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expression of constitutively active RhoA significantly increases expression of fibronectin, 

tenascin, laminin, and alpha-smooth muscle actin.89 

 

 In vivo, constitutively active RhoA induces elevated IOP and an associated 

increase in F-actin, both of which are ameliorated by Rho kinase inhibitors.90 Perfusion 

of porcine anterior segments with the ROCK inhibitor Y-27632 decreases outflow 

resistance in a dose dependent manner.91 In vivo, topical administration of ROCK 

inhibitors to both normotensive and ocular hypertensive rabbits results in a significant 

decrease in IOP, further solidifying the link between TGF-β2 mediated increases in Rho 

GTPase activity and the pathophysiology of POAG.92 

 

Endothelin-1 Mediated Vasoconstriction in POAG. 

  Endothelin-1 (ET-1) is a potent vasoactive peptide that is also elevated in the AH 

of patients with POAG.93-96  In this regard, our laboratory observed a modest increase in 

ET-1 content in AH samples from Veterans with POAG (40 ± 20 fg/µl; n = 6) as 

Figure 5. Rho mediated signaling. Diagram of the Rho GTPase 
mediated signaling pathway adapted from Cellular Biochemistry 
II. 
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compared to healthy age-matched subjects (20 ± 10 fg/µl; n= 10). POAG patients with 

progressive visual loss have elevated plasma levels of ET-1 compared to POAG patients 

with stable visual function.97 Plasma levels of ET-1 in patients with NTG are similarly 

increased, compared to healthy age-matched controls, indicating that this peptide may 

also be involved in the pathogenesis of NTG.98  

  Of the three endothelin isoforms (ET-1, ET-2, ET-3) reported, only ppET-1 is 

thought to modulate outflow facility by binding to one of two major metabotropic G-

protein coupled receptor subtypes (ETA or ETB) expressed within TM. Secreted as a 

prepropeptide from human TM cells,99 ppET-1 undergoes proteolytic processing to its 

mature 21 amino acid ET-1 form by endothelin converting enzymes (ECE). While ET-1 

is best known as a vasoactive peptide responsible for controlling vascular tone, it also 

stimulates cell migration, ECM deposition, and the secretion of inflammatory mediators 

and growth factors. Activation of ETA receptors elicits pronounced vasoconstriction by 

stimulating phospholipase Cβ, liberating inositol 1,4,5-trisphosphate from 

phosphatidylinositol 4,5-bisphosphate, mobilizing intracellular calcium, and ultimately 

eliciting a marked contraction of the actin cytoskeleton. ETA also stimulates the activation 

of small monomeric Rac1 and RhoA GTPases.100, 101 In contrast, activation of ETB 

receptors facilitates vasodilation by eliciting nuclear factor-κB (NF-kB)-mediated 

synthesis and release of cyclins and nitric oxide.102 Activation of ETB receptors is also 

reported to promote retinal ganglion cell death in POAG.103, 104 An additional receptor 

subtype (ETC) has been identified, although its physiological significance is uncertain.  

 The corneal epithelium, iris, ciliary body, choroid, retinal vessels, and optic 

nerves constitutively express and release ET-1.105, 106 While quiescent TM cells do not 
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express measurable levels of ET-1, challenging cultured primary human TM cells with 

TGF-β2 robustly increases both the synthesis and secretion of ET-1.99, 107 Both ETA and 

ETB receptors are constitutively expressed by human TM cells,108, 109 and treatment with 

exogenous ET-1 induces RhoA GTPase dependent contraction of the actin cytoskeleton, 

supporting a physiologic role for ET-1 in the TM.110 ET-1 is also pro-fibrotic mediator, 

known to induce accumulation of collagens type I and VI in optic nerve head 

astrocytes.111 Administration of ET-1 ex vivo acutely increases outflow resistance in 

perfused bovine anterior segments, possibly by remodeling the ECM.112 Interestingly, 

intravitreal injection of ET-1 produces a rapid, but transient, increase in IOP in rabbits 

that can be inhibited by selective ETA receptor antagonist.113. It remains quite plausible 

that elevated content of TGF-β2 in AH of affected patients elevates IOP by a mechanism 

involving ET-1 mediated contraction of the actin cytoskeleton and remodeling of the 

ECM in the TM. 

 

Connective Tissue Growth Factor Mediates TGF-β2 Remodeling of the ECM. 

  Connective tissue growth factor (CTGF) is a secreted, multi-modular member of 

the CCN (CTGF, Cyr61, Nov) family of regulatory proteins essential in the regulation of 

angiogenesis, wound healing, and fibrosis. 114-116 The many diverse biological functions 

of CTGF are mediated by its four unique domains: insulin-like growth factor binding 

(IGFB) domain, chordin-like cysteine-rich domain, thrombospondin type-1 repeat 

domain, and a C-terminal cysteine-knot.9, 117 CTGF expression is primarily regulated at 

the transcriptional level and is induced by hypoxia, mechanical deformation, sheer stress, 

and various growth factors.118, 119  
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  Whereas CTGF is one of the most highly expressed genes in the TM,9 others have 

found TGF-β2 markedly increases CTGF expression in primary and transformed human 

TM cells. 120, 121 ET-1 has also been shown to increase CTGF expression in fibroblasts122 

although this finding has not been repeated in TM cells. While a specific CTGF receptor 

has not been reported, CTGF itself binds with integrins, tyrosine kinase receptors, and 

epidermal growth factor receptors. These findings suggest that CTGF acts a molecular 

bridge, integrating extracellular proteins and intracellular signaling networks. Regions 

within the cysteine-rich domain of CTGF interact with TGF-β to prolong TGF-β 

mediated signaling.123  

  Several in vitro studies have now shown that CTGF serves as a critical 

downstream mediator of pro-fibrotic TGF-β2 signaling.121, 124 In CTGF null embryonic 

fibroblast, TGF-β2 elicits potent smad3 phosphorylation but fails to increase expression 

of α-smooth muscle actin.125 In TM cells, siRNA mediated knockdown of CTGF prevents 

TGF-β2 mediated increases in fibronectin, and actin stress fiber formation.120 

Alternatively, CTGF can mimic many of the molecular mechanisms and structural 

aspects of POAG seemingly independent of TGF-β2 signaling. In vivo, adenoviral 

overexpression of CTGF in the anterior chamber produces a glaucomatous phenotype, 

with mice displaying increased fibronectin expression in the TM, elevated IOP, and optic 

nerve damage.120, 121 In vitro, addition of CTGF to human TM cell cultures induces 

increased actin stress fiber formation as well as deposition of fibronectin and collagens I, 

II, IV, and VI.126 CTGF has no effect, however, on the activity of MMP-2, MMP-9, or 

PA-1. In contrast, TGF-β2 markedly enhances PA-1 activity in human TM cells. Thus, 
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while TGF-β2 and CTGF tend to elicit similar effects, these results show that each can 

induce distinct and independent outcomes from one another.120  

  While patients with pseudoexfoliation (PFX) glaucoma, a secondary form of 

glaucoma caused by increased deposition of white, dandruff-like material in the anterior 

segment, do exhibit an elevated content of CTGF in their AH, patients with POAG were 

found to have levels similar to those of age-matched healthy controls.127 While it is 

premature to implicate CTGF as causative in the pathogenesis of POAG, an association 

between TGF-β2 and CTGF appears likely as a critical mediator of fibrosis in the TM of 

patients with POAG. In separate studies examining systemic sclerosis, TGF-β injections 

into the dermis of mice resulted in only a transient dermal fibrosis. TGF-β injections 

followed by serial injections of CTGF, however, led to a sustained fibrotic phenotype.128 

We propose that elevated levels of TGF-β2 in the AH of patients with POAG initiates 

remodeling of ECM that is subsequently sustained, or perhaps exacerbated, through the 

actions of CTGF. 

 

TGF-β2 Mediated Perturbation of the Kallikrein-Kinin System in POAG. 

  An equally engaging mechanism by which TGF-β2 may promote pathological 

elevation of IOP includes perturbation of the Kallikrein-Kinin system. Early studies 

reported that bradykinin (BK), a potent vasodilating kinin peptide, was capable of 

lowering IOP. Perfusion of bovine or human anterior segments with bradykinin elicited a 

marked, but transient, decrease in IOP.129, 130 Intravitreal injection of BK induced a 

significant and sustained (~8h) decrease in IOP in ocular hypertensive Dutch-belted 
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rabbits.130  Topically applied bradykinin, however, was without effect on IOP in either 

Dutch-belted rabbits or cynomolgus monkeys, 131 possibly due to cornea restricted 

bioavailability. By comparison, topical application of FR-190997, a hydrophobic 

bradykinin analog, reduced IOP in ocular hypertensive monkeys.29, 132 Collectively, these 

data support the use of BK analogues as novel, potentially viable, regulators of AH 

outflow. Their development and application as a first-line therapeutic strategy for the 

management of POAG, however, awaits clinical phase trial evaluation and refinement.  

The kallikrein-kinin system (Figure 6) consists of specific serine proteases 

(kallikreins) that act upon kinin peptide precursor proteins (kininogens) to generate 

biologically active nonapeptide bradykinin (H-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg-

OH) and decapeptide kallidin.133, 134 Kallidin can subsequently be cleaved by 

aminopeptidases to form bradykinin.135 Importantly, the biochemical machinery 

responsible for synthesizing bradykinin has been detected in trace amounts in AH from 

human and porcine.136, 137 Kallikreins and kininogens have also been localized to the 

human retina, choroid, ciliary body, optic nerve, and TM.130, 138 

Figure 6. The Kallikrein-kinin System. Diagram of the 
components of the kallikrein-kinin system adapted from 
Heitsch 2000.4 
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Intracellular signaling events initiated by the kinins are governed by two selective 

subtypes of metabotropic G-protein coupled receptors (B1 and B2). The B1 receptor is an 

inducible receptor and is typically expressed only in response to a traumatic or 

inflammatory challenge.139 Although B1 receptor mRNA has been localized to ocular 

tissues, this receptor has not been detected at the protein level within the eye.130 

Moreover, B1 receptor agonists, including Des-Arg9-BK (an active metabolite of BK), 

fail to elicit any measurable responses, in vitro, from TM, ciliary body, or non-pigmented 

epithelial cells.130, 131 By comparison, the B2 receptor is constitutively expressed in a 

variety of tissues including brain stem, cerebral cortex, thalamus, and the ependyma of 

the lateral and third ventricle.133 In the eye, the B2 receptor is expressed in the TM, 

ciliary muscle, nonpigmented epithelium, optic nerve, and retina.130, 131, 140 

Given its constitutive expression and localization within the eye, activation of the B2 

receptor, rather than the B1 receptor, is believed to largely mediate kinin-dependent 

ocular hypotension. Perfusing anterior segments with HOE-140, a B2 receptor antagonist, 

prevents bradykinin dependent lowering of IOP.129, 140 Furthermore, bradykinin exhibits a 

much higher (>1000 fold) affinity for the B2 receptor compared to the B1 receptor.133 

Bradykinin, however, is an extremely labile peptide (half-life in plasma of 15s).141 Both 

bradykinin and kallidin are quickly metabolized by kininases that include 

carboxypeptidases, aminopeptidases, angiotensin converting enzymes, and neutral 

endopeptidases. While the use of kininase inhibitors to extend the therapeutic effect of 

bradykinin seems logical, this avenue may produce limited results as the B2 receptor also 

exhibits rapid agonist-dependent desensitization.142 The effect of long-term repeated 
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exposure to bradykinin on B2 receptor localization and function in the eye remains 

unknown. 

  While the B2 receptor is typically coupled to G-protein effector Gαq, this receptor 

also couples with Gαi, Gαs, and Gα12/13.143-145 Binding of bradykinin to the B2 receptor 

stimulates Gαq mediated activation of phospholipase Cβ, thereby catalyzing the 

breakdown of phosphoinositol-4,5-bisphosphate (PIP2) into inositol 1,4,5-trisphosphate 

(IP3) and diacylglycerol (DAG).146 IP3 subsequently binds to and opens a calcium-

selective ligand-gated ion channel expressed on a subdomain of the endoplasmic 

reticulum, resulting in the mobilization of intracellular calcium. Cultured TM cells 

exposed to bradykinin exhibit a rapid (40s) increase in intracellular calcium, which 

subsequently activates a plethora of calcium-dependent enzymatic pathways, including 

phospholipase (PL) A2.147, 148 Cyclooxygenases expressed in TM cells metabolize PLA2-

catalyzed release of arachidonic acid to prostaglandins and thromboxanes. Ciliary muscle 

cells, non-pigmented ciliary epithelial cells, and cells of the TM respond rather robustly 

to bradykinin by increasing prostaglandin secretion.130, 131 The ocular hypotensive effects 

of bradykinin can thus be attributed, at least in part, to local stimulation of prostaglandin 

secretion from the ciliary body leading to increased uveoscleral outflow. Perfusing human 

anterior segments with a prostaglandin F2α analog (Latanoprost) also lowers IOP 

(increases outflow facility), suggesting that increased production of prostaglandins by the 

TM may also act locally to increase AH outflow through the conventional pathway.149 

This possibility, however, remains contentious. An alternative mechanism by which BK 

may influence conventional outflow involves production of MMPs, including MMP-9. In 

vitro BK induces a rapid but transient phosphorylation of the MAP kinase cascade 
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leading to increased MMP-9 secretion.140, 150 Inhibition of this proteinase prevents 

bradykinin mediated changes in outflow facility in bovine anterior segment perfusion 

studies.129 These results suggest that bradykinin may elicit matrix metalloproteinases 

mediated ECM turnover within the TM. We are unaware of any studies to date, however, 

that have demonstrated bradykinin mediated changes in ECM content within the TM.130  

  The use of bradykinin as a potential therapeutic warrants further examination. 

However, it is worth noting that no previous study has accounted for how elevated levels 

of TGF-β2 in patient AH may affect bradykinin mediated signaling. Airway smooth 

muscle cells respond to a TGF-β2 challenge in a dose- and time-dependent manner by 

increasing B2 receptor mRNA and receptor protein content leading to a potentiation of 

bradykinin mediated increases in intracellular calcium.151 In marked contrast, we have 

recently demonstrated that TGF-β2 markedly decreases B2 receptor mRNA content in 

human TM cells within 24h.152 While changes in mRNA levels do not always correspond 

to protein content, or even the functional state of the receptor, further studies are 

warranted to determine the effect TGF-β2 on the kallikrein-kinin system within the TM.  

 

Mechanosensation within the TM. 

  IOP is not static, but rather dynamic, constantly fluctuating due to blinking, eye 

movement, or oscillations associated with ocular pulse. Within the TM, there exist 

regulatory mechanisms designed to maintain IOP at a healthy level. Anterior segment 

perfusion studies demonstrate that a rapid rise in IOP elicits compensatory changes in 

outflow resistance that quickly return IOP to near baseline pressures, demonstrating the 

TM’s ability to dynamically respond to and regulate IOP homeostasis.19, 153, 154 The 
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hydraulic conductivity of AH through the TM is primarily determined by TM cell 

contractility and extracellular environment.14, 155 Consequently, the homeostatic response 

of the TM to an increased pressure load must ultimately include compensatory alterations 

in ECM turnover and modification of the cytoskeleton leading to a collective decrease 

AH outflow resistance. The effect of chronic over activation of this response by sustained 

elevated IOP is not well understood, but most likely leads to a permanent remodeling of 

the ECM and change in cell morphology.  

  Elevated IOP is most often modelled in vitro, by the culture of TM cells on a 

flexible membrane followed by uni- or biaxial stretch resulting in distortion of the plasma 

membrane. In studies utilizing cultured human and bovine TM cells, application of either 

cyclical or static stretch increases the expression and secretion of active MMP-2.156, 157 

By comparison, the effect of stretch on the expression of  TIMPs is unclear. Cyclical 

stretch of bovine TM cells results in increased TIMP-1 expression, while static stretch 

has no effect upon the levels either of TIMP-1 or TIMP-2.158 This lack of consistency 

highlights the importance of utilizing multiple systems to model the mechanical stress 

experienced by the TM. To date, three independent studies have examined changes in the 

gene expression profile in response to mechanical stress, each utilizing a distinct model. 

Gonzalez et al. investigated the effects of high perfusion pressure (50 mmHg x 6h) on 

TM cells in perfused human anterior segments.159 In this study, eleven genes involved in 

ECM remodeling, cytoskeleton reorganization, and reactive oxygen species (ROS) were 

consistently upregulated.159 Vittitow and Boras identified 40 upregulated and 14 

downregulated genes in response high perfusion rate (10 µl/min) over 2-4 days in 

perfused human anterior segments.160 Interestingly, MMP-2 expression was significantly 
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increased in this model, similar to in vitro studies. Finally, Vittal et al. characterized the 

effect of static stretch (up to 48h) in porcine TM cells.46 In this assay, 126 genes were 

upregulated including CTGF, fibronectin, and collagen XIV. Cyclical stretch of human 

TM cells in vitro has also been demonstrated to increase TGF-β1, CTGF, and MMP-2 

content.161 These changes in gene expression were prevented by the addition of a TGF-β1 

neutralizing antibody. While TGF-β1 content was increased in this experiment, the effect 

of cyclical stretch on TGF-β2 was not determined. In addition to inducing changes in 

gene expression, mechanical stress may lead to alternative mRNA splicing. Mechanical 

stretch of porcine TM cells induces both increased content and a novel isoform with 

deletion of two exons and a premature stop codon, of collagen XII mRNA.162 Changes 

such as these could very likely affect ECM stiffness or ECM-cell interactions interfering 

with healthy IOP homeostasis. 

  The mechanisms by which TM cells sense and respond to mechanical stretch have 

yet to be elucidated, but may involve the mechanosensitive receptor transient receptor 

potential vanilloid (TRPV) 4.163 TRPV4 is a nonselective cation channel that is activated 

by a disparate variety of stimuli including hypotonicity, mechanical deformation, heat, 

and pH.164 TRPV4 is constitutively expressed in vivo in mouse and human TM tissues as 

well as endothelial cells of SC and non-pigmented epithelial cells.165, 166 Pharmacological 

activation of TRPV4 in vitro increases fibronectin secretion and induces a marked 

increase in intracellular calcium in both primary and immortalized TM cells.165 

Furthermore, the formation of actin stress fibers and focal adhesion complexes induced 

by mechanical stretch of TM cells is completely abrogated by the TRPV4 inhibitor HC-

06.165 Interestingly, inhibition of TRPV4 in human bronchial cells prevents Rho GTPase-
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mediated ATP release induced by hypotonicity implying that TRPV 4 may regulate the 

activity of this small monomeric G-protein.167 The role of TRPV4 in the regulation Rho 

GTPase activity in the TM, however, remains unknown. When the TRPV4 antagonist 

HC-06 was administered intraperitoneally in the mouse microbead occlusion model of 

POAG, however, inhibition of TRPV4 concomitantly decreased IOP and enhanced RGC 

survival.165 Collectively, these results strongly suggest that TRPV4 is a critical mediator 

of mechanosensation within the TM. Moreover, elevated IOP may chronically over 

activate TRPV4 channels, leading to a permanent increase in fibronectin deposition, 

RhoA GTPase activation, actin stress fiber formation, and retinal ganglion cell death. 

  Of the various types of mechanical stimuli experienced by the TM, increased 

hydrostatic pressure is the least often studied form and consequently the least well 

understood. Hydrostatic pressure is unique in that it is a non-deforming, isotropic mode 

of stress. Consider that mammalian cells are essentially fluid filled “sacs” that exhibit 

very little compressibility. An increase in 10 MPA (75,006 mmHg, upper range of 

hydrostatic pressure experienced in vivo) would result in only a 0.4% change in cell 

volume.169, 170 Thus the mechanism by which cells sense elevated hydrostatic pressure 

and downstream signaling cascades coupled to this stimuli are most likely quite distinct 

when compared to other mechanical stressors (fluid sheer stress, physical stretch). 

Mechanical distension through biaxial stretch therefore, is most likely not a suitable in 

vitro model to mimic elevated hydrostatic pressure. 

  A more appropriate method to study the effects of elevated hydrostatic pressure 

involves injection of gas (95% air/5% CO2) into a sealed, humidified, and temperature 

controlled chamber with appropriate equipment to monitor and maintain pressure. 
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Numerous studies have utilized this model in a variety of cell types to examine the effect 

of elevated hydrostatic pressure on ocular tissues. Exposure of optic nerve head 

astrocytes identified 744 differentially expressed genes in response to elevated 

hydrostatic pressure (60 mmHg) over time.171, 172 Interestingly, among the most 

responsive genes were Rho specific guanine nucleotide exchange factors, inducible nitric 

oxide synthase, and R-smad3.173 Additionally, elevated hydrostatic pressure (70 mmHg x 

24h) inhibits secretion of interleukin (IL)-6 from rat retinal astrocytes.174 In rat retinal 

microglia, however, IL-6 secretion is markedly enhanced in response to elevated 

hydrostatic pressure demonstrating that responses to changes in hydrostatic pressure are 

cell type specific. Human TM cells respond to elevated hydrostatic pressure by 

concomitantly increasing adenylyl cyclase activity and altering their actin 

cytoskeleton.175, 176 The effect of elevated hydrostatic pressure on TM cell gene 

expression and ECM turnover however, has yet to be elucidated.   

  Multiple studies have demonstrated that mitochondrial dysfunction and oxidative 

stress are early mediators of elevated hydrostatic pressure. When exposed to elevated 

hydrostatic pressure (60 or 100 mmHg), transformed RGC-5 cells increase expression of 

the antioxidant heme oxidase (HO)-1 in a dose dependent manner.177 Short-term exposure 

of RGC-5 cells to elevated hydrostatic pressure (100 mmHg) increases intracellular 

calcium followed by activation of caspase 3, leading to apoptosis.178 Similarly, culturing 

PC-12 cells (70 mmHg x 24h), glaucomatous TM cells (80 mmHg x 24h), or RGC-5 cells 

(30 mmHg x 72h) elicits a marked decrease in cellular ATP and a collapse of 

mitochondrial membrane potential while inducing apoptosis.179-181 Elevated hydrostatic 
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pressure most likely induces apoptosis through abnormal mitochondrial fission initiating 

increased release of optic atrophy type I (OPA1) and cytochrome c into the cytoplasm.182  

 In vitro studies demonstrating increased oxidative stress in response to elevated 

hydrostatic pressure parallel observations of oxidative damage found in glaucomatous 

eyes. Early reports found increased content of endothelial leukocyte adhesion molecule-1, 

a known cellular response to oxidative stress, in glaucomatous TM.183 More recently, an 

increase in end-product lipid peroxidation was found in patient SC and TM when 

compared to healthy controls.184 A separate study demonstrated increased oxidative DNA 

damage that positively correlated with increased IOP and visual field loss.185 

Glaucomatous TM also exhibit increased deletion of mitochondrial DNA, indicative of 

mitochondrial failure.186 Finally, AH from glaucomatous patients contains increased 

levels of malondialdehyde (a marker of oxidative stress) and enzymatic antioxidants, 

super oxide dismutase and glutathione peroxidase.187, 188 The levels of malondialdehyde 

in patient AH also correlated positively with severe visual loss. It is clear that patients 

with POAG experience increased oxidative stress, most likely as a result of elevated IOP. 

However, the effect of increased oxidative stress on the conventional outflow pathway 

has yet to be elucidated. Due to diminished antioxidant defenses, the TM is highly 

sensitive to ROS. Thus, the TM may be uniquely susceptible to oxidative damage.189 In 

this regard, short-term (30 min) oxidative insult has been demonstrated to reduce cell 

binding to ECM components fibronectin collagen (types I and 4) and laminin leading to a 

reversible rearrangement of the actin cytoskeleton.190 Application of chronic oxidative 

insult inhibits the proteasome, promotes TM senescence, and reduces TM cell viability.191 

Of particular relevance, TGF-β stimulates ROS production while simultaneously 


