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ABSTRACT 

Glucocorticoid (GC)-induced ocular hypertension (OHT) is a serious side-effect of prolonged 

GC therapy that can lead to iatrogenic glaucoma and permanent vision loss. Patients with GC-

OHT have open iridocorneal angles and increased outflow resistance in the trabecular meshwork 

(TM) outflow pathway, similar to that seen in POAG. However, the molecular mechanisms 

responsible for GC-induced OHT are not entirely clear. GCs acts through glucocorticoid receptor 

(GR), and GR can regulate transcription both through transactivation and transrepression 

mechanisms. However, there is no evidence showing which of the two mechanisms play role in 

GC induced OHT. In addition, the alternatively spliced isoform of glucocorticoid receptor GRβ 

acts as dominant negative regulator of GC activity, and it has been shown that overexpressing 

GRβ in TM cells inhibits GC-induced glaucomatous damage in TM cells. Therefore, we 

hypothesized that GR transactivation through the GRα isoform elevates IOP and that 

overexpression of GRβ decreases IOP upon GC treatment.  

We developed a mouse model that mimics many aspects of GC-OHT in humans to help us 

understand precise molecular mechanisms and etiology of GC-OHT, and we further 

demonstrated that myocilin does not play a major role in DEX-induced OHT in mice. We also 

provide the first evidence of the in vivo physiological role of GRβ in regulating GC-OHT and 

GC-mediated gene expression in the TM. Furthermore, we use GRdim transgenic mice (which 

have active transrepression and impaired transactivation) to determine the GR functions that 

regulate GC-OHT and provide first evidence of the role of GR transactivation in regulating GC-

mediated gene expression in the TM and GC-OHT in mice. These studies all combine will 

significantly advance our knowledge in designing useful therapeutic approaches for GC-induced 

OHT and glaucoma. 
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CHAPTER I 

INTRODUCTION 

1. Glucocorticoids and Glucocorticoid-Induced Ocular Hypertension 

Since their initial discovery in 1950’s, natural glucocorticoids (cortisol in humans and 

corticosterone in rodents) has received increased attention as a class of steroid hormones released 

in response to stress and regulate plethora of functions including carbohydrate metabolism, 

development, homeostasis, cognition and inflammation1. Glucocorticoids (GCs) are the most 

widely prescribed medications worldwide because of their broad spectrum of anti-inflammatory 

and immunomodulatory activities2, 3. Therapeutic GCs are prescribed to approximately 1.2% of 

US4 and 0.85% of UK5 populations, and the estimated worldwide use of GCs to be more than 

$10 billion per year1. GCs remain the mainstay of treatment for a variety of ocular inflammatory 

diseases involving almost all tissues of the eye such as eyelids, conjunctiva, cornea, sclera, uvea, 

retina, and optic nerve 6. GCs are a major therapy for treating inflammatory eye diseases 

including uveitis7-9, macular degeneration10 , optic neuritis, conjunctivitis, and diabetic 

retinopathy11, 12. They are also widely used to treat and prevent corneal transplant rejection13, 14. 

The routes of GC administration in treatment of these disorders can be topical ocular, oral, 

systemic, intravitreal injections and implants, and periocular injections (including 

subconjunctival, subtenon, retrobulbar, and peribulbar)15. Unfortunately, the therapeutic benefits 

of long term GC therapy are limited by serious local and systemic side effects. The serious 

ocular side effects of prolonged GC therapy include the development posterior subcapsular 
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cataracts, significant GC-induced elevation in IOP and the development of GC-induced ocular 

hypertension (GC-OHT), and iatrogenic open-angle glaucoma.  

 

Over the past 50 years, there has been a suggested link between primary open angle glaucoma 

(POAG) and GC-induced glaucoma16-20. The development of GC-induced OHT depends on GC 

dose and duration of treatment, the method of administration, GC potency, as well as individual 

susceptibility to GCs17, 19. Along with side effects of GC therapy, differences in individual ocular 

responsiveness to GCs (i.e. development of GC-OHT) is an important challenge in the 

therapeutic application of GCs; 90% of glaucoma patients are steroid responders compared to 

40% of the general population16, 17, 19, 21, 22. Interestingly, children appear to be more susceptible 

to increases in IOP following GC treatment23, with > 60% of children found to be steroid-

responders24-26. Initial studies separated patients with differential GC responsiveness into three 

groups; those with high IOP responses (>15 mmHg); those with moderate increases (>6 to 15 

mmHg) and those with a low response < 6 mmHg)22. Conclusions were made based on this 

findings that these differences might have a genetic linkage with only a variation in a single 

gene27 and therefore high responders may have been homozygotes and moderates 

heterozygotes27. However, others could not confirm this observation particularly when 

comparisons were made of IOP responsiveness in monozygotic and dizygotic twin studies21, 28. 

There have been a number of proposed mechanisms to account for responders versus non-

responders, including genetic differences and differences in receptor subtype expression and our 

studies will provide insights into some of these mechanisms of steroid responsiveness. 

Furthermore, altered cortisol metabolism has been reported in TM cells29, 30 obtained from 

POAG patients and levels of cortisol are reported to be elevated in the plasma and aqueous 
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humor of POAG patients31-35. Patients responsive to GCs (“steroid responders”) develop 

ocular hypertension with open gonioscopic angles and increased outflow resistance in the 

trabecular meshwork outflow pathway, similar to that seen in POAG. This elevated IOP, if 

persists, can lead to progressive optic nerve damage, optic disc cupping and glaucomatous visual 

field defects. Although GC-induced OHT is drug-induced secondary glaucoma, it shares many 

similar features to POAG. Effects of GCs (similar to that seen in POAG) on TM are discussed 

later in this chapter. 

 

In addition to GC-induced glaucoma, application of GCs also provides a therapeutic challenge 

for uveitis patients. Uveitis is a group of inflammatory ocular conditions and a leading cause of 

preventable blindness36. Its prevalence is estimated to be 115-204/100,000 people per year37, and 

it usually strikes at younger age causing potential vision loss and economic effects to patients. 

GCs remain the mainstay of treatment to control intraocular inflammation for uveitis7-9. 

However, significant GC-induced IOP elevation (20-31mmHg) is observed in close to one third 

of patients21, 38.  Three clinical studies found that 75% of eyes receiving the GC implant 

(fluocinolone acetonide) required IOP lowering therapy or surgery during 3-year study course39. 

Thus, it becomes very difficult to manage GC therapy with uveitic diseases. Another clinical 

application of topical GCs is in preventing and treating corneal transplant rejection2, 13. However, 

long term GC use significantly elevated IOP in up to 35% patients without prior glaucoma 

diagnosis and up to 80% of patients with preexisting glaucoma40-42. Therefore, understanding the 

molecular mechanisms of GC action, the glucocorticoid receptor (GR) isoform expression and 

GR signaling is required to help us design GCs with a better benefit-risk ratio, and more 

effective and safer treatment for patients.  
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2. Glucocorticoid Receptor and Glucocorticoid Receptor-Mediated Mechanism of Actions 

Glucocorticoid Receptor 

The main pharmacological and physiological actions of GC are mediated by the glucocorticoid 

receptor (GR), which is a ligand activated transcription factor belonging to nuclear receptor 

superfamily43-45. The cDNA encoding human GR was isolated by expression cloning in 198544. 

The GR is composed of three functional domains: an N-terminal transactivation domain (NTD), 

a central DNA-binding domain (DBD), and a C-terminal ligand-binding domain (LBD)43. Two 

nuclear localization signals (NLS) are located in DBD-hinge and LBD region. GR is encoded by 

the NR3C1 gene that consists of approximately 777 amino acids44, 45. Each of the three functional 

domains has different functions. The NTB is the least conserved among the nuclear receptor 

family acting as a major transactivation domain termed transcription activation function (AF1) 

covering amino acids from 1-420 of GR. The AF1 activates target genes in ligand dependent 

fashion and is the primary site for all posttranslational modifications. The DBD is the most 

conserved domain covering from amino acids 420-480 of GR. It contains two zinc finger motifs 

that helps in DNA binding to glucocorticoid response elements (GREs), nuclear localization and 

GR dimerization. The LBD binds to GCs and contains second transactivation domain (AF2) 

covering amino acids 481-777 of the GR. This domain consists of hydrophobic ligand binding 

pocket that is involved in ligand-induced activation of GR, as well as sequences for nuclear 

localization, binding of heat shock proteins, and interactions with other coactivators1, 43, 46, 47.  

 

Glucocorticoid bioavailability 

Natural GCs (cortisol in humans and corticosterone in rodents) are steroid hormones released in 

response to stress, which regulate a plethora of functions including carbohydrate, lipid, and 
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protein metabolism, development, homeostasis, cognition, and inflammation1. Natural GC 

synthesis and secretion is regulated by hypothalamus-pituitary (HPA) axis and adrenal glands in 

a circadian manner as well as in response to various stimuli48. However, GC availability is 

further regulated at cellular and tissue levels adding further complexities in GR signaling. Most 

secreted GCs are sequestered and remain inactive with 80% to 90% of circulating GCs bound to 

corticosteroid-binding globulin (CBG) and 5% to 15% bound to albumin. Therefore, only about 

5% of natural systemic GC remains free and active, thus accessibility is regulated by the CBG 

and albumin concentrations1, 18, 43.  

 

Tissue-specific metabolizing enzymes 11β-hydroxysteroid dehydrogenases (11β-HSDs) further 

regulate GC bioavailability at the cellular level49. 11β-HSDs catalyze the interconversion of 

active GCs. 11β-HSD2 acts as potent dehydrogenase and inactivates GCs  by converting cortisol 

to cortisone. These enzymes are mostly present in kidneys, placenta and pancreas allowing 

aldosterone to bind to nonselective mineralocorticoid receptor. On the other hand, 11β-HSD1 

acts as reductase that facilitates conversion of inactive cortisone to active cortisol. These 

enzymes are mostly present in GC target tissues including liver, adipose tissue, brain, etc18, 50. 

Thus, these two 11β-HSDs (1&2) regulate GC bioavailability at the cellular level. Various 

inhibitors of 11β-HSD1 have also been designed to regulate GC availability in various tissues50. 

Early studies have reported altered activity of other cortisol metabolizing enzymes in POAG 

patient TM cells and peripheral blood30, 51. Stokes et al52 reported the presence of 11β-HSD1 in 

human trabecular meshwork cells and 11β-HSD2 in nonpigmented ciliary epithelium and corneal 

epithelium and endothelium. Later, two studies by same group also reported the presence of 11β-

HSD1 in nonpigmented ciliary epithelium and corneal epithelium53, 54. They further showed that 
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carbenoxolone (an inhibitor of 11β-HSD1) was able lower IOP in ocular hypertension patients 

by 10% 55. The expression of these isoenzymes (particularly 11β-HSD1 in trabecular meshwork) 

may alter sensitivity to GCs and hence may play an important role in steroid-induced ocular 

hypertension and POAG. 

 

Genomic effects to GR 

GR is ubiquitously expressed in almost all cell types with same GC response elements on GC 

responsive genes. However, there are different responses to GCs within different tissues. All of 

these varied effects depends on numerous genomic and non-genomic mechanisms responsible 

for altering GR signaling, including different GR-binding sites and availability and chromatin 

state and accessibility, all of which are specific for each tissue and each cell type56, 57. The 

classical genomic actions are mediated through GR isoform GRα. In the absence of ligand (i.e 

GCs), GRα predominantly resides in the cytoplasm of cells as part of a large multiprotein 

complex that includes chaperone proteins (hsp90, hsp70, and p23)58 and immunophilins 

(FKBP51 and FKBP52), maintaining the high-affinity ligand binding GR confirmation59. Upon 

binding ligand, GRα undergoes a conformational change, resulting in the dissociation of the 

multiprotein complex. Structural reorganization of the GRα protein exposes nuclear localization 

signals, and the ligand-bound GRα is rapidly translocated by microtubule motor proteins along 

the microtubules into the nucleus through nuclear pores. Once inside the nucleus, GRα can 

activate or repress target gene expression in one of the two classical ways by either 

transactivation or transrepression. During transactivation, the ligand activated GRα isoform 

homodimerizes and acts as a transcription factor by binding to specific DNA sequences on genes 

carrying GR response elements (GREs) to alter gene expression. Currently, there are number of 
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models proposed for transactivation of GR. Ligand-bound GRα can activate gene expression57 

by: a) GRα homodimers binding directly to GREs, b) monomeric GRα binding to GRE and 

interacting with a neighboring transcription factor, called as composite mechanism, c) 

monomeric GRα interacting with transcription factor (TF) in absence of DNA binding, called as 

tethering mechanism, and d) monomeric GRα binding to half site GREs60. The consensus GRE 

sequence is GAGAACAnnnTGTTCT, an imperfect palindromic sequence comprised of two half 

sites separated by a three-base pair spacer1, 43, 61, 62. When GR binds to GREs as dimer, each GR 

is occupied by one half GRE site, respectively and the spacer is required for GR-DNA 

interaction. The conformational changes resulting from binding leads to recruitment of 

chromatin-remodelling complexes and coregulators facilitating transcriptional activation or 

repression of genes by influencing activity of RNA polymerase II. However, there are also 

reports of negative GREs (nGREs) that mediate GC-dependent repression of target genes18, 63. 

These nGREs differ from classical GREs in having an inverted palindromic sequence, CTCC(n)0-

2GGAGA and variable spacer length ranging from zero to two nucleotides. This variable short 

length spacer does not allow GR homodimerization. The GR binding to nGREs promotes 

formation of  repressing complex with corepressors SMRT/NCoR and histone deacetylase63 

which repress gene transcription. In addition, it was also recently shown exogenous GCs 

mediates gene expression by favoring GR homodimer utilizing classic two GRE half sites60. All 

of these models of transactivation and GRE binding sites adds another level of complexity in our 

understanding of how GC functions within cells including the trabecular meshwork (TM).  

 

During transrepression, activated GRα monomers bind to other transcription factors (e.g. AP-1, 

NF-κB) independently of direct DNA contact to block them from activating expression of genes 
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that these transcription factors regulate1, 18. This type protein-protein interaction between 

monomeric GRα and TFs bound to DNA is also an important mechanism of GR signaling. In 

addition, during transrepression, GRα can also bind to TFs not already bound to DNA or it can 

compete with overlapping DNA binding sites57, and can also repress gene transcription by 

tethering or composite mechanisms. Most of the anti-inflammatory activities of GCs are due to 

transrepression mechanism in the absence of GRα DNA binding64-66. GRα inhibits the activities 

of inflammatory cytokines AP-1 and NF-κB by binding to the Jun subunit of AP-167 and the p65 

subunit of NF-κB68, thereby interfering with activation of these proteins.  

 

GC-induced gene expression is cell-type and tissue-type dependent, which is dependent on 

chromatin accessibility and GR binding site availability. Furthermore, co-activators that 

influence posttranslational modifications of histones (acetylation and methylation), act as 

integrators of transcriptional regulation of GRα18, 69. The steroid receptor co-activator (SRC) 

family of proteins contribute to GR transactivation. These co-activators alter chromatin structure 

making it more accessible to general TFs and the RNA polymerase complex, further stabilizing 

the transcriptional machinery leading to enhanced transcription of steroid-activated genes. Some 

of the effects of GCs on the TM are likely due to varying expression of these co-activators. In a 

recent study, Bermudez et al70 used RNA sequencing to identify 93 and 606 differentially 

expressed genes in different expression groups between GC responder and non-responder in 

bovine TM cells encompassing 35 pathways associated with these differentially expressed genes 

using RNA sequencing. Since, human and bovine have similar GC responder rate71, these genes 

and pathways might explain differential GC responsiveness in the human eye. However, we still 
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need to know the exact function of each gene/pathway in GC-induced OHT and GC-induced 

glaucoma and its potential correlation to human studies.   

 

Non-genomic effects of GR 

There also are rapid responses within seconds or minutes after GC administration. These rapid 

responses are due to non-genomic mechanisms of action of cytosolic or membrane bound GRs. 

In contrast to genomic effects of GR, non-genomic actions of GCs do not require RNA or protein 

synthesis 72. A number of studies have reported the non-genomic functions of GR. After GC 

binds to the inactive GR complex in the cytoplasm and activates GR, the conformational change 

releases the accessory molecules from GC-GR complex, and these molecules are believed to 

participate in the secondary non-genomic signaling of GR. One example is c-Src release from 

inactive GC-GR protein complex. c-Src activates signaling cascades that inhibit phospholipase 

A2 activity and impair the release of arachidonic acid73, 74. They also utilize activity of various 

protein kinases such as phosphoinositide 3-kinase, AKT, and mitogen-activated protein kinases75 

by rapidly increasing concentrations of secondary intracellular messengers such as calcium ions 

treated with high doses of GCs76-78.  Some non-genomic effects of GR might be of therapeutic 

value as GCs induce short-term therapeutic benefits. Although other steroid hormones have 

membrane receptors, little is known about membrane-bound GRs or any non-genomic actions of 

GCs in the TM.  There is one report showing rapid increase in IOP in POAG patients following 

dexamethasone treatment79. However, whether this effect was genomic or non-genomic needs 

further confirmation. It would be worth exploring functional and clinical relevance of this non-

genomic effects of GR or membrane bound GRs in the TM, as they may be capable of mediating 

therapeutically relevant GC effects. 
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Glucocorticoid receptor isoforms 

GR is encoded by the NR3C1 gene that consists of nine exons44, 45. GR protein coding region is 

formed by exons 2-9, whereas exon 1 encodes the 5’ -untranslated region. Exon 2 forms the N-

terminal domain of GR, exons 3 to 4 constitute the central DBD, and exons 5 to 9 encode the 

hinge and LBD1. Heterogeneity in the GR results from alternative splicing of GR isoforms. GRα 

and GRβ are the two major splice variants resulting from alternative splicing at exons 9α and 9β. 

Amino acid sequence analysis shows that GRα and GRβ isoforms are identical from the amino 

terminus to amino acid 727 but diverge beyond this position, with GRα having an additional 50 

amino acids and GRβ having an additional, non-homologous 15 amino acids80, 81. The molecular 

weights of these receptor isoforms are 97 and 94 kilo-Daltons, respectively. Both GRα and GRβ 

are expressed in cultured human TM cells82-84. Because of the existence of different isoforms of a 

single GR gene, there can be a plethora of different physiological, cellular, and pharmacological 

responses.  

 

GRα primarily resides in the cytoplasm and is the classical GR isoform that is responsible for 

most of the physiological and pharmacological effects of GCs by functioning as ligand-

dependent transcription factor81, 85. GRα can regulate gene expression by transactivation or 

transrepression mechanisms discussed earlier. Dibas et al86 reported the regulation of GRα 

nuclear import/export in response to various extracellular stimuli in TM. In contrast, GRβ does 

not bind to GC ligands, resides primarily in nucleus, and does not activate GC responsive 

genes87, 88. The GRβ isoform acts as a natural dominant negative inhibitor of GRα-induced 

transactivation of GC-responsive genes80, 85. GRβ also has an intrinsic transcriptional activity in 

non-GC-regulated genes89, 90. Other additional splice variants of GR include GRg, GR-A, and 
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GR-P as reviewed Ramamoorthy et al1 were discovered from glucocorticoid-resistant cancer 

cells and healthy tissues. All of this utilize different exons for alternative splicing and have 

different biological functions. It will thus be very helpful to identify and study these different 

additional GR isoforms in TM and elucidate their biological significance in GC-induced OHT. In 

a recent study91, investigators found unique secretory response and recovery profile of different 

secreted and ECM associated proteins from five cultured TM cell strains treated with short and 

long-term GC treatment. Although the mechanisms for this varying response are not clear, this 

may be due to different expression of GR transcriptional and translational isoforms in TM cells. 

For developing personalized treatments and treating GC-induced OHT, it will be very important 

to learn more about which subtypes of receptors modify disease processes. 

  

GRβ as a dominant negative regulator of GC action 

The distinct GRβ carboxy-terminal sequence offers several different properties to this receptor 

isoform. The dominant negative regulator GRβ antagonizes GRα activities by competition for 

GREs, by forming heterodimers with GRα inhibiting its transcriptional activities, and by 

interfering with coregulators to form an inactive transcriptional complex on target genes18, 92. 

Independent of its dominant negative activity of GRα, GRβ also functions as a GC independent 

transcription factor that positively or negatively regulates large number of genes 89, 90, 93, 94. 

Besides humans,  the GRβ isoform also is present in mice95, rats96 and zebrafish97, although the 

alternative splicing to generate the GRβ isoform differs between these species. In humans, this 

alternative splicing involves exons 9α and 9β, while in other species the alternative splice donor 

site occurs within the intron separating exons 8 and 9. The important point to note is that the 

GRβ isoforms in these species is also similar in structure and function to the human GRβ 
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isoform. The relative expression levels of GRα and GRβ regulate GC sensitivity and specificity 

in various cells and tissues.  GRβ is generally expressed in lower levels in different tissues 

compared to GRα. However, there are several reports that show elevated GRβ levels and GRβ 

contribution to the development of GC-resistance diseases, including several acute and chronic 

inflammatory diseases as well as depressive disorders87, 98. The presence of GRβ has already 

been reported in cultured human TM cells82-84. Subsequent studies also found that glaucomatous 

TM (GTM) cells express lower GRβ compared to normal TM (NTM) cells, and therefore GTM 

are more susceptible to GCs82, 99. Overexpression of GRβ in TM cells inhibited the DEX induced 

suppression of phagocytic activity100. This suggests that GRα to GRβ ratios regulate GC 

responsiveness in TM cells and may explain the higher incidence of elevated IOP in steroid 

responder and POAG patients treated with GCs. The molecular factors that control GRβ 

expression as well as the potential role of GRβ in regulating steroid responsiveness are still 

poorly understood.  

 

Studies from our laboratories have shed light on some of potential mechanism of GRβ in 

regulating steroid responsiveness in TM. Nuclear import and export of GRα and GRβ might 

regulate GC activity. It was shown that HSP90 is an important chaperone in the nuclear transport 

of GRβ by co-immunoprecipitation and transfection experiments101, and inhibiting HSP90 with 

17-AAG blocks nuclear transport of GRβ facilitating its degradation. Thus, proteasomal 

degradation of GRβ would alter GRα to GRβ ratios and regulate GC responsiveness in TM. 

Furthermore, immunophilins (FKBP51 and FKBP52), are also part of the large GR complex in 

cytoplasm and thus help in nuclear transport of GRα and GRβ. It was shown in cultured TM cells 

that FKBP51 maintains GC-independent transport of GRα and GRβ from cytoplasm to nucleus. 
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In contrast, FKBP52 is only involved in nuclear transport of GC-bound GRα but not GRβ102. In 

addition, FK506 facilitated FKBP51 mediated nuclear transport of GRβ in NTM cells and 

reduced DEX-induction of GRE luciferase activity but had little effect on GRβ translocation in 

GTM cells102. The roles played by GRβ and FKBP51 may provide a molecular explanation for 

GC responsiveness in TM and POAG patients.  

 

Alternative splicing is carried out by spliceosomes, which include serine-arginine rich proteins 

(SRps). Specific SRps were able to regulate GC splicing and GC response in TM cells by 

manipulating GRα to GRβ ratios99. SRp30c and SRp40 overexpression was able to increase 

GRβ, thus protecting and inhibiting DEX induced changes in TM103. Interestingly, expression of 

SFRS5.1 (encoding SRp40) was significantly reduced in GTM cells, which would suppress 

alternatively splicing of the GRβ isoform. Similarly, chemical modulators control GR alternative 

splicing and GC response in TM cells by manipulating GRα to GRβ ratios. Bombesin and 

thailanstatins (TST-A, TST-B, and TST-C) increased expression of the GRβ isoform in TM cells 

and thereby decreased DEX induction of fibronectin, myocilin, and GRE luciferase activity99, 104. 

Although these studies show promise and this may be an effective way to predict steroid 

responders, we still need to better understand physiological roles of GRβ in regulating steroid 

responsiveness and the etiology of steroid-induced glaucoma. Moreover, manipulating GRα to 

GRβ expression ratios holds a promise for desensitizing cells and tissues to deleterious GC 

effects. Our current work105, provides the first evidence of the in vivo physiological role of GRβ 

in regulating GC-OHT and GC-mediated gene expression in the TM. We showed that 

overexpression of GRβ inhibits GC effects on mouse TM cells in vitro and GC-induced OHT in 

mouse eyes in vivo. GRβ overexpression using an adenoviral expression vector targeting the TM 
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was able to inhibit GC-OHT in mice by reducing elevated IOP to baseline levels, increasing 

conventional aqueous humor outflow facility, and reducing GC-mediated biochemical changes in 

the TM. Based on these molecular findings, a GRβ gene therapy approach may offer new options 

for the management of GC-OHT and glaucoma.  

 

Glucocorticoid receptor translational isoforms 

Heterogeneity in GR further results from alternative translation initiation sites on the GR mRNA 

to generate diverse GR proteins. Such sites are present in exon 2 of GR, which give rise to eight 

different translational isoforms of GRα with progressively shorter N-terminus. These receptor 

isoforms are designated GRα-A, GRα-B, GRα-C1, GRα-C2, GRα-C3, GRα-D1, GRα-D2, and 

GRα-D31, 92, 106. GRα-A is the classical GR isoform with full length amino acids (1-777). 

Ramamoorthy et al1 suggested that generation of GRα subtypes was due to ribosomal leaky 

scanning and ribosomal shunting mechanisms. Similar N-terminal subtypes might exist for other 

GR splice variants (GRβ, GRg, GR-A, and GR-P). The GRα subtypes have similar affinity for 

GCs and can bind to GREs upon ligand activation, but their subcellular distribution differs. One 

study reported presence all GRα subtypes in the TM cells84 in vitro. They found higher levels of 

GRα-C and GRα-D isoforms compared to GRα-A and GRα-B. Similarly, the distribution of four 

GRβ isoforms, GRβ-A, GRβ-B, GRβ-C, and GRβ-D were also found in TM cells in same study84 

with the GRβ-D isoform lower in expression compared to levels of GRβ-A, GRβ-B, and GRβ-C. 

However, we still need to understand how these different GRα and GRβ translational isoforms 

respond to GC treatment. Furthermore, we also need to identify these different isoform locations, 

physiological necessity and biological functions in TM tissue, which will help our understanding 

of GC responsiveness and etiology of GC-induced OHT. 
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Glucocorticoid receptor post-translational modifications  

GR function is regulated by several post-translational modifications (PTMs) including 

phosphorylation, acetylation, sumoylation, methylation, and ubiquitination1, 107. These 

modifications enhance or repress GR function by providing distinct biological functions. PTM 

on GR might provide insights into GC responsiveness. The most common GR PTM is GR 

phosphorylation, and at least seven phosphorylated serine residues (Ser-113, Ser-134, Ser-141, 

Ser-203, Ser-211, Ser-226, and Ser-404) have been identified in the hGR1. The site of 

phosphorylation is important because it affects downstream gene expression. All of these sites 

are also conserved in the mice and rat GRs. GR is a target for multiple kinases including, 

mitogen-activated protein kinase (MAPK), cyclin-dependent kinase (CDK), and glycogen 

synthase kinase 3β18, 108. These kinases could either positively or negatively regulate GR 

transcriptional activity. Phosphorylation of GRα changes its transcriptional activity, with 

phosphorylation of GR at Ser-211 elevating transcriptional activity, whereas phosphorylation at 

Ser-226 decreasing GR transcriptional activity109, 110. The phosphorylation at different serine 

residues in different diseases thus altering GR functions has been reviewed1.  

 

Another PTM that regulates GR function is ubiquitination. The ubiquitin-proteasome pathway 

plays an important role in regulating GR protein turnover and inhibiting GC response. GR is 

proteasomally degraded when ubiquitinated at a specific lysine residue (Lys-419), thereby 

inhibiting the transcriptional activity of GR111, 112. Acetylation of GR at lysine residues 494 and 

495 also was able to alter GR transcriptional activity. In a study by Ito et al113, specific 

knockdown of histone deacetylase 2 (HDAC2) was able to repress NF-κB–mediated, but not 

GRE-mediated, gene expression. Overexpression of HDAC2 in glucocorticoid-insensitive 
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alveolar macrophages from patients with chronic obstructive pulmonary disease (COPD) was 

also able to restore glucocorticoid sensitivity. The 4-phenylbutyric acid (PBA)molecular 

chaperone has been shown to act as HDAC inhibitor114. Zode et al115 reported that PBA can 

prevent GC-induced OHT by reducing endoplasmic reticulum stress. They further demonstrated 

that PBA acted as chemical chaperone and reduced elevated IOP and decreased DEX-induced 

fibronectin, myocilin, and endoplasmic reticulum stress in the TM. However, other alternative 

mechanism might be that PBA acted as HDAC inhibitor and affected transcriptional activity of 

GR (increased GC resistance in TM) by acetylation mechanism. It would be worth exploring this 

mechanism of action as well. Another recent study evaluated genome-wide differential DNA 

methylation patters in TM cells after DEX exposure. They found demethylated cytosine-

phosphate-guanine (CpG) sites within the FKBP5, ZBTB16, and SCNN1A gene promoter 

regions suggesting that epigenetic modulation could affect TM gene expression116. Exogenous 

NO was also able activate the endothelial cell GR117 as reported and this might affect GR 

transcriptional activity.  

 

In summary, PTM of GR regulates multiple aspects of GR function. We still need to identify 

these PTM mechanisms in the TM to better understand GC biological response in GC-induced 

OHT. For instance, phosphorylation at certain residues might regulate GC responsiveness. The 

ubiquitin-proteasome pathway might partially inhibit steroid response in steroid responders or 

POAG patients. Many glaucoma lowering drugs in preclinical and clinical studies are using NO 

donor to lower IOP118, and it is possible that NO released in aqueous humor might activate GR in 

TM and alter TM functions. Studies in these directions will uncover many possibilities and 

further our understanding of GC responsiveness and etiology of GC-induced OHT.  
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GR polymorphisms 

A polymorphism is defined as an inheritable genetic germ line variant of a single locus (most 

frequently a single nucleotide variation) that is present in at least 1% of the population1. 

Polymorphisms that alter the GR amino acid sequence may alter GR functions. Inter-individual 

differences in the sensitivity to GCs have been observed in normal populations and they have 

been partly attributed to polymorphisms in the hGR gene. Several polymorphisms in hGR gene 

have been reported119. The N363S polymorphism, located within exon 2, occurs in 

approximately 4% of the population, and the carriers have been reported to have an increased 

body mass index, coronary artery disease, and decreased bone mineral density119, 120. This 

polymorphism results in increased GR transcriptional activity and increased GC sensitivity1, 46. 

Other polymorphism ER22/23EK occurs in approximately 3% of the individuals. In ER22/23EK, 

there is no change in amino acid sequence in codon 22 however, there is change of an arginine 

(R) to lysine (K) change at position 23 (R23K) within the N terminus1, 46. ER22/23EK is 

associated with decreased GR transcriptional activity and increased GC resistance. The 

ER22/23EK polymorphism has been shown to increase the ratio of GRα-A and GRα-B and the 

carriers of ER22/23EK polymorphism have a lower tendency to develop impaired glucose 

tolerance, type-2 diabetes, and cardiovascular disease119. A BclI restriction fragment length 

polymorphism in GR has been shown to be associated with increased sensitivity to 

glucocorticoids46, however, one study comparing normal, control POAG and steroid responder 

populations did not find significant difference in BclI polymorphism or allele frequency in these 

3 groups121. The A3669G polymorphism in GRβ 3’ untranslated region results in an increase of 

both GRβ mRNA and protein. This polymorphism increases GRβ stability and carriers of 

A3669G polymorphism have a higher incidence of rheumatoid arthritis and cardiovascular 
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disease122. It would be worth searching for these polymorphisms in steroid responder 

populations. These common polymorphisms- N363S, ER22/23EK, BclI, and NR3C1 (that 

includes A3669G) have been shown to modulate GC sensitivity. Thus, identifying these gene 

variants in patients may help us define optimal therapy of GC to minimize side effects. Several 

studies have focused on identifying polymorphisms that may account for steroid responsiveness 

and thus GC-induced OHT pathogenesis, have been undertaken (reviewed in 82). However, none 

of these studies have identified significant polymorphisms in steroid responders. In a recent 

genome wide association studies (GWASs) to identify SNPs, a novel orphan G protein coupled 

receptor (GPCR), GPR158, was identified2. This gene was induced by GCs and was present in 

TM, and overexpressing GPR158 in TM cells increased the levels of tight junction proteins ZO-1 

and occludin123. However, further analysis revealed that this SNP did not meet the level of 

significance for the GWAS study.  

 

3. Selective Glucocorticoid Receptor Agonists (SEGRA’s) 

The broad-spectrum anti-inflammatory and immunosuppressive properties of GCs makes them 

one of the most widely prescribed medications worldwide. However, their use is limited by 

number of side effects associated with high dose and long-term GC therapy. Thus, understanding 

molecular mechanisms of GC action and glucocorticoid receptor (GR) signaling will help us 

tailor individual treatment plans for GC therapies to optimize GC benefits while minimizing 

harmful side effects. GRs influence transcription both through DNA binding dependent 

(transactivation) and by binding to and inhibiting the activities of other transcription factors 

(transrepression). It has been assumed that the undesirable side effects of GC therapy require GR 

transactivation activities, while the anti-inflammatory activities are due to transrepression 
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mechanisms64-66. In order to design novel therapeutic targets and strategies, it is also important to 

very precisely understand receptor biology. The discrepancy in GR mechanisms has been a 

driving force for discovery of novel selective glucocorticoid receptor agonists (SEGRAs) or 

modulators (SEGRMs).  SEGRAs are the compounds which promote transrepression but do not 

mediate transactivation64. Clinical enthusiasm for design of SEGRAs is based on observation 

that mutated GR with altered DNA-binding capacity (transactivation activity) can still show anti-

inflammatory activities by binding to and inhibiting pro-inflammatory TFs124, 125. However, some 

side effects such as GC-induced osteoporosis are mediated by both transactivation and 

transrepression, so SEGRAs do not eliminate all undesirable side effects. In addition, some of 

the GC mediated immunosuppressive activities also involve both GR mediated pathways64. 

Nevertheless, most of the SEGRAs developed have better safety profiles and have shown 

promise by selectively inducing transrepression without significant transactivation, thus reducing 

the risk of many systemic side effects, while maintaining anti-inflammatory activities64. Many 

SEGRAs developed have shown promise in in vitro and animal models of inflammation but are 

still in clinical trials126. Over the years there has been more research on SEGRAs, along with 

development of SEGRA’s for treating ocular diseases. CpdA and ZK-216346 were among the 

first developed and widely used SEGRAs, which favored GR transrepression and failed to induce 

GRα transactivation of reporter genes127-131. In addition, CpdA promoted the interactions 

between GRα and NF-κB and attenuated nuclear factor (NF)-κB, indicating induction of GRα- 

mediated transrepression132. However, CpdA was not able to induce RFP-GRα nuclear 

translocation in TM5 cells as reported by Dibas & Yorio133. This could also be due to varying 

binding affinity between cell lines and levels of GR in these cells128. Mapracorat (previously ZK-

245186, and subsequently BOL-303242-X) showed full anti-inflammatory efficacy by 
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suppressing inflammation in rabbit models of dry eye and paracentesis-induced inflammation, 

but did not affect body weight. Although not as effective as DEX in inducing OHT, mapracorat 

still increased IOP compared to vehicle treated rabbits134. ZK209614 in form of eye drops 

suppressed carrageenan- and allergic-conjunctivitis, and did not raise cat IOP to the same degree 

as the potent GC betamethasone135. There was a better therapeutic index by showing both anti-

allergic and anti-inflammatory effects without unwanted IOP elevation. Mapracorat and BOL-

303242 suppressed cytokine production in a number of different ocular cell types and appeared 

to have several anti-inflammatory activities that were different from traditional GCs136. In 

another study, investigators evaluated myocilin expression in cultured monkey TM cells by 

BOL-303242-X compared with DEX and prednisolone acetate137. BOL-303242-X resulted 

reduced myocilin expression (at both mRNA and protein levels) compared with DEX or 

prednisolone acetate suggesting that reduced transactivation may limit effects on conventional 

outflow pathway.  The relatively new SEGRA GW870086X demonstrated full transrepressive 

activity, and its transactivation was dramatically diminished compared to DEX138 in cellular and 

murine model systems of lung and delayed-type hypersensitivity induced inflammation. Stamer 

and colleagues evaluated the effect of GW870086X on cultured human TM cells and showed 

that this SEGRA induced fibronectin production (although less compared to DEX and 

prednisolone acetate) but did not induce myocilin (similar to BOL-303242 study137) or affect 

hydraulic conductivity139. This compound was not entirely devoid of transactivation activity with 

respect to gene expression regulation. Because of variable responses to these different SEGRAs 

compared to traditional GCs, gene expression profiling of novel SEGRAs compared to GCs are 

required in order to fully understand GR-related pharmacology. More pre-clinical and clinical 

studies are needed to determine the role of SEGRAs in IOP and outflow facility regulation. The 
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GR mechanisms (transactivation and/or transrepression) regulating GC-induced OHT is also 

currently unknown. As discussed earlier in this chapter, there are different transcriptional and 

translational isoforms of GR with varying ratios of GR isoforms in different cell types, so the 

final effects of SEGRAs may also differ. Whether SEGRAs can modulate levels of GR isoforms 

is also not yet known. Although results have not been disclosed, a Phase III trial (NCT00905450) 

to evaluate an ophthalmic suspension of BOL-303242-X for the treatment of inflammation 

following cataract surgery (sponsored by Bausch & Lomb) is ongoing. At the moment, no 

SEGRA has been approved for clinical use. Most of the SEGRA’s developed and used 

preclinically have been applied topically for treating skin or eye disorders64, 134-136 with minimal 

to none side-effects, their systemic use will add another approach in managing side-effects.    

 

4. GR-Dimerization Defective (GRdim) Transgenic Mice 

The lack of understanding of the precise roles GR-mediated mechanisms in the pathophysiology 

of GC-induced OHT hinders development of therapeutic approaches that minimize the 

undesirable side effects of the GCs while preserving or maximizing their beneficial actions. GRα 

transactivation requires binding of receptor homodimers to specific GREs. The D loop of the 

second zinc finger in DBD of GR is crucial for GR dimerization and GR binding to its GREs in 

target genes 140-142. As mentioned earlier, many of the undesirable side effects of GC therapy 

require the transactivation functions of GR, while anti-inflammatory activities are due to 

transrepression65, 143, 144. Therefore, altering the DNA binding domain might separate these two 

of GR functions145. Reichert and colleagues146 successfully developed GRdim transgenic mice 

model carrying the point mutation A458T in the GR-DBD. These mice became an important 

research tool to dissest different GR functions. GRdim mice remain viable and appeared 
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normal146. In contrast, full GR-/GR- knockout mice developed anomalies and died shortly after 

birth, demonstrating that both transactivation and transrepression functions of GR are essential 

for survival147. Interestingly, in GRdim mice GRE-dependent gene transcription of GRα is 

diminished, while the transrepression function (cross-talk with AP-1 and NF-κB) of GRα still 

remains intact146, 148-150. Although the exact molecular characteristics of the GRdim mutation are 

debatable151, 152, this mouse line has become important tool to study the mode of GC actions in 

different diseases. The studies using GRdim mice will not only serve as a genetic model for a 

novel class of potential selective GR modulators 66, 153 but also will tease out mechanisms by 

which GR mediates its effects on target genes and cellular pathways, in particular the pathways 

associated with the therapeutically undesirable effects of GR activation. Nevertheless, all studies 

performed with GRdim mutant and subsequent findings demonstrate that this single point 

mutation reduces dimerization and can be a important tool to dissect the importance of GR 

functions dependent on DNA binding and those mediated by protein–protein interaction. In 

addition, studies using GRdim mice will also elucidate GR mechanisms, either transactivation or 

transrepression, responsible for regulating GC induced OHT and GC responsiveness in the TM. 

 

5. Effects of GCs on the TM 

The TM is a small sponge-like, connective tissue at the iridocorneal angle consisting of a sieve-

like extracellular matrix lined by TM cells. It is anatomically divided into three regions (from 

inner to outermost) : a) the uveal meshwork, which consists of a network of collagen and elastin 

lamellae covered by TM cells with large “open spaces” in between individual lamellae; b) the 

corneoscleral meshwork is the “middle layer”, which is composed of a series of perforated 

collagen and elastin plates covered by TM cells; and c) the juxtacanalicular tissue (JCT) which is 
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a loose connective tissue containing TM cells embedded in an extracellular matrix adjacent to the 

inner wall of Schlemm’s canal (SC)154. TM functions to filter and generate resistance to aqueous 

humor outflow through the conventional outflow pathway. The TM in coordination with the JCT 

and SC develops resistance to aqueous outflow, regulates its flow and maintains homeostatic 

IOP. However, in diseases like POAG, defects in outflow pathway such as physical and 

mechanical changes in microstructure of TM leads to increased outflow resistance, leading to 

elevated IOP (ocular hypertension)154, 155. Several glaucoma-related insults like glucocorticoids 

(GCs) and transforming growth factor β2 (TGFβ2) damage the TM leading to elevated IOP18, 156. 

GCs alter TM cellular structure and functions, including increasing TM cell and nucleus size18, 

reorganizing the cytoskeleton (forming cross-linked actin networks (CLANs))156-160, inhibiting 

phagocytosis100, inhibiting cell proliferation and migration, altering cellular junctional 

complexes154, and increasing extracellular matrix deposition161-165. These biochemical and 

morphological changes in the TM affect TM stiffness and impair TM functions, causing 

increased aqueous humor outflow resistance and elevated IOP, clinically similar to what is 

observed in POAG patients. If left untreated, GC-induced OHT progresses to secondary open 

angle glaucoma, with the development of glaucomatous optic neuropathy and permanent vision 

loss. However, the exact molecular mechanisms responsible for steroid responsiveness and GC-

induced OHT are not entirely clear. GCs appear to act directly on TM and TM cells express GC 

receptors18, 82-84. GC effects on the TM have been reviewed in several comprehensive articles2, 6, 

16, 18. 
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Changes in TM cell and tissue morphology 

The morphology of TM tissue is affected by GC treatment, particularly in the JCT and along the 

inner wall endothelium of SC where the bulk of outflow resistance is presumably generated166, 

167. Ultrastructural changes in human TM are seen from eyes of GC-induced glaucoma patients. 

This includes appearance of accumulation of “fingerprint-like” material in the JCT, densely 

packed fine fibrils underneath the inner wall of SC168, 169, and in thinning of SC cells170. There is 

increased deposition extracellular proteins (ECM) including type IV collagen, heparin sulfate 

proteoglycan, and fibronectin in the TM-JCT regions, which are distinct from sheath-derived 

plaques found in JCT region of POAG eyes171. More recently, Overby et al172 found similar 

accumulation and increased basement membrane length underlying inner wall endothelium of 

SC in mice treated with DEX, which further correlated with decreased outflow resistance. In 

addition to ECM deposition upon DEX treatment, there is increased proliferation and activation 

of the endoplasmic reticulum, Golgi apparatus, and fusion vesicles around TM cell membrane18, 

173, 174. There is also activation of TM cells169. TM cells treated with DEX for several days in 

vitro have shown significant increase in TM cell size, which may be attributed to GC-induced 

changes in TM cytoskeleton160, 173 or GC-induced alteration in TM Na/K/Cl transporter175 which 

results in cell swelling. With continued GC treatment, there is decreased TM cell numbers with 

appearance of cell pigmentation, cell detachment from trabecular beams and fusion of beams2. 

Myofibroblast like cells are also seen in JCT in GC-induced glaucoma suggesting that normal 

TM cells transdifferentiate upon prolonged exposure to GCs168, which may further increase 

fibrosis affecting ECM assembly and cell contractility. Such α-smooth muscle actin positive 

myofibroblast cells were also observed around SC region in mouse model of GC-OHT172. Using 

atomic force microscopy176, DEX treatment resulted in a 2-fold increase in human TM cell 



	 25	

stiffness, and the matrix deposition by these cells was approximately 4-fold stiffer. Similarly, 

topical glucocorticoid treatment in live rabbits resulted in a 3.5-fold increase in trabecular 

meshwork stiffness. This suggests that the GC mediated biophysical alterations in the TM play 

important roles in increased resistance to aqueous humor outflow and the resultant increase in 

IOP. Ultrastructural changes in TM cells and tissue morphology is a pathophysiological factor in 

GC-OHT. 

 

Changes in extracellular matrix (ECM) 

Many of the changes seen in human eyes have also been seen in eyes perfused with GCs ex 

vivo177 and in cultured TM cells, suggesting direct actions of GCs on the TM. In perfusion organ-

culture, human anterior segments perfused with DEX showed increased ECM accumulation, 

thickened JCT and trabecular beams, and decreased inter-trabecular spaces suggesting outflow 

obstruction in GC-OHT177. GCs also caused excessive deposition of ECM material in the 

cultured TM cells with induction of glycosaminoglycans (GAGs) 161, 178, fibronectin 162, 

laminin163, collagens 164 , and elastin165. These proteins accumulate and obstruct the outflow 

pathway. In addition, GC treatment further increased GAG resistance to enzymatic 

degradation161 and decreased hyaluronic acid synthesis in perfusion-cultured human eyes179. The 

effects of GCs on the TM ECM may be due to altered rates of ECM synthesis, ECM degradation, 

or a combination of both (e.g. ECM turnover). DEX treatment inhibits proteolytic ECM turnover 

enzymes including several matrix metalloproteinases and other proteinases180-182, that regulate 

normal turnover of ECM in TM thus affecting outflow pathway. More recently, Borras et al183 

reported inhibition of GC-induced OHT in sheep using adeno-associated vectors (scAAV) 

carrying GRE.MMP1. This scAAV.GRE.MMP1 transgene cassette lead to steroid-induced 
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MMP1 production in the TM and MMP1 was highly efficient in reducing steroid-induced ECM 

accumulation. Thus, abnormal accumulation of ECM in TM and JCT region obstructs the 

outflow pathway and it is also a pathophysiological factor in GC-OHT. 

 

Inhibition of proliferation, migration and phagocytosis of TM cells 

GCs inhibit a number of TM functions. Active phagocytic activity is performed by cultured TM 

cells in vitro and TM cells in vivo by clearing debris and pigment granules in aqueous humor184-

187. DEX treatment of cultured TM cells significantly inhibits phagocytic activity188-190. Zhang et 

al100 further reported that DEX treatment significantly decreased the phagocytosis of bioparticles 

in cultured glaucomatous TM cells. Reduced expression levels of GRβ in the glaucomatous TM 

cells (compared to normal TM cells) made the GTM cells more susceptible to DEX treatment 

and thereby greater inhibition of TM phagocytic activity. A more recent study showed altered 

expression and activity of integrins in regulation of TM cell phagocytosis in GC-OHT191. They 

showed that αvβ5 integrin is necessary for phagocytosis and that activation of the αvβ3 integrin 

inhibits phagocytosis in TM cells by inhibiting αvβ5 integrin. The αvβ3 integrin in this 

experiment was activated by DEX treatment. In addition to having an effect on phagocytosis, 

DEX has been shown to inhibit TM cell migration, proliferation, retraction and altered junctional 

complexes18, 160, 189, 192. Another study looked at the expression and regulation of caveolins in 

normal and glaucoma TM cells193, and DEX upregulated caveolin 1 expression in GTM cells that 

caveolin 1 may be involved in outflow pathogenesis. Sustained activation of Rho GTPase and 

Rho A signaling increases resistance to aqueous humor outflow through the TM by influencing 

the actin cytoskeleton, cell adhesive interactions, and the expression of ECM proteins and 

cytokines in TM cells194. DEX inhibited RhoGDI (Rho GDP dissociation inhibitor) expression in 
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TM cells195, and using SiRNA to knockdown RhoA was able to reduce DEX- induced IOP in 

mice196. RhoGDI negatively regulates Rho GTPase activity by inhibiting GDP dissociation and 

promoting GTP hydrolysis. Another recent study that uses live cell imaging to view actin 

dynamics found that DEX treated cells were larger and migrated less than control cells197. Thus, 

DEX treatment severely impact TM cell migration and proliferation. 

 

Induction of cross-linked actin networks (CLANs) 

GCs reorganize the actin cytoskeleton in confluent TM cells by forming cross-linked actin 

networks (CLANs) 157, 159, 198, 199, which are three dimensional, geodesic dome-like structures 

and/or ‘tangles’ of actin filaments. These morphological and biochemical changes increase 

TM stiffness and impair TM functions such as phagocytosis 100, contractility,  adversely affecting 

the aqueous outflow pathway. CLANs appear to be web-like structures and composed of 

numerous “hubs and spokes” in 2-D microscopic views200. GC induction of CLANs has been 

comprehensively reviewed16, 18, 154, 156. CLAN formation increases in response to DEX, as 

observed in cultured human TM cells160, 173 and the TM of perfusion-cultured human anterior 

segments157. Even human TM cells isolated from glaucomatous donors have a greater number of 

basal CLANs compared to normotensive donors, and GTM cells have a greater increase in 

CLANs in response to DEX treatment201. The induction of CLAN formation is also reversible 

upon DEX withdrawal and effects are mediated through the GR160. CLAN formation was also 

reported in other species in response to DEX, as observed in cultured mouse TM cells202, 

cultured bovine TM cells198, 199, and bovine TM tissue explant199. In recent study, Bermudez et 

al203 used two-dimensional differential in-gel electrophoresis (2D-DIGE) and 

immunocytofluorescence (ICF) microscopy approach to identify cytoskeletal proteins associated 
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with CLAN formation after DEX and TGFβ2 treatments. They found caldesmon, calponin, 

myosin light chain, and tropomyosin to be co-localized with CLANs. However, potential 

involvement of these proteins in CLAN formation and/or maintenance requires further 

investigation. Another genomic and proteomic study identified cytoskeletal changes in TM 

treated with DEX 204. The expression of several components (PDLIM1 and β3 integrins) were 

altered after DEX treatment, and they may be involved in CLAN formation. Peter and 

colleagues205, 206 have identified the role of integrins and its signaling in CLAN formation in 

nonconfluent human TM cells, and they reported that CLAN formation involves syndecan-4 as 

well as integrins β1 and β3. Similar to the TM, CLANs were also observed in optic nerve head 

lamina cribrosa (LC) cells, and DEX treatment markedly increases CLANs formation. In 

addition, LC cells from glaucomatous relative has larger and more CLANs compared to 

normotensive donors207. It is very surprising to see that CLAN formation occurs in both TM and 

LC cells and that these two components are major mediators in pathogenesis of GC-OHT and 

POAG.  

 

Recently, Fujimoto and colleagues197 developed dynamic live cell imaging model for CLAN 

studies allowing better visualization of the formation and dynamics of CLANs in confluent TM 

cells in real time. They used DEX treated porcine TM cells to evaluate actin dynamics and a 

modified insect virus with an actin-GFP construct was used for cellular transduction. 

Approximately 28% of those Actin-GFP cells revealed CLAN-like structures after 72 h of DEX 

treatment. Similar to previous reports, they also found that DEX treated cells were larger and 

migrated less than control cells. In addition, computational modeling was done in TM cells to 

measure actin geodesic arrangements as it acquires different dome shapes in response to 
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treatment and mechanical force208. In this technique, microscopic images of temporary 

arrangements of polygonal actin structures (spreading cells) and CLANs (confluent cells) were 

compared to determine CLAN size, circularity and dimensions of hubs and spokes dimension. 

They found differences in temporary arrangements of polygonal actin structures and CLANs. 

This technique in combination with live cell imaging will provide more valuable information 

about CLANs and their potential role in GC-OHT pathogenesis. 

 

6. Summary of the Proposed Studies 

GC-induced OHT is a serious side effect of prolonged GC therapy with patients showing 

elevated intraocular pressure (IOP). GCs cause a plethora of changes in trabecular meshwork 

(TM) structure and function, leading to elevated IOP due to increased aqueous humor outflow 

resistance18. Along with side effects of GC therapy, differences in individual responsiveness to 

GCs is an important challenge in the therapeutic application of GCs22, 98. GC-induced IOP 

elevation, if left untreated, progresses to secondary open angle glaucoma, involving 

glaucomatous optic neuropathy and permanent vision loss. Thus, understanding molecular 

mechanisms of GC action and glucocorticoid receptor (GR) isoforms expression will help us 

tailor individual treatment plans for GC therapies to optimize GC benefits while minimizing 

harmful side effects. 

 

Animal models can provide better insights into pathogenesis of GC-induced OHT; we have 

therefore developed a novel, simple and reproducible mouse model of GC-induced OHT with a 

novel periocular conjunctival fornix (CF) delivery of dexamethasone-21-acetate (DEX-Ac). This 

mouse model captures many aspects of GC-induced OHT including elevated IOP, reduction in 
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the aqueous humor outflow facility, biochemical changes in TM and reversibility of ocular 

hypertension after discontinuing GC treatment209 (Figure 1). GC-induced myocilin expression in 

the trabecular meshwork (TM) has been suggested to play an important role in GC-induced 

OHT. Very few studies have addressed the potential role of myocilin in GC-induced OHT 210-212. 

However, there are no functional studies that demonstrate that the GC induction of myocilin is 

necessary for GC-induced OHT. Using Myoc-/- mice, we further demonstrate that loss of 

myocilin does not prevent GC-induced OHT209.  

 

GC effects are mediated by the glucocorticoid receptor (GR). Biological changes after binding of 

GCs to the GR are mediated via transactivation or transrepression. During transactivation, after 

activation by GCs, GRα isoform of GR homodimerize act as transcription factor by binding to 

specific DNA sequences on genes carrying GR response elements (GREs) to alter gene 

expression. During transrepression, GRα monomers binds to other transcription factors (e.g. 

AP-1, NF-κB) independently of direct DNA contact to block them from activating expression of 

genes that these transcription factors regulate. It is assumed that the undesirable side effects of 

GC therapy require DNA binding mediated transactivation of GR, while the anti-inflammatory 

activities are due to transrepression in absence of GR DNA binding64-66. However, the molecular 

mechanisms mediating these events are not completely known and there is no report showing 

which of the two mechanisms are responsible for GC induced OHT. GRdim mice carrying a point 

mutation A458T in D loop of GR DNA binding domain146 has made it possible to separate 

transactivation and transrepression functions of GR to study them separately. We propose to 

utilize GRdim mice to better understand mechanisms responsible for GC-induced OHT and 

steroid responsiveness (Figure 1). 
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GR is a single gene product containing nine exons44, 45. Heterogeneity in the GR results from 

alternative splicing of GR isoforms. Two major isoforms (GRα and GRβ) mediate most of GC 

biological responsiveness. GRβ acts as a dominant negative regulator of GC activities 

thereby inhibiting GRα that is responsible for most of the physiological and pharmacological 

effects of GCs81, 85. Previous work in our laboratory has found that GRα to GRβ ratios regulate 

GC responsiveness in TM cells and that glaucomatous TM (GTM) cells express lower GRβ and 

are more susceptible to GCs82, 99. This suggests the potential role of GRβ in regulating steroid 

responsiveness in the TM. Thus, manipulating GRα to GRβ expression ratios holds a promise for 

desensitizing cells and tissues to GCs effects. We propose to overexpress an Ad5.hGRβ 

expression vector in mouse eyes treated with GCs, to precisely dissect the role of alternatively 

spliced isoform- GRβ in regulating steroid responsiveness (Figure 1). 

 

In summary, the proposed studies a) develops a novel, easy and reproducible mouse model of 

mouse model of GC-induced OHT and further demonstrates that loss of myocilin does not 

prevent GC-induced OHT, b) will elucidate the role GR dimerization mutation (GRdim) in GC-

induced OHT, and c) determines role of GRβ in regulating steroid responsiveness in GC-induced 

OHT. These studies will help in better understanding the mechanisms of steroid responsiveness 

and the physiological roles of GRβ in glaucoma etiology. In future, this knowledge will aid in 

the development of novel therapeutic targets and strategies. 
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7. PROBLEM/ HYPOTHESIS 

Our central hypothesis is that GR transactivation through the GRα isoform elevates IOP and that 

overexpression of GRβ decreases IOP upon GC treatment. The hypothesis to test are: a) 

overexpression of GRβ in the TM will lead to GC resistance and reduce biochemical and 

morphological changes in TM and elevated IOP upon GC treatment, and b) GR transactivation 

mediates GC induced biochemical and morphological changes in TM that contributes to GC-

induced OHT. The rationale for study are: a) GRβ overexpression will reduce GC-induced 

biochemical and morphological changes in TM and prevent GC-OHT and b) elucidating GR 

mechanisms regulating GC-OHT and steroid responsiveness will allow us to design GCs design 

GCs with a better benefit-risk ratio. 

 

8. Research Strategy 

Specific Aim #1: Development of GC-induced OHT in mice and to study role of myocilin in 

GC-induced OHT.  

The objective of this aim was to develop easy and reproducible mouse model that captures many 

aspects of GC-induced OHT observed in humans including elevated IOP, reduction in the 

aqueous humor outflow facility, biochemical and morphological changes in TM, and 

reversibility of ocular hypertension after discontinuing GC treatment.  

Approach 

There is a significant need for an easy and reproducible mouse model of GC-OHT. We will test a 

number of different formulations and injection techniques to identify an effective and consistent 

model of GC-OHT. After developing a new reproducible mouse model of GC-OHT, we will 

further determine the potential effects of myocilin on GC-induced OHT using Myoc-/- mice. 
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Specific Aim #2: Determine if GC-induced OHT is regulated by GRβ overexpression in 

vitro and in vivo in mice.  

The objective of this aim is to test the hypothesis that over expression of GRβ in the TM will lead 

to GC resistance and reduce biochemical and morphological changes in TM and elevated IOP 

upon GC treatment. The rationale for this aim is that successful completion of the proposed 

research will identify GRβ as a key component regulating GC induced OHT and also reduce GC-

induced biochemical and morphological changes in TM.  

Approach 

In vitro: We will develop mouse TM cell line and transduce them with adenoviral vectors 

carrying human GRβ. We will then treat them with Dexamethasone (DEX) and evaluate 

biochemical and morphological changes in TM cells. In vivo: We will inject adenoviral vectors 

carrying human GRβ intravitreally in mouse eyes following three weeks of treatment with DEX 

(in mouse model developed in SA#1). We will then evaluate changes in IOP, aqueous humor 

dynamics, and biochemical changes in TM and correlate these findings to in vitro changes in TM 

cells. We expect that GRβ overexpression will significantly decrease DEX-induced IOP, 

corresponding to decrease DEX-induced changes in TM making TM cells resistance to GCs. 

 

Specific Aim #3: To delineate the role of transactivation or transrepression activities of GR 

in regulating GC-induced OHT.  

The objective of this aim is to test the hypothesis that GR transactivation mediates GC induced 

biochemical and morphological changes in TM and contributes to GC-induced OHT. We will 

utilize GR-dimerization defective (GRdim) mice carrying a point mutation in the GR DNA 

binding domain146 compared with wild type mice. The rationale for this aim is that successful 
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completion of the proposed research will elucidate GR mechanisms, either transactivation or 

transrepression, responsible for regulating GC induced OHT and steroid responsiveness in the 

TM.  

Approach 

In vitro: We will isolate TM cells from wild type and GRdim mice. We will then treat cells with 

DEX and evaluate DEX induced biochemical and morphological changes in TM. In vivo: We 

plan to compare DEX induced changes in TM between wild type and GRdim mice after treatment 

with DEX (in mouse model developed in SA#1). We will evaluate IOP, conventional outflow 

facility, and biochemical and Immunohistochemical changes in the TM between wild type and 

GRdim mice. We expect that GRdim mice will inhibit or decrease DEX induced elevated IOP and 

biochemical and morphological changes in TM cells compared to wild type mice in TM. 

 

9. Significance 

This project with proposed studies is significant because a) it develops mouse model of GC-

induced OHT that mimics many aspects of GC-induced OHT observed in humans thus allowing 

us to elucidate molecular mechanisms in pathogenesis of GC-induced OHT. In addition, it 

identifies role of myocilin in GC-induced OHT. Furthermore, we can use mouse genetics and 

new genome editing tools to identify factors and pathways involved in the development of GC-

OHT and GC-induced glaucoma in this new model, b) It also will lead to better understanding of 

the physiological roles of GRβ in regulating steroid responsiveness and the etiology of steroid-

induced glaucoma. Manipulating GRα to GRβ expression ratios holds a promise for desensitizing 

cells and tissues to GCs effects and the most effective way to predict steroid responders. This is 

very important and an unmet clinical need, c) It will also provide better insights into 
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understanding of GR-mediated transactivation or transrepression mechanisms responsible for the 

pathogenesis of GC-induced ocular hypertension and glaucoma. The lack of understanding of the 

precise roles GR-mediated mechanisms in the pathophysiology of GC-induced ocular 

hypertension hinders development of therapeutic approaches that minimize the undesirable side 

effects of the GCs while preserving or maximizing their beneficial actions. This study will aid in 

development ocular anti-inflammatory SEGRAs (selective glucocorticoid receptor agonists) that 

do not elevate IOP. These studies all combine will significantly advance our knowledge in 

designing useful therapeutic approaches for GC-induced ocular hypertension and glaucoma. 
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Figure 1: Schematic representation of summary of proposed studies including all specific aims. 

SA represents specific aim and GC represents glucocorticoid.   
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ABSTRACT 

Glucocorticoid (GC)-induced ocular hypertension (OHT) is a serious side-effect of prolonged 

GC therapy that can lead to iatrogenic glaucoma and permanent vision loss. An appropriate 

mouse model can help us understand precise molecular mechanisms and etiology of GC-induced 

OHT. We therefore developed a novel, simple and reproducible mouse model of GC-induced 

OHT. GC-induced myocilin expression in the trabecular meshwork (TM) has been suggested to 

play an important role in GC-induced OHT. We further determined whether myocilin contributes 

to GC-OHT. C57BL/6J mice received weekly periocular conjunctival fornix injections of a 

dexamethasone-21-acetate (DEX-Ac) formulation. IOP elevation was relatively rapid and 

significant, and correlated with reduced conventional outflow facility. Nighttime IOPs were 

higher in ocular hypertensive eyes compared to daytime IOPs. DEX-Ac treatment led to 

increased expression of fibronectin, collagen I, and α-smooth muscle actin in the TM in mouse 

eyes. No changes in body weight indicated no systemic toxicity associated with DEX-Ac 

treatment. WT mice showed increased myocilin expression in the TM upon DEX-Ac treatment. 

Both WT and Myoc-/- mice had equivalent and significantly elevated IOP with DEX-Ac 

treatment every week. In conclusion, our mouse model mimics many aspects of GC-induced 

OHT in humans, and we further demonstrate that myocilin does not play a major role in DEX-

induced OHT in mice. 
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INTRODUCTION 

Glucocorticoids (GCs) are one of the most commonly prescribed medications worldwide for the 

treatment of a plethora of diseases and conditions. Because of their broad-spectrum anti-

inflammatory and immunosuppressive properties, the worldwide market for GC use is estimated 

to be more than $10 billion per year1. Approximately 1.2% of US and 0.85% of UK populations 

are prescribed therapeutic GCs every year 2, 3. GCs also remain the mainstay of treatment for a 

variety of ocular inflammatory diseases involving almost all tissues of the eye such as eyelids, 

conjunctiva, cornea, sclera, uvea, retina, and optic nerve 4. The routes of GC administration in 

treatment of these disorders can be topical ocular, oral, systemic, intravitreal injections and 

implants, and periocular injections (including subconjunctival, subtenon, retrobulbar, and 

peribulbar)5. However, prolonged GC therapy is associated with serious ocular side effects, 

including development of posterior subcapsular cataracts, and the development of GC-induced 

ocular hypertension (GC-OHT) and iatrogenic open-angle glaucoma.  

 

The clinical presentation of GC-induced glaucoma is very similar to primary open angle 

glaucoma (POAG), and for more than 50 years, reports have suggested a link between glaucoma 

and GCs. Development of GC-induced OHT depends on GC dose and duration of treatment, 

method of administration, potency of GC as well as individual susceptibility to GCs6-8. There are 

varying degrees of steroid responsiveness (i.e. development of GC-OHT) among individuals; 

90% of glaucoma patients are steroid responders compared to 40% of the general population6-10. 

If left untreated, GC-induced OHT progresses to secondary open angle glaucoma, with the 

development of glaucomatous optic neuropathy and permanent vision loss.  
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Similar to POAG, GC-induced OHT is also caused by increased aqueous humor outflow 

resistance and is associated with similar biochemical and morphological changes in the 

trabecular meshwork (TM) of the outflow pathway 4-8. The TM is a small filter-like tissue 

consisting of TM cells with a sieve-like extracellular matrix (ECM) that maintains normal IOP 

by regulating aqueous humor outflow resistance. GCs cause physical and mechanical changes in 

the microstructure of the TM leading to elevated IOP. GCs alter TM cellular functions including 

increased TM cell and nucleus sizes, inhibition of cell proliferation and migration, and altered 

cellular junctional complexes 11, 12. GCs reorganize the TM cell actin cytoskeleton by forming 

cross-linked actin networks (CLANs) 13-16, which are geodesic dome-like structures and/or 

‘tangles’ of actin filaments. These morphological and biochemical changes alter TM stiffness 

and impair TM functions such as phagocytosis 17, adversely affecting the aqueous outflow 

pathway.  GCs also cause excessive deposition of ECM material in the TM with induction of 

glycosaminoglycans 18, 19, fibronectin 20, laminin21, collagens 22 , and elastin23. 

 

Several laboratories have attempted to identify genes/proteins involved in development of GC-

OHT in TM cells in response to GCs. In the late 1980s, Polansky and colleagues identified a 

57kDa glycoprotein that was induced by dexamethasone (DEX) in primary TM cell cultures23. 

This gene and protein initially was called trabecular meshwork inducible glucocorticoid response 

(TIGR) 23, 24. Concurrently, genetic linkage studies mapped and subsequently identified TIGR as 

first glaucoma gene responsible for 4% of POAG cases. 25-27. This TIGR gene was later 

identified as myocilin (MYOC)28. Approximately 3% to 5% of POAG patients have mutations in 

MYOC 29, 30. The exact role of wild-type (WT) MYOC is not completely understood. Various 

genetic strategies including knockout, knock-in, or transient expression of transgenic (Tg) 
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mutant MYOC were tested in mouse models 31-38. Because GC treatment induces MYOC 

expression in TM cells, it was hypothesized that increased myocilin accumulation in the TM 

leads to blockage of aqueous humor flow, causing increased IOP and steroid-induced glaucoma. 

However, when this hypothesis was tested in Tg-Myoc mice, which overexpressed WT myocilin 

15-fold compared to normal mice, these Tg mice did not exhibit glaucoma, indicating that 

overexpression of WT myocilin alone does not cause glaucoma in mice 31. Furthermore, 

myocilin knock-out mice did not show glaucoma phenotypes, suggesting that myocilin is not 

required for regulation of IOP. Several studies have demonstrated that glaucomatous mutations 

in MYOC cause gain of function in which misfolded myocilin accumulates intracellularly 39, 

inducing endoplasmic reticulum (ER) stress-mediated TM cell death and IOP elevation38, 40-42. 

However, it is unclear whether WT myocilin plays any role in GC- induced OHT due to lack of 

an appropriate mouse model of GC-induced OHT. Recently, several laboratories have 

demonstrated DEX-induced ocular hypertension in mice.  Both systemic and topical delivery of 

DEX has been shown to induce OHT in mice43,40. Kumar et al44 used subconjunctival delivery of 

triamcinolone acetonide (TA) in attempt to induce GC-OHT. However, these models have their 

benefits as well as drawbacks. Systemic delivery of DEX using implanted minipumps elevated 

IOP by 3 to 4mmHg at 3 to 4 weeks, which correlated with reduction in outflow facility. 

However, minipump delivery of DEX has significant limitations including requiring invasive 

surgery for implantation, elevated blood pressure, lymphopenia, and a high drop-out rate of mice 

associated with reduction in body weight due to systemic DEX treatment 43,45. Topical Dex 

(0.1%) elevated the IOP by 7 to 8 mmHg at 6 weeks and was associated with loss of retinal 

ganglion cells and optic nerve axons, but this method requires administering eye drops three 
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times daily for multiple weeks by a trained technician40. The subconjunctival TA injection 

reduced the aqueous outflow facility but was not able to significantly elevate IOP44.  

 

There is a significant need for an easy and reproducible mouse model of GC-OHT. In humans, 

slow release GC formulations or devices in the eye lead to sustained IOP elevations in 

susceptible individuals. Therefore, we hypothesized that slow release deposits of the less soluble 

DEX-21-acetate (DEX-Ac) may reduce dosing frequency and exhibit sustained IOP elevation. 

We tested a number of different formulations and injection techniques to identify an effective 

and consistent model of GC-OHT. In addition to developing a new reproducible mouse model of 

GC-OHT using periocular conjunctival fornix (CF) injections of DEX-Ac, another goal of our 

study was to determine the potential effects of myocilin on GC-induced OHT. 

 

MATERIALS AND METHODS 

Animals 

Male and female C57BL/6J and myocilin knockout (Myoc-/-) mice on a pure C57BL/6J 

background were obtained from the Jackson Laboratory (Bar Harbor, ME). All mice were 6 to 8 

months old at the start of experiments. All mouse studies and care were performed in compliance 

with the ARVO Statement of the Use of Animals in Ophthalmic and Vision Research and the 

University of North Texas Health Science Center Institutional Animal Care and Use Committee 

regulations. Mice were housed under controlled conditions of temperature (21 to 26 o C), 

humidity (40% to 70%) and a 12 hr light/12 dark cycle. Food and water were provided ad 

libitum. The number of animals used in each experiment is indicated in the corresponding figure 

legends and results section. 
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DEX Formulations 

Vehicle for Suspension Formulations 

Our injection vehicle for suspension formulation was prepared as described in Table 1. Each 

ingredient was added sequentially and mixed in 70mL of water for injection, adjusted to pH 7, 

and then brought to final volume with water for injection. This formulation was transferred into 

10mL amber glass bottles and sealed. The preparation was autoclaved at 121 0C, 15 psi for 20 

minutes. After that, the vehicle was allowed to cool and kept at 4 0C until further use. The 

preparation is stable for 90 days.  

 

Dexamethasone Acetate Formulation 

For preparation of 10mg/mL of DEX-Ac suspension, 0.01gm of DEX-Ac, anhydrous micronized 

powder (Spectrum chemicals, New Brunswick, NJ) was mixed with 1mL of vehicle suspension 

in a sterile 2mL microcentrifuge tube. This suspension was mixed using two stainless steel 5 mm 

beads (Qiagen) in a TissueLyser LT (Qiagen) for 5 minutes at 50 oscillations per second. This 

disrupts and homogenizes the DEX-Ac particles to ensure a very fine drug particle size for the 

formulation. After this step, the microcentrifuge with drug was wrapped with aluminum foil to 

protect from light and rotated overnight at 4 0C or until further use. The DEX-Ac formulations 

were prepared fresh every two weeks. It should be noted that this DEX-Ac suspension can form 

larger particles (clumps) after 2 weeks. These larger DEX-Ac particles or clumps can clog the 

syringe needle and cause variable amounts of drug delivered with each injection. 
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Additional Dexamethasone Formulations 

We initially tried two formulations for preparing 10mg/mL DEX. DEX powder (0.01g; catalog# 

D4902 Sigma, St. Louis, MO) was mixed with 1mL of vehicle suspension or sesame oil in a 

sterile 2mL microcentrifuge tube. Similar procedures were followed as described above to get 

the DEX formulation. 

Dexamethasone sodium phosphate (DEX-Phos) injection solution (10mg/mL) was obtained from 

a commercial source (West-Ward Pharmaceuticals Corp., NJ). 

 

Routes of DEX administration 

Prior to and during injections, mice were anesthetized with isoflurane (2.5%) and oxygen (0.8 

L/min). For topical anesthesia, both eyes received 1 to 2 drops of 0.5 % proparacaine HCl 

(Akorn Inc., Lake Forest, IL). 

 

Periocular conjunctival fornix injection  

For periocular injection, a 32-gauge needle with a Hamilton glass microsyringe (25µL volume) 

(Hamilton Company, Reno, NV) was used. The lower eyelid was retracted, and the needle was 

inserted through the conjunctival fornix (CF). DEX-Ac or vehicle suspension (20µL) was 

injected immediately under the CF over the course of 10 to15 seconds. The needle was then 

withdrawn. The procedure was performed on both eyes of each animal (each animal receiving 

either DEX-Ac OU or vehicle OU). Mice were treated with DEX-Ac or vehicle once per week 

until the end of the study.  
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Subconjunctival injection 

For subconjunctival injection, a 32-gauge needle with a glass microsyringe (25µL volume) 

(Hamilton Company, Reno, NV) was used. The lower eyelid was retracted and the conjunctiva 

was gently pulled away from the surface of the globe using forceps.  DEX, DEX-Ac, or vehicle 

suspension (20 µL) was injected immediately under the conjunctiva over the course of 20 to 25 

seconds. The needle was then withdrawn. The procedure was performed on both eyes of each 

animal (each animal receiving a subconjunctival injection of either DEX OU or vehicle OU). 

 

Intravitreal injection 

For intravitreal injection, a 33-gauge needle with a glass microsyringe (10µL volume) (Hamilton 

Company, Reno, NV) was used. The eye was proptosed and the needle was inserted through the 

equatorial sclera and inserted into the vitreous chamber at an angle of ~450 taking care to avoid 

touching the posterior part of the lens or the retina.  DEX or vehicle suspension (3 µL) was 

injected into the vitreous over the course of 1 minute. The needle was then left in place for a 

further 30 seconds (to facilitate mixing), before being rapidly withdrawn. 

 

IOP Measurements 

For this study, both conscious and anesthetized IOPs were measured during day and night, 

respectively. During daytime, conscious IOPs were measured in behaviorally trained mice using 

a TonoLab rebound tonometer (Colonial Medical Supply, Franconia, NH) every week following 

our previously published methodology46. All daytime IOP measurements were performed in both 

eyes between 10 AM and 2 PM. It should be noted that IOPs were measured prior to the weekly 

injections. For nighttime IOP measurement, mice were first kept in dark at 4 PM on day of IOP 
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measurement, and at 10 PM, anesthetized IOPs were measured in both eyes using TonoLab 

rebound tonometer twice a week. The entire procedure was performed under red light in a 

darkroom.  Two separate laboratories performed injections and IOP measurements independently 

(Zode lab: conscious daytime IOPs and Clark lab: nighttime IOPs) in a masked manner. IOP data 

from each laboratory are reported as two independent experiments, and the results reported have 

been replicated numerous times. 

 

Aqueous Humor Outflow facility (C) Measurements 

Measurements were recorded in live mice as previously described47, 48. Mice were anesthetized 

using a 100/10 mg/kg ketamine/xylazine cocktail. A quarter to half of this dose was administered 

for maintenance of anesthesia as necessary. After attainment of a surgical plane of anesthesia, 

animals were placed on a heated pad (37 0C) for maintenance of body temperature.  one to two 

drops of proparacaine HCl (0.5%) (Akorn Inc., Lake Forest, IL) were applied topically to both 

eyes for corneal anesthesia.  The anterior chambers of both eyes were cannulated using a 30-

gauge needle inserted through the cornea 1 to 2 mm from the limbus and pushed across the 

chamber to a point in the chamber angle opposite to the point of cannulation, taking care not to 

touch the iris, anterior lens capsule or epithelium, or corneal endothelium.  Each cannulating 

needle was connected to a previously calibrated (sphygmomanometer; Diagnostix 700, 

Hauppage, NY) flow-through BLPR-2 pressure transducer (World Precision Instruments (WPI), 

Sarasota, FL) for continuous determination of pressure within the perfusion system.  A drop of 

phosphate buffered saline (PBS) was also administered to each eye to prevent corneal drying.  

The opposing terminal of the pressure transducer was connected via further tubing to a 1mL 

syringe loaded into a microdialysis infusion pump (SP101I Syringe Pump; WPI).  The tubing, 
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transducer, and syringe were all filled with sterile PBS solution (filtered through a 0.2 µm HT 

Tuffryn Membrane Acrodisc Syringe Filter, PALL Gelman Laboratory, Port Washington, NY).  

Signals from each pressure transducer were passed via a TBM4M Bridge Amplifier (WPI) and a 

Lab-Trax Analog-to-Digital Converter (WPI) to a computer for display on a virtual chart 

recorder (LabScribe2 software, WPI).  Eyes were initially infused at a flow rate of 0.1 µL/min. 

When pressures stabilized within 10 to 30 minutes, pressure measurements were recorded over a 

10 minute-period, and then flow rates were increased sequentially to 0.2, 0.3, 0.4, and 0.5 

µL/min.  Three stabilized pressures at 5-minute intervals at each flow rate were recorded.  C in 

each eye of each animal was calculated as the reciprocal of the slope of a plot of mean stabilized 

pressure as ordinate against flow rate as abscissa. 

 

Histology and Immunofluorescence 

Eyes from DEX-Ac and vehicle-treated mice were enucleated and fixed overnight in freshly 

prepared 4% paraformaldehyde (PFA) in PBS. Afterwards, eyes were washed three times with 

PBS, dehydrated with ethanol, and embedded in paraffin. Samples were sectioned at 5 µm and 

stained with H&E for general evaluation of the anterior segment, including structural 

organization of TM. For immunostaining, tissue sections were deparaffinized in xylene and 

rehydrated twice each with 100%, 95%, 70%, and 50% ethanol for 5 minutes. For antigen 

retrieval, the tissue sections were incubated in citrate buffer (pH 6.0) at 100 0C for 13 minutes 

and then at room temperature for another 13 minutes. Tissue sections were blocked (10% Goat 

serum + 0.2% Triton-X 100) for 2 hrs in a dark and humid chamber. Tissue sections were then 

washed briefly with PBS and immunolabeled with either rabbit polyclonal fibronectin antibody 

(1:200, Abcam, catalog # ab2413), rabbit polyclonal collagen I antibody (1:200, Novus 
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Biologicals, catalog # NB600-408), rabbit polyclonal α-smooth muscle actin antibody (1:100, 

Abcam, catalog # ab5694), or goat polyclonal myocilin (N-15) antibody (1:100, Santa Cruz 

Biotechnology, catalog # sc-21243) and incubated overnight at 4 0C. Tissue sections incubated 

without primary antibody served as a negative control. Following the incubation, tissue sections 

were washed three times with PBS and further incubated for 2 hrs at room temperature with the 

appropriate secondary antibodies (Alexa Goat anti-rabbit 568 or Alexa Donkey anti-goat; 1:500; 

Thermo Fisher Scientific, Inc.). Tissue sections were washed with PBS and mounted with 

mounting medium containing DAPI nuclear stain (Vector Labs, Inc., Burlingame, CA). Images 

were captured by Keyence all-in-one fluorescence microscope (Itasca, IL). All antibodies used in 

this study were validated and characterized previously49. 

 

Western Blot Analysis 

Mouse anterior segments were carefully dissected from enucleated eyes and lyzed in lysis buffer. 

The protein samples were run on denaturing 4% to 12% gradient polyacrylamide ready-made 

gels (NuPAGE Bis-Tris gels, Life technologies) and transferred onto PVDF membrane. Blots 

were blocked with 10% non-fat dried milk for one hour and then incubated overnight with 

specific primary antibody at 4 0C on rotating shaker. The membranes were washed thrice with 

1X PBST and incubated with corresponding HRP-conjugated secondary antibody for 1.5 hour. 

The proteins were then visualized using ECL detection reagents (SuperSignal West Femto 

Maximum Sensitivity Substrate; Pierce Biotechnology). The antibodies used were: fibronectin 

antibody (1:1000, Abcam, catalog # ab2413), goat polyclonal myocilin (N-15) antibody (1:250, 

Santa Cruz Biotechnology, catalog # sc-21243), GAPDH (1:1000, Cell Signaling Technology, 

catalog # 3683). 
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Statistics 

Statistical analyses were performed using GraphPad Prism Version 7.0 (GraphPad Software, La 

Jolla, CA). Unpaired student’s t-test (2-tailed) was used to compare data between two groups. 

Multiple groups were compared using two-way ANOVA followed by Bonferroni posthoc test. 

Statistical significance was determined at P <0.05.  

 

RESULTS 

Different dexamethasone drug formulations and routes of administration were tried to develop 

GC- OHT mouse model (Table 2; Supplementary Tables S1, S2, S3, and S4) to find an easy, 

efficient, and reproducible method of GC delivery to eyes to develop GC-OHT. Only the 

periocular CF injection of DEX-Ac was reproducible and led to significant and sustained IOP 

elevations that correlated with reduced outflow facility.   

 

Weekly periocular CF DEX-Ac injections caused significant and sustained IOP elevation in 

mice 

Weekly periocular CF injections of DEX-Ac suspension to both eyes of mice caused DEX-

induced OHT with sustained and significantly elevated IOP. The periocular CF site for injection 

of DEX-Ac and vehicle is shown in Figure 1A. 

Conscious Daytime IOP 

Periocular CF injections of DEX-Ac elevated IOP within one week of treatment compared to 

vehicle-treated mice, and IOP elevation was sustained throughout four weeks. Treatment of mice 

with vehicle did not elevate IOP. Conscious mouse IOP differences between DEX-Ac and 

vehicle groups were sustained to ≈4 mmHg (P = 0.001) starting from the second week of 
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treatment (Figure 1B). The absolute increase in IOP in DEX-Ac (n=14) versus vehicle (n=10) 

treated mice averaged 2.67 ± 0.06 mmHg at 1-week, 4.12 ± 0.03 mmHg at 2-week, 3.80 ± 0.21 

mmHg at 3-week, and 3.95 ± 0.30 mmHg at 4-week (Mean ± SEM; P <0.001).  

 

Anesthetized Nighttime IOP 

IOP elevation was rapid and significantly higher at night in DEX-Ac-treated mice compared with 

vehicle-treated mice starting from 3-days post-injection.  IOP differences between vehicle and 

DEX-Ac-treated mice were significantly higher throughout the study (Figure 1C; P <0.001). The 

absolute increases in IOP in DEX-Ac (n=20) versus vehicle (n=12) treated mice averaged 3.0 ± 

0.3 mmHg at day 7, 7.58 ± 0.5 mmHg at day 14, 8.32 ± 0.5 mmHg at day 25, and 9.43 ± 0.6 

mmHg at day 36 (Mean ± SEM).   

 After four weeks, DEX-Ac treatment was stopped at 4 weeks and IOP was followed, we 

observed that at 7 week IOP dropped and started returning to its baseline IOP (Supplementary 

Figure S1). This corresponds to changes observed in human GC-OHT eyes; IOP starts to return 

to normal levels after cessation of GC therapy.  

Although we routinely used mice aged 6 to 8 months, we also tested younger mice (2 to 3 

months) and obtained similar results. 

 

Periocular CF injection of DEX-Ac reduced conventional outflow facility (C)  

Conventional outflow facility (C) was measured in live mice after five weeks of DEX-Ac 

treatment. C was significantly reduced in DEX-Ac mice compared to vehicle-treated mice 

(Figure 2). C was 15.69 ± 1.36 nl/min/mmHg in DEX-Ac treated mice (n=13) compared 23.50 ± 

2.09 nl/min/mmHg in vehicle-treated mice (P =0.004; n=12). This represented 33% reduction in 
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C in DEX-treated mice compared to vehicle-treated mice. The mean decrease in outflow facility 

corresponded well with the mean IOP elevation in DEX-treated mice according to the modified 

Goldman equation.   

 

Effect of DEX-Ac treatment on body weight 

Systemic administration of DEX has been shown to decrease the weight in mice43, 45. Since it is 

possible that periocular injections of DEX-Ac have systemic effects, including reduced body 

weight, we determined whether ocular delivery of DEX-Ac using periocular CF injections in our 

mouse model reduces body weight (Figure 3). Body weights were measured every week over the 

course of treatment. At the end of four weeks, body weight was 28.29 ± 0.89 grams in DEX-Ac 

treated mice (n=7) compared to 27.40 ± 2.29 grams in vehicle-treated mice (n=5). DEX-Ac did 

not alter body weight of mice even after four weeks of treatment, suggesting a minimum 

systemic effect after local DEX-Ac delivery.  

 

Histological changes in the TM after DEX-Ac treatment  

DEX treatment leads to many biochemical changes in the TM including increased production of 

fibronectin20, collagens22, and actin13. To assess whether treatment with DEX-Ac will also 

induce these biochemical changes in our model, we performed immunohistochemical analysis 

for fibronectin, collagen I, and α-smooth muscle actin (α-SMA) in anterior segment tissues from 

4-week DEX-Ac and vehicle-treated mice (Figure 4A). Immunohistochemical analysis revealed 

increased fibronectin (DEX-Ac n=4; vehicle n=4), collagen I (DEX-Ac n=5; vehicle n=5), and α-

SMA (DEX-Ac n=4; vehicle n=4) expression in the TM of DEX-Ac treated mice compared to 
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vehicle-treated mice. In addition, H&E staining revealed no apparent ocular abnormalities and 

similar TM structural organization in DEX-Ac and vehicle-treated mice (Figure 4B). 

 

Effect of myocilin on IOP after DEX-Ac treatment 

Although GCs induce myocilin protein production in the TM26, its role in regulating IOP and 

GC-OHT has not been convincingly demonstrated. We first examined whether DEX-Ac 

treatment increases myocilin expression in the TM region by performing immunostaining of 

anterior segment tissues. Myocilin immunostaining was higher in the TM of DEX-Ac treated 

mice (Figure 5A). Consistent with immunostaining analysis, western blot analysis from anterior 

segment tissue lysates showed increased expression of fibronectin and myocilin in wild-type 

(WT) mice after DEX-Ac treatment (Figure 5B). However, in myocilin knockout (Myoc-/-) mice, 

there was no expression of myocilin after DEX-Ac treatment even though there was increased 

expression of fibronectin similar to that observed with WT type DEX-Ac treated mice (Figure 

5B). Since it has not yet been determined whether DEX leads to IOP elevation in Myoc knock 

out mice, we injected DEX-Ac and compared IOP elevation in both WT and Myoc-/- mice. The 

baseline IOPs for both WT and Myoc-/- were the same, and DEX-Ac induced IOP elevation was 

rapid in both WT and Myoc-/- compared to vehicle-treated mice starting from one-week of 

treatment. Conscious daytime IOP differences between DEX-Ac and vehicle groups in both WT 

and Myoc-/- were sustained to ~4 to 5 mmHg (P =0.001) from week one throughout the course of 

treatment (Figure 5C). In WT mice, the absolute increase in IOP in DEX-Ac (n=10) versus 

vehicle (n=10) treated mice averaged 3.9 ± 0.03 mmHg at 1 week, 3.7 ± 0.08 mmHg at 2-week, 

4.9 ± 0.18 mmHg at 3-week, and 3.6 ± 0.02 mmHg at 4-week (Mean ± SEM). Similar IOP 

differences between DEX-Ac and vehicle were observed in Myoc-/- mice.  In Myoc-/- mice, the 
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absolute increase in IOP in DEX-Ac (n=12) versus vehicle (n=6) treated mice averaged 2.95 ± 

0.05 mmHg at 1 week, 4.2 ± 0.14 mmHg at 2 week, 3.2 ± 0.02 mmHg at 3 week, and 3.3 ± 0.05 

mmHg at 4 week (Mean ± SEM).  Multiple comparisons between groups using two-way 

ANOVA showed that IOP was statistically significant between DEX-Ac versus vehicle-treated 

mice in both WT and Myoc-/- mice (Supplementary Table S5). These results suggest that 

myocilin does not play a major role in DEX- induced OHT.  

 

DISCUSSION 

Glucocorticoid (GC)-induced ocular hypertension (OHT) is a serious side effect of prolonged 

GC therapy with patients. GC-induced IOP elevation, if left untreated, progresses to secondary 

open angle glaucoma, involving glaucomatous optic neuropathy and permanent vision loss. 

However, the molecular mechanisms responsible for GC-induced ocular hypertension are not 

entirely clear. Animal models can provide better insights into pathogenesis of GC-induced OHT, 

and investigators have reported GC-OHT in eight different species besides human4. In our study, 

we describe a mouse model of GC-OHT with a novel periocular CF delivery of DEX-Ac. This 

reproducible model is easy to run and captures many aspects of GC-induced OHT including 

elevated IOP, reduction in the aqueous humor outflow facility and reversibility of ocular 

hypertension after discontinuing GC treatment. This model also exhibits histological changes 

observed in the TM of GC-induced OHT eyes, including increased expression of fibronectin, 

collagen type I, α-SMA, and myocilin in the TM region. In addition, minimum systemic toxicity 

was associated with this local DEX-Ac treatment as evident from unchanged body weight of 

mice treated with DEX-Ac compared to vehicle-treated mice. Furthermore, Myoc knock-out 
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mice developed similar DEX-induced ocular hypertension as WT mice, although myocilin 

expression increases in the TM of only WT mice in response to DEX treatment26. 

 

Interestingly, the magnitude of DEX-OHT was greater at night (ΔIOP 8 to 9 mmHg in 

anesthetized mice) compared to daytime (ΔIOP 3 to 4 in conscious mice). Our findings agree 

with day/nighttime IOPs in POAG Tg-MYOCY437H mice 37. This diurnal IOP variation in mice 

has been reported previously 50-52. Since mice are nocturnal animals, rates of aqueous humor 

formation are higher during active hours, which therefore cause higher nighttime IOPs, 

especially when the outflow facility is compromised. There are also diurnal IOP differences in 

other species 53-55 including humans 56, 57. The magnitudes of the IOP fluxes are even greater in 

human eyes with glaucoma or ocular hypertension than in normal eyes58, as seen in our model. 

Humans also have diurnal differences in rates of aqueous humor production, which are higher in 

the day compared to night59. However, human IOPs are higher at night due to changing from 

upright to supine position57, which does not occur in mice. Monitoring both daytime and 

nighttime IOPs may help us better understand and manage disease processes. Furthermore, the 

conventional outflow facility measured at 5-weeks of DEX-Ac treatment was significantly 

reduced in DEX-Ac–treated mice by 33% compared to vehicle-treated mice, and there was a 

correlation between elevated IOP and decreased C. These results are consistent with previous 

studies of GC-induced OHT including Whitlock et al43 and Overby et al45 using systemic DEX 

delivery, as well as Zode et al40 using topical ocular DEX treatment. Kumar et al44 used 

subconjunctival delivery of triamcinolone acetonide (TA) to show decreased C, but this was not 

correlated with IOP elevation. We also were unable to get reproducible IOP elevation with 

subconjunctival DEX administration. 
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Several studies43, 45 have reported a high drop-out rate and reduction in body weight in response 

to systemic DEX treatment. In contrast, we found minimal to no systemic toxicity associated 

with DEX treatment as measured by potential loss in body weight in our mouse model. In 

addition, our mouse model requires minimally invasive periocular CF injections on weekly basis 

under mild anesthesia, which is very effective, efficient, and minimizes animal distress compared 

to systemic DEX delivery. Systemic DEX delivery in mice used surgical implantation of 

minipumps into the backs of mice43,45 , whereas topical ocular DEX administration required 

administration of eye drops three times daily for multiple weeks by a trained technician40. We 

tried formulating DEX and DEX-Ac, which are not soluble in aqueous formulations and require 

suspension formulations. Although DEX-21-phosphate is soluble in aqueous solutions, it did not 

provide prolonged delivery and did not reproducibly elevate IOP when administered by 

periocular CF injections.  We found that the formulation of DEX-Ac and its consistency is very 

important to get reproducible results. DEX-Ac will form larger precipitates and clumps when in 

suspension longer than two weeks. Therefore, it is essential to use freshly prepared formulations 

every two weeks.  

 

Consistent with other previously reported studies13, 20, 22, 40, 45 that show DEX-induced 

biochemical changes in the TM, we found similar biochemical changes in TM of our mouse 

model after DEX-Ac treatment. The expression of fibronectin, collagen I, myocilin, and αSMA 

increased in the TM of DEX-Ac treated mice compared to vehicle-treated mice. Thus, our mouse 

model appropriately mimics many aspects of GC-induced OHT, which is similar to humans and 

other species.  
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MYOC was first reported as a DEX-induced gene and protein in cultured human TM cells 24,26-27. 

MYOC was discovered as the first gene responsible for juvenile open-angle glaucoma (JOAG) 

and a subset of POAG 25,28-29. The current function of MYOC is unknown, but it has been 

suggested that MYOC might play a role in development of GC-induced OHT and secondary 

glaucoma. MYOC expression and OHT induction occurs in response to GCs and both follow 

similar time-course and dose-response curves26, 60, 61. Very few studies have addressed the 

potential role of myocilin in GC-induced OHT. Both Shepard et al62 and Kirstein et al63 showed 

that myocilin induction by GCs was due to other transcription factors or remote glucocorticoid 

response elements (GREs) and not by sequences in proximal region of myocilin gene promoter. 

Another study by Fingert et al64 compared steroid responders and control subjects for changes in 

myocilin gene sequences, and there was no correlation between myocilin gene variations and 

steroid response. However, there are no functional studies that demonstrate that the GC induction 

of myocilin is necessary for GC-induced OHT. Consistent with previous studies, we also 

observed increased myocilin expression in the TM of WT mice after DEX treatment. To address 

whether DEX-induced myocilin plays a role in IOP elevation, we compared the IOP responses to 

DEX-Ac treatment in WT and Myoc-/- mice. IOP remained significantly elevated in both WT and 

Myoc-/- DEX-Ac–treated mice compared to vehicle-treated WT and Myoc-/- mice, indicating that 

myocilin is not involved in DEX-induced OHT.    

 

In summary, our mouse model of DEX-induced OHT mimics many aspects of GC-induced OHT 

observed in humans, including IOP elevation, reduced C, and biochemical changes in TM. The 

nighttime IOP was higher with ocular hypertensive eyes compared to normal eyes. With 

periocular CF injection of DEX-Ac, we did not find any obvious signs of systemic toxicity 
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associated with DEX. IOP started returning to baseline when DEX-Ac treatment was stopped, 

suggesting that this model mimics many features of GC-OHT in human eyes including the 

reversibility of ocular hypertension after discontinuation of GC therapy. Using this mouse model, 

we further demonstrate that loss of myocilin does not prevent GC-induced OHT.  Mouse 

genetics and new genome editing tools will allow identification of the factors and pathways 

involved in the development of GC-OHT in this new model. 
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FIGURES 

 

Figure 1: Development of DEX-Ac induced ocular hypertension (OHT) in mice. A: Placement 

of the periocular conjunctival fornix (CF) injection. The lower eyelid (E) is digitally retracted 

and a 32G needle is inserted through the CF. Twenty microliter of DEX-Ac or vehicle 

suspension is injected immediately under the CF over the course of 10 to15 seconds.  The needle 

is then withdrawn. Weekly periocular injection of DEX-Ac in both eyes significantly elevates 

IOP in mice. B: Conscious daytime IOP measurements of DEX-Ac– (n=10) versus vehicle- 

(n=14) treated mice show significant IOP elevation starting from one-week of treatment. C: 

Nighttime IOP measurements of DEX-Ac– (n=20) versus vehicle- (n=12) treated mice show 

significant IOP elevation from 3 to 36 days. *P <0.05, *** P <0.001, **** P <0.0001, unpaired 

student’s t-test. Data are presented as Mean ± SEM. 

Figure 1 
 
A 

	
	
B       C 
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Figure 2: Comparison of conventional outflow facility (C) between DEX-Ac– and vehicle-

treated mice. After five weeks of DEX-Ac treatment, C was significantly reduced in DEX-Ac– 

(n=13) treated mice compared to vehicle- (n=12) treated mice.  P =0.004, unpaired student’s t-

test. Data are presented as Mean ± SEM. 
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Figure 3: Comparison of body weights between DEX-Ac– and vehicle-treated mice. After four 

weeks of weekly DEX-Ac treatment, body weight remained unchanged in DEX-Ac– (n=7) 

treated mice compared to vehicle- (n=5) treated mice. Unpaired student’s t-test. Data are 

presented as a Mean ± SEM.  
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Figure 4: DEX-Ac treatment increases expression of fibronectin, collagen I, and α-smooth 

muscle actin in the trabecular meshwork (TM) of mouse eyes. A: Immunohistochemical analysis 

showing increased expression of fibronectin (red) (DEX-Ac n=4; vehicle n=4), collagen I (red) 

(DEX-Ac n=5; vehicle n=5), and α-smooth muscle actin (red) (DEX-Ac n=4; vehicle n=4) in 

DEX-Ac treated mice (right) compared to vehicle-treated mice (left). DAPI staining (blue) 

counterstains cell nuclei. No primary antibody staining control (left bottom panel). Bright field 

image showing structural orientation of TM with respect to other ocular structures (right bottom 

panel). B: H&E staining reveals no apparent ocular abnormalities and a similar TM structural 

organization in DEX-Ac– and vehicle-treated mice. Rectangular box shows TM. Scale bar: 50 

µm. 

Figure 4 
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Figure 5: IOP elevation in WT and Myoc knock out (KO) mice after DEX-Ac treatment. A: 

Immunostaining for myocilin in the trabecular meshwork (TM; rectangle) of 4-week DEX-Ac– 

(n=3) (left bottom panel) and vehicle- (n=3) (left top panel) treated WT mice. Merged bright 

field- fluorescence images (right) provide detailed structural orientation. B: Representative 

western blot image of fibronectin and myocilin in the anterior segment tissue lysates of DEX-

Ac–treated WT mice and vehicle- and DEX-Ac–treated Myoc-/- mice. C: Weekly periocular 

conjunctival fornix (CF) injections of DEX-Ac significantly elevates IOP in both WT and Myoc-

/- mice. Age-matched WT and Myoc-/- mice were treated with vehicle or DEX-Ac and conscious 

IOPs were measured weekly. DEX-Ac treatment of WT (n=10) and Myoc-/- mice (n=12) show 

significant IOP elevation from one to four weeks compared to vehicle- (n=10) treated littermates 

(n=10). ***P <0.001, two-way ANOVA. Data are presented as Mean ± SEM. Rectangular box 

shows TM. Scale bar: 50 µm. 

Figure 5 
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TABLES 

Table 1: Preparation of injection vehicle suspension formulation. 

Injection vehicle suspension formulation  

Contents Volume/100mL 

Sodium chloride USP Granular 0.667 gm 

Creatinine NF 0.5 gm 

Edetate Disodium USP Dihydrate 0.05 gm 

Carboxymethylcellulose Sodium USP 
(Medium Viscosity) 0.5 gm 

Polysorbate 80 NF 0.1 mL 

Benzyl Alcohol NF 0.9 gm 

Sodium Bisulfite FCC 0.1 gm 

Sodium Hydroxide 1% Adjust pH to 7 

Water for injection, USP 100 mL 

FCC, Food Chemicals Codex; NF, National Formulary; USP, United States Pharmacopeia 

 

Table 2: Summary of routes of delivery and different formulations of dexamethasone 

Admin route 
Formulation 

Dexamethasone Dexamethasone 
sodium phosphate 

Dexamethasone 
acetate 

Subconjunctival NE NE NR 

Intravitreal NE NE NE 

Periocular CF - NR R 

NR= not reproducible; NE= no effect on IOP; R= reproducible. 
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SUPPLEMENTARY DATA 

 

Figure S1: Withdrawal of DEX-Ac after 4 weeks of DEX-Ac treatment in mice. Conscious 

daytime IOP measurements of DEX-Ac (n=10) versus vehicle (n=10) treated mice show 

significant IOP elevation starting from one-week of treatment. After 4 weeks DEX-Ac treatment 

was stopped, IOPs dropped and at 7 weeks was close to baseline. **: p<0.01, ***: p<0.0001, 

unpaired student’s t-test. Data are presented as Mean ± SEM.  

 



	 91	

IOP responses to different formulations and injection techniques 

Supplementary Table 1: Dexamethasone sodium phosphate treatment using periocular CF route 

showed no IOP response 

Periocular CF Dexamethasone sodium phosphate 

Weeks of 
treatment DEX-Ac v/s Vehicle (Mean ± SEM) P-value (As indicated by 

unpaired student’s t-test) 

1 16.83 ± 0.5 v/s 16.05 ± 1.15 NS 

2 16.07 ± 0.56 v/s 14.88 ± 1.07 NS 

3 13.69 ± 1.16 v/s 12.43 ± 0.39 NS 

 

 

 

Supplementary Table 2: Dexamethasone sodium phosphate treatment using periocular CF route 

showed IOP response in one (shown) out of two experiments 

Periocular CF Dexamethasone sodium phosphate 

Weeks of 
treatment DEX-Ac v/s Vehicle (Mean ± SEM) P-value (As indicated by 

unpaired student’s t-test) 

1 18.21 ± 0.53 v/s 13.95 ± 0.32 <0.001 

2 17.96 ± 0.24 v/s 13.87 ± 0.18 <0.001 

3 17.75 ± 0.56 v/s 13.37 ± 0.62 <0.001 

4 16.81 ± 0.27 v/s 13.54 ± 0.35 <0.001 
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Supplementary Table 3: Dexamethasone acetate treatment using subconjunctival route showed 

no IOP response 

Subconjunctival Dexamethasone acetate 

Weeks of 
treatment DEX-Ac v/s Vehicle (Mean ± SEM) P-value (As indicated by 

unpaired student’s t-test) 

1 15 ± 0.57 v/s 12.5 ± 0.5 NS 

2 14.66 ± 1.68 v/s 14.66 ± 3.33 NS 

3 13.66 ± 1.66 v/s 15.32 ± 1.45 NS 

 

 

 

Supplementary Table 4: Dexamethasone acetate treatment using subconjunctival route showed 

IOP response in one (shown) out of two experiments 

Subconjunctival Dexamethasone acetate 

Weeks of 
treatment DEX-Ac v/s Vehicle (Mean ± SEM) P-value (As indicated by 

unpaired student’s t-test) 

1 16.39 ± 0.61 v/s 12.16 ± 0.48 <0.001 

2 15.16 ± 0.69 v/s 12.91 ± 0.49 NS 
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Supplementary Table 5: Comparative statistics showing absence of effect of myocilin in 

development of GC-OHT. Significant IOP elevation was observed in response to DEX-Ac 

treatment in WT and Myoc-/- mice. 

 

Comparison Weeks 

IOP differences 
between Means 

(mmHg), Vehicle v/s 
DEX-Ac 

P-value (As indicated by 2-
Way ANOVA followed by 
Bonferroni posthoc test) 

WT+Vehicle v/s 
WT+DEX-Ac 

0 0 NS 
1 3.9 P<0.001 
2 3.7 P<0.001 
3 4.931 P<0.001 
4 3.564 P<0.001 

WT+Vehicle v/s 
Myoc-/- + Vehicle 

   
0 -0.01667 NS 
1 0.5333 NS 
2 -0.112 NS 
3 0.2767 NS 
4 -0.075 NS 
   

WT+Vehicle v/s 
Myoc-/- + DEX-Ac 

   
0 -0.01667 NS 
1 3.483 P<0.001 
2 4.111 P<0.001 
3 3.47 P<0.001 
4 3.289 P<0.001 
   

WT+DEX-Ac v/s 
Myoc-/- + Vehicle 

   
0 -0.01667 NS 
1 -3.367 P<0.001 
2 -3.812 P<0.001 
3 -4.654 P<0.001 
4 -3.639 P<0.001 
   

WT+DEX-Ac v/s 
Myoc-/- + DEX-Ac 

   
0 -0.01667 NS 
1 -0.4167 NS 
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2 0.4113 NS 
3 -1.461 NS 
4 -0.2753 NS 
   

Myoc-/- +Vehicle 
v/s Myoc-/- + DEX-

Ac 

   
0 0 NS 
1 2.95 P<0.001 
2 4.223 P<0.001 
3 3.193 P<0.001 
4 3.364 P<0.001 
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ABSTRACT 

Prolonged glucocorticoid (GC) therapy causes GC-induced ocular hypertension (OHT), which if 

left untreated progresses to iatrogenic glaucoma and permanent vision loss. The alternatively 

spliced isoform of glucocorticoid receptor GRβ acts as dominant negative regulator of GC 

activity, and it has been shown that overexpressing GRβ in trabecular meshwork (TM) cells 

inhibits GC-induced glaucomatous damage in TM cells. The purpose of this study was to use 

viral vectors to selectively overexpress the hGRβ isoform in the TM of mouse eyes treated with 

GCs, to precisely dissect the role of GRβ in regulating steroid responsiveness. We show that 

overexpression of GRβ inhibits GC effects on MTM cells in vitro and GC-induced OHT in 

mouse eyes in vivo. Ad5 mediated GRβ overexpression reduced the GC induction of fibronectin, 

collagen 1, and myocilin in TM of mouse eyes both in vitro and in vivo. GRβ also reversed DEX-

Ac induced IOP elevation, which correlated with increased conventional aqueous humor outflow 

facility. Thus, GRβ overexpression reduces GC activity and makes cells more resistance to GC 

treatment. In conclusion, our current work provides the first evidence of the in vivo physiological 

role of GRβ in regulating GC-OHT and GC-mediated gene expression in the TM. 

 

 

 

 

 

 

 

 



	 106	

INTRODUCTION 

Since their discovery in 1950’s, glucocorticoids (GCs) are the most widely prescribed 

medications worldwide because of their broad spectrum of anti-inflammatory and 

immunomodulatory activities1,2. Therapeutic GCs are prescribed to approximately 1.2% of US3 

and 0.85% of UK4 populations, and the estimated worldwide use of GCs to be more than $10 

billion per year5. GCs also remain the mainstay of treatment for a variety of ocular inflammatory 

diseases including uveitis6-8, macular degeneration9 and diabetic retinopathy10,11. They are also 

widely used to treat and prevent corneal transplant rejection12,13. The most common routes of GC 

administration in the treatment of these ocular disorders is topical ocular and/or intravitreal 

injections and implants1,14, although oral, systemic, and periocular injections (including 

subconjunctival, subtenon, retrobulbar, and peribulbar) routes of ocular delivery are also used15. 

Unfortunately, the therapeutic benefits of long term GC therapy are limited by serious local and 

systemic side effects. The serious ocular side effects of prolonged GC therapy include the 

development posterior subcapsular cataracts, significant GC-induced elevation in IOP and the 

development of GC-induced ocular hypertension (GC-OHT), and iatrogenic open-angle 

glaucoma.  

 

Over the past 50 years, there has been a suggested link between primary open angle glaucoma 

(POAG) and GC-induced glaucoma16-20. The development of GC-induced OHT depends on GC 

dose and duration of treatment, the method of administration, GC potency, as well as individual 

susceptibility to GCs17,19. Along with side effects of GC therapy, differences in individual ocular 

responsiveness to GCs (i.e. development of GC-OHT) is an important challenge in the 

therapeutic application of GCs; 90% of glaucoma patients are steroid responders compared to 
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40% of the general population16,17,19,21,22. In GC-induced OHT, GC affects the trabecular 

meshwork (TM), a small filter like tissue at the iris corneal junction that maintains normal 

intraocular pressure (IOP) by regulating aqueous humor outflow resistance. GCs alter TM 

cellular structure and functions, including increasing TM cell and nucleus size18, reorganizing the 

cytoskeleton (forming cross-linked actin networks (CLANs))23-27, inhibiting phagocytosis28, 

inhibiting cell proliferation and migration, altering cellular junctional complexes29, and 

increasing extracellular matrix deposition30-34. These biochemical and morphological changes in 

the TM affect TM stiffness and impair TM functions, causing increased aqueous humor outflow 

resistance and elevated IOP, clinically similar to what is observed in POAG patients. However, 

the exact molecular mechanisms responsible for steroid responsiveness and GC-induced OHT 

are not entirely clear. 

 

GC effects are mediated by the glucocorticoid receptor isoform alpha (GRα), a ligand activated 

transcription factor and a member of nuclear receptor superfamily. The GRα has three domains: 

an N-terminal transactivation domain (NTD), a central DNA-binding domain (DBD), and a C-

terminal ligand-binding domain (LBD)35. GR is encoded by the NR3C1 gene that consists of nine 

exons36,37. The GR protein coding region is formed by exons 2-9, whereas exon 1 encodes the 5’-

untranslated region. Exon 2 forms the N-terminal domain of GR, exons 3 to 4 constitute the 

central DBD, and exons 5 to 9 encode the hinge and LBD5. Heterogeneity in the GR results from 

alternative splicing of GR isoforms. GRα and GRβ are the two major splice variants resulting 

from alternative splicing at exon 9. Amino acid sequence analysis revealed that GRα and GRβ 

isoforms are identical from the amino terminus to amino acid 727 but diverge beyond this 

position, with GRα having an additional 50 amino acids and GRβ having an additional, non-
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homologous 15 amino acids38,39. Both GRα and GRβ are expressed in cultured human TM 

cells40-42. GRα is the classical GR isoform that is responsible for most of the physiological and 

pharmacological effects of GCs39,43. Due to differences in C-terminal domain, GRβ does not bind 

to GC ligands, resides primarily in nucleus, and does not activate GC responsive genes44,45. The 

GRβ isoform acts as a natural dominant negative inhibitor of GRα-induced transactivation of 

glucocorticoid-responsive genes38,43. GRβ antagonizes GRα activities by competition for GC 

response elements, by forming heterodimers with GRα inhibiting its transcriptional activities, 

and by interfering with coregulators to form transcriptional complex on target genes18,46.  

 

The relative expression levels of GRα and GRβ regulate GCs sensitivity and specificity in 

various cells and tissues. This is supported by reports showing increased expression of GRβ in 

GC-resistance diseases44,47. Previous work in our laboratory found that GRα to GRβ ratios 

regulate GC responsiveness in TM cells and that glaucomatous TM (GTM) cells express lower 

GRβ and therefore are more susceptible to GCs40,48. We have also shown that selective mRNA 

splicing modulators (spliceosome proteins and thailanstatins) that specifically increase 

alternative splicing of GRβ are protective and inhibit dexamethasone (DEX) induced changes in 

TM cells49,50. Overexpression of GRβ in TM cells also inhibit DEX induced suppression 

phagocytic activity28. This suggests the potential role of GRβ in regulating steroid 

responsiveness in the TM. Thus, manipulating GRα to GRβ expression ratios holds promise for 

desensitizing cells and tissues to deleterious GC effects. 

 

The goal of our study was to use viral vectors to selectively overexpress the hGRβ isoform in the 

TM of mouse eyes treated with GCs, to precisely dissect the role of alternatively spliced isoform 
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GRβ in regulating steroid responsiveness. We hypothesized that overexpression of GRβ in the 

TM will reduce DEX- induced ocular hypertension, reduce GC-mediated biochemical and 

morphological changes in TM, and lead to GC resistance in the TM upon GC treatment. We used 

an adenoviral expression vector serotype (Ad5) that selectively transduces the TM to overexpress 

hGRβ isoform51-55 using our newly developed mouse model of DEX- induced OHT56. This 

reproducible model is easy to run and captures many aspects of GC-induced OHT observed in 

humans including elevated IOP, reduction in the aqueous humor outflow facility, biochemical 

changes in TM, and reversibility of ocular hypertension after discontinuing GC treatment56. 

 

RESULTS 

GRβ overexpression in MTM cells inhibits DEX induced changes in vitro 

Adenoviral vectors carrying hGRβ (Ad5.hGRβ) and Ad5.null were transduced in cultured MTM 

cells at different multiplicity of infections (MOI) to check for transduction efficiency. We found 

that at MOIs 50 and 100, MTM cells were sufficiently overexpressing hGRβ as detected by 

western immunoblotting (Figure 1A). Next, MTM cells were transduced at MOI-50 followed by 

DEX treatment. DEX treatment increased fibronectin and collagen 1 expression in MTM cells, 

which was inhibited by GRβ overexpression (Figures 1B and 1C). 

 

GRβ overexpression inhibits DEX-Ac induced IOP elevation  

Mice were divided into following treatment groups: a) Vehicle, b) DEX-Ac, c) DEX-Ac + 

Ad5.hGRβ, and d) DEX-Ac + Ad5.null. Weekly periocular CF injections of DEX-Ac suspension 

to both eyes caused DEX-induced OHT with sustained and significantly elevated IOP. Nighttime 

IOP elevation was rapid and significantly higher in DEX-Ac-treated mice compared with 
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vehicle-treated mice starting from 3-days post-injection.  IOP differences between DEX-Ac and 

vehicle-treated mice in groups (a) and (b) were significantly higher throughout the study (Figure 

2, Table 1; P <0.001). The absolute increases in IOP in DEX-Ac (n=18) versus vehicle (n=10) 

treated mice averaged 6.9 ± 0.9 mmHg at day 7, 9.7 ± 0.8 mmHg at day 14, 10.25 ± 0.7 mmHg 

at day 25, 10.6 ± 1.2 mmHg at day 36, and 9.67 ± 0.7 mmHg at day 43 (Mean ± SEM). In the 

other DEX treatment groups, IOP elevation also was significant and sustained compared to 

vehicle treated mice. At day 18 adenoviral vectors were injected (Figure 2, Table 1).   

 

Adenoviral vectors carrying Ad5.hGRβ and Ad5.null were intravitreally injected in the DEX-Ac 

+ Ad5.hGRβ and DEX-Ac + Ad5.null groups, respectively, and IOP measurements continued to 

be recorded. In the DEX-Ac + Ad5.hGRβ treatment group, IOP was significantly reduced and 

returned to baseline IOP within one week as compared with DEX-Ac and DEX-Ac + Ad5.null 

treatment groups. The IOP remained at baseline throughout the study even though these mice 

continued to receive weekly DEX-Ac treatment. After GRβ overexpression, there was a 10-13 

mmHg decrease in IOP, thus totally inhibiting DEX-Ac induced OHT in mice (Figure 2, Table 1; 

P <0.001). The absolute decrease in IOP in DEX-Ac (n=18) versus DEX-Ac + Ad5.hGRβ 

(n=18) treated mice averaged 10.16 ± 0.6 mmHg at day 25, 11.1 ± 0.87 mmHg at day 28, 11.16 

± 0.8 mmHg at day 32, 12.73 ± 1.1 mmHg at day 36, 10.85 ± 1.2 mmHg at day 40, and 12.97 ± 

1.0 mmHg at day 43 (Mean ± SEM).  

 

Ad5.Null vectors alone did not alter IOP, while IOP elevation was significant and sustained with 

DEX-Ac + Ad5.null treatment throughout the study. In addition, there were significant 

differences in IOP between DEX-Ac + Ad5.hGRβ and DEX-Ac + Ad5.null (Figure 2, Table 1).  
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GRβ overexpression returns conventional outflow facility (C) to normal levels 

Conventional outflow facility (C) was measured in live mice after six weeks of treatment. C was 

significantly decreased in DEX-Ac mice compared to vehicle-treated mice. However, DEX-Ac + 

Ad5.hGRβ treatment restored the C to normal levels compared to DEX-Ac treated mice (Figure 

3). C was 12.29 ± 0.8 nL/min/mmHg in DEX-Ac treated mice (n=14) compared 23 ± 2.7 

nL/min/mmHg in DEX-Ac + Ad5.hGRβ and 23.62 ± 3.3 nL/min/mmHg in vehicle-treated mice 

(n=13). The mean increases in outflow facility corresponded well with the mean IOP decrease in 

DEX-Ac + Ad5.hGRβ treated mice according to the modified Goldman equation- IOP= [(Fin - 

Fu)/C] + Pe. In this equation, Fin represents aqueous humor production rate (uL/min), C 

represents trabecular outflow facility (uL/min/mmHg), Fu represents Uveoscleral outflow rate 

(uL/min), and Pe represents episcleral venous pressure (mmHg). 

 

Biochemical changes in TM after GRβ overexpression 

DEX treatment leads to many biochemical changes in the TM, including increased production of 

fibronectin31 and myocilin56. To assess whether treatment with Ad5.hGRβ will also inhibit these 

DEX-induced biochemical changes, we performed western immunoblot analysis for fibronectin 

and myocilin (MYOC) in anterior segment tissues from 6-week DEX-Ac, DEX-Ac + Ad5.hGRβ, 

DEX-Ac + Ad5.Null and vehicle-treated mice (Figure 4). Western blot analysis revealed 

increased fibronectin and MYOC expression in the TM of DEX-Ac and DEX-Ac + Ad5.Null 

treated mice compared to DEX-Ac + Ad5.hGRβ and vehicle-treated mice. DEX-Ac + Ad5.hGRβ 

reduced these biochemical changes in TM. (DEX-Ac n=3; DEX-Ac + Ad5.hGRβ n=3; DEX-Ac 

+ Ad5.Null n=3; vehicle n=2).  
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DISCUSSION 

The clinical management of GC-OHT in patients undergoing prolonged GC therapy requires 

monitoring and lowering IOP with glaucoma drugs and/or surgery17,19. In addition, if left 

untreated, GC-OHT progresses to secondary open angle glaucoma, causing glaucomatous optic 

neuropathy and permanent vision loss. Another important challenge in therapeutic application of 

GCs is heterogeneity in individual responsiveness to GC treatment16,21,22. A better understanding 

of the molecular mechanisms of steroid responsiveness and the etiology of GC-induced OHT and 

glaucoma will lead to better therapeutic options. The alternatively spliced isoform of the 

glucocorticoid receptor GRβ acts as dominant negative regulator of GC activity38,43-45. A GRβ 

gene therapy approach based our current molecular findings would offer new options for the 

management of GC-OHT and glaucoma. In our study, we show that overexpression of GRβ 

inhibits GC effects on MTM cells in vitro and GC-induced OHT in mouse eyes in vivo. Ad5 

mediated GRβ overexpression reduced the GC induction of fibronectin, collagen 1, and myocilin 

in TM of mouse eyes both in vitro and in vivo. GRβ also reversed DEX-Ac induced IOP 

elevation, which correlated with increased conventional aqueous humor outflow facility. Thus, 

GRβ overexpression reduces GC activity and makes cells more resistance to GC treatment 

(Figure 5B). These results are consistent with our previous studies showing that GRβ regulates 

GC responsiveness in human TM cells and that overexpressing GRβ inhibits GC-induced and 

glaucomatous damage in HTM cells28,40,48-50,57.  

 

Furthermore, animal models of GC induced OHT have been reported in many species in addition 

to man58. We selected mouse as the model for our study based on our previous work showing 

reproducible DEX- induced OHT, with no obvious systemic side effects56. The structural and 
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functional anatomy of the trabecular outflow pathway in the mouse is similar to humans, 

including a lamellar TM and canal of Schlemn. Mice, like humans, lack the washout effect that is 

observed in almost all other non-human eyes59. Using mice also allows smaller amounts of test 

compounds and adenoviral vectors for transduction of the TM51. Furthermore, the entire mouse 

genome is known and easily manipulated genetically, thus allowing future studies including 

evaluation of the role of the MYOC glaucoma gene on DEX-OHT56. Other mouse models of GC-

induced OHT60-63 have been reported, these require systemic GC exposure or alter aqueous 

outflow without IOP elevation. Therefore we used our recently developed novel model of DEX-

Ac induced OHT to evaluate the effect of GRβ overexpression because this model is easy to run, 

highly reproducible, and mimics many aspects of GC-induced OHT in humans56. With this 

model, we were able to achieve a DEX-mediated IOP elevation of 10-11 mmHg from baseline, 

and GRβ overexpression was able to reverse this DEX-OHT by decreasing IOP ~ 10-13 mmHg 

which remained at baseline despite continued DEX-Ac administration. These findings were well 

correlated with conventional outflow facility measured at the end of the experiment. DEX-Ac 

treatment significantly reduced outflow facility compared with vehicle treatment, which has also 

been reported in previous studies56,60-62. However, GRβ overexpression significantly increased 

the outflow facility, returning it to normal levels despite continued DEX-Ac treatment. 

Consistent with other previously reported studies24,31,33,60,62 that show DEX-induced biochemical 

changes in the TM, we found similar biochemical changes in TM of our mice treated with DEX-

Ac. The expression of fibronectin, collagen I, and myocilin increased in the TM of DEX-Ac 

treated mice compared to vehicle-treated mice. However, GRβ overexpression reduced the 

expression of these DEX induced proteins in the TM. Thus, our mouse model is important tool to 
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study the in vivo function of GRβ in the TM during GC-OHT, and we have shown that GRβ 

overexpression inhibits DEX-Ac induced OHT in mice. 

 

Adenoviral viral vectors (Ad5) were used in this study to selectively overexpress GRβ because 

they can infect dividing as well as terminally differentiated cells, and the CMV promoter drives 

rapid and high expression of the encoded transgene. In addition, we and others have used Ad5 

vectors in mice to selectively transduce the TM to study various glaucoma associated 

pathways51-55. Although Ad5 viral transduction of the gene of interest causes mild ocular 

inflammation51,52, we incorporated Ad5.Null as a relevant control treatment group. Moreover, 

Ad5 vectors are still widely used to establish proof of principle in ocular hypertension and 

glaucoma studies.   

  

The mechanisms by which GRβ functions as a dominant negative regulator of GC 

responsiveness is depicted in Figure 5. GRβ antagonizes GRα by competing with GC-responsive 

elements (GREs) on GC regulated genes. It also can form heterodimers with GRα bound to 

GREs, which inhibits transcription of downstream genes18,46. Thus, when we overexpress GRβ in 

TM of mouse eyes, GRβ inhibits GC-OHT in mice by one of these mechanisms. Interestingly, 

the GRβ isoform also is present in mice64, rat65 and zebrafish66 in addition to man. This 

alternative splicing to generate the GRβ isoform differs between species. In humans, this 

alternative splicing involves exons 9α and 9β, while in other species the splice site occurs within 

the intron separating exon 8 and 9. However, the GRβ isoforms between species is similar in 

structure and function to the human GRβ isoform. Studies on resistance to GC therapy have 

reported elevated GRβ levels in several acute and chronic inflammatory diseases as well as 
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depressive disorders44,47. Conversely, our lab has reported that TM cell strains from POAG 

patients have lower GRβ expression compared to TM cells derived from normal eyes, thereby 

making GTM cells more responsiveness to GC treatment40,48. This indicates that a lower GRβ to 

GRα ratio may contribute to greater sensitivity to GCs exhibited by POAG patients and a greater 

prevalence of GC-OHT in POAG compared to normals. Thus, it is possible to manipulate GRα 

to GRβ expression ratios in cells and tissues to desensitize them to GC effects. In our study, we 

used gene therapy to selectively overexpress GRβ in the TM so that GRβ will inhibit GRα 

transcriptional activities (Figure 5B), which prevented GC-induced biochemical, morphological, 

and physiological (OHT) changes in TM.  

 

In summary, our current work provides the first evidence of the in vivo physiological role of 

GRβ in regulating GC-OHT and GC-mediated gene expression in the TM. GRβ overexpression 

inhibits GC-OHT in mice by reducing elevated IOP, increasing C and reducing GC-mediated 

biochemical changes in the TM.  

 

MATERIALS AND METHODS 

Animals 

2-3 month old and retired breeder male and female C57BL/6J mice were obtained from the 

Jackson Laboratory (Bar Harbor, ME). 2-3 month old mice were used for mouse trabecular 

meshwork (MTM) cell isolation and culture. Retired breeder mice- 6 to 8 months old were used 

for all in vivo experiments. All mouse studies and care were performed in compliance with the 

ARVO Statement of the Use of Animals in Ophthalmic and Vision Research and the University 

of North Texas Health Science Center Institutional Animal Care and Use Committee regulations. 
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All experimental protocols were approved by University of North Texas Health Science Center 

Institutional Animal Care and Use Committee regulations. Mice were housed under controlled 

conditions of temperature (21 to 26 o C), humidity (40% to 70%) and a 12 hr light/12 dark cycle. 

Food and water were provided ad libitum. The number of animals used in each experiment is 

indicated in the corresponding figure legends and results section. 

 

Dexamethasone acetate formulation and periocular conjunctival fornix injection  

Dexamethasone acetate (DEX-Ac) 10mg/ml and vehicle suspension were formulated as 

previously described56. To develop DEX-Ac induced OHT in mice, DEX-Ac was periocularly 

injected bilaterally using our previously described procedure56. Prior to and during injections, 

mice were anesthetized with isoflurane (2.5%) containing oxygen (0.8 L/min). For topical 

anesthesia, both eyes received 1 to 2 drops of 0.5 % proparacaine HCl (Akorn Inc., Lake Forest, 

IL). The lower eyelid was retracted, and the 32-gauge needle with a Hamilton glass microsyringe 

(25µL volume) (Hamilton Company, Reno, NV) was inserted through the conjunctival fornix 

(CF). DEX-Ac or vehicle suspension (20µL) was injected immediately into the CF over the 

course of 10 to15 seconds. The needle was then withdrawn. The procedure was performed on 

both eyes of each animal (each animal receiving either DEX-Ac OU or vehicle OU). Mice were 

treated with DEX-Ac or vehicle once per week until the end of the study.  

 

Adenoviral vectors injection 

Adenoviral vectors (Ad5) expressing human GRβ (Ad5.h GRβ) (University of Iowa, Iowa City, 

IA, USA) were used to overexpress GRβ in the TM of mouse eyes. Adenovirus null 

vector (Ad5.null) (University of Iowa, Iowa City, IA, USA) was used as a negative control. All 
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adenoviral vectors were intravitreally injected into both mouse eyes using previously described 

procedure56 [3 × 107 plaque-forming units (pfu)]. Prior to and during injections, mice were 

anesthetized with isoflurane (2.5%) containing oxygen (0.8 L/min). For topical anesthesia, both 

eyes received 1 to 2 drops of 0.5 % proparacaine HCl (Akorn Inc., Lake Forest, IL). The eyes 

were proptosed and a 33-gauge needle attached to a glass microsyringe (10µL volume) 

(Hamilton Company, Reno, NV) was inserted through the equatorial sclera and inserted into the 

vitreous chamber at an angle of ~450 taking care to avoid touching the posterior part of the lens 

or the retina.  Ad5.hGRβ or Ad5.null (2 µL) was injected into the vitreous over the course of 1 

minute. The needle was then left in place for a further 30 seconds (to facilitate mixing), before 

being rapidly withdrawn. 

 

IOP Measurements 

For this study, isoflurane anesthetized IOPs were measured at night. For nighttime IOP 

measurement, mice were first kept in dark at 4 PM on day of IOP measurement, and at 10 PM, 

anesthetized IOPs were measured twice a week in both eyes using TonoLab rebound tonometer. 

The entire procedure was performed in a darkroom using dim red light.   

 

Aqueous Humor Outflow facility (C) Measurements 

Aqueous Humor Outflow facility (C) was measured using our constant flow infusion technique 

in live mice as previously described59,67. Mice were anesthetized using a 100/10 mg/kg 

ketamine/xylazine cocktail. A quarter to half of this dose was administered for maintenance of 

anesthesia as necessary. One to two drops of proparacaine HCl (0.5%) (Akorn Inc., Lake Forest, 

IL) were applied topically to both eyes for corneal anesthesia.  The anterior chambers of both 
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eyes were cannulated using a 30-gauge needle inserted through the cornea 1 to 2 mm anterior to 

the limbus and pushed across the anterior chamber to a point in the chamber angle opposite to 

the point of cannulation, taking care not to touch the iris, anterior lens capsule epithelium, or 

corneal endothelium.  Each cannulating needle was connected to a previously calibrated 

(sphygmomanometer; Diagnostix 700, Hauppage, NY) flow-through BLPR-2 pressure 

transducer (World Precision Instruments (WPI), Sarasota, FL) for continuous determination of 

pressure within the perfusion system.  A drop of phosphate buffered saline (PBS) was also 

administered to each eye to prevent corneal drying.  The opposing ends of the pressure 

transducer are connected via further tubing to a 50µL syringe loaded into a microdialysis 

infusion pump (SP101I Syringe Pump; WPI).  The tubing, transducer, and syringe were all filled 

with sterile PBS solution (filtered through a 0.2 µm HT Tuffryn Membrane Acrodisc Syringe 

Filter, PALL Gelman Laboratory, Port Washington, NY).  Signals from each pressure transducer 

were passed via a TBM4M Bridge Amplifier (WPI) and a Lab-Trax Analog-to-Digital Converter 

(WPI) to a computer for display on a virtual chart recorder (LabScribe2 software, WPI).  Eyes 

were initially infused at a flow rate of 0.1 µL/min. When pressures stabilized within 10 to 30 

minutes, pressure measurements were recorded over a 10 minute-period, and then flow rates 

were increased sequentially to 0.2, 0.3, 0.4, and 0.5 µL/min.  Three stabilized pressures at 5-

minute intervals at each flow rate were recorded.  C in each eye of each animal was calculated as 

the reciprocal of the slope of a plot of mean stabilized pressure as ordinate against flow rate as 

abscissa. 
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MTM Cell Culture 

MTM were isolated from 2-3 month old C57BL/6J mice, and characterized using previously 

developed methodology68. MTM cells were cultured and maintained in Dulbecco's modified 

Eagle's medium (DMEM) (Invitrogen-Gibco Life Technologies, Grand Island, NY, USA) 

supplemented with 10% fetal bovine serum (FBS; Atlas Biologicals, Fort Collins, CO, USA), 

penicillin (100 units/mL), streptomycin (0.1 mg/mL), and L-glutamine (0.292 mg/mL) (Thermo 

Fisher Scientific, Rockford, IL, USA). 

 

In vitro transduction of MTM cells using adenoviral vectors and DEX treatment 

MTM cells were transduced with adenoviral vectors carrying hGRβ or null vector (Ad5.h GRβ, 

Ad5.null) at different multiplicity of infections (MOI- 10,50,100) for 48 hours to check for 

transduction efficiency. We selected MOI-50 based on transduction efficiency to transduce 

MTM cells for 48 hours prior to treatment with or without DEX (100nM) for another 48 hours. 

MTM cells were divided into following groups: a) Control- no treatment, b) Vehicle control 

(0.1% Ethanol) treatment, c) DEX (100nM) treatment, d) Ad5.null vector treatment, and e) 

Ad5.hGRβ + DEX treatment. 

 

Immunocytochemistry 

Cells were cultured on glass coverslips in 24-well plates. At the end of the experiment, cells were 

fixed in 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) and kept at 40C for 

30 minutes. After PBS washing, cells were incubated with 0.5% Triton X-100 (Fisher Scientific, 

Pittsburgh, PA) in PBS at room temperature for 30 minutes, and then blocked with PBS 

Superblock (Thermo Scientific, Rockford, IL). Cells were then immunolabelled with primary 
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antibodies: rabbit polyclonal fibronectin antibody (1:200, EMD Millipore, Billerica, MA, USA; 

catalog # AB1945) or rabbit polyclonal collagen I antibody (1:200, Novus Biologicals, catalog # 

NB600-408) and incubated at 40C overnight. Cells incubated without primary antibody served as 

a negative control. Following the incubation, cells were washed three times with PBS and further 

incubated for 1.5 hours at room temperature with the secondary antibodies (Alexa goat anti-

rabbit 488; 1:500; Thermo Scientific, Rockford, IL). After PBS washing, glass coverslips with 

cells were then mounted on ProLong gold anti-fade reagent with DAPI (Invitrogen-Molecular 

Probes, Carlsbad, CA, USA). All images were taken with a Nikon Eclipse Ti-U microscope with 

Nuance imaging system. All antibodies used in this study were validated and characterized 

previously56,69. 

 

Western blot analysis 

Mouse anterior segments were carefully dissected from enucleated eyes and lyzed in Lysis buffer 

(T-PER, Thermo Scientific, Rockford, IL) containing Halt protease inhibitor cooktail (1:100; 

Thermo Scientific, Rockford, IL). The protein samples were run on denaturing 12% 

polyacrylamide gels and transferred onto PVDF membranes. Blots were blocked with Odyssey 

blocking buffer (TBS) (LiCor Inc., Lincoln, NE) for two hours and then incubated overnight 

with specific primary antibodies at 4 0C on a rotating shaker. The membranes were washed thrice 

with 1X TBST and incubated with corresponding near infrared fluorescent secondary antibody 

for 1.5 hours. For MYOC staining an HRP-conjugated secondary antibody was used. The 

proteins were then visualized using Odyssey infrared imaging system (LiCor Inc., Lincoln, NE). 

For MYOC detection, ECL detection reagents (SuperSignal West Femto Maximum Sensitivity 

Substrate; Pierce Biotechnology) were used. The primary antibodies used were: fibronectin 



	 121	

antibody (1:1000, Abcam, catalog # ab2413), goat polyclonal myocilin (N-15) antibody (1:250, 

Santa Cruz Biotechnology, catalog # sc-21243), mouse anti-actin antibody (1:5000, EMD 

Millipore, Billerica, MA, USA; catalog # MAB1501). The secondary antibodies used were: 

IRDye 800CW Goat anti-Rabbit (1:10,000, LiCor Inc., Lincoln, NE, catalog # 926-32211), 

HRP- Donkey anti-Goat (1: 5000, Santa Cruz Biotechnology, catalog # sc-3851), and IRDye 

680LT Goat anti-Mouse (1:10,000, LiCor Inc., Lincoln, NE, catalog # 926-68020). All 

antibodies used in this study were validated and characterized previously56,69. 

 

Statistics 

Statistical analyses were performed using GraphPad Prism Version 7.0 (GraphPad Software, La 

Jolla, CA). Unpaired student’s t-test (2-tailed) was used to compare data between two groups. 

One-way ANOVA followed by Dunnett’s, or Tukey’s post-hoc analysis tests was used to 

calculate statistical significance for comparison among three or more groups. A p<0.05 was 

considered statistically significant. 
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FIGURES 
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Figure 1: Inhibition of DEX induced Fibronectin (FN) and Collagen 1 (Col1) expression by 

hGRβ overexpression in cultured MTM cells. (A) Transduction of MTM cells with Ad5 vectors 

carrying null or hGRβ at different MOIs was detected by hGRβ western immunoblot. hGRβ 

overexpression was detected at MOIs 50 and 100. DEX treatment of MTM cells increased FN 

(B) and Col1 (C) expression, whereas transduction of MTM cells with Ad5.hGRβ inhibited 

DEX-induced FN and Col1 expression as shown by immunocytochemistry. Control (CTRL), 

Ethanol (ETOH) and Ad5.Null treatments served as controls for these experiments. Green color 

represents FN staining (in figure 1B) and Col1 staining (in figure 1C). Blue color represents 

DAPI staining showing cell nuclei. Actin served as loading control in Figure 1A. 20x (figure 1C) 

and 40x (figure 1B) magnifications. Representative data for 3 experimental triplicates. Scale bar: 

50 µm. 
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Figure 2: Inhibition of DEX-Ac induced OHT in mice after Ad5.hGRβ overexpression. Weekly 

periocular CF injections of DEX-Ac in both eyes significantly elevated IOP in mice. Nighttime 

IOP measurements were performed between different treatment groups of mice- DEX-Ac 

(n=18), Vehicle (n=10), DEX-Ac + Ad5.hGRβ (n=18) and DEX-Ac + Ad5.null (n=12). GRβ 

transduction of the TM at day 18 after DEX-Ac induced IOP elevation significantly lowered IOP 

within 7 days to baseline IOPs and remained at baseline throughout the end of the study, thus 

reversing GC-OHT in mouse eyes. Data are presented as means ± SEM. ####P < 0.0001 (DEX-Ac 

versus Ad5.hGRβ), ++++P < 0.0001 (DEX-Ac+Ad5.hGRβ versus DEX-Ac+Ad5.null), and ****P 

< 0.0001 (DEX-Ac versus vehicle and vehicle versus DEX-Ac, DEX-Ac+Ad5.hGRβ, DEX-

Ac+Ad5.null until day 18), One-way ANOVA.  
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Figure 3: Comparison of conventional outflow facility (C) between DEX-Ac, vehicle, and DEX-

Ac + Ad5.hGRβ-treated mice. After 6 weeks of treatment, DEX-Ac (n=14) significantly 

decreased the C compared to vehicle (n=13) treated mice. GRβ transduction (DEX-Ac + 

Ad5.hGRβ; n=13) returned the outflow facility to normal levels compared to DEX-Ac treated 

mice. Data are presented as means ± SEM. *P<0.05, **P<0.01. One-Way ANOVA 
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Figure 4: DEX-Ac + Ad5.hGRβ treatment decreased expression of fibronectin (FN) and 

myocilin (MYOC) in the anterior segment of the mouse eyes. Representative western blot image 

of fibronectin (FN) and myocilin (MYOC) in the anterior segment tissue lysates of DEX-Ac, 

vehicle, DEX-Ac + Ad5.hGRβ, and DEX-Ac + Ad5.Null treated mice. DEX-Ac and DEX-Ac + 

Ad5.Null treatment increased FN and MYOC expression, which returned to normal control 

levels in DEX-Ac + Ad5.hGRβ treated mice. Actin served as loading control. Representative 

data from following anterior segments per group: DEX-Ac n=3; DEX-Ac + Ad5.hGRβ n=3; 

DEX-Ac + Ad5.Null n=3; vehicle n=2.  
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Figure 5: Mechanism of action of GRβ. (A) The classical pharmacological and physiological 

actions of GCs are mediated by the GR isoform GRα. In the absence of ligand (i.e GCs), GRα 

predominantly resides in the cytoplasm of cells as part of a large multiprotein complex that 

includes chaperone proteins (hsp90, hsp70, and p23) and immunophilins (FKBP51 and 

FKBP52), maintaining the high-affinity ligand binding GR confirmation. Upon binding ligand, 

GRα undergoes a conformational change, resulting in the dissociation of the multiprotein 

complex (Steps 1, 2, and 3). Structural reorganization of the GRα protein exposes nuclear 

localization signals, and the ligand-bound GRα is rapidly translocated by microtubule motor 

proteins along the microtubules into the nucleus through nuclear pores (Steps 4 and 5). Once 

inside the nucleus, GRα forms homodimers that bind directly to GREs and stimulate target gene 

expression (a). The GRβ isoform acts as a natural dominant negative inhibitor of GRα-induced 

transactivation of glucocorticoid-responsive genes. GRβ antagonizes GRα activities by forming 

heterodimers with GRα inhibiting its transcriptional activities (b), and by competition for GC 

response elements (c). (B) GRβ overexpression in the cell leads to GRα inhibition and make cells 

more resistance to GCs.  
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TABLES 

Table 1: Comparison of IOPs between different treatment groups 

Comparison Days 
IOP differences 
between Means 
(mmHg) ± SEM 

P-value (As indicated 
by 1-Way ANOVA 

followed by Dunnett 
posthoc test) 

Significance 
signs in 
Figure 2 

Vehicle v/s DEX-
Ac 

0 0.08 ± 0.0.5 P > 0.05  
3 5.2 ± 0.9 P<0.001 **** 
7 6.9 ± 0.9 P<0.001 **** 
11 8.4 ± 0.7 P<0.001 **** 
14 9.7 ± 0.8 P<0.001 **** 
18 8.9 ± 0.9 P<0.001 **** 
25 10.25 ± 0.7 P<0.001 **** 
28 9.4 ± 0.9 P<0.001 **** 
32 10.54 ± 0.9 P<0.001 **** 
36 10.6 ± 1.2 P<0.001 **** 
40 10.74 ± 0.9 P<0.001 **** 
43 9.67 ± 0.7 P<0.001 **** 

Vehicle v/s DEX-
Ac + Ad5.hGRβ 

    
0 0.7 ± 0.4 P > 0.05  
3 4.3 ± 0.8 P<0.001 **** 
7 6.4 ± 0.9 P<0.001 **** 
11 8.6 ± 0.6 P<0.001 **** 
14 8.5 ± 1.08 P<0.001 **** 
18 9 ± 1.0 P<0.001 **** 
    

Vehicle v/s DEX-
Ac + Ad5.Null 

    
0 0.8 ± 0.5 P > 0.05  
3 5.1 ± 0.7 P<0.001 **** 
7 6.7 ± 1.0 P<0.001 **** 
11 8.8 ± 0.7 P<0.001 **** 
14 11.15 ± 0.7 P<0.001 **** 
18 7.5 ± 1.0 P<0.001 **** 
    

After Adenoviral injections at Day -18 
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DEX-Ac v/s DEX-
Ac + Ad5.hGRβ 

25 10.16 ± 0.6 P<0.001 #### 
28 11.1 ± 0.87 P<0.001 #### 
32 11.16 ± 0.8 P<0.001 #### 
36 12.73 ± 1.1 P<0.001 #### 
40 10.85 ± 1.2 P<0.001 #### 
43 12.97 ± 1.0 P<0.001 #### 
    

DEX-Ac v/s DEX-
Ac + Ad5.Null 

    
25 2.4 ± 0.7 P < 0.05  
28 1.6 ± 1.0 P > 0.05  
32 2.2 ± 0.9 P < 0.05  
36 2.5 ± 1.2 P > 0.05  
40 3.0 ± 1.8 P > 0.05  
    

DEX-Ac + 
Ad5.Null v/s  DEX-

Ac + Ad5.hGRβ 

    
25 7.6 ± 0.8 P<0.001 ++++ 
28 9.4 ± 1.0 P<0.001 ++++ 
32 8.9 ± 0.8 P<0.001 ++++ 
36 10.22 ± 1.1 P<0.001 ++++ 
40 7.7 ± 2.0 P<0.001 ++++ 
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ABSTRACT 

Glucocorticoid (GC)-induced ocular hypertension (OHT) is a serious side-effect of prolonged 

GC therapy that can lead to iatrogenic glaucoma and permanent vision loss. GCs acts through the 

glucocorticoid receptor (GR), and GR can regulate transcription both through transactivation and 

transrepression mechanisms. Many assume that anti-inflammatory properties of GCs are 

mediated by GR transrepression, while GR transactivation largely accounts for GC-treatment 

side effects. However, there is no evidence showing which of the two mechanisms play role in 

GC induced OHT. In our study, we use GRdim transgenic mice (which have active transrepression 

and impaired transactivation) to determine the GR functions that regulate GC-OHT. We show 

that GRdim mice did not develop GC-OHT with no change in IOP or conventional outflow facility 

upon periocular DEX-Ac treatment. Compared with wild type C57BL/6J mice, GRdim mice did 

not exhibit biochemical and morphological changes observed in the TM of GC-OHT eyes. Both 

TM tissue in eyes of DEX-treated GRdim mice and cultured TM cells isolated from GRdim mice 

had reduced or no change in the expression of fibronectin, myocilin, collagen type I, and α-SMA.  

GRdim MTM cells also had a reduction in DEX-induced cross-linked actin networks (CLANs) 

formation which was clearly seen in WT MTM cells. In conclusion, our current work provides 

the first evidence of the role of GR transactivation in regulating GC-mediated gene expression in 

cultured mouse TM cells and in the development of GC-OHT in mice. 
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INTRODUCTION 

Natural glucocorticoids (GCs) (cortisol in humans and corticosterone in rodents) has received 

increased attention since their discovery in early 1950’s as a class of steroid hormones released 

in response to stress and GCs regulate plethora of functions including carbohydrate, lipid and 

protein metabolism, development, homeostasis, cognition and inflammation(1). Exogenous GCs 

(such as dexamethasone, prednisolone, etc.) are the most widely prescribed medications 

worldwide because of their broad spectrum of anti-inflammatory and immunomodulatory 

activities(2, 3). Therapeutic GCs are prescribed to approximately 1.2% of US(4) and 0.85% of 

UK(5) populations, and the estimated worldwide use of GCs is more than $10 billion per year(1). 

GCs remain the mainstay of treatment for clinical management of inflammatory eye diseases 

including uveitis(6-8), macular degeneration(9) , optic neuritis, conjunctivitis, and diabetic 

retinopathy(10, 11). They are also widely used to treat and prevent corneal transplant 

rejection(12, 13). Unfortunately, long term use of GCs as therapeutics are limited by serious 

local and systemic side effects. Higher GC dosages and long-term GC therapy has many ocular 

side effects including the development posterior subcapsular cataracts, significant GC-induced 

elevation in IOP and the development of GC-induced ocular hypertension (GC-OHT), and 

iatrogenic open-angle glaucoma. 

 

Early studies have shown an important relationship between GCs and primary open angle 

glaucoma (POAG).  Levels of cortisol are reported to be elevated in the plasma and aqueous 

humor of POAG patients(14-18) and altered cortisol metabolism has been reported in TM cells 

obtained from POAG patients (19, 20). There is a varying degree of individual responsiveness to 

GC therapy; 90% of glaucoma patients are steroid responders compared to 40% of the general 



	 144	

population(21-25). Patients responsive to GCs (“steroid responders”) develop ocular 

hypertension with open gonioscopic angles and increased outflow resistance in the trabecular 

meshwork outflow pathway, similar to that seen in POAG. If elevated IOP persists, it can lead to 

progressive optic nerve damage, optic disc cupping and glaucomatous visual field defects. 

Although GC-induced OHT is drug-induced secondary glaucoma, it shares many similar features 

to POAG. GC-induced OHT like POAG, causes defects in the outflow pathway such as physical 

and mechanical changes in microstructure of TM, leading to increased outflow resistance and 

elevated IOP(26, 27). These biochemical and morphological changes that alter TM cellular 

structure and function, includes increased TM cell and nucleus size(28), cytoskeleton 

reorganization (forming cross-linked actin networks (CLANs))(29-33), inhibition of 

phagocytosis(34), inhibition of cell proliferation and migration, alteration in cellular junctional 

complexes(27), and increased extracellular matrix deposition(35-39). All these changes further 

alter TM stiffness and impair TM functions, clinically similar to what is observed in POAG 

patients. Thus, understanding molecular mechanisms of GC action and glucocorticoid receptor 

(GR) signaling will help us design GCs with a better benefit-risk ratio, and more effective and 

safer treatment for patients.  

 

The main actions of GCs are mediated by the glucocorticoid receptor (GR), which is a ligand 

activated transcription factor belonging to the nuclear receptor superfamily(40-42). GR is 

encoded by the NR3C1 gene and is expressed in nearly all cells where it directly up- and 

downregulates thousands of genes distinct to each cell type, governing various key tissue and 

organismal processes. The GR is composed of three functional domains: an N-terminal 

transactivation domain (NTD), a central zinc finger DNA-binding domain (DBD), and a C-
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terminal ligand-binding domain (LBD)(40). Embedded within these domains are regions that 

confer regulatory activity. The transcription activation function domain (AF1) in the NTB helps 

activate target genes in ligand dependent fashion. The two zinc finger motifs in the DBD helps in 

DNA binding to glucocorticoid response elements (GREs), nuclear localization and GR 

dimerization. The second transactivation domain (AF2) in the CTB helps ligand-induced 

activation of GR. The two nuclear localization signals (NLS) located in DBD-hinge and LBD 

regions help in nuclear localization of activated GR. In the absence of ligand (i.e GCs), GR 

predominantly resides in the cytoplasm as part of a large multiprotein complex that includes 

chaperone proteins (hsp90, hsp70, and p23)(43) and immunophilins (FKBP51 and FKBP52), 

maintaining the high-affinity ligand binding GR confirmation(44). Upon ligand binding, GR 

sheds its cytoplasmic chaperoning complex and translocates to the nucleus, where it acts as a 

ligand-dependent transcription factor, transactivating or transrepressing specific gene promoters. 

During transactivation (TA), the ligand activated GR homodimerizes and acts as a transcription 

factor by binding to specific DNA sequences on genes carrying GREs to alter gene expression. 

In constrast, in transrepression (TR), activated GR monomers bind to other transcription factors 

(e.g. AP-1, NF-κB) independently of direct DNA contact to block them from activating 

expression of genes that these transcription factors regulate(1, 28). It has been assumed that the 

undesirable side effects of GC therapy require GR transactivation activities, while the anti-

inflammatory activities are due to transrepression mechanisms(45-47). These two different GR 

mechanisms have been a driving force for discovery of novel selective glucocorticoid receptor 

agonists (SEGRAs) or modulators (SEGRMs).  SEGRAs are the compounds that promote 

transrepression but do not mediate transactivation(45). Based on these observations, clinical 

enthusiasm for the development and use of SEGRAs has grown in recent years as SEGRAs show 
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the anti-inflammatory activities of GCs but will inhibit undesired side effects including inhibition 

of pro-inflammatory TFs(48, 49). In recent years, SEGRAs have been investigated for treating 

eye diseases. CpdA and ZK-216346 were among the first developed and widely used SEGRAs, 

which favored GR transrepression and failed to induce GR transactivation of reporter genes(50-

54). Mapracorat (previously ZK-245186, and subsequently BOL-303242-X) and ZK209614 have 

shown anti-inflammatory efficacy in suppressing inflammation and allergic-conjunctivitis in 

rabbit models of dry eye and paracentesis-induced inflammation. They showed both anti-allergic 

and anti-inflammatory effects without unwanted IOP elevation (i.e. development of GC-OHT). 

While evaluating myocilin expression in cultured monkey TM cells by BOL-303242-X 

compared with DEX and prednisolone acetate(55), investigators found that BOL-303242-X 

resulted reduced myocilin expression (at both mRNA and protein levels) compared with DEX or 

prednisolone acetate.  These results suggest that reduced GR transactivation may limit effects on 

the conventional outflow pathway. Stamer and colleagues evaluated the effect of GW870086X 

on cultured human TM cells and showed that this SEGRA induced fibronectin production 

(although less compared to DEX and prednisolone acetate) but did not induce myocilin (similar 

to BOL-303242 study(55)) or affect hydraulic conductivity(56). This compound was not entirely 

devoid of transactivation activity with respect to gene expression regulation. Thus, TM cells 

exhibited variable responses to these different SEGRAs compared to traditional GCs. Moreover, 

which of GR mechanisms (transactivation and/or transrepression) regulating GC-induced OHT is 

also currently unknown. This lack of understanding of precise GR mechanisms responsible for 

pathophysiology of GC-induced OHT further hinders development of better benefit: risk ratio 

GCs, which is a current and ongoing challenge. 
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In order to study these two GR mechanisms separately, Reichert and colleagues(57) successfully 

developed GRdim transgenic mice carrying the point mutation A458T in the GR-DBD. GR 

transactivation requires binding of receptor homodimers to specific GREs. The D loop of the 

second zinc finger in DBD of GR is crucial for GR dimerization (i.e. formation of GR 

homodimers) and GR binding to its GREs in target genes (58-60). However, introducing a point 

mutation in the GR DNA binding domain (for example in D loop, A458T, replacing alanine with 

threonine) changes GR protein structure and thereby the impairs ability of GR to form dimers 

and bind to specific GREs impairing and inhibiting GR transactivation. Interestingly, in GRdim 

mice GRE-dependent gene transcription diminished, while the transrepression function (cross-

talk with AP-1 and NF-κB) of GR still remains intact(57, 61-63). Following development of 

GRdim transgenic mice, these mice became an important research tool to dissect different GR 

functions. GRdim mice remain viable and appeared normal(57) after birth. 

 

In our current study, we propose to utilize GRdim mice to better understand mechanisms 

responsible for GC-induced OHT and steroid responsiveness. This will help dissect mechanisms 

responsible for GC-induced OHT. We will test the hypothesis that GR transactivation mediates 

the GC induced biochemical and morphological changes in the TM and contributes to GC-

induced OHT. We will use our newly developed mouse model of DEX- induced OHT(64) to 

compare DEX-induced responses between GRdim mice and wild-type (WT) mice. This 

reproducible model is easy to run and captures many aspects of GC-induced OHT observed in 

humans including elevated IOP, reduction in the aqueous humor outflow facility, and 

biochemical changes in TM(64). 
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MATERIALS AND METHODS 

Animals  

GRdim transgenic mice (on C57BL/6 background) were acquired from Prof. Dr. Günther Schütz 

at Helmholtz Zentrum München, Germany. Animals were bred and our colony was maintained at 

University of North Texas Health Science Center. Six to eight months old male and female 

GRdim and wild-type (WT) mice were used for all the experiments. All mouse studies and care 

were performed in compliance with the ARVO Statement of the Use of Animals in Ophthalmic 

and Vision Research and the University of North Texas Health Science Center Institutional 

Animal Care and Use Committee regulations. All experimental protocols were approved by 

University of North Texas Health Science Center Institutional Animal Care and Use Committee 

regulations. Mice were housed under controlled conditions of temperature (21 to 26 o C), 

humidity (40% to 70%) and a 12 hr light/12 dark cycle. Food and water were provided ad 

libitum. The number of animals used in each experiment is indicated in the corresponding figure 

legends and results section.  

 

Genotyping of GRdim mice 

All the animals were genotyped before use in experiments as previously described(57). 

Genotyping was performed on DNA isolated (Nucleospin tissue kit, catalog #740952.250) from 

ear punches using specific PCR primers designed to recognize the point mutation on Exon 4 of 

the mouse GR. PCR reactions were carried out for 35 cycles (940C, 1 min; 580C, 1 min; 720C, 1 

min) in Taq PCR Master Mix Kit (Qiagen, catalog #201443). The 0.24kb PCR amplicon was 

digested with endonuclease BsrGI (Bsp1407I, Thermo Fisher Scientific, Inc., catalog # ER0932) 

at 370C for 16 hrs and the products electrophoresed on 2% agarose gels. The GRdim allele will 



	 149	

generate a 0.12kb fragment due to the introduction of a new restriction site by the point mutation. 

The following primers were used for genotyping, forward primer (5’- 

GTGTCTTGATGATAGTCTGCTC -3’) and reverse primer (5’- 

CCATTACCTTCCAGGTTCATTC -3’). 

 

Dexamethasone acetate formulation and periocular conjunctival fornix injection  

Dexamethasone acetate (DEX-Ac) 10mg/ml and vehicle suspension were formulated as 

previously described(64). To develop DEX-Ac induced OHT in mice, the DEX-Ac suspension 

was periocularly injected bilaterally using our previously described procedure(64). Prior to and 

during injections, mice were anesthetized with isoflurane (2.5%) containing oxygen (0.8 L/min). 

For topical anesthesia, both eyes received 1 to 2 drops of 0.5 % proparacaine HCl (Akorn Inc., 

Lake Forest, IL). The lower eyelid was retracted, and the 32-gauge needle with a Hamilton glass 

microsyringe (25µL volume) (Hamilton Company, Reno, NV) was inserted through the 

conjunctival fornix (CF). DEX-Ac suspension or vehicle (20µL) was injected immediately into 

the CF over the course of 10 to15 seconds. The needle was then withdrawn. The procedure was 

performed on both eyes of each animal. Mice were treated with DEX-Ac or vehicle once per 

week until the end of the study.  

 

IOP Measurements 

For this study, isoflurane anesthetized IOPs were measured at night. For nighttime IOP 

measurement, mice were first kept in dark at 4 PM on day of IOP measurement, and at 10 PM, 

anesthetized IOPs were measured twice a week in both eyes using a TonoLab rebound 

tonometer. The entire procedure was performed in a darkroom using dim red light.   
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Aqueous Humor Outflow facility (C) Measurements 

Aqueous Humor Outflow facility (C) was measured using our constant flow infusion technique 

in live mice as previously described(65, 66). Mice were anesthetized using a 100/10 mg/kg 

ketamine/xylazine cocktail. A quarter to half of this dose was administered for maintenance of 

anesthesia as necessary. One to two drops of proparacaine HCl (0.5%) (Akorn Inc., Lake Forest, 

IL) were applied topically to both eyes for corneal anesthesia.  The anterior chambers of both 

eyes were cannulated using a 30-gauge needle inserted through the cornea 1 to 2 mm anterior to 

the limbus and pushed across the anterior chamber to a point in the chamber angle opposite to 

the point of cannulation, taking care not to touch the iris, anterior lens capsule epithelium, or 

corneal endothelium.  Each cannulating needle was connected to a previously calibrated 

(sphygmomanometer; Diagnostix 700, Hauppage, NY) flow-through BLPR-2 pressure 

transducer (World Precision Instruments (WPI), Sarasota, FL) for continuous determination of 

pressure within the perfusion system.  A drop of phosphate buffered saline (PBS) was also 

administered to each eye to prevent corneal drying.  The opposing ends of the pressure 

transducer were connected via further tubing to a 50µL syringe loaded into a microdialysis 

infusion pump (SP101I Syringe Pump; WPI).  The tubing, transducer, and syringe were all filled 

with sterile PBS solution (filtered through a 0.2 µm HT Tuffryn Membrane Acrodisc Syringe 

Filter, PALL Gelman Laboratory, Port Washington, NY).  Signals from each pressure transducer 

were passed via a TBM4M Bridge Amplifier (WPI) and a Lab-Trax Analog-to-Digital Converter 

(WPI) to a computer for display on a virtual chart recorder (LabScribe2 software, WPI).  Eyes 

were initially infused at a flow rate of 0.1 µL/min. When pressures stabilized within 10 to 30 

minutes, pressure measurements were recorded over a 10 minute-period, and then flow rates 

were increased sequentially to 0.2, 0.3, 0.4, and 0.5 µL/min.  Three stabilized pressures at 5-
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minute intervals at each flow rate were recorded.  C in each eye of each animal was calculated as 

the reciprocal of the slope of a plot of mean stabilized pressure as ordinate against flow rate as 

abscissa. 

 

Intracameral injection of magnetic beads 

For intracameral injection, a 33-gauge needle with a glass microsyringe (10µL volume) 

(Hamilton Company, Reno, NV) was used. Prior to and during injection, mice were anesthetized 

with isoflurane (2.5%) containing oxygen (0.8 L/min). For topical anesthesia, both eyes received 

1 to 2 drops of 0.5 % proparacaine HCl (Akorn Inc., Lake Forest, IL). The eye was proptosed 

and the needle was inserted through the cornea just above limbal region and inserted into the 

anterior chamber at an angle parallel to cornea taking care to avoid touching the iris, anterior lens 

capsule epithelium, or corneal endothelium. Up to 2µL 1% (wt/vol) sterile magnetic polystyrene 

smooth surface beads (2.0–2.9 µm in diameter; Spherotech, Inc., Lake Forest, IL) were injected 

slowly (over 30 seconds).  The needle was then withdrawn. The procedure was performed on 

both eyes of each animal. 

  

Mouse TM (MTM) Cell Culture and DEX treatment 

MTM cells were isolated from 2-3 month old GRdim and WT mice, and characterized using 

previously developed methodology(67). MTM cells were cultured and maintained in Dulbecco's 

modified Eagle's medium-high glucose (DMEM) (Invitrogen-Gibco Life Technologies, Grand 

Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Atlas Biologicals, Fort 

Collins, CO, USA), penicillin (100 units/mL), streptomycin (0.1 mg/mL), and L-glutamine 

(0.292 mg/mL) (Thermo Fisher Scientific, Rockford, IL, USA). MTM cells from GRdim and WT 
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mice were cultured on 6-well plates until confluent and then treated with vehicle control (0.1% 

Ethanol) or dexamethasone (DEX) (100nM) for another 72 hrs. 

 

Immunocytochemistry 

Cells were cultured on glass coverslips in 24-well plates. At the end of the experiment, cells were 

fixed in 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) and kept at 40C for 

30 minutes. After PBS washing, cells were incubated with 0.5% Triton X-100 (Fisher Scientific, 

Pittsburgh, PA) in PBS at room temperature for 15 minutes, and then blocked with PBS 

Superblock (Thermo Scientific, Rockford, IL). Cells were then immunolabelled with primary 

antibodies: rabbit polyclonal fibronectin antibody (1:200, EMD Millipore, Billerica, MA, USA; 

catalog # AB1945) or rabbit polyclonal collagen I antibody (1:200, Novus Biologicals, catalog # 

NB600-408) and incubated at 40C overnight. Cells incubated without primary antibody served as 

a negative control. Following the incubation, cells were washed three times with PBS and further 

incubated for 1.5 hours at room temperature with the secondary antibodies (Alexa goat anti-

rabbit 488; 1:500; Thermo Scientific, Rockford, IL). After PBS washing, glass coverslips with 

cells were then mounted on ProLong gold anti-fade reagent with DAPI (Invitrogen-Molecular 

Probes, Carlsbad, CA, USA). All images were taken with a Keyence all-in-one fluorescence 

microscope (Itasca, IL). All antibodies used in this study were validated and characterized 

previously(64, 68). 

 

Detection and evaluation of CLANs 

MTM Cells from GRdim and WT mice were cultured on glass coverslips in 24-well plates until 

confluent. Once confluent, they were treated with vehicle control (0.1% Ethanol) or DEX 
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(100nM) for a week. At the end of the experiment, cells were processed as described in 

“Immunocytochemistry” until the blocking step. F-actin was stained with Phalloidin conjugated 

with Alexa-488 (1:300; Life Technologies, Eugene, OR, USA) at 40C overnight. After PBS 

washes, coverslips were mounted on ProLong gold anti-fade reagent with DAPI (Invitrogen-

Molecular Probes, Carlsbad, CA, USA). CLANs were visualized using Nikon Eclipse Ti-U 

microscope with a Nuance imaging system. CLANs were defined as F-actin containing 

cytoskeletal structures with at least one triangular actin arrangement consisting of actin spokes 

and at least three identifiable hubs(69). Each coverslip was assessed at 9 locations with 

approximately 80 to 170 cells evaluated per coverslip. 2-3 coverslips were evaluated per 

treatment group. CLAN- positive cells (CPCs) were defined as any cell containing at least one 

CLAN or multiple CLANs and was calculated as percent CPCs by dividing the number of CPCs 

by the number of DAPI-positive cells.  

  

Immunohistochemistry 

Eyes from DEX-Ac and vehicle-treated mice were enucleated and fixed overnight in freshly 

prepared 4% paraformaldehyde (PFA) in PBS. Afterwards, eyes were washed three times with 

PBS, dehydrated with ethanol, and embedded in paraffin. Samples were sectioned at 5 µm. For 

immunostaining, tissue sections were deparaffinized in xylene and rehydrated twice each with 

100%, 95%, 70%, and 50% ethanol for 5 minutes. Tissue sections were blocked (10% Goat 

serum + 0.2% Triton-X 100) for 2 hrs in a dark and humid chamber. Tissue sections were then 

washed briefly with PBS and immunolabeled with either mouse monoclonal fibronectin antibody 

(1:200, Santa Cruz Biotechnology, catalog # sc18825), rabbit polyclonal collagen I antibody 

(1:200, Novus Biologicals, catalog # NB600-408), or rabbit polyclonal α-smooth muscle actin 
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antibody (1:100, Abcam, catalog # ab5694 and incubated overnight at 4 0C. Tissue sections 

incubated without primary antibody served as a negative control. Following the incubation, 

tissue sections were washed three times with PBS and further incubated for 1.5 hrs at room 

temperature with the appropriate secondary antibodies (Alexa Goat anti-rabbit 488/568 or Alexa 

Goat anti-mouse 488; 1:500; Thermo Fisher Scientific, Inc.). Tissue sections were washed with 

PBS and then mounted on ProLong gold anti-fade reagent with DAPI (Invitrogen-Molecular 

Probes, Carlsbad, CA, USA).  Images were captured by Keyence all-in-one fluorescence 

microscope (Itasca, IL). All antibodies used in this study were validated and characterized 

previously(64, 68). 

 

Western blot analysis 

After DEX treatment, whole cell lysates were collected from GRdim and WT MTM cells using 

Lysis buffer (M-PER, Thermo Scientific, Rockford, IL) containing Halt protease inhibitor 

cooktail (1:100; Thermo Scientific, Rockford, IL). After protein estimation using the DC protein 

assay kit (Bio-Rad, Hercules, CA, USA), 32 ug total protein was used for SDS- PAGE. The 

protein samples were run on denaturing 12% polyacrylamide gels and transferred onto PVDF 

membranes. Blots were blocked with Odyssey blocking buffer (TBS) (LiCor Inc., Lincoln, NE) 

for two hours and then incubated overnight with specific primary antibodies at 4 0C on a rotating 

shaker. The membranes were washed thrice with 1X TBST and incubated with corresponding 

near infrared fluorescent secondary antibody for 1.5 hours. For MYOC staining an HRP-

conjugated secondary antibody was used. The proteins were then visualized using Odyssey 

infrared imaging system (LiCor Inc., Lincoln, NE). For MYOC detection, ECL detection 

reagents (SuperSignal West Femto Maximum Sensitivity Substrate; Pierce Biotechnology) were 
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used. The primary antibodies used were: fibronectin antibody (1:1000, EMD Millipore, catalog # 

ab1945), goat polyclonal myocilin (N-15) antibody (1:250, Santa Cruz Biotechnology, catalog # 

sc-21243), mouse anti-actin antibody (1:5000, EMD Millipore, Billerica, MA, USA; catalog # 

MAB1501). The secondary antibodies used were: IRDye 800CW Goat anti-Rabbit (1:10,000, 

LiCor Inc., Lincoln, NE, catalog # 926-32211), HRP- Donkey anti-Goat (1: 5000, Santa Cruz 

Biotechnology, catalog # sc-3851), and IRDye 680LT Goat anti-Mouse (1:10,000, LiCor Inc., 

Lincoln, NE, catalog # 926-68020). All antibodies used in this study were validated and 

characterized previously(64, 68). 

 

Statistics 

Statistical analyses were performed using GraphPad Prism Version 7.0 (GraphPad Software, La 

Jolla, CA). Unpaired student’s t-test (2-tailed) was used to compare data between two groups. A 

p<0.05 was considered statistically significant. 

 

RESULTS 

Characterization of GRdim and WT MTM cells  

TM cells are actively phagocytic in vitro and in vivo to clear debris and pigment granules in 

aqueous humor(70-73). We took advantage of this activity of TM cells to isolate the MTM cells 

from GRdim and WT mice. We injected magnetic beads into the anterior chamber as described 

previously(67). The beads will be phagocytized by MTM cells and then MTM cells with 

engulfed magnetic beads were separated from non-TM cells by applying a magnetic field. Once 

in culture, a number of criteria were used to characterize these as TM cells including the 

expression of Col IV, laminin, α-smooth muscle actin (α-SMA) (Figure 1A and 1B), as well as 
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DEX-induced formation of CLANs(Figure 3)(67). We also confirmed the genotypes of MTM 

cells isolated from GRdim and WT mice (Figure 1C). 

 

Biochemical changes in GRdim MTM cells upon DEX treatment 

DEX treatment leads to many biochemical changes in the TM cells including increased 

production of fibronectin(36), collagens(38) and myocilin(74). In order to compare these DEX-

induced biochemical changes between GRdim and WT MTM cells, we performed western 

immunoblot analysis for fibronectin (FN) and myocilin (MYOC) (Figure 2A) and 

immunofluorescence for fibronectin (Figure 2B) and collagen I (Figure 2C) on MTM cells 

treated with vehicle (0.1% ethanol) and DEX (100nM). Western blot analysis revealed decreased 

expression of fibronectin (FN) and myocilin (MYOC) in GRdim MTM cells compared to WT 

MTM cells upon DEX treatment. Consistent with the western blot analysis, immunostaining 

showed decreased production of fibronectin and collagen I upon DEX treatment in GRdim MTM 

cells compared to WT MTM cells. This suggests that biochemical changes occurring in WT 

MTM cells in response to DEX treatment requires active GR transactivation. However, in GRdim 

mutants this function is impaired resulting in reduced/no effect of DEX in GRdim MTM cells. 

 

DEX-induced CLANs formation in GRdim MTM cells 

GCs reorganize the actin cytoskeleton in confluent TM cells by forming cross-linked actin 

networks (CLANs) (30, 32, 75, 76), which are three dimensional, geodesic dome-like structures 

and/or ‘tangles’ of actin filaments. These morphological changes increase TM stiffness and 

impair TM functions such as phagocytosis (34), contractility,  and proliferation adversely 

affecting the aqueous outflow pathway. To assess whether treatment with DEX will also induced 
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CLANs formation in GRdim MTM cells we compared CLANs formation with WT MTM cells. 

After one week of DEX treatment, the percentage of CPCs increased significantly by 5.7-fold in 

WT MTM cells compared to a 1.8-fold increase in GRdim MTM cells. The absolute increase in 

percent CPCs in DEX treated WT MTM cells (n=3) was 38.49 ± 1.9 %CPCs compared to 6.75 ± 

0.7 %CPCs in ethanol (n=2) treated WT MTM cells. Reduced CLANs formation was observed 

in GRdim MTM cells. The absolute increase in percent CPCs in DEX treated GRdim MTM cells 

(n=3) was 15.53 ± 1.12 %CPCs compared to 8.68 ± 0.9 %CPCs in ethanol (n=2) treated GRdim 

MTM cells (Mean ± SEM). This suggests that GRdim mutants require fully functional GR 

transactivation domain in order for similar DEX-induced CLANs formation observed in the WT 

MTM cells.  

 

Effect of DEX-Ac treatment on IOP in GRdim mice 

We have previously shown that weekly periocular CF injections of DEX-Ac suspension to both 

eyes of mice causes DEX-induced OHT with sustained and significantly elevated IOP in 

C57BL/6 mice(64). DEX-Ac elevates IOP within one week of treatment compared to vehicle-

treated mice, and IOP elevation is sustained throughout the course of treatment. Since it has not 

yet been determined whether DEX leads to IOP elevation in GRdim mice, we injected DEX-Ac 

and compared IOP elevation in both WT and GRdim mice. The baseline IOPs for both WT and 

GRdim were the same, and DEX-Ac induced IOP elevation was rapid in WT mice compared to 

vehicle-treated mice starting from one-week of treatment (Figure 4A). However, DEX-Ac 

treatment did not elevate IOP in GRdim mice starting from one-week, and IOPs remained at 

baseline throughout the study (i.e. after five weeks of DEX-Ac treatment) even though these 

mice continued to receive weekly DEX-Ac treatment (Figure 4B). In WT mice, the absolute 
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increase in IOP in DEX-Ac (n=15) versus vehicle (n=12) treated mice averaged 7.48 ± 0.7 

mmHg at day 7, 9.76 ± 0.8 mmHg at day 14, 9.1 ± 0.8 mmHg at day 21, 10.67 ± 1 mmHg at day 

35, and 10.27 ± 0.9 mmHg at day 39 (Mean ± SEM; P <0.0001). However, in GRdim mice, the 

absolute increase in IOP in DEX-Ac (n=12) versus vehicle (n=8) treated mice was not significant 

and averaged 1.12 ± 0.9 mmHg at day 7, 1.73 ± 1.2 mmHg at day 14, 0.45 ± 0.8 mmHg at day 

22, 1.49 ± 1 mmHg at day 29, and 2.2 ± 1.5 mmHg at day 36 (Mean ± SEM). These results 

suggest that DEX-Ac induced IOP elevation requires fully functional GR transactivation, which 

was impaired in GRdim mice.   

 

Effect of DEX-Ac treatment on conventional outflow facility in GRdim mice 

Conventional outflow facility (C) was measured in live GRdim and WT mice after five weeks of 

DEX-Ac treatment. C was calculated according to the modified Goldman equation- IOP= [(Fin - 

Fu)/C] + Pe. In this equation, Fin represents aqueous humor production rate (uL/min), C 

represents trabecular outflow facility (uL/min/mmHg), Fu represents uveoscleral outflow rate 

(uL/min), and Pe represents episcleral venous pressure (mmHg). We have previously shown that 

DEX-Ac treatment significantly reduces C in mice compared to vehicle-treated mice(64). Similar 

results were observed in WT mice, C was significantly reduced in DEX-Ac mice compared to 

vehicle-treated mice (Figure 5A). However, in GRdim mice, C remained unaffected in DEX-Ac 

mice compared to vehicle-treated mice. In WT mice, C was 10.12 ± 0.9 nL/min/mmHg in DEX-

Ac treated mice (n=8) compared 22.80 ± 3.2 nL/min/mmHg in vehicle-treated mice (P =0.0007; 

n=5). In constrast, C remained unchanged in GRdim mice and C was 18.70 ± 2.5 nL/min/mmHg 

in DEX-Ac treated mice (n=8) compared 18.00 ± 2.7 nL/min/mmHg in vehicle-treated mice 

(n=7). No change in outflow facility corresponded well with the no change in IOP in GRdim mice 
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upon DEX-Ac treatment. These results further confirm that DEX-Ac induced reduction in 

outflow facility requires fully functional GR transactivation, which was impaired in GRdim mice.   

 

Immunohistological changes in the TM of WT and GRdim mice after DEX-Ac treatment  

DEX treatment leads to many biochemical changes in the TM including increased production of 

fibronectin(36), collagens(38), and actin(30). We have previously shown that these biochemical 

changes occur in our mouse model of DEX-Ac induced OHT upon DEX-Ac treatment(64). To 

assess whether treatment with DEX-Ac will also induce these biochemical changes in GRdim 

mice, we performed immunohistochemical analysis for fibronectin, collagen I, and α-SMA in 

anterior segment tissues from 5-week DEX-Ac and vehicle-treated mice (Figure 6). We also 

compared them with WT DEX-Ac and vehicle treated mice. In WT mice, immunohistochemical 

analysis revealed increased fibronectin, collagen I, and α-SMA expression in the TM of DEX-Ac 

treated mice compared to vehicle-treated mice (DEX-Ac n=6; vehicle n=4) (Figures 6A and 6B). 

However, in GRdim mice, the expression of fibronectin, collagen I, and α-SMA remained 

unchanged in the TM of DEX-Ac treated mice compared to vehicle-treated mice (DEX-Ac n=4; 

vehicle n=2) (Figures 6C and 6D). These results are consistent with in vitro biochemical changes 

observed in MTM cells, suggesting that biochemical changes occurring in the TM in response to 

DEX treatment requires active GR transactivation. However, in GRdim mutants this function is 

impaired, resulting in reduced or no effect of DEX in the TM of GRdim mice.  
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DISCUSSION 

Higher GC doses and prolonged GC therapy cause a plethora of deleterious side effects including 

effects on eyes. Certain patients receiving prolonged GC therapy develop GC-OHT with open 

gonioscopic angles and increased resistance in the trabecular meshwork outflow pathway, similar 

to that seen in POAG. Currently, clinical management of GC-OHT in patients requires 

monitoring and lowering IOP with glaucoma drugs and/or surgery(21, 22). This elevated IOP, if 

persists and left untreated, can lead to progressive optic nerve damage, optic disc cupping and 

glaucomatous visual field defects. However, the molecular mechanisms responsible for GC-

induced OHT are not entirely clear. The main physiological and pharmacological action of GCs 

are through the GR, a ligand activated transcription factor. Biological changes after binding of 

GCs to the GR are mediated via TA or TR. It is assumed that the undesirable side effects of GC 

therapy require DNA binding mediated TA of GR, while the anti-inflammatory activities are due 

to TR in absence of GR DNA binding(45-47). However, we do not know which of these GR 

mechanisms regulate GC-OHT, so we need better understanding of molecular mechanisms of 

GC action and glucocorticoid receptor (GR) signaling in the pathophysiology of GC-OHT. So, 

we can design GCs agonists with a better benefit-risk ratio, and more effective and safer 

treatment for patients. In our study, we used GRdim mice, which allow us to determine which of 

these GR mechanisms are responsible for GC-induced OHT. We show that in GRdim mice, there 

is reduced or no effects of GCs on MTM cells in vitro and GC-induced OHT in mouse eyes in 

vivo. There were no biochemical and morphological change observed in GRdim MTM cells upon 

GC treatment, as shown by no DEX-induced expression of fibronectin, myocilin, and collagen I, 

and a very modest induction in GC-induced CLANs formation. Furthermore, GRdim mice did not 

develop GC-induced OHT or decreased conventional aqueous humor outflow facility upon 
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DEX-Ac treatment. GRdim mice did not exhibit immunohistological changes observed in the TM 

of GC-induced OHT eyes, including no apparent changes in the expression of fibronectin, 

collagen type I, and α-SMA in the TM region. These results suggest that GC-induced changes 

occurring in TM (including development of GC-OHT) require active GR transactivation. 

Therefore, these functions in GRdim mutants are impaired resulting in reduced or no effect of GCs 

in the TM of GRdim mice.  

 

We did not use full GR-/GR- knockout mice in studying GR mechanisms regulating GC-OHT 

because they develop anomalies and die shortly after birth, demonstrating that both TA and TR 

functions of GR are essential for survival(77). In contrast, GRdim mice remain viable and 

appeared normal after birth(57). GRdim mice has become an important research tool to dissect 

different GR functions because the point mutation A458T in the GR-DBD impairs GR 

dimerization. Therefore, altering the DNA binding domain will separate TA from TR activities 

because (78) TA requires DNA binding of receptor homodimers to specific GREs to activate 

transcription of genes. Although, Presman and others have questioned the exact molecular 

characteristics of the GRdim mutation (79, 80), this mouse line has become important tool to 

study the mode of GC actions in different diseases. Presman and colleagues used eGFP-tagged 

GRs and a new “number and brightness” microscopy technique to show that A458T mutation 

was not sufficient in preventing homodimerization. However, Beck et al (60) mentioned various 

concerns when interpreting results from GR mutant-based experiments. They suggested that in 

cell lines expressing varying levels (low to high) of endogenous GR, transient transfection with 

GR constructs to overexpress excessive and non-physiological levels of GR, possibly causing 

artefactual results. This could be one of the reason Presman and colleagues did not see sufficient 
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effects of the A458T mutation. In addition, Beck also mentioned that to study a GR mutant, it is 

best to express the GR mutant of interest into a genome placed under the of endogenous 

promotor in an in vivo system. Thus, we have used GRdim transgenic mice to study role of GR 

functions in regulating GC-OHT.  

 

Interestingly, many of the immunosuppressive and anti-inflammatory properties of GCs are 

mediated by GR-TR mechanisms in absence of DNA binding, while GR-TA largely accounts for 

GC-treatment side effects(81, 82). Considerable efforts are being made to improve benefit-risk 

ratio of GCs by designing compounds classified as SEGRAs or SEGRMs, that promote TR but 

do not mediate TA(45). However, some side effects such as GC-induced osteoporosis are 

mediated by both TA and TR, so SEGRAs do not eliminate all undesirable GC side effects. In 

addition, some of the GC mediated immunosuppressive activities also involve both GR mediated 

TA and TR pathways(45). Our studies using GRdim mice will serve as a genetic model for a 

novel class of potential selective GR modulators (47, 83) and also will tease out mechanisms by 

which GR mediates its desirable and undesirable effects on the TM. Several studies evaluating 

effects of SEGRAs on cultured monkey(55) and human TM cells(56) reported variable responses 

to gene expression (i.e. myocilin and fibronectin) compared to conventional GCs. It appeared 

that SEGRAs did not induce myocilin and fibronectin expression compared to GCs. These 

studies suggest that reduced GR-TA may limit effects on the conventional outflow pathway and 

on IOP. Our studies with GRdim mice (which have active TR and impaired TA) show that 

blocking GR-TA inhibits GC-OHT both in vitro and in vivo in the TM compared to WT mice 

(which has both TA and TP active). WT mice developed GC-OHT similar to what we have 

previously described(64).  
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In summary, our current work provides the first evidence of the role of GR transactivation in 

regulating GC-mediated gene expression in the TM and GC-OHT in mice. Upon GC treatment, 

GRdim mice did not develop elevated IOP, a reduction in the conventional outflow facility, or 

GC-mediated biochemical and morphological changes in the TM.  
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FIGURES 
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Figure 1: Characterization of MTM cells from GRdim and WT mice. (A, B) Bright field image 

showing MTM cells in culture after 5 days of isolation (top left column). Inset picture is 

magnified image showing MTM cells with engulfed magnetic beads. The expression of Coll IV 

(green) (bottom left column), α-SMA (green) (top right column), and laminin (green) (bottom 

right column) in MTM cells from GRdim and WT mice is shown by immunocytochemistry. (C) 

Genotypes of MTM cells from GRdim and WT mice. The WT MTM cells show 0.24kb amplicon 

compared to GRdim MTM cells showing only a 0.12kb fragment due to the introduction of a new 

restriction site by the point mutation. Black arrows indicate MTM cells with magnetic beads. 

Blue color represents DAPI staining showing cell nuclei. 20x magnification. Representative data 

for 3 experimental triplicates (A and B). Scale bar: 50 µm. 
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Figure 2A 
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2C 

 

 

Figure 2: Inhibition of DEX-induced biochemical changes in GRdim MTM cells. (A) 

Representative western blot image of fibronectin and myocilin from GRdim and WT MTM cells. 

DEX treatment did not induce expression of fibronectin (FN) and MYOC in GRdim MTM cells 

(right panel) compared to DEX induction in WT MTM cells (left panel). C represents control, E1 

and E2 represents ethanol treatment, and D1, D2, D3 represents DEX treatment (B, C) 

Immunostaining showing little FN (green) and Collagen I (green) induction upon DEX treatment 

in GRdim MTM cells while there was clear induction in WT MTM cells. Blue color represents 

DAPI staining showing cell nuclei. 20x (Figure 2B) and 40x (Figure 2C) magnification. Actin 

served as loading control in Figure 2A. Representative data for 3 experimental triplicates. Scale 

bar: 50 µm. 
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Figure 3A        3B 

  

 

Figure 3: Formation of DEX-induced CLANs in GRdim MTM cells. (A) Representative image of 

a multiple CLANs in WT MTM cells. CLANs were defined as F-actin containing cytoskeletal 

structures with at least one triangulated actin arrangement consisting of actin spokes and at least 

three identifiable hubs. Arrows point to CLANs. 60x magnification. Inset picture is DAPI 

merged image. (B) Percentage of CLAN- positive cells (CPCs) were calculated by dividing the 

number of CPCs by the number of DAPI-positive cells. CLAN formation was reduced in GRdim 

MTM cells compared with WT MTM cells upon DEX treatment.  
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Figure  

4A       4B 

  

 

Figure 4: Inhibition of DEX-Ac induced OHT in GRdim mice. (A) In WT mice, weekly 

periocular CF injections of DEX-Ac in both eyes significantly elevated IOP. Nighttime IOP 

measurements of DEX-Ac (n=15) versus vehicle (n=12) treated mice show significant IOP 

elevation from 4 to 39 days; **** P <0.0001. (B) In GRdim mice, weekly periocular CF injections 

of DEX-Ac in both eyes did not elevate IOP. Nighttime IOP measurements of DEX-Ac (n=12) 

versus vehicle (n=8) treated GRdim mice show no effect IOP elevation from 4 to 36 days. 

Unpaired student’s t-test. Data are presented as Mean ± SEM. 
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Figure 

5A       5B 

  

 

Figure 5: Comparison of conventional outflow facility (C) between DEX-Ac and vehicle-treated 

GRdim mice. (A) In WT mice, after five weeks of DEX-Ac treatment, C was significantly reduced 

in DEX-Ac (n=8) treated mice compared to vehicle (n=5) treated mice; P =0.0007. (B) In GRdim 

mice, C remained unaffected in DEX-Ac (n=8) treated mice compared to vehicle (n=7) treated 

mice. Unpaired student’s t-test. Data are presented as Mean ± SEM. 
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Figure 

6A 
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6C 
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Figure 6: DEX-Ac treatment does not alter expression of fibronectin, collagen I, and α-smooth 

muscle actin in the trabecular meshwork (TM) of GRdim mouse eyes. (A, B) 

Immunohistochemical analysis showing increased fibronectin (green), collagen I (green), and α-

SMA (red) (DEX-Ac n=6; vehicle n=4) expression in the TM of DEX-Ac treated mice compared 

to vehicle-treated WT mice. (C, D) The expression of these proteins remains unchanged in the 

TM of DEX-Ac treated GRdim mice compared to vehicle-treated GRdim mice (DEX-Ac n=4; 

vehicle n=2). DAPI staining (blue) counterstains cell nuclei. Bright field image showing 

structural orientation of TM with respect to other ocular structures. White and red rectangular 

box shows TM. Scale bar: 50 µm. 
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CHAPTER V 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Glucocorticoid (GC)-induced ocular hypertension (OHT) is a serious side effect in patients 

receiving of prolonged GC therapy. GC-induced IOP elevation, if left untreated, progresses to 

secondary open angle glaucoma, involving glaucomatous optic neuropathy and permanent vision 

loss. Currently, clinical management of GC-OHT in patients requires monitoring and lowering 

IOP with glaucoma drugs and/or surgery1, 2. However, the molecular mechanisms responsible for 

GC-induced OHT are not entirely clear. An appropriate mouse model can help us understand 

precise molecular mechanisms and etiology of GC-induced OHT. In our first investigation, we 

therefore developed a novel, simple and reproducible mouse model of GC-induced OHT. Our 

mouse model of DEX-induced OHT mimics many aspects of GC-induced OHT observed in 

humans, including IOP elevation, reduced conventional aqueous humor outflow facility, and 

biochemical changes in TM. We show that nighttime IOP was higher in ocular hypertensive eyes 

compared to daytime IOPs. Using periocular conjunctival fornix (CF) injections of DEX-Ac, we 

did not find any obvious signs of systemic toxicity associated with DEX. IOP started returning to 

baseline when DEX-Ac treatment was stopped, suggesting that this model mimics many features 

of GC-OHT in human eyes including the reversibility of ocular hypertension after 

discontinuation of GC therapy. GC-induced myocilin expression in the trabecular meshwork 

(TM) was suggested to play an important role in GC-induced OHT. Using this new mouse 

model, we conclusively demonstrated that the absence of myocilin does not prevent GC-induced 

OHT (Figure 1).   
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The alternatively spliced isoform of the glucocorticoid receptor GRβ acts as dominant negative 

regulator of GC activity3-6. Based on our second investigation, a GRβ gene therapy approach 

would offer new options for the management of GC-OHT and glaucoma. Our work provides the 

first evidence of the in vivo physiological role of GRβ in regulating GC-OHT and GC-mediated 

gene expression in the TM. We show that overexpression of GRβ inhibits GC effects on MTM 

cells in vitro and GC-induced OHT in mouse eyes in vivo. Ad5 mediated GRβ overexpression 

reduced the GC induction of fibronectin, collagen 1, and myocilin in TM of mouse eyes both in 

vitro and in vivo. GRβ also reversed DEX-Ac induced IOP elevation, which correlated with 

increased conventional aqueous humor outflow facility. Thus, GRβ overexpression reduces GC 

activity and makes cells more resistance to GC treatment (Figure 1). 

 

The main physiological and pharmacological action of GCs are through the glucocorticoid 

receptor (GR), a ligand activated transcription factor. Biological changes after binding of GCs to 

the GR are mediated via transactivation (TA) or transrepression (TR). It is assumed that the 

undesirable side effects of GC therapy require DNA binding mediated TA of the GR, while the 

anti-inflammatory activities are due to the TR in absence of GR DNA binding7-9. However, to 

date there have been no reports showing which of the two mechanisms play role in GC induced 

OHT. In our third investigation, we use GRdim transgenic mice, (which have active 

transrepression and impaired transactivation), to study role of GR functions in regulating GC-

OHT. Our current work provides the first evidence of the role of GR transactivation in regulating 

GC-mediated gene expression in cultured mouse TM cells and in the development of GC-OHT 

in mice. We show that GRdim mice did not develop GC-OHT and have no change in the 

conventional aqueous humor outflow facility upon DEX-Ac treatment. GRdim mice did not 
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exhibit in vitro and in vivo biochemical and morphological changes observed in the TM of GC-

OHT eyes including reduced or no change in the expression of fibronectin, myocilin, collagen 

type I, and α-SMA.  GRdim MTM cells also had a reduction in DEX-induced cross-linked actin 

networks (CLANs) formation which was clearly seen in WT MTM cells (Figure 1). 

 

 

Figure 1: Summary of findings   
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These studies have significantly advanced our knowledge of GC-OHT and will be useful in 

designing novel therapeutic approaches for GC-induced ocular hypertension and glaucoma. It 

also provides tools to study pathogenesis GC-OHT by developing a novel, simple and 

reproducible mouse model of GC-induced OHT. However, there still are some unanswered 

questions related to our current work and limited technology that should be addressed in the 

future with growing knowledge and modern technologies. The following are suggested future 

studies: 

 

Based on our first investigation to develop a mouse model of GC-OHT  

1. We can further use this easy to run mouse model to examine many aspects of human GC-

induced OHT and secondary glaucoma, including glaucomatous neurodegeneration and optic 

neuropathy (characterized by death of retinal ganglion cells and the loss of optic nerve axons). 

We can design experiments to treat mice with DEX-Ac for longer times (15-20 weeks) to 

determine whether there are deficits in the pattern electroretinogram and retinal flat mounts to 

quantify the progressive loss of RGCs in this model.  

 

2. Mouse genetics and new genome editing tools will allow identification of the factors and 

pathways involved in the development of GC-OHT in this new model. We can also further 

identify molecular signaling pathway leading from ocular hypertension to RGC degeneration 

using this mouse model. 
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3. We have preliminary data showing that mouse strains differ in their ability to develop DEX-

induced OHT. We can take advantage of these strains responses to perform quantitative trait 

locus (QTL) analysis to map and identify the genes responsible for GC-OHT. 

 

Based on our second investigation of providing evidence of the in vivo physiological role of GRβ 

in regulating GC-OHT and GC-mediated gene expression in the TM. 

1. We can further evaluate the role of GRβ in regulating IOP in ex vivo human anterior eye 

segment perfusion organ culture model (POC) using adenoviral viral vectors (Ad5) that 

selectively overexpress GRβ in the TM region. 

 

2. Previous work in our laboratory have shown that selective mRNA splicing modulators 

(spliceosome proteins and thailanstatins) that specifically increase alternative splicing of GRβ 

are protective and inhibit dexamethasone (DEX) induced changes in TM. We can test these 

agents in vivo in our mouse model of GC-OHT.   

 

3. In our current study, we used Ad5 vectors to selectively overexpress GRβ in the TM region 

and it lowered GC-OHT in mice. We used Ad5 vectors because they are still widely used to 

establish proof of principle in ocular hypertension and glaucoma studies.  However, their 

sometimes short length of expression and immune response make them unsuitable for gene 

therapy based eye treatments. Alternatively, we can design our expression cassette using adeno-

associated vectors (AAV), which are widely used because of their long-term expression, low 

immunogenicity, and success in clinical trials. We can design the expression cassette with a GRE 
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promotor before GRβ sequence. In this way, GRβ will be activated only upon GC treatment. 

Thus, it will provide long-term, regulated gene therapy treatment for GC-OHT.    

 

Based on our third investigation providing first evidence of the role of GR transactivation in 

regulating GC-mediated gene expression in the TM and GC-OHT in mice. 

1. Future studies will aid in the development of ocular anti-inflammatory SEGRAs (selective 

glucocorticoid receptor agonists) that do not elevate IOP. The studies using GRdim mice will 

serve as a genetic model for a novel class of potential selective GR modulators by identifying 

mechanisms by which GR mediates its effects on target genes and cellular pathways, in 

particular those pathways associated with the therapeutically undesirable effects of GR 

activation.  

 

2. Studies using GRdim mice will also be helpful to identify role of GRβ in regulating the two of 

major GR mechanisms (either transactivation or transrepression).  Moreover, there are many 

different transcriptional and translational isoforms of GR with varying ratios of GR isoforms in 

different cell types, so the final effects of SEGRAs may also differ in different ocular cell types. 

Whether SEGRAs can modulate levels of GR isoforms is also not yet known. GRdim mice will 

again be helpful in identifying some of the effects in the TM upon GC treatment, which will 

further advance our understanding of the mechanisms of GC-OHT. 

 

3. A number of pathogenic pathways have been proposed that damage the TM in POAG eyes, 

including the GC-GR activation pathway, TGFβ2, and Wnt signaling pathways. There are 

reports of different pathogenic signaling pathways having a cross-talk with the GC pathway, but 



	 191	

we still do not have conclusive evidence. We can utilize GRdim mice to study the cross-talk 

between the GC pathway and others. We will be able to identify whether GR transactivation or 

transrepression mediates cross-talk with other pathogenic pathways involved in OHT.  

 

Although GC-OHT and glaucoma have been clinically recognized for more than 60 years, we are 

just now dissecting the molecular mechanisms responsible for this important and major side 

effect of prolonged GC therapy. We also have identified several approaches for future therapies 

to treat this iatrogenic form of glaucoma. 
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