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Abstract

One of the major causes of decreased vision, irreversible vision loss and blindness worldwide is 

glaucoma. Increased intraocular pressure (IOP) is a major risk factor associated with glaucoma 

and its molecular mechanisms are not fully understood. The trabecular meshwork (TM) is the 

primary site of injury in glaucoma, and its dysfunction results in elevated IOP. The glaucomatous 

TM has increased extracellular matrix deposition as well as cytoskeletal rearrangements referred 

to as cross-linked actin networks (CLANs) that consist of dome like structures consisting of hubs 

and spokes. CLANs are thought to play a role in increased aqueous humor outflow resistance and 

increased IOP by creating stiffer TM cells and tissue. CLANs are inducible by glucocorticoids 

(GCs) and TGFβ2 in confluent TM cells and TM tissues. The signaling pathways of these 

induction agents give insight into the possible mechanisms of CLAN formation, but to date, the 

mechanism of CLANs regulation by these pathways has yet to be determined. Understanding the 

role CLANs play in IOP elevation and their mechanisms of induction and regulation may lead to 

novel treatment options to help prevent or intervene in glaucomatous damage to the trabecular 

meshwork.
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I. Glaucoma

Glaucoma is a group of diseases characterized by optic neuropathy and retinopathy. 

Currently, nearly 3 million Americans and over 70 million individuals worldwide have 

glaucoma (Klein and Klein, 2013; Quigley, 1996). This makes glaucoma the most common 

neurodegenerative disease. Those over the age of 60 are six times more likely to develop 

glaucoma, and with our aging populations, it is projected that the number of people with 

glaucoma will increase to 76 million in 2020 and 111 million by 2040 (Tham et al., 2014).
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Primary open angle glaucoma (POAG) is the most prevalent type of glaucoma and is 

characterized by an open iridocorneal angle with increased aqueous humor outflow 

resistance and optic nerve damage. Sustained increased intraocular pressure (IOP) is one of 

the major risk factors associated with POAG. This increased IOP is a result of increased 

aqueous humor drainage resistance at the trabecular meshwork (TM). The aqueous humor is 

secreted by the ciliary body and flows from the posterior to the anterior chamber, through 

the TM, through Schlemm’s canal (SC) into the collector channels and out through the 

aqueous veins. This conventional outflow pathway is the primary method for aqueous humor 

drainage. The molecular mechanisms associated with glaucomatous TM dysfunction are not 

fully understood and are a current focus in glaucoma research.

Changes in IOP (i.e. elevated IOP and IOP spikes) can cause chronic stress to the TM and 

the SC. This chronic stress alters the homeostasis of the TM inducing mechanical alterations 

to the composition and organization of the TM (Acott 2008, Fuchshofer 2009, Johnson 

2006, Tamm 2007, Wordinger 1998, Clark 2005, Clark 1994, Read 2007), oxidative stress, 

and inhibition of the natural phagocytic activity of the TM cells (Liton and Gonzalez, 2008).

These glaucoma insults appear to precede IOP elevation. The alterations that occur to the 

TM may alter TM cell and tissue rigidity, since TM tissue from glaucomatous eyes is stiffer 

than TM tissue isolated from non-glaucomatous donor eyes (Last et al., 2011) and SC cells 

from glaucomatous eyes also are stiffer than control SC cells (Overby et al., 2014). 

Stiffening of the TM tissue causes an increase in aqueous humor outflow resistance and 

elevated IOP that stresses the optic nerve head (ONH). The glaucomatous ONH, like the 

glaucomatous TM (GTM), has increased extracellular matrix (ECM) deposition (Hernandez 

et al., 1990; Morrison et al., 1990; Zode et al., 2011) and reorganization of the actin 

cytoskeleton (Job et al., 2010). Cellular disruption in the ONH contributes to retinal 

ganglion cell (RGC) axon damage and apoptosis. Disruption of the ONH cells also leads to 

biomechanical changes to the lamina cribrosa (LC), which is the mesh-like structure where 

the RGC axons exit the eye to form the optic nerve.

Additionally, glucocorticoids (GCs) and transforming growth factor β2 (TGFβ2) are 

glaucoma-related insults that damage the TM. Glucocorticoid-induced ocular hypertension 

(GC-OHT) and glucocorticoid-induced glaucoma (GIG) have similar pathologies to POAG 

with elevated IOP and increased risk of optic nerve damage that leads to vision loss. GC-

OHT occurs in 40% of the population undergoing prolonged systemic or ocular GC therapy 

(Armaly and Becker, 1965; Becker, 1965). In contrast, the vast majority of POAG patients 

develop GC-OHT and increased IOP after prolonged exposure to GCs (Armaly, 1963). GCs 

cause glaucoma-like insults to the TM that increase aqueous humor outflow resistance due 

to alterations to the TM, which include increased extracellular matrix deposition and 

reorganization of the actin cytoskeletal (Clark et al., 1994; Steely et al., 1992; Wilson et al., 

1993; Zhou et al., 1998). GC effects on the TM are mediated by glucocorticoid receptor 

alpha (GRα), although expression of the dominant negative isoform GRβ in TM cells 

inhibits GRα mediated gene regulation and activities (Jain et al., 2014; Zhang et al., 2005; 

Zhang et al., 2007).
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TGFβ2 expression is increased in the aqueous humor and TM of POAG eyes (Cousins et al., 

1991; Inatani et al., 2001; Jampel et al., 1990; Tovar-Vidales et al., 2011; Tripathi et al., 

1994). TGFβ2 causes similar alterations to the TM as those induced by GCs. TGFβ2 is a 

profibrotic cytokine that activates the TGFβ signaling pathway. In the Smad signaling 

pathway, TGFβ2 binds to the TGFβ receptor 2, which activates and binds to TGFβ receptor 

I and subsequently phosphorylates the Smad2/3 complex. Phosphorylated Smad2/3 then 

translocates into the nucleus and forms a Smad2/3/4 complex. This complex formation at the 

promoter region activates gene transcription and turns on the expression of ECM molecules 

such as TGM2, LOX and FN (Medina-Ortiz et al., 2013; Sethi et al., 2011; Tovar-Vidales et 

al., 2011). Alternatively, activation of the non-Smad pathways such as JNK, P38, or ERK 

1/2 alter the expression of cell adhesion molecules (Wecker et al., 2013).

II. Role of cytoskeleton in cell/tissue functions

The cytoskeleton is found in the cytoplasm and nucleus and consists of three major classes: 

microtubules, intermediate filaments, and microfilaments. The major functions of the 

cytoskeleton are to give cells their shape, cohesiveness, and ability to sense and respond to 

their environment. One of the major classes of the cytoskeleton is the microfilaments, which 

are made of G-actin (globular actin) subunits and form bundles of F-actin (filamentous 

actin). The linear bundles of F-actin form flexible networks that regulate cell shape, 

phagocytosis, contraction, and motility. Bundles of F-actin fibers form contractile stress 

fibers.

The TM is the major site for drainage of the AH through the conventional pathway, and is 

the most important structure for the regulation of IOP. The TM is composed of multiple 

layers of collagenous beams including the uveal meshwork, corneoscleral meshwork, 

cribiform or juxtacanalicular (JCT) meshwork. The uveal and corneoscleral meshwork are 

made of TM beams lined with a continuous monolayer of TM cells (Acott and Kelley, 

2008). The JCT cells are embedded in connective tissue, consisting of networks of 

irregularly oriented fibrils, which lack large fenestrated openings. The JCT is adjacent to 

endothelial cells lining the inner wall of SC, which is the primary exit site of AH from the 

eye. Microfilaments are heavily present in TM cells, the JCT, and the cells lining of the inner 

wall of SC, which are important for the contractile properties of TM tissues.

The AH outflow facility is highly influenced by the structure of the TM cytoskeleton 

(Peterson et al., 2000; Rao et al., 2001; Tian et al., 2000; Tian et al., 1998). The cytoskeleton 

is regulated by extracellular calcium, activation of specific small G-proteins, and hydrostatic 

pressure induced mechanical tension (Tian et al., 2000). Microfilaments structures in both 

the TM and SC are affected by mechanical factors (Ethier et al., 2004; Tumminia et al., 

1998). The F-actin structures in non-glaucomatous TM (NTM) tissue have a more 

organized, linear appearance throughout the cytoskeleton compared to GTM. The 

disorganization of the GTM cytoskeleton has many actin tangles throughout the cells in the 

JCT (Read et al., 2007) and in the TM regions (Hoare et al., 2009). Similar alterations in the 

TM actin structure have been observed in response to mechanical stretch and sheer stress 

(Tumminia et al, 1998). This observation is in agreement with that seen in TM cell culture 

studies (Clark et al., 2005; Clark et al., 1995; Clark et al., 1994; Ethier et al., 2004), 
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including those treated with dexamethasone (DEX; a glucocorticoid) and TGFβ2 (Clark et 

al., 1995; Clark et al., 1994; Filla et al., 2006; Fleenor et al., 2006; O’Reilly et al., 2011). 

These alterations to the actin structure are associated with increased outflow resistance, 

providing further evidence that microfilaments in the TM play an important role in AH 

outflow (Rao et al., 2005; Read et al., 2007).

The TM cells have some properties of myofibroblasts, expressing alpha-smooth muscle actin 

(αSMA) and smooth muscle myosin, which gives TM cells and tissues muscle-like 

contractile properties (Lepple-Wienhues et al., 1991). The contraction of the TM is regulated 

by myosin light chain and myosin light chain kinase (Nakajima et al., 2005; Wiederholt et 

al., 2000). If the tissue is in a prolonged or abnormal state of contraction, the cells ability to 

regulate cytoskeletal assembly and signal transduction is altered. These alterations may 

subsequently lead to TM rigidity and increased outflow resistance.

Similar to the TM, the ONH also undergoes mechanical and physiological changes in 

glaucoma pathogenesis (Job et al., 2010; Zode et al., 2011). The lamina cribrosa (LC) is the 

main structural tissue of the ONH, and like the TM it has a mesh-like structure. There are 

less axonal cytoskeletal proteins found in the retrolaminar region compared to the other 

laminar regions (Kang and Yu, 2015). The difference in cytoskeletal distribution may be due 

to the myelination that begins at the retrolaminar region compared to the increased need for 

scaffolding in the non-myelinated regions. In POAG, reactive optic nerve astrocytes express 

increased TGFβ2 (Pena et al., 1999; Zode et al., 2011). TGFβ2 can induce alterations of the 

cytoskeleton, increase ECM deposition and deform optic nerve axons (Fuchshofer and 

Tamm, 2012). These changes can impair axonal transport and neurotropic supply to the 

retinal ganglion cells. In a rat model of photocoagulation induced glaucoma, retinal whole-

mounts in revealed severe loss of F-actin, microtubules and irregular F-actin structures prior 

to a decrease in retinal nerve fiber layer thickness (Huang et al., 2011). Disrupted axonal 

transport and damage to the axonal cytoskeleton were also found in a similar study (Chidlow 

et al., 2011). When elevated IOP is increased in porcine eyes, again axonal transport and the 

cytoskeleton are altered (Balaratnasingam et al., 2008; Balaratnasingam et al., 2007).

III. Initial discovery and cell biology of CLANs

The actin cytoskeleton is commonly arranged in organized linear fibers. In 1976, Lazarides 

described the formation of unique structures in the actin cytoskeleton of spreading non-

muscle cells when first adhering to the culture plate, with foci containing actin and α-

actinin, connected by actin-filaments and tropomyosin in a geodesic dome-like structure 

(Lazarides, 1976). These structures were later observed to have a three dimensional shape 

using stereo immunofluorescence microscopy (Osborn et al., 1978). Cytoskeletal 

rearrangements have been observed in various other cell types ((Barber et al., 2004; 

Entcheva and Bien, 2009; Meller and Theiss, 2006). These polygonal rearrangements are 

found during the cell attachment and spreading phases. They are thought to be a precursor 

for the organization and formation of stress fibers, responsible for stabilization of the cells 

during a highly dynamic process. The dome-like structures are transient and disappear once 

a cell flattens and spreads. Like the non-muscle cells that were studied in these experiments, 

attaching and spreading TM cells also form transient polygonal arrangement of actin 
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microfilaments (Filla et al., 2011; Filla et al., 2009). In contrast to most other adherent cells, 

confluent TM cells can undergo cytoskeletal rearrangements from linear stress fibers to form 

distinct geodesic dome-like structures consisting of hubs (vertices) and spokes (connecting 

rods) known as cross-linked actin networks (CLANs) (Clark et al., 1994; Wilson et al., 

1993) (Figure 1).

IV. CLANs in TM

Formation of CLANs in the eye has been shown to be highly selective to the TM. The 

formation of these networks has also been found more commonly in the glaucomatous TM 

cells and tissues compared to the NTM (Clark et al., 1995; Hoare et al., 2009). Background 

CLANs occur in only 4% of confluent NTM cells, while approximately 25% of confluent 

cultured primary human GTM cells form CLANs (Clark and Wordinger, 2009). Treatment 

of NTM and GTM cells with GCs induce ultrastructure changes including a significant 

increase in CLAN formation, as well as cell and nuclear size, and increased extracellular 

matrix (ECM) (Clark et al, 1995; (Clark et al., 1994; Wilson et al., 1993). The induced 

formation of CLANs by prolonged (seven-ten days) DEX treatment is dose and time 

dependent, reversible upon DEX withdrawal, and mediated through the glucocorticoid 

receptor (GR) (Clark et al., 1994). Induction of CLANs with DEX leads to inhibition of TM 

cell proliferation, migration and phagocytosis (Clark et al., 1994; Matsumoto and Johnson, 

1997; Zhang et al., 2007). Advances in the CLAN field have also attempted to inhibit CLAN 

formation. Tetrahydrocortisol (THF) is a cortisol metabolite that does not directly inhibit the 

glucocorticoid receptor, but it can inhibit and reverse DEX-induced CLAN formation (Clark 

et al., 1996).

Recently, Fujimoto and colleagues used DEX treated porcine TM cells to evaluate actin 

dynamics using live cell imaging (Fujimoto et al., 2016). A modified insect virus with an 

actin-GFP construct was used for cellular transduction, yielding approximately 23% of cells 

expressing the GFP-actin and approximately 28% of those cells revealed CLAN-like 

structures after 72 hours of DEX treatment. Similar to previous reports, they found that DEX 

treated cells were larger and migrated less than control cells. CLANs in porcine TM cells 

resolved after withdraw of DEX treatment. This study provides a dynamic model for future 

CLAN studies allowing us to better visualize the formation and dynamics of CLANs in 

confluent TM cells in real time.

To follow up on an initial report that DEX increased IOP in perfusion cultured human 

anterior segments (Clark et al., 1995), the same model was used to determine whether 

CLANs form in the TM tissue in situ (Clark et al., 2005). Since these studies showed that 

DEX induced CLAN formation as well as increased IOP, this led to our hypothesis that 

CLANs may increase TM stiffness resulting in increased aqueous outflow resistance. 

Ranghunathan et.al used atomic force microscopy to demonstrate that DEX treatment 

stiffens the TM in cultured human TM (HTM) cells and in rabbits treated with topical ocular 

DEX for 3 weeks (Raghunathan et al., 2015). Biomechanical computer modeling of CLANs 

has also been performed to calculate simulated force and distortion of CLANs (Zheng et al., 

2014). In this study, bovine and HTM cells were treated with DEX and images of temporary 

arrangements of polygonal actin structures (spreading cells) and CLANs (confluent cells) 
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were examined using ImageJ for CLAN size, circularity and dimensions of hubs and spokes 

dimension. Using this modeling system, the authors found that the size and the mechanical 

response of temporary arrangements of polygonal actin structures differ from CLANs in 

confluent cells. This type of modeling along with live cell imaging will provide valuable 

information about the potential role of CLANs in determining the rigidity of the TM in 

normal versus glaucomatous states.

In addition, TGFβ2 is also an inducer of CLANs in TM cells. We also know that TGFβ2 is 

elevated in the AH (Cousins et al., 1991; Inatani et al., 2001; Jampel et al., 1990; Tripathi et 

al., 1994) and TM cells (Tovar-Vidales 2011) of glaucoma patients. AH alone also is an 

inducer of CLAN formation (Inatani et al., 2001; O’Reilly et al., 2011).

Our recently submitted findings show that both the Smad and non-Smad TGFβ pathways are 

responsible for TGFβ2-induced CLAN formation. The non-Smad JNK and P38 pathways 

are only partly involved in this TGFβ2 mediated CLAN induction (Montecchi-Palmer et al. 

submitted for publication). Non-Smad Rho-associated protein kinase (ROCK) inhibitors are 

in clinical trials as IOP lowering agents for glaucoma therapy (Harrison et al., 2015). The 

effect of ROCK inhibitors on the TM is primarily due to relaxation of the TM by disruption 

of actin stress fibers and increased activation of myosin light chain phosphatase, resulting in 

decreased cellular contraction. ROCK inhibitors disrupt the actin cytoskeleton and thereby 

decrease TM stiffness (Kumar and Epstein, 2011; Murphy et al., 2014; Rao et al., 2001). 

ROCK inhibitors currently are in clinical development for lowering IOP via enhancing 

aqueous outflow through the TM (Wang and Chang, 2014). A ROCK inhibitor had variable 

effects on CLANs induced by TGFβ2. Treatment with TGFβ receptor, Smad, ERK and 

ROCK inhibitors showed complete or partial dissolution of already formed CLANs 

(Montecchi-Palmer et al. submitted for publication). The role of these pathways in CLAN 

formation and IOP regulation warrants further investigation.

In addition to these CLAN inhibition studies, a microarray gene expression profile of 

primary TM cells treated for 14 days with DEX revealed genes potentially involved in 

CLAN formation. Among these genes are encoded proteins that form or interact with the 

actin cytoskeleton, which include the actin genes smooth muscle aortic alpha-actin (ACTA2) 

and cardiac muscle actin (ACTC), filamins A, B and C, transgelin, nonmuscle heavy 

myosin, caldesmon 1, and tropomyosin (Rozsa et al., 2006). Using a method to isolate the 

TM cytoskeleton and analyze differential protein expression using 2D-DIGE, our lab 

identified the actin-associated proteins calponin, caldesmon, myosin light chain, and 

tropomyosin to be enriched in the cytoskeleton of TGFβ2 and DEX treated NTM cells, and 

these proteins co-localized with CLANs (Bermudez JY, 2016). However, the direct 

involvement of these genes and proteins in CLAN formation requires further investigation.

V. Signaling pathways involved in CLANs of spreading cells

All adherent cells have CLAN-like structures during the initial adherence and spreading 

phases on a culture dish. TM cells are unique in that CLANs occur in confluent cells isolated 

from glaucoma eyes or exposed to glaucoma insults, which is physiologically relevant to 

what is seen in TM tissues of glaucomatous eyes. There are differences in experimental 
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methods used to study CLANs in the TM. Some studies use settling TM cells rather than 

confluent cell cultures. From these studies, the β-integrin pathway has been identified as an 

important pathway for transient formation of CLANs. β1 and β3 integrins work together to 

enhance CLANs that contain syndecan-4 (SDC4) in HTM cells (Filla et al., 2006). SDC4 is 

a plasma membrane proteoglycan that acts as a coreceptor to integrins making this protein 

directly involved in the β3 signaling pathway. β1 integrin utilizes phosphoinositide 3 kinase, 

while β3 uses Ras-related C3 botulinum toxin substrate 1 (Rac1) (Filla et al., 2009). 

Although β1 and β3 pathways may be involved in CLANs of spreading cells, their pathways 

are independent and converge to alter the cytoskeleton.

Moreover, CLANs of spreading DEX treated TM cells involve β3 integrin signaling and 

activation of ανβ3 integrin via a probable inside out signaling mechanism (Filla et al., 

2011). SDC4, a coreceptor for ανβ3 integrin, is linked with Rho family GTPases by protein 

kinase C (PKC) including PKCε, and this signaling mechanism is thought to induce CLAN 

formation in HTM cells (Filla et al., 2014). In a genomic and proteomic study of DEX–

treated TM cells, the Rho family GTPase effector protein binder of Rho GTPases 2 (Borg2) 

was upregulated along with PDZ and LIM Domain 1 (PDLIM1), a cytoskeletal adaptor 

protein with a PDZ binding domain for possible interaction with SDC4 (Clark et al., 2013). 

Although these findings suggest that these molecules are important in spreading cell CLAN 

formation, it is unknown whether the same signaling pathways work for CLAN formation in 

confluent TM cell cultures. TM cells in tissue are also confluent, so we suspect that the 

CLANs in confluent cultures would be more representative of CLANs in TM tissues, but 

further comparison studies are needed.

VI. CLANs in ONH cells

The LC in some ways is similar to TM tissues made of a series of mesh-like plates 

containing collagen, elastin, and other ECM molecules. The LC is found in the optic nerve 

head, where axons from the retinal ganglion cells converge to form the optic nerve. In 

addition to optic nerve head astrocytes, LC cells make ECM proteins (Hernandez et al., 

1988; Kirwan et al., 2005; Zode et al., 2009) and are found within the laminar plates of the 

human ONH (Tovar-Vidales et al., 2016). The LC is the only other site in the eye were 

CLAN formation has been observed in cells and tissues (Job et al., 2010). Analogous to the 

TM, the glaucomatous LC cells in culture were larger and CLANs were more abundant 

compared to non-glaucomatous LC cells. Since CLANs have been found in the two main 

regions involved in glaucoma pathogenesis, there may be common pathways in both the 

glaucomatous TM and ONH that alter the biomechanical properties of these tissues. 

Evaluation of the molecular mechanisms involved in CLAN formation in these two tissues 

may lead to disease modifying therapies that can prevent the formation of CLANs in the 

anterior and posterior segments of the eye.

VII. Summary

Glaucoma pathogenesis alters trabecular meshwork structure and function. When the TM is 

damaged, AH no longer drains properly from the eye causing increased outflow resistance. 

Decreased aqueous humor outflow causes IOP elevation that results in damage to the ONH. 
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The LC of the ONH is a tissue that is also multilayered like the TM. In open angle glaucoma 

eyes, the TM and LC have both been found to undergo cytoskeletal rearrangements forming 

CLANs. CLANs are thought to be a major contributing factor in creating tissue stiffness in 

the TM and LC. However, less is known about CLANs in the LC, and more research is 

required.

Glaucomatous TM cells and tissue undergo changes in the cytoskeleton and ECM, and both 

may contribute to AH outflow resistance (Acott and Kelley, 2008; Clark et al., 2005; Clark 

et al., 1995; Fuchshofer and Tamm, 2009; Johnson, 2006; Read et al., 2007; Tamm and 

Fuchshofer, 2007; Wordinger et al., 1998). The interaction of the ECM and cytoskeleton are 

critical for proper cell functions. When this interaction is altered either via cross-linking of 

the cytoskeleton or the ECM, TM stiffness may be altered. This change in tensile integrity 

plays a role in cell shape, mechanical responsiveness and signal transduction (Clark et al., 

1994). Prolonged and abnormal contraction also contributes to the modification of the 

fenestrated structure of the TM, which leads to increased AH outflow resistance.

It is important to note that CLAN formation is associated with IOP elevation. Predictive 

mathematical models suggest how CLANs may increase stiffness of actin filaments and 

therefore overall cell stiffness (Gardel et al., 2004). Furthermore, glaucomatous TM tissue 

has a higher degree of stiffness compared to non-glaucomatous eyes (Last et al., 2011). To 

fully understand the role CLANs play in IOP elevation, it is important that we first 

determine the molecular mechanisms responsible for CLANs formation.

We currently know that DEX and TGFβ2 are inducers of CLANs in confluent TM cells and 

tissues (Clark et al., 1994; O’Reilly et al., 2011; Wilson et al., 1993). Figure 2 summarizes 

the role CLANs may play in glaucoma. Current cell, tissue, and mathematical modeling 

experiments have determined that CLAN formation is associated with IOP elevation. 

However, the exact effect of IOP elevation on CLANs is unknown. Our hypothesis is that 

IOP elevation is due to CLAN formation in the TM, but this requires additional studies. We 

know that inhibitors of the TGFβ2 Smad and non-Smad pathways, as well as ROCK 

inhibitors, can inhibit CLAN assembly, and resolve already formed CLANs.

VIII. Future directions and remaining questions

Since the discovery of CLANs in the TM, we have gained an understanding of potential 

contributing factors to TM stiffness in glaucomatous individuals and a potential explanation 

as to how this rigidity contributes to IOP elevation. We have learned that CLANs are only 

found in the TM and LC tissues of the eye making these structures highly selective in tissues 

involved in glaucoma pathogenesis. Reports have begun to identify potential genes and 

encoded proteins that are associated with CLANs. However, we have yet to determine the 

exact role these genes and proteins play in CLAN formation and what are the exact 

molecular components that make up CLANs. Spreading TM cell studies have provided 

evidence for potential pathways involved in CLAN formation. Confluent TM cell studies 

indicate that both GC and TGFβ2 Smad and non-Smad pathways play a role in CLAN 

formation and stability. We still lack the knowledge about the pathways that are responsible 

for CLAN formation in glaucomatous TM and LC cells, although the responsible pathways 
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may be very similar due to elevated expression of TGFβ2 in both of these tissues in POAG 

eyes.

In addition, we also still do not have answers to exactly how CLANs alter TM and ONH 

cellular functions. With the recent study of live cell imaging of CLANs, it is important that 

we continue to use such techniques to discover how CLANs contribute to TM cell/tissue 

reorganization and how this contributes to TM cell/tissue stiffness. It is also imperative that 

we determine if CLANs are directly responsible for glaucomatous as well as TGFβ2 and 

GC-induced IOP elevation.

Moreover, we have little understanding about CLANs in the ONH. Even though these 

CLANs are similar to those of the TM in appearance and likely alter certain cellular 

functions, we do not know whether the cellular pathways that regulate CLANs in the TM are 

the same as for CLANs in the LC. We also do not know if CLANs are directly involved in 

glaucomatous remodeling of the ONH. Future investigation of CLANs will enhance our 

knowledge of the molecular mechanisms that lead to glaucoma pathology and new potential 

targets for disease modifying therapies.
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Abbreviations

AH aqueous humor

CLANs cross-linked actin networks

DEX dexamethasone

ECM extracellular matrix

GCs glucocorticoids

GC-OHT glucocorticoid induced ocular hypertension

GIG glucocorticoid induced glaucoma

HTM human trabecular meshwork

IOP intraocular pressure

JCT juxtacanalicular

LC lamina cribrosa

ONH optic nerve head

PDLIM1 PDZ and LIM Domain 1

PKC protein kinase C

POAG primary open angle glaucoma
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Rac1 Ras-related C3 botulinum toxin substrate 1

RGC retina ganglion cell

ROCK Rho-associated protein kinase

SC Schlemm’s Canal

SDC4 syndecan-4

TGFβ2 transforming growth factor-beta 2

THF Tetrahydrocortisol

TM trabecular meshwork
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Highlights

• Cross-linked actin networks (CLANs) are more numerous and extensive in 

glaucomatous trabecular meshwork (TM) and lamina cribrosa (LC) cells and 

tissues compared to non-glaucomatous cells.

• Two glaucoma associated factors, glucocorticoids and TGFβ2, also induce 

CLAN formation in TM cells.

• CLANs may be responsible for altered TM and LC cell functions and increase 

cell stiffness in glaucoma
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Figure 1. Representative image of CLANs
A) Linear actin cytoskeleton in confluent TM cells. B) CLANs formed in TM cells after 

treatment with TGFβ2 for 10 days C) Duplicated image of B with green dots to indicate 

hubs and red lines to show spokes.
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Figure 2. Schematic of CLANs involvement in glaucoma
TGFβ2 and DEX can induce CLAN formation which leads to altered cell functions, optic 

nerve damage and eventually glaucoma. It is uncertain whether IOP elevation is the result or 

the cause of CLANs.
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