimal. The material is also transparent, making observations of cell behavior
and growth simpler. Growth of HSC cells on SU-8 scaffolds appears to restore biochemical
and spatial cues ordinarily lost in traditional HSC cultures. Thus HSC cells grown on
Extracel coated SU-8 have been shown to express VE-Cadherin and CD31, which are often
lost in traditional cultures. Furthermore, similar to HTM cells, HSC cells grown on SU-8
display improved alignment (Dautriche et al., 2015).

Confluent HTM and HSC cultures on SU-8 scaffolds have been used in flow through studies
and have allowed the calculation of simulated outflow facility of these cells. Although this
simulated outflow facility appears to be higher than the outflow facility in vivo, it responds
to a variety of pharmacologic agents that are known to modulate outflow facility in vivo.
More importantly cells grown on SU-8 respond to steroid (prednisolone acetate) in a
physiologic manner by decreasing simulated outflow facility and decreasing their phagocytic
activity. These changes were also associated with an increase in production of various ECM
components (Torrejon et al., 2015).

Importantly, culturing of HTM cells and HSC cells on SU-8 membranes has allowed the
development of basal to basal co-cultures of the two cell types, thus creating a 3D
biomimetic culture of the JCT area (Torrejon, 2015b). These cultures are responsive to
steroid treatment and thus represent an ideal in-vitro system for studies in the pathogenesis
of steroid-induced IOP elevation as they allow for modeling of the complex interactions
between cells in the outflow pathways.

2. Organ culture models

Perfused Organ Culture Anterior Segments (OCAS) from humans post-mortem or from a
number of different animal species have been a standard model of examining the aqueous
outflow pathway for nearly 30 years (Erickson-Lamy et al., 1990; Gottanka et al., 2004;
Johnson et al., 1990). This ex vivo model preserves the architecture of the aqueous outflow
pathway and enables studies to be performed in a near physiologic state. In this model, eyes
are bisected at the equator, and the iris, lens, choroid, ciliary body and vitreous are removed.
The anterior segment is clamped into a culture dish carefully machined out of Plexiglas that
creates a closed environment between the culture dish and the anterior segment. Media
containing antibiotics and antifungal agents is perfused at the normal aqueous flow rate of
2.5 pl/min into the anterior segment through a cannula. Pressures are continuously
monitored with a pressure transducer connected to a second access cannula built into the
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dish, and recorded with an automated computerized system. Typically OCAS are perfused in
pairs from the same individual with one eye serving as control, while the other as
experimental. This reduces somewhat the variability in the outflow facility measurements.

Human OCAS pairs are limited in number. Although valuable because they represent human
material their use in the study of steroid induced 10P elevation has been limited. In perfused
human OCAS IOP elevation due to exposure to steroids occurs approximately 5-6 days later
in some human OCAS (Clark et al., 1995). The responder rate of these eyes, roughly 30%,
coincides with response rates observed clinically. However, other studies have failed to
always detect such a high rate of IOP elevation despite evidence of accumulation of
glycosaminoglycans resistant to degradation (Johnson et al., 1990).

In contrast bovine OCAS are plentiful and have been proposed as an excellent model of
steroid induced IOP elevation (Mao et al., 2011). In unselected cow eyes from the Holstein
and Angus strains a significant steroid response in ~40% of the eyes was reported. However,
it is interesting to note that all eyes tested exhibited some increase in IOP over contralateral
eyes when treated with dexamethasone. Vehicle treated eyes from “steroid respondent
animals” also exhibited some (lesser) IOP elevation. It is also intriguing that IOP elevation
after exposure to steroids occurred within 24-48 hours. Early elevations are typically not
present in Human OCAS and have not been reported to occur in vivo in either humans
(except very rarely) or other animal species (including bovine) (Gerometta et al., 2004). It is
thus unclear whether this early onset I0P elevation in bovine OCAS is truly reflective of the
physiologic changes leading to steroid induced IOP elevation.

Porcine (pig) eyes have also been used for OCAS as they are readily available. Although not
as popular as human, bovine and monkey OCAS porcine OCAS also respond to steroids by
a decrease in outflow facility (Fujimoto et al., 2012). As with the bovine TM, porcine TM is
reticular and both species have an angular aqueous plexus (Mao et al., 2011). Finally it
should be noted that although monkey OCAS have been used to study the effect of various
medications and genes on outflow facility there are no published reports on the effects of
steroids in that system.

For all perfused OCAS studies (irrespective of the species used) it is important to perform
histological examination of the outflow tissues after perfusion to ensure no gross disruption
of the outflow pathways which can dramatically affect the results (Johnson et al., 1990; Mao
et al., 2011). Histological examination should also be used to verify the TM cellularity is
within acceptable bounds as loss of TM cells can lead to preparations that are not responsive
to pharmacologic agents (Johnson and Tschumper, 1989). It is also important to point out
that perfused OCAS from many animal species (including those from primates) exhibit the
“washout effect”. This is an increase in outflow facility over time during the initial period of
perfusion which occurs in perfusion models and has been attributed to the removal of
extracellular cells or ECM components in outflow pathway tissues (Li et al., 2015). Whether
washout is time or volume dependent is still not clear (Mao et al., 2011). Although different
animal species show varying amounts of this effect (Li et al., 2015; Overby et al., 2002;
Scott et al., 2007), the washout effect is absent in human (Erickson-Lamy et al., 1990) and
probably mouse eyes (Lei et al., 2011).
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In vivo-models

1. Mouse and rat models

Rodents are the phylogenetically lowest organisms that have been used as in-vivo models for
the study of steroid-induced IOP elevation. Mice offer the advantages of experimentation in
vivo in an organism that can be genetically manipulated, while rats allow for easier
manipulation of the eye itself (which is larger in these animals). Both provide models in
animals that are readily available in most laboratories and can be easily and inexpensively
implemented. However, because mice and rats have small size and are sensitive to the
systemic effects of steroids, these models have only been developed within the last decade.

Three different mouse models of SIOHT have been reported:

a. Topical steroid treatment model. In this model dexamethasone phosphate drop
(0.1%) are applied to the eyes three times daily for 6 weeks (Zode et al., 2014). Mice
are reported to develop 10OP elevation starting at 2 weeks after initiation of treatment.
Although the amount of IOP elevation seems to be variable between individual eyes it
appears to be substantial (6-7mmHg). This is the only mouse model of steroid-
induced IOP elevation to be reported to develop glaucomatous optic nerve changes
(Zode et al., 2014).

b. Systemic steroid treatment model. In this model animals are exposed to systemic
dexamethasone delivered via osmotic minipumps for periods of up to 4 weeks at
doses of 0.09 mg DEX/day (Overby et al., 2014b; Whitlock et al., 2010). IOP
elevations at 4 weeks are small (2-4mmHg). Some animals do not survive because of
systemic effects from steroid treatment.

C. Periocular steroid treatment model. In this model animals are exposed to periocular
triamcinolone acetonide (40mg/ml — 20ul per eye) (Kumar et al., 2013). Although
changes in IOP are not detectable for the first two weeks, changes in outflow facility
of enucleated mouse eyes are large and readily detectable.

Differences between the three models likely reflect differences in the potency of steroids
used, difference in the route of administration and bioavailability and differences in the
effects of the experimental intervention on parameters that affect measurements (for example
instillation of multiple eye drops may affect the corneal epithelium and thus 10P
measurements). In general however, it is clear that IOP may not be the best parameter to
follow when one studies steroid induced glaucoma in mice. Classical outflow facility on the
other hand is clearly affected by steroids in mice.

Despite that, mice are very valuable in the study of steroid-induced effect on outflow
physiology. Aqueous physiology is similar to that in humans (Aihara et al., 2003) and the
mouse TM shares many similarities with the human TM (Overby et al., 2014a). A recent
study in mice suggests that they develop the characteristic plaque like material that have
previously been reported for human steroid-induced IOP elevation (Overby et al., 2014b).
The two things that remain unsettled are whether mouse upregulate MYOC in response to
steroid treatment (Kumar et al., 2013; Zode et al., 2014) and what percentage of total
outflow is uveoscleral vs classical (Aihara et al., 2003; Boussommier-Calleja et al., 2012;
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Boussommier-Calleja et al., 2015; Crowston et al., 2004; Lee et al., 2011; Lei et al., 2011,
Millar et al., 2011; Millar et al., 2015; Overby et al., 2014b; Sherwood et al., 2016; Stamer
etal., 2011; Zhang et al., 2009). The power of genetic manipulation in these animals
however is expected to provide answers to many important questions in this field in the near
future.

Similar to the mouse, rats also have been reported to develop steroid-induced 10P elevation
after topical treatment with dexamethasone four times daily for periods of 4 weeks
(Sawaguchi et al., 2005). Although the rat eye is larger and thus can allow for easier
dissection and intraocular interventions, rats at this stage provide limited ability to
manipulate genes and thus do not offer significant advantages over mice in the study of this
condition. They have however been used in a few studies (Miyara et al., 2008; Razali et al.,
2015; Shinzato et al., 2007). Myocilin does not appear to be upregulated by steroids in rats
(Sawaguchi et al., 2005).

2. Rabbit models

Rabbits have for historical reasons been used and continue to be used in eye research.
Traditionally, for IOP lowering therapies, rabbits have been used as one of the two species
for toxicological testing. Corticosteroids will cause ocular hypertension (OHT) in rabbits,
but results are variable and the doses required to achieve I0OP elevation in rabbits are close to
the LD50 dose (Gelatt et al., 1998b). In addition because aqueous humor physiology in these
animals is quite different from that in humans the mechanism of 10P elevation may be
different (Gelatt et al., 1998a). Notably such IOP elevation cannot often be sustained for
long periods of time. In addition IOP elevation was shown to occur only when treatment
began during the developmental period (8-10 weeks of age), while even relatively young,
mature rabbits (3 years of age) were shown to be refractory to this effect even when
dexamethasone was applied every 6 hours for 4 weeks (Knepper et al., 1978; Qin et al.,
2012). Thus despite the fact that glucocorticoid receptor concentration is high in ocular
tissues of rabbits and intravenously administered steroid has been found to bind specifically
to the nuclei of cells in the outflow channels (Knepper et al., 1985), rabbits have fallen out
of favor as a model for steroid-induced IOP elevation.

3. Cat models

Moderate elevations of IOP may be produced in cats by topical administration of
corticosteroids (either dexamethasone or prednisolone)(Zhan et al., 1992). Furthermore,
elevated 10P was maintained as long as corticosteroid treatment was continued. Some cats,
like in humans, appeared to develop ocular hypertension more rapidly than others. Cataract
development in feline eyes during long-term corticosteroid treatment also suggests that
corticosteroids have a similar effect on feline and human eyes.

However, cats have a rate of aqueous humor flow that are several times greater than those of
human eyes. In this study it was assumed, therefore, that more dexamethasone would have to
be applied to the corneal surface to achieve a concentration in the aqueous humor of cat eyes
comparable to that achieved clinically in humans (Zhan et al., 1992). On the other hand,

since cats have a body size about one-fortieth that of patients, the risk of systemic effects are
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obviously greater. Cats are readily available and easier to handle than non-human primates.
Ease of handling is an especially important consideration in such studies when treatment has
to be administered daily for many weeks or months.

A similar study by another group in normal cats similarly detected a high rate of steroid-
induced IOP elevation among these animals (Bhattacherjee et al., 1999). However, more
recent work indicated that the responsiveness of normal cats may be lower than initially
reported (Gosling et al., 2016). Thus, the feline steroid induced 1OP elevation continues to
be a potentially useful, albeit somewhat underutilized animal model.

4. Ruminant models (Cows and sheep)

The motivation behind development of the bovine steroid induce model of OHT was the
similarity of bovine aqueous physiology to that of humans (Gerometta et al., 2004). In
addition a rich literature from experimentation on bovine TM cells suggested that steroid
treatment induced changes similar to those seen in human TM cells (exposure of bovine TM
to dexamethasone produces alterations in the ECM proteins and cell contacts (Zhou et al.,
1998)). Treatment of cows of the Bradford strain with prednisolone acetate drops three times
daily has been reported to lead to IOP elevation in 100% of the animals tested within 4
weeks. IOP remains elevated for the duration of steroid treatment and slowly declines over a
period of 2-4 weeks after discontinuation of steroids (Gerometta et al., 2004). Morphologic
alterations of the outflow tissues resemble those seen in humans (Tektas et al., 2010) despite
some differences in the anatomy between the human and bovine TM. The model has been
used to study gene expression changes induced by steroid treatment in the TM (Danias et al.,
2011) and has led to the identification of a number of relevant genes in this process. Despite
the significant advantage of the availability of large amounts of ocular tissues that can be
used for further analysis, this model is limited in the types of therapeutic or experimental
interventions that can be performed. Although the uniformity in the amount of steroid
response among animals of this strain is not necessarily reflective of the variability of human
responses, it offers an advantage by reducing biological variability.

Sheep also exhibit 100% incidence of elevated IOP in response to topical prednisolone
administration (either twice or three times a day) and are thus potentially suitable for
characterizations of the biochemical and molecular factors involved in the increase in
aqueous outflow resistance (Gerometta et al., 2009). However IOP elevation is sheep occurs
within 7-10 days from initiation of treatment. As sheep are docile animals that can be
housed relatively inexpensively they are particularly well suited for in vivo experiments.
This advantage outweighs the current lack of extensive genetic information on these animals
(although the sheep genome project has been completed).

Given these advantages it is no surprise that sheep have been the first large animal model of
application of gene therapeutic intervention for the treatment of steroid-induced 10P
elevation. Adenovirally (AdV) mediated MMP1 overexpression lead to a reversal of steroid-
induced IOP elevation (Gerometta et al., 2010). Similarly, treatment with anterior
juxtascleral administration of anecortave acetate has been shown to prevent I0P elevation in
sheep (Candia et al., 2010). The sheep model has also been used to determine that tPA can
prevent as well as reverse steroid-induced 1OP elevation (Candia et al., 2014; Gerometta et
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al., 2013). More recently we have utilized tPA topically (in the form of eye-drops) to achieve
robust 1OP lowering in the ovine steroid-induced 0P elevation model (see Figure 1).

Despite the multiple advantages of these large animal models it should be noted that the
anatomy of the sheep and cow angle although similar, is not identical to that of humans. For
example bovine and ovine TMs are reticular in appearance and instead of a well formed
Schlemm’s canal ruminants have an angular aqueous plexus (Mao et al., 2011). Furthermore
contrary to the human steroid-induced IOP elevation myocilin is not upregulated in vivo by
steroids in cows (Danias et al., 2011). Finally contrary to humans, younger sheep are less
susceptible to steroid induced IOP elevation.

5. Primate model

The high homology between the human and monkey eye makes primates potentially
valuable in developing models to elucidate the pathogenesis of steroid induced glaucoma in
humans. In a study of pigtail macaque monkeys (Clark et al., 2001) that had received orally
administered cortisol acetate for 12 months showed ultrastructural changes in the TM
(including beam and basement membrane thickening, reduction of the inter-trabecular space,
upregulation of myocilin and ECM deposition) similar to those observed in patients with
steroid-induced IOP elevation (Bernstein and Schwartz, 1962). Unfortunately no 10P
measurements were reported in that study.

The issue of whether monkeys actually develop 10P elevation remains somewhat
controversial. Although an earlier study (Armaly, 1964) failed to induce OHT in three
species of monkeys (pigtail, rhesus and cynomolgus) administered steroids either topically
or subconjunctivally for periods of 3 months, another study (Fingert et al., 2001) reported
that 45% of the animals tested developed a significant IOP elevation. No other reports have
confirmed or refuted these findings. The high cost of primates and the difficulty and risks
involved in handling monkeys makes such experiments difficult despite the obvious appeal
of working with animals that share so many characteristics with humans.

Conclusions

A number of ex-vivo and in vivo models for the study of steroid-induced I0OP elevation have
been developed. Although ex-vivo systems fail to fully simulate the in-vivo complexity, they
are useful for dissecting molecular pathways that are involved in this condition as well as for
screening purposes in the effort to develop medications that are tailored to the treatment of
steroid-induced 10P elevation. Animal models have specific strengths and weaknesses.
Understanding the limitations of each model organism is critically important in selecting the
optimal system to address questions that will move our understanding of the
pathophysiology of steroid-induced 10P elevation forward.
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Figure 1.
Topical and intracameral tPA reduces IOP in steroid-induced ocular hypertensive sheep. 4

mg of lyophilized tPA (Actilyse®, Boehringer Ingelheim SA BuenosAires, Argentina) were
dissolved in 0.4 mL artificial tears (Refresh Plus). Because tPA is formulated with arginine
(43.3mg per mg of tPA) an equivalent amount of arginine was dissolved in artificial tears
and was used as control. Eyes of 6 sheep received topical application of tPA (N=6 eyes) or
vehicle control (N=4 eyes)) at time Oh. Some eyes (AC injection — N=2) received 10ug of
tPA intracamerally in 50ul of balanced salt solution 2-3h prior to time Oh. All eyes had been
treated with steroids topically (two drops of 1.0% prednisolone acetate (Alcon, Fort Worth,
Texas) 3-times daily (7AM, 2PM, and 7PM) for 8 days) to induce 10OP elevation (baseline
IOP prior to steroid induced IOP elevation was 11.3 + 0.2 mmHg). Treatment with steroids
continued for the duration of the experiment. Error bars indicate standard deviation of
measurements. Statistically significant differences (p<0.05, ANOVA) are indicated by an
asterisk (*). Arrow indicate the points of administration of tPA topically (green arrow) or
intracamerally (blue arrow).
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