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Abstract

There are many unanswered questions on the relation of intraocular pressure to glaucoma 

development and progression. IOP itself cannot be distilled to a single, unifying value, because 

IOP level varies over time, differs depending on ocular location, and can be affected by method 

of measurement. Ultimately, IOP level creates mechanical strain that affects axonal function at 

the optic nerve head which causes local extracellular matrix remodeling and retinal ganglion 

cell death – hallmarks of glaucoma and the cause of glaucomatous vision loss. Extracellular 

tissue strain at the ONH and lamina cribrosa is regionally variable and differs in magnitude and 

location between healthy and glaucomatous eyes. The ultimate targets of IOP-induced tissue strain 

in glaucoma are retinal ganglion cell axons at the optic nerve head and the cells that support 

axonal function (astrocytes, the neurovascular unit, microglia, and fibroblasts). These cells sense 

tissue strain through a series of signals that originate at the cell membrane and alter cytoskeletal 

organization, migration, differentiation, gene transcription, and proliferation. The proteins that 

translate mechanical stimuli into molecular signals act as band-pass filters – sensing some stimuli 

while ignoring others – and cellular responses to stimuli can differ based on cell type and 

differentiation state. Therefore, to fully understand the IOP signals that are relevant to glaucoma, 

it is necessary to understand the ultimate cellular targets of IOP-induced mechanical stimuli and 

their ability to sense, ignore, and translate these signals into cellular actions.
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1. Introduction

While it has been at least suspected for nearly 400 years that intraocular pressure (IOP) is 

related to glaucoma (Keeler et al., 2013), the nature of this association has been obscured 

by fixed ideas and a limited ability to measure key parameters. These roadblocks that cloud 

our understanding include: 1) the single point in time measurement of IOP by tonometry is 

indicative of mean IOP or its short-term variance; 2) the mean tonometric IOP measured a 

handful of times per year represents the risk factor accurately; 3) IOP must be higher than 

some arbitrary value (“normal”) to be dangerous; 4) variations in IOP (second to second, 

minute to minute, diurnally) may be relevant, but are not important clinically; 5) reducing 

IOP to the range present in most non-glaucoma eyes in a population (normalizing IOP) is a 

satisfactory treatment goal.

Our historical understanding of the IOP/glaucoma relation was significantly informed by the 

development of relatively accurate tonometers (Friedenwald and Moses, 1950; Goldmann, 

1954), use of gonioscopy (Barkan, 1954), the quantitative assessment of optic nerve damage 

in photos/images and functional testing, and particularly population-based studies (Hollows 

and Graham, 1966; Sommer et al., 1991) that showed the full spectrum of glaucomatous 

optic neuropathy rather than only among persons presenting to health care. Typical of 

these advances was the recognition in the early 20th century that asymptomatic open angle 

glaucoma (OAG) was an entity associated with various levels of IOP. Prior to that time, 

glaucoma was the term applied only to eyes symptomatic from extreme IOP levels (angle 

closure or secondary glaucoma) (Curran, 1920; Rosengren, 1950). However, the causal 

relationship for all glaucomas was still stressed as “elevated” IOP (Jensen and Maumenee, 

1973).

Drance initially popularized the concept that OAG occurring in eyes with IOP in the normal 

range was fundamentally distinct, leading to the fallacy still commonly believed that “if the 

IOP is normal, something else must be causing glaucoma damage” (Drance, 1972). Yet, 

randomized trials have shown that lowering of IOP slows glaucoma damage regardless of 

whether baseline IOP is normal or elevated (Heijl et al., 2002; Leske et al., 1999). Whether 

there are distinct phenotypes of OAG based on prevailing untreated IOP is possible, but 

controversial. Despite editorials condemning the term low tension glaucoma, it survives in 

the literature (Sommer, 2011). There are many contributing risk factors for glaucomatous 

optic neuropathy (Leske, 2007), but here we will evaluate those that relate to IOP-generated 

stress.

Glaucomatous optic neuropathy can be defined by the combination of an excavated optic 

nerve head (ONH) and concomitant defects in visual field testing (Iyer et al., 2021), and 

modern definitions do not include the level of IOP. The death of retinal ganglion cells 

(RGC) is recognized as its primary pathological process (Kendell et al., 1995; Quigley and 

Green, 1979), and research has defined the type and rate of RGC loss both structurally 

(Bussel et al., 2014; Medeiros et al., 2012) and functionally (Harwerth et al., 2010; Heijl 

et al., 2013). A primary abnormality in RGC axons occurs in glaucoma at the ONH, 

where both anterograde and retrograde axonal transport are interrupted (Crish et al., 2010; 

Minckler et al., 1978; Pease et al., 2000; Quigley and Addicks, 1980; Quigley et al., 1982; 

Pitha et al. Page 2

Prog Retin Eye Res. Author manuscript; available in PMC 2024 March 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Salinas-Navarro et al., 2010). The physical reconfiguration at the ONH lamina cribrosa (LC) 

in glaucoma explains the selective loss of RGC axons at the upper and lower ONH (Emery 

et al., 1974; Quigley and Addicks, 1981; Radius et al., 1978).

In this review we will address two unresolved questions in the association between IOP and 

glaucoma: 1) what aspects of the IOP are important in producing glaucoma damage, and 2) 

how do the ocular mechanisms of response to IOP potentially lead to RGC damage?

2. What are the features of IOP?

While IOP may seem a straightforward parameter, it is substantially more complex than 

might be immediately evident (Fig. 1). As used clinically, the common unit of millimeters of 

mercury (mm Hg) is actually a pressure difference between inside the eye and atmospheric 

pressure. Standard atmospheric pressure at sea level is 100 KPa, while 15 mm Hg (the 

standard eye pressure as measured) is a difference of only 2 KPa above atmospheric. There 

is no single IOP in an eye at one point in time. The features leading to a measured IOP 

involve multiple dynamic physiological events. With respect to flow of aqueous humor, 

its contribution to IOP depends upon: 1) formation at the ciliary body, 2) flow with net 

direction anteriorly through the pupil, 3) outflow from both the trabecular meshwork and 

the uveoscleral tract, 4) evaporation of tear film from the cornea (Mishima and Maurice, 

1961), and 5) aqueous diffusion through the vitreous cavity to retina and optic nerve head. 

If the pressure differential between any location within the eye and atmospheric pressure 

were made with multiple sensors, a variety of IOPs would be detected. This is obvious from 

the fact that there are net flows in several directions. For example, the posterior to anterior 

chamber IOP difference is dependent on resistance through the iris—lens channel and can 

represent up to 8 mm Hg higher behind than in front of the iris in smaller eyes (Silver and 

Quigley, 2004). Pederson experimentally measured monkey IOP at different points within 

the eye and found it to be lower in the suprachoroidal space than near the ciliary body/sclera 

interface, which was lower than anterior chamber pressure (Emi et al., 1989). If there is net 

fluid flow, there will be pressure differences within the eye. For the purposes of specifying 

the relation to glaucoma, we need to account for which IOP and what aspects of IOP 

variation are relevant.

Tonometers used clinically report an IOP that is dependent upon their mechanism of action. 

The Goldmann applanation tonometer produces a relatively constant pressure on the cornea, 

visually averaged over several seconds and representing IOP indicative of anterior chamber 

IOP, modified by corneal thickness (Brandt, 2004) and viscoelasticity. Devices such as the 

TonoPen, Ocular Response Analyzer, and iCare instruments deliver a variety of forces to 

the cornea over only milliseconds, while the pneumatonograph shows a continuous output 

of ocular pulsation generated by a continuous and considerably larger pressure from the 

tonometer tip. The pulsatile change in IOP derives from the effect of arterial systole/diastole, 

largely in choroidal arteries, as modified by the corneoscleral connective tissues (Jin et 

al., 2018). Further vascular contributions to dynamic IOP are the outflow resistance in 

episcleral and vortex veins. The latter allow expansion of the choroid at lower IOP and 

its contraction at higher IOP (Maul et al., 2011). All tonometers indicate an anterior IOP, 

while the IOP-generated stress at the posterior site of glaucoma damage may be due to 
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either higher or lower IOP. Thus, our view of IOP and clinical decisions are determined not 

only by dynamic features of ocular physiology, but by the methods used to measure it. It is 

clear that IOP, typically estimated at the anterior chamber, varies in height, mean value, and 

variation over shorter and longer periods (Fig. 1). Since glaucoma damage to RGC axons 

occurs at the optic nerve head, posterior IOP is more relevant.

Short-term IOP variations can be dramatic. Recent studies have measured moment-to-

moment IOP or its surrogates, using transducers connected to intraocular tubing in monkeys 

(Jasien et al., 2019), pressure sensitive devices implanted in human eyes (Szurman et al., 

2023), and instrumented contact lenses (Flatau et al., 2016). The pneumatonographic IOP, 

measured at the cornea, and monkey transducer studies show the sinusoidal IOP variation 

due to the vascular pulsation. In addition, the monkey data show substantial, short-term 

increases due to blinks and eye movements. During sleep (Downs, 2015; Downs et al., 

2011a), the horizontal body position causes IOP increase due to the rise in venous outflow 

resistance (Yang et al., 2020). Interestingly, monkey eyes have dramatically lower variability 

in IOP recordings during sleep, possibly due to their sleeping in a sitting position. The 

rise during sleep in humans is largely due to change in posture, not to diurnal change in 

corneal properties (Bagga et al., 2009), nor to altered outflow facility (Sit et al., 2008), and 

occurs despite a decrease in aqueous production and flow at night (Brubaker, 1991). Some 

data from corneal contact lenses suggest that it is the peaks of change in limbal curvature 

(imputed as IOP) that are associated with the presence of glaucoma or its past progressive 

worsening (De Moraes et al., 2018; Flatau et al., 2018). However, these are not the <1 s 

jumps seen with blinks, but rather are values taken minutes apart. Recent development of a 

home tonometer has shown greater variability in IOP throughout waking hours than would 

be imputed from measurements during typical office hours (McGlumphy et al., 2021).

In the past, it was common for clinicians to perform in-office IOP measurements through 

the course of one day or even with hospital admission to estimate diurnal IOP variation 

(Shuba et al., 2007). Such diurnal variation is often included in new IOP-lowering drug 

trials (Camras et al., 1998), but its value in predicting future glaucoma worsening has been 

questioned, since the pattern is not highly repeatable within glaucoma subjects (Realini 

et al., 2011). IOP measures in office practice are most often taken only 2–4 times per 

year. Such sparse sampling cannot capture the variation in minutes, hours, or diurnally. 

Yet, the literature deals with the standard deviation of infrequent office measurements as 

“fluctuation” (Nouri-Mahdavi et al., 2004) that may be indicative of disease-related IOP 

variability. This practice ignores the other factors that could determine such variance. 

Newer tools allow patients to measure eye pressure at home and have the potential to 

increase the number of IOP measurements that guide clinical management from isolated 

measurements taken once every several months to multiple daily measurements. The role 

and significance of this type of IOP monitoring, however, has not been established fully in 

clinical management of glaucoma patients.

Implantation of telemetric IOP sensors in animal models allows near continuous monitoring 

of IOP over time. In normotensive, non-human primates, telemetric IOP monitoring showed 

IOP fluctuations up to 10 mmHg in magnitude from hour-to-hour and day-to day (Downs 

et al., 2011a). When IOP was monitored on a second-to-second timescale, IOP fluctuations 
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due to ocular saccades, blinks, vascular filling, stress, and eye rubbing were documented 

and could be dramatic in magnitude (>100 mmHg elevation in the case of eye rubbing) 

(Downs et al., 2011a; Turner et al., 2019a, 2019b). Chronic monitoring using these sensors 

revealed cyclic changes in mean IOP as well as a pattern of the frequency of transient IOP 

variations that cycled over 16- to 91-days (Jasien et al., 2019). In a non-human primate 

glaucoma model maximum IOP was the best predictor of glaucomatous structural changes 

rather than mean IOP and IOP variability (over 1–3 weeks) (Gardiner et al., 2012). Again, 

the significance of many of these transient and cyclical variations has not been established in 

glaucoma.

Since all human eyes have moment-to-moment and diurnal/sleep related variance in IOP, 

these would only be relevant to glaucoma causation if the variances were greater in 

glaucoma eyes, or, if the glaucoma eye were more sensitive to variances tolerated by non-

diseased eyes. Indeed, it has been shown that the variability of office-based IOP is greater in 

glaucoma eyes, and that the variance is reduced along with mean IOP by glaucoma filtering 

surgery (Wilensky et al., 1994). Yet, medical treatment may induce greater variability in 

IOP due to incomplete adherence with topical IOP-lowering drugs, which is unfortunately 

common. Due to the fact that IOP has a floor-effect and under physiological conditions 

does not go lower than episcleral venous pressure, eyes that have higher mean IOP with 

a normal EVP will also have greater variance. Whether glaucomatous eyes have more 

dynamic IOP variance over shorter time periods needs to be further studied. We can estimate 

the timescales or parameter limits that occur in adult human IOP. Mean IOP can range from 

3 to 80 mm Hg, frequency of variation can be in the range of 1 cycle per second (blinks, 

saccades, cardiac cycles) to much longer intervals, as in minute to minute, diurnal, and 

even seasonal effects. The rate and degree of IOP change may be important. The levels and 

change in IOP that are important in glaucoma will ultimately depend upon the mechanisms 

by which the eye tissues and cells sense and respond to them.

3. Features of glaucomatous optic neuropathy

Study of experimental monkey and human glaucoma optic nerve heads shows that damage 

to RGC axons occurs at the LC (Anderson and Hendrickson, 1974; Quigley and Anderson, 

1976; Quigley et al., 1981). The corresponding location in rodent eyes is also the site of 

injury, the unmyelinated optic nerve (Howell et al., 2007). The majority of RGCs produced 

in utero die by apoptosis due to failure to reach an appropriate target neuron (Perry et 

al., 1983). RGC that synapse with correct partners are sustained by continuous receipt 

of neurotrophic factors that repress the apoptosis (Raff et al., 1993). One mechanism of 

RGC death in glaucoma is recapitulation of this programmed cell death mechanism due to 

axonal transport blockade of neurotrophins (Quigley et al., 1995). In both animal models 

and human glaucoma, there is selective loss of RGC with sparing of other retinal neurons, 

including amacrines (Kielczewski et al., 2005) or photoreceptors (Kendell et al., 1995).

RGC axons remain unmyelinated until the posterior limit of the LC in monkey and 

human eyes, while myelination begins ~1 mm behind the eye in rodents. At the LC, 

RGC axons are separated into bundles by astroglial columns at the level of the choroid 

and by connective tissue beams lined by astrocytes at the scleral level, with beams 
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undergoing thickening during aging (Quigley, 1977b). The connective tissue beams in 

the LC contain collagens, elastin, glycoprotein matrix, fibroblasts, and the capillaries 

supplying local nutrition (Elkington et al., 1990; Hernandez et al., 1987, 1988). At the LC, 

mechanical stresses are directed both circumferentially from the peripapillary sclera (hoop 

stress) and by the trans-LC pressure differential between IOP and myelinated optic nerve 

tissue pressure (Burgoyne et al., 2005). The ultimate upstream mechanisms that underly 

RGC death and glaucomatous vision loss are multifactorial, involving neuroinflammation, 

astrocyte activation, mitochondrial function, and vascular dysregulation (Quigley, 2016; 

Weinreb et al., 2014). Each of these elements have mechanosensitive sensors that respond to 

IOP-generated stress that will be considered individually.

It is useful to consider which alterations in the LC are generated by pressure-induced 

stress and which are simply a result of the death of RGC axons. To do this, research has 

compared the differences between non-glaucoma optic neuropathy and glaucoma, both in 

human disease and in experimental models. In human glaucoma LC, there is a remodeling 

of the connective tissue beams and astrocyte positions that is not observed in other disorders 

causing RGC axon loss (Quigley and Green, 1979). Likewise, in experimental monkey 

glaucoma, connective tissue beams of the LC were dramatically remodeled (Quigley and 

Addicks, 1980), which did not occur after experimental optic nerve transection (Quigley 

and Anderson, 1977). These fundamental differences are visible in the characteristic clinical 

features of glaucoma compared to neuropathy at the same site not due to IOP-induced 

change (e.g. non-arteritic ischemic optic neuropathy) (Danesh-Meyer et al., 2010).

4. Ocular responses to IOP-generated stress

Among the issues that will be considered next are whether the mechanisms by which the 

eye responds to IOP act immediately or require longer-term detection or response. Sensation 

mechanisms have timescales and sensitivities that allow the cell and tissue to function as 

band-pass filters, with some mechanisms quickly reacting to rapid fluctuation in stress and 

others that ignore quick variation and only are activated with continued change or particular 

levels of change. Some reviews distinguish sequential steps as 1) mechanosensation, 2) 

mechanoresponse, and 3) mechanotransmission (Hoffman et al., 2011). Mechanosensation 

includes elements such as bending of a cell membrane to open ionic channels or physical 

stress altering integrin-linked signaling at the membrane. Mechanoresponse mechanisms are 

implemented by various events, such as ion channel opening, collagen/elastin uncrimping, 

internal skeletal element unmasking of binding sites, cytokine release, and recruitment of 

integrins to signaling complexes. Mechanotransmission involves such long term processes 

such as transcription factor stimulation, reorganization of actin and intermediate filaments, 

cell process reorientation, and cell division.

The molecular and cellular processes that create band-pass filters thus allowing the 

precise interpretation of specific mechanical signals, while eliminating mechanical noise, 

are complex and incompletely understood. Cells detect mechanical stimuli through cell 

membrane mechanoreceptors, adherens junctions, cell-cell adhesions and junctions, integrin 

complexes, focal adhesions (FA), and primary cilia (Eyckmans et al., 2011; Leiphart et al., 

2019; Martino et al., 2018). They respond to mechanical stimuli by activating intracellular 
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signaling pathways, activation of nuclear membrane complexes, cytoskeletal remodeling, 

changes in organelle morphology, and altered gene transcription. Cells are additionally 

active participants in probing their surroundings for mechanical cues. Band-pass filtering 

occurs on multiple levels including single proteins that can tune out mechanical cues, large 

protein complexes such as the cytoskeletal rearrangements, and cell-to-cell communication 

through direct cell contact or release of extracellular signals (Tapia-Rojo et al., 2020). The 

challenge to better understand glaucoma pathogenesis is to link our growing knowledge of 

IOP variation on multiple timescales and its role in glaucoma pathogenesis to the molecular 

responses to these stimuli.

In disease-oriented research, stress is often placed on the question of what pathological 

events initiate a decline in normal function. Instead, it may be more productive to consider 

that disease is a failure to maintain an equilibrium of forces that balance survival and 

detrimental mechanisms. Both beneficial and pathological pathways were activated in rat 

experimental glaucoma (Yang et al., 2007b). In animal glaucoma models, we produce an 

effect by an artificial stimulus; e.g., blocking aqueous humor outflow or crushing the optic 

nerve. In this setting, there is an exact starting point to gauge what are initial events. In 

chronic human glaucoma, on the other hand, the tissues exist in an ongoing milieu that 

produces either restoration of normal function or leads to loss of neurons. This precludes 

the ability to determine factors that might be considered “first” causes or earliest events. 

As we consider experimental data in the next sections, it is important to remember this 

difference between experimental artificiality and complex human disease. We will provide 

separate discussions of the individual tissues and cells of the ONH region that are relevant to 

IOP-produced stress.

4.1. Connective tissue responses of the optic nerve head

The ONH contains connective tissue primarily consisting of collagens and elastin, in both 

the LC and surrounding peripapillary sclera (PPS) (Fig. 2). As the main load-bearing 

component of the ONH, the primary function of this connective tissue is to resist the 

deformation response to IOP-generated stress (Quigley, 2015). Biomechanical modeling 

studies point to the LC and PPS as regions of greatest strain under the influence of IOP 

(Coudrillier et al., 2012; Grytz et al., 2012a; Norman et al., 2011). In an ex vivo inflation 

test on post-mortem human eyes, the maximum principal strain, Emax, which denotes the 

maximum tensile strain, measured using digital volume correlation (DVC) in the LC and 

PPS was approximately 3% when the eyes were subjected to controlled pressurization from 

5 to 45 mmHg. Notably, the peripheral LC exhibited higher strain levels compared to the 

central LC and inner PPS, while the nasal quadrant showed lowest strain in both tissues 

(Midgett et al., 2020b). In vivo biomechanical studies conducted using OCT imaging to 

measure LC strains following acute IOP change in open angle glaucoma eyes have reported 

an average Emax, between 1 and 2% depending on the magnitude and percentage of IOP 

change (Czerpak et al., 2023a; Midgett et al., 2019), time from IOP change, and glaucoma 

stage (Czerpak et al., 2023a). A similar in vivo biomechanical study reported that the 

average effective strain of normal eyes, which is a measure of local shape distortion, ranged 

around 6.8%, and is higher than that measured in ocular hypertensive eyes (3.96%), primary 

open-angle glaucoma eyes (6.04%) and primary angle-closure glaucoma eyes (4.05%) 
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(Beotra et al., 2018). The LC, characterized by a fenestrated architecture with connective 

tissue beams, is recognized as a vulnerable spot within the eye, making it the primary site of 

injury in the case of glaucoma. It covers the opening of the scleral canal and tethers to the 

comparatively rigid PPS (Downs et al., 2010). In terms of connective tissue organization, the 

collagen and elastin fibrils of the LC in both human and monkey eyes are oriented directly 

across the ONH canal from one side to the other (Hernandez et al., 1987; Quigley, 2015). 

The PPS connective tissues are arranged in circumferential fashion around the ONH with 

interdigitations to LC beams. The other portion of the sclera to have this circumferential 

pattern is at the corneoscleral limbus. By contrast, the connective tissue of remainder 

of the sclera is primarily composed of types I and III collagen with no elastin, which 

are arranged in fibril groups called lamellae. Within each lamella, the collagen fibers are 

aligned in a dominant direction, while in adjacent lamellae, they alternate their orientations, 

ranging from anteroposterior to circumferential to oblique. The arrangement of the lamellae 

in the sclera resembled the interlacing pattern of a woven basket, with some degree of 

interweaving between them (Fig. 3) (Cone-Kimball et al., 2013). By contrast, in the PPS 

around the ONH, the woven basket arrangement changes to a circumferential pattern for 

both collagen and elastin fibrils in human (Hernandez et al., 1987; Quigley et al., 1991a) 

and in rodent eyes, (Gelman et al., 2010; Girard et al., 2011) which is seemingly designed to 

withstand hoop stress from IOP increase. In addition, the fiber diameter of collagen is larger 

in PPS (Quigley et al., 1991b) and the variance of fiber diameter is greater in PPS than LC 

where there is a relatively uniform collagen fiber (Anderson, 1969).

Connective tissue beams in the LC provide structural support to the RGC axonal bundles 

as they pass from the higher pressure of the posterior eye to the lower pressure myelinated 

optic nerve (Burgoyne et al., 2005; Downs et al., 2008). While in most eyes IOP-generated 

stress does not exceed the elastic limit of the LC beams, higher IOP has been shown to lead 

to extensive remodeling of the connective tissue structure, resulting in increased posterior 

displacement of the LC in glaucoma eyes (Burgoyne et al., 2005; Downs et al., 2008; Jonas 

et al., 2004; Quigley and Green, 1979; Ren et al., 2009). LC beams are thinner and occupy 

a lower proportion of the tissue in the superior and inferior poles of the ONH, and it is in 

these areas that initial glaucoma damage to axons is greatest (Emery et al., 1974; Ling et al., 

2019; Quigley and Addicks, 1981; Radius et al., 1978). Previously mentioned biomechanical 

strain measurements in postmortem human eyes align with these findings, confirming that 

these polar areas have greater strain with induced IOP increase (Midgett et al., 2020a, 

2020b). Both these studies and OCT imaging in living human eyes show that glaucoma and 

normal eyes differ in LC strains, with greater strains in glaucoma eyes with more damage 

at the time of testing (Czerpak et al., 2023a). Similarly, in mouse models of glaucoma, 

increased strains have been observed in astrocytic lamina (AL) in glaucoma groups induced 

through microbead injection or by treatment with recombinant trypsin enzyme (Korneva 

et al., 2020, 2022), as demonstrated in our previous biomechanical studies on the mouse 

ONH. Compatible with these findings, quantitative histological studies show that eyes with 

worse glaucoma damage have more curved LC (Czerpak et al., 2023b; Guan et al., 2022; 

Quigley et al., 1983) and thinner LC beams. Since these studies were cross-sectional in 

nature, they cannot differentiate between two possibilities: 1) eyes with greater strain at 

baseline become more damaged, or 2) as damage becomes greater, strain increases. Clearly, 
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remodeling of the ONH is likely to occur over time, performed by the actions of resident 

astrocytes and fibroblasts (Downs et al., 2011b; Yang et al., 2017). Roberts et al. have shown 

in a monkey model with early experimental glaucoma that the volume of the LC connective 

tissues initially increased in glaucomatous eyes compared to controls, by recruitment of 

more posterior beams (Roberts et al., 2009). Wang et al. examined 3D microstructure of 

human LC using OCT and observed that there is increased beam thickness to pore diameter 

ratios and higher pore diameter standard deviations in the glaucoma group, supporting the 

concept of remodeling during glaucoma progression (Wang et al., 2013). In addition, our 

recent microstructural study of human LC revealed that both mild and severe glaucoma eyes 

exhibit smaller pore diameter, greater beam tortuosity, and more isotropic beam structure 

compared to controls (Guan et al., 2022). Notably, studies conducted in a glaucomatous 

monkey model observed an increase in the production of type I, III, and IV collagen in LC 

(Morrison et al., 1990; Quigley, 2015). Furthermore, increase in collagen fiber mass in LC 

caused by IOP elevation was predicted using growth and remodeling framework in human 

glaucoma progression (Grytz et al., 2012b). These findings suggest that the augmented 

collagen production may serve to fill the former position of RGC axons in the lamina pores, 

but its organization would not likely serve the function of resisting mechanical strain as did 

the original beams. Brazile et al. reported that the tortuosity of collagen fibers diminished 

in thin LC beams which may allow the thinner beams to withstand similar amounts of 

IOP-induced force as thicker beams, despite the differences in beam width (Brazile et al., 

2018). Alteration in collagen fiber crimp may enable the maintenance of a homeostatic 

strain condition without requiring changes in the diameter of the LC beams (Brazile et 

al., 2018; Grytz et al., 2020). Overall, the continuous remodeling process of connective 

tissue establishes a feedback mechanism with the mechanical behavior of LC, leading to a 

gradual reshaping of LC into a cup-like structure. Additionally, this reciprocal interaction 

between connective tissue remodeling and feedback mechanism contributes to the gradual 

posterior migration of the LC insertion site into the pia mater during the early stages of 

glaucoma (Downs et al., 2011b; Yang et al., 2011). As glaucomatous damage progresses 

with persistent connective tissue remodeling, the LC eventually becomes thinner to present 

the featured cupped, excavated morphology at the end stage of glaucoma (Downs et al., 

2011b). In glaucoma, ongoing reorganization of connective tissue at LC defines the clinical 

picture of optic disc excavation and cupping.

Similar to remodeling in LC, the connective tissue of the PPS undergoes an adaptation 

process in response to the loading conditions associated with IOP. PPS thickness in monkey 

is thicker in the superior, inferior, and temporal quadrants, and comparatively thinner in 

the nasal quadrant (Downs et al., 2002; Yang et al., 2007a). Both studies in experimental 

mouse glaucoma and human glaucoma eyes show that the circumferential fiber pattern 

in the PPS (Coudrillier et al., 2012, 2013; Grytz et al., 2011) becomes more disordered 

compared to normal controls (Pijanka et al., 2012, 2014). The strain response of the PPS of 

human glaucoma donor eyes was significantly stiffer than that of normal eyes. Similarly, the 

stiffness of the PPS of mouse glaucoma models (Nguyen et al., 2013b) and the equatorial 

sclera in a monkey glaucoma model was substantially stiffer than normal (Gottanka et al., 

1997). It is likely that the local difference in structure in PPS compared to the remainder 

of the sclera would lead to regionally different remodeling. Fazio et al. measured non-PPS 
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sclera compliance and found that it differed in monkeys at varying IOP exposures (Fazio et 

al., 2019). Since the biomechanical behaviors of PPS and LC are interconnected, the local 

response and remodeling of both tissues is an important area for further study.

4.2. Retinal ganglion cell responses

While it is the RGC that ultimately dies from glaucoma, it is not clear that the IOP-related 

events leading to axon injury derive primarily from the RGC axon itself. In fact, both 

hoop stress from the PPS and the translaminar cribrosa pressure gradient may act on 

other elements, both cellular and extracellular, that lead to detrimental events in the axon. 

However, human and animal studies of glaucoma detected abnormalities in RGC axons at 

the LC. Most notably, both anterograde and retrograde axonal transport are interrupted at 

this location in mice, rat, monkey and human glaucoma (Crish et al., 2010; Minckler et al., 

1978; Pease et al., 2000; Quigley and Addicks, 1980; Quigley et al., 1981; Salinas-Navarro 

et al., 2010).

There are several pathways by which RGC death is known to be initiated (Almasieh et 

al., 2012). The intracellular c-Jun N-terminal kinase (JNK) stress response pathway has 

been implicated from a variety of evidence. c-Jun is upregulated in RGCs and astrocytes 

in glaucoma models (Hashimoto et al., 2005; Levkovitch-Verbin et al., 2005) and RGCs in 

human glaucoma eyes (Tezel et al., 2003). siRNA-mediated knockdown of c-Jun resulted 

in RGC survival after optic nerve lesion (Lingor et al., 2005). A JNK inhibitor produced 

moderate RGC protection in an acute ocular hypertension model (Sun et al., 2011). Mice 

lacking both Jnk2 and Jnk3 had improved RGC survival after injury (Fernandes et al., 

2012). Most definitively, kinases upstream of JNK were shown to carry the injury signal in 

glaucoma and axon injury (Welsbie et al., 2013). Secondly, the block in retrograde axonal 

transport at the LC leads to neurotrophin withdrawal and a consequent initiation of apoptosis 

(Martin et al., 2003). Third, dysfunction in axonal mitochondria has been proposed to play 

a role, given the higher energy requirement of unmyelinated fibers at the LC (Dai et al., 

2011). In a monkey glaucoma model, there are indications of microtubular disruption at an 

early stage of injury (Fortune et al., 2015). Each of the above mechanisms seems to be a 

consequence of some intervening and earlier step(s) produced by IOP-generated stress.

RGC and their axons contain mechanosensitive membrane channels that can sense IOP 

variations. Mechanosensitive channels in the RGC membrane include TRPV1, which has 

been shown to contribute to RGC death with experimental IOP elevation, likely through 

Ca++ ion entry into the cell or axon (McGrady et al., 2020; Sappington et al., 2009). Another 

mechanosensitive channel, pannexin-1 (Kurtenbach et al., 2014), is present in RGCs and 

interacts with a variety of cell response pathways. The mechanosensitive channels, Piezo 

1 & 2, transmitting Ca++, have been identified in RGCs (Morozumi et al., 2020). Altered 

calcium ion concentrations have been associated with effects on calmodulin and calpain 

with further changes in multiple kinases, as well as altered mitochondrial movement along 

microtubules—a known effect in glaucoma (Kimball et al., 2018; Quigley et al., 1981). 

Additional mechanosensitive channels found in RGC include TREK and TRAAK K+ 

channels, but their downstream effects in the axon or RGC soma have not been linked 

to cell survival mechanisms (Hughes et al., 2017). The RGC soma and their axons at the 
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ONH experience different levels and state of strains (e.g. tension, compression, shear, etc). 

Strains produced by IOP change are substantially greater in the ONH than in the retina 

(Yuan et al., 2023). A modeling study based on findings in mouse ONH suggests that 

the mechanical strains in the axon compartments are substantially greater than strains in 

supportive astrocytes (Ling et al., 2020). Thus, it is likely that IOP-generated stress on RGCs 

occurs predominantly in the axons at the ONH rather than in retinal RGC soma.

There is substantial evidence that some types and sizes of RGCs are more susceptible to 

human and experimental glaucoma. It is clinically well-established in OAG that the foveal 

or midget RGCs survive in the central retina longer than RGCs of this or other types in 

the mid-retina. Some evidence from both post-mortem human glaucoma eyes and from 

experimental monkey glaucoma confirms that larger RGCs die first (Dandona et al., 1991; 

Quigley et al., 1987, 1988). It has been suggested that some apparently greater loss of larger 

RGCs is due to pre-mortem shrinkage of cell body and axon (Morgan, 2002). Identification 

of RGC subtypes has become more nuanced with over 40 different subtypes of RGCs now 

classified in mammals (Zhang et al., 2022). These subtypes differ in anatomical morphology, 

electrophysiologic function, transcriptional profiles, and susceptibility to IOP and axonal 

damage (Daniel et al., 2018, 2019; El-Danaf and Huberman, 2015; Feng et al., 2013). 

While RGC phenotypes in primate and rodent retinas may not be concordant, large αRGCs 

(particularly OFF-type) are also more susceptible (Ou et al., 2016). It will be of interest 

to determine if differences in mechanosensation or mechanotranslation underlie differential 

sensitivities to IOP elevation, or if other factors such as nutritional needs (see Section 4.4) 

are contributory. In human eyes, larger RGC axons passing through the upper and lower 

poles of the optic nerve head are killed selectively and the connective tissues supporting 

them in these areas undergo greater biomechanical strains (Glovinsky et al., 1991; Midgett et 

al., 2020b; Quigley et al., 1988, 1989).

4.3. Astrocyte responses

The origins of the cellular response to external mechanical stimuli lie within the crosstalk 

between extracellular matrix (ECM) and mechanosensitive signaling molecules that include 

transmembrane channels, junctional complexes (JC), integrin-linked focal adhesions, and 

intramembrane and cytoskeletal proteins that respond to external mechanical stimuli (Figs. 

4 and 5). These signaling pathways act as a band-pass filter–ignoring some external stimuli, 

while other stimuli activate either beneficial or detrimental cellular responses. Here, we 

describe the ONH astrocyte response to mechanical strain and highlight its dependence on 

frequency, magnitude, and duration.

We and others have shown that ONH astrocytes respond quickly and dramatically to changes 

in IOP in both rodent and monkey glaucoma models (Korneva et al., 2020; Morrison 

et al., 1990; Quillen et al., 2020; Tehrani et al., 2019). Mechanically-induced increase 

in intracellular Ca++ concentrations has been demonstrated for cultured retinal and brain 

astrocytes (Ho et al., 2014; Ostrow et al., 2011), and channels found in mouse ONH 

astrocytes include TRPC1, TRPP1,2, TRPM7, and Piezo2 (Choi et al., 2015). Defined fluid 

shear stress on cultured brain astrocytes in a microfluidic chamber generated non-uniform 

forces in actinin varying with stimulus rise time (Maneshi et al., 2018). Shear pulses with 

Pitha et al. Page 11

Prog Retin Eye Res. Author manuscript; available in PMC 2024 March 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fast rise times (2 ms) produced immediate increases in actinin tension and intracellular 

Ca++ increase, while slow ramp stimuli produced little Ca++ response. Cells integrate the 

effects of induced stress, with 10 narrow sequential pulses (11.5 dyn/cm2 and 10 ms wide) 

causing 4 times the Ca++ increase of one pulse with that amplitude, but 100 ms wide. Thus, 

mechanoresponse in astrocyte ionic channels is determined not only by the magnitude of 

stress, but by duration and rise time (Maneshi et al., 2015). Further, Piezo channels act as 

frequency filters at onset and continuation of repetitive stimuli, indicating they are poor 

discriminators and inefficient transducers of continuous high-frequency stimulations. Their 

response depends on intrinsic channel gating, as well as the number of stimulated channels 

(Lewis et al., 2017). Moreover, the reaction of mechanosensitive channels is interdependent 

with cytoskeletal integrity and is both time dependent and viscoelastic. In astrocytes, 

treatment with cytochalasin-D – a potent inhibitor of actin polymerization– eliminated force 

gradients and changed the intracellular location of Ca++ elevation. Piezo2-mediated Ca++ 

influx activates RhoA to control changes in the actin cytoskeleton and the orientation of 

FA, representing mechanotranslational responses (Kirschner et al., 2021; Pardo-Pastor et al., 

2018; Segel et al., 2019). In trabecular meshwork cells, the activity of mechanosensitive 

TREK-1 channels interacts with cochlin to produce changes in cytoskeletal remodeling 

(Carreon et al., 2017). Astrocyte populations are heterogeneous with diverse morphologies, 

gene transcription profiles, and roles in homeostasis and disease pathology (Escartin et 

al., 2021). Studies in different astrocyte populations, however, do provide insight into the 

potential for mechanical band-pass filters, potentially in ONH astrocytes. Together, these 

studies not only describe complex mechanosensitive band-pass filters in astrocytes but also 

highlight their crosstalk with cytoskeletal organization and the internal state of each cell.

Critical to the relevance of cell culture research in biomechanics is the issue of whether 

cultured astrocytes represent their actual response in situ, attached by integrin-linked 

signaling to their basement membranes and thus to the connective tissue matrix of ONH 

beams and PPS (Friedrich et al., 2017). ATP release from the mechanosensitive channel 

pannexin 1 was induced in cultured ONH astrocytes exposed to 5% equibiaxial strain (at 0.3 

Hz for 2 min) (Beckel et al., 2014). This mild degree of strain was below that calculated as 

the mean strain present in the LC with a rise in IOP to 50 mm Hg (Sigal and Ethier, 2009). 

Cyclical stress at this level was hypothesized to be consistent with that of the ocular pulse 

as observed in primate eyes with remote telemetry (Downs et al., 2011a). Whether these in 
vitro conditions accurately model in vivo strain has not been established, nor has the relation 

of strain magnitude to IOP level.

An additional means for mechanosensation and mechanoresponses are JCs – multiprotein 

complexes that provide adhesion and integrin linkages (Hoffman et al., 2011) between ONH 

astrocytes and their collagenous basement membrane (Quillen et al., 2020). The electron 

dense appearance of these JCs is only present in astrocyte cytoplasm facing their basement 

membrane, suggesting that the JC role is intimately related to mechanosensitivity (Fig. 

4). JC densities are not present in many astrocytes throughout the central nervous system, 

because they do not interact with a collagenous basement membrane and therefore do not 

serve a role in mechanosensation of collagenous ECM stress (Aten et al., 2022; Lunde et 

al., 2015). This unique role for transmembrane signaling pathways in ONH astrocytes was 
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demonstrated in gene expression differences between astrocytes of the ONH that have JC 

and those of the myelinated optic nerve that do not have JC (Keuthan et al., 2023).

Integrins – transmembrane receptors that participate in cell-ECM adhesion and 

mechanosensation – play a major role in astrocyte mechanosensation. Proteomic, 

immunoblot and immunofluorescent study of sclera and ONH in mouse glaucoma 

showed that integrin-linked signaling and actin cytoskeletal molecules are upregulated with 

increased IOP (Oglesby et al., 2016). Integrin dimers in the membrane are variously bonded 

to ECM components, including collagens I, III and IV, laminin and fibronectin in both the 

PPS and in ONH connective tissue beams in larger mammals (Morrison, 2006). Integrins 

are recruited to electron dense complexes in ONH astrocytes to translate external stress 

to a series of molecules that link them to the actin/myosin cytoskeleton (Tehrani et al., 

2019). Particular integrin α/β dimers have specific extracellular linkages and are coupled 

to different intracellular signaling cascades (Kapp et al., 2017; Seetharaman and Etienne-

Manneville, 2018). There are 24 known dimers of integrins, using 18 α and 8 β monomers. 

Whole mouse ONH tissue RNAseq data suggest a similar expression pattern of these dimer 

subunits: α2, 3, 5, V, 6 and 8 and β1 and 4. In normal monkey and human eyes, α2, α3, 

α6, β1, and β4 integrin subunits are localized in astrocytes along the margins of laminar 

beams and within glial columns (Morrison, 2006), which suggests that integrins α2β1, 

α3β1, α6β1, and α6β4 attach astrocytes to laminin in the basement membrane. Integrins 

α4, α5 and αv primarily label optic nerve head blood vessels, while α1, β2, and β3 were 

not found in monkey and human ONH tissue. In the core of LC beams in larger mammals 

and human eyes, there are no integrins identified, except associated with large and small 

blood vessels (Morrison, 2006).

Whether integrin binding is tension dependent is determined by the dimer and binding 

partner. α2β1 bound to collagen can withstand mechanical force >150 pN, whereas the 

fibronectin–α5β1 bond ruptures at 30–50 pN, and αVβ3 breaks at even lower forces 

(Niland et al., 2011). Integrins have a catch–slip bond, so applied force first strengthens 

the bond (the catch phase), but when force surpasses a threshold, the bond progressively 

weakens (slip regime) (Kechagia et al., 2019). Clustering of integrins into complexes 

induces “adhesion maturation” in which further force recruits additional integrins until, at a 

limit, the adhesion fails. This phenomenon could be the explanation of astrocyte separation 

from its basement membrane as observed in mouse experimental glaucoma (Dai et al., 2012; 

Lye-Barthel et al., 2013; Quillen et al., 2020) (Fig. 6).

The molecules linked to integrins include a variety of extracellular species, many 

secreted by the astrocytes themselves (Morrison, 2006). Integrins adhere to the astrocytic 

basement membrane, whose primary components are collagen IV, laminin, fibronectin, and 

glycosaminogly-cans. Data from the human protein database suggest that the most likely 

collagen IV trimer secreted by astrocytes is α5α5α6 (www.proteinatlas.org). Laminins form 

independent networks interdigitated with collagen IV and bind to cell membranes through 

the dystroglycan–glycoprotein complex. Laminins are composed of 3 non-identical chains: 

laminin α, β, and γ, forming a cruciform structure. There are five α, three β, and three γ 
chains, with 18 isoforms. Laminin-111 and −211 are astrocytic, while laminin-411 and −511 

are endothelial and found in the basement membrane of brain microvessels (Kawauchi et al., 
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2019). Analysis of the laminin—collagen IV complexes indicates that laminin binds to type 

IV collagen via the globular regions of either of its four arms (Charonis et al., 1985). The 

most likely the laminin trimers in astrocytes are: α1,4 or 5 with β2 and γ1.

The molecular response cascade internal to integrins (Hu et al., 2015) includes focal 

adhesion kinase (FAK), talin, vinculin, paxillin, zyxin and α-actinin, whose collective 

response alters the actin/myosin skeleton (Martino et al., 2018), through Rho and Rac-

mediated (Konopka et al., 2016) interaction with paxillin, vinculin, and Src (Fig. 5) (Diniz et 

al., 2019). FAK is initially recruited to the integrin complex by paxillin and talin binding to 

integrins in response to external mechanical stimuli (Kleinschmidt and Schlaepfer, 2017) 

and its autophosphorylation activates downstream mechanotransducers (Martino et al., 

2018). FAK activation increases paxillin phosphorylation, leading to a stronger cytoskeletal 

linkage, vinculin recruitment to adhesions, and focal adhesion maturation (Pasapera et 

al., 2010). The intrinsic mechano-signaling role of FAK involves Ras translocation to 

the nucleus (Zhou et al., 2015). Downstream signaling by force-mediated FAK activation 

triggers mechanosensitive cell proliferation and increased inflammatory cytokines (Wong et 

al., 2011). Short-term changes in some of these elements have been detected after acute 

IOP increase in rats (Tehrani et al., 2016), including acute decrease in FAK and increases 

in p-paxillin and p-cortactin. The interaction between FAK, talin and vinculin illustrates a 

mechanism whose effect on the actin cytoskeleton is calibrated by the force of mechanical 

stress, representing another band-pass filtering effect in the mechanoresponse (Rahikainen 

et al., 2019). Paxillin phosphorylated by FAK or Src binds activated vinculin, stabilizing FA-

cytoskeleton interaction. Zyxin acts in mechanosensing by regulating F-actin polymerization 

(Uemura et al., 2011). The actin cytoskeleton is dynamic, so that high levels of α-actinin 

cross-linkage to the F-actin fibers indicate a resistant structure, while FAK phosphorylation 

of α-actinin leads to dissolution of the fiber linkage, as well as interacting with Rho activity 

on myosin—actin interaction to strengthen the fiber structure (Katsumi et al., 2004; Mitra 

et al., 2005). While much of the literature in the field deals with non-astrocytes, there 

is evidence that Bergmann glia – also known as radial astrocytes - have RhoA-mediated 

maintenance of F-actin fibers (Rosas-Hernandez et al., 2019). Rho kinase activity increases 

cell contractility and stiffness, while Rho kinase inhibition was neuroprotective in rat optic 

nerve crush (Yamamoto et al., 2014). Rho kinase inhibition in cultured human scleral 

fibroblasts and mouse glaucoma sclera decreases a-smooth muscle actin (α-SMA) increase 

and cell proliferation (Pitha et al., 2018).

The response of cells to their surrounding matrix is dependent upon its rigidity as well 

as changes in its stiffness (Hoffman et al., 2011). Models of this interaction suggest that 

on softer substrates or with slowly applied forces the FA molecular turnover is less than 

with rapidly applied force or stiffer matrices. A separate, but related mechanism involves 

inside—out signaling. Mechanical stress on the internal cytoskeleton leads not only to 

recruitment of actin to form cross-linked actin networks, but effects TGFβ release from its 

latent form in the extracellular matrix, stimulating its cell membrane receptor (Kirschner et 

al., 2021). Actin-based astrocyte structure and signaling within the ONH are significantly 

altered within hours after IOP elevation and prior to axonal cytoskeletal rearrangement, 

producing some responses that recover rapidly and others that persist for days despite 

IOP normalization (Wang et al., 2017). As described in the section on mechanosensitive 
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channels, this shows that the translational events caused by mechanical stress have time-

dependent and time-limited, band-pass behaviors.

A separate intramembrane molecular complex sensitive to extracellular matrix behavior with 

intracellular signaling is the dystroglycan—glycoprotein complex (DGC). This consists of 

an extracellular α-dystroglycan and a membrane-spanning β subunit from a single gene 

product. DG binds to basement membrane components, especially laminins, as well as 

agrin and perlecan domains (Hohenester, 2019). DGC proteins consist of dystroglycan, α-

dystrobrevin, and α-syntrophin. The complex is necessary for the localization of aquaporin 4 

in the membrane. DG is a receptor for ECM laminin and agrin. While aquaporins are nearly 

ubiquitously found in brain astrocytes, they are absent in ONH astrocytes in all mammals, 

possibly to avoid swelling of astrocytes by aquaporin-dependent water intake in a structure 

that resists expansion (Kimball et al., 2022).

The cytoskeleton in astrocytes made up of F-actin and 10 nm intermediate filaments and 

few microtubules has both static micrometer scale stiffness and a turnover of its fibers 

that responds to other mechanical stimuli. The linkage of actin to myosin generates force 

changes. These protein—protein interactions have lifetimes that range from milliseconds 

to days (Evans and Calderwood, 2007), and applied force alters the life of non-covalent 

bonds, acting either as slip bonds or catch bonds (Thomas et al., 2008). Bonds between 

actin and the crosslinking protein α-actinin are slip bonds (Friedland et al., 2009), while 

the links between fibronectin and α5β1 integrin and actin–myosin act as catch bonds (Guo 

and Guilford, 2006). On longer time scales, cytoskeletal fibers can become reinforced or 

dissociated, changing the cellular internal structure (Leiphart et al., 2019). The balance 

between p-cofilin and cofilin in either stabilizing or dissociating the actin fibers is influenced 

by Rho kinase (Hayakawa et al., 2014), leading to transcriptional effects downstream in 

several signaling groups, including Wnt, Hippo and PI3K-Akt pathways. As indicated 

above, it is also influenced by mechanosensitive channel-induced change in Ca++ entry. 

Brain astrocytes express α-SMA under pathological conditions (Moreels et al., 2008; Pekny, 

2001; Vedrenne et al., 2017). However, Clark et al. (Tovar-Vidales et al., 2016) found that 

cultured fibroblasts from human ONH beams expressed cross-linked actin networks, but 

cultured astrocytes did not. In DBA experimental or genetic glaucoma models in mice 

(Lye-Barthel et al., 2013; Wang et al., 2017), astrocyte processes thicken and alter position, 

suggesting dramatic changes in cytoskeleton. Astrocyte remodeling both precedes and is 

concomitant with glaucomatous axonal loss in DBA/2J mice (Bosco et al., 2016; Cooper 

et al., 2016, 2018). Cells align themselves in response to applied force, becoming parallel 

to static stretch, but becoming perpendicular to cyclic stretch (Faust et al., 2011; Prager-

Khoutorsky et al., 2011). While this behavior has been studied in scleral fibroblasts in the 

eye (Szeto et al., 2021) and in both rat and mouse experimental glaucoma models, the ONH 

astrocytes reorient parallel to axons, aligning with the static IOP-generated stress (Quillen 

et al., 2020; Tehrani et al., 2014; Wang et al., 2017). In our recent study examining the 

cytoskeletal network in astrocytes within the mouse ONH, we observed regional differences 

in morphological changes in experimental glaucoma eyes 3 days after IOP elevation by 

bead injection, with significant variances in the unmyelinated ON regions. Specifically, the 

glaucoma group exhibited a significant increase in the measured areas of the ON, glial 

fibrillary acidic protein (GFAP), and actin within the unmyelinated ON regions. However, 

Pitha et al. Page 15

Prog Retin Eye Res. Author manuscript; available in PMC 2024 March 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the area fraction of GFAP decreased in the glaucoma group, whereas the area fraction of 

actin remained consistent between the two groups (Ling et al., 2020). We also observed 

in TEM of the astrocytic lamina 1–3 days after IOP elevation by bead injection, the 

appearance of abnormal extracellular spaces between astrocytes near the PPS, and of vesical 

and mitochondrial accumulation indicating axonal transport blockade. At 1 week, we also 

detected astrocytes separating from their basement membranes and new collagen formation 

(Quillen et al., 2020).

Intermediate filaments (IF) are found in 4 types, with type III typical for astrocytes, 

containing GFAP, vimentin and nestin. IFs form by self-assembly and have no molecular 

motors, such as myosin, associated with them (Etienne-Manneville, 2018). In astrocytes, 

dynamic IF polymerization and depolymerization is regulated by phosphorylation (Hol 

and Capetanaki, 2017), occurring over relatively longer timescales than for actin network 

alteration (Leduc and Etienne-Manneville, 2017). IFs are both more flexible and stretchable 

than actin and microtubules (Block et al., 2015). IFs are fully elastic, but at higher stress, 

they stiffen and decrease diameter (Herrmann and Aebi, 2016). Astrocytic type III IF 

association can be mediated by α and β synemins, which bind to talin, vinculin, zyxin, 

and α-actinin. Type III IF consist of mixtures of 10 GFAP isoforms (Moeton et al., 2016), 

vimentin, and nestin. GFAP is disassembled by calpain and S100α (Yang and Wang, 2015). 

The molecular mechanisms of dynamic association with junctional complexes by astrocytic, 

type III IFs include nestin- and integrin-mediated signaling through Rho GTPases. By 

atomic force microscopy, rat brain astrocytes increase in stiffness with age, due in part to 

changes in actin and IFs (Lee et al., 2015). IFs stabilize focal adhesions by binding to 

integrins, in some cases by associations linked by plectin and FAK (Nishimura et al., 2019) 

and focal adhesions are known to promote assembly of IF, suggesting a mutual interaction 

(Leube et al., 2015). It is likely that IFs serve as counter bearings for local actin–myosin 

forces.

In central nervous system astrocytes, GFAP labeling occupies only 15% of the astrocyte 

volume (Kacerovsky and Murai, 2016), but normal ONH astrocytes constitutively express 

GFAP, occupying a much larger proportion of astrocyte cytoplasm (Ling et al., 2020). In 

brain astrocytes, GFAP upregulates in response to injury (de Pablo et al., 2018; Guan et 

al., 2022). It could be concluded that the IOP-generated stress keeps ONH astrocytes in a 

constant state of response. In rat glaucoma models (Johnson et al., 2007; Morrison et al., 

2005), GFAP was not increased over controls, contradicting in vitro studies of astrocytes 

placed under mechanical strain (Miller et al., 2009; Mulvihill et al., 2018). Fundamental 

differences between astrocytes in situ and in culture has now been identified as a serious 

problem in in vitro research that attempts to draw parallels with in vivo disease states.

Finally, astrocytes maintain constant intercellular communication with other astrocytes 

through connexin channels (Boal et al., 2021; Quigley, 1977a). This functional syncytium 

leads to coordinated responses over substantial distances that may extend to the fellow 

eye (Cooper et al., 2020; Nagy and Rash, 2000). Further cell-to-cell crosstalk involves 

mutual signaling with ONH microglia, as discussed below. Interestingly, rat glaucoma leads 

to a decrease in immunostaining for connexin 43 (Johnson et al., 2000), while in human 

glaucoma ONH, connexin 43 channels were reported to be increased in ONH and retina 
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(Kerr et al., 2011). Mechanical stress in vitro causes loss of connexin 43 based gap junctions 

in cultured ONH astrocytes (Hernandez et al., 2008), but again the relevance of cultured 

cells to their behavior in situ should be considered.

4.4. Capillary endothelium and pericytes

The zone of interaction between small blood vessels and neurons in the CNS is referred to as 

the neurovascular unit (Goncalves and Antonetti, 2022). In addition to capillary endothelial 

cells, the passage of molecules from the intravascular compartment is affected by pericytes, 

astrocytes, and microglia (Knopp et al., 2022). As described above, astrocytes in the ONH 

are interposed between capillaries and RGC axons. Pericytes occupy the connective tissue 

matrix between the capillary basement membrane and the astrocyte basement membrane, 

even in rodent ONH that lacks prominent connective tissue beams. Pericytes are more 

numerous in the retina and ONH than in the CNS capillaries in general (Frank et al., 

1990). ONH capillaries are continuous with retinal and optic nerve capillaries and have tight 

junctions similar to CNS capillaries. Molecules that pass through the endothelial barrier 

must either be capable of transit through tight junctions or are carried by transcytoplasmic 

movement in caveolar vacuoles (Parton and del Pozo, 2013). Even molecules as small as 

fluorescein (molecular weight, 323) do not pass through the normal blood—ONH barrier. 

However, LC axons are exposed to some larger molecules leaking from choriocapillaries at 

the ONH periphery (Tso et al., 1975). There is no direct evidence that dysfunction in the 

blood—brain barrier at the ONH results from levels of IOP seen in OAG. There is no direct 

evidence that ONH capillaries actively constrict to manage flow.

The ONH is subject to mechanical stress produced by two forces: the circumferentially 

directed hoop stress of the PPS generated by IOP and the stress produced by the 

translaminar gradient between normally higher IOP and lower optic nerve tissue pressure 

(Morgan et al., 1998). In larger mammals, connective tissue beams based at the peripapillary 

sclera pass across the ONH, lined by astrocytes and containing within them capillaries 

and fibroblasts. Thus, LC capillaries, astrocytes, and axons are subject to biomechanical 

effects not seen in either retina or myelinated optic nerve, nor anywhere else in the brain. 

Capillaries express integrins within their luminal membrane, sensitive to both mechanical 

stress and shear, though the flow rates in small vessels do not likely produce high shear. 

Vascular endothelial cells are known to express integrins α3β1, α6β1, and α6β4, α5β1 

and αvβ1 (Morrison, 2006). Arteries have Piezo channels that can respond to shear (John 

et al., 2018) and their activation in arterial endothelium by disturbed flow leads to integrin 

activation of focal adhesion kinase-dependent NF-κB activity (Albarran-Juarez et al., 2018). 

It is postulated that compression in the LC is a cause of the clinical entity, central retinal 

vein occlusion (Green et al., 1981). Flow in retinal and ONH capillaries is autoregulated, 

maintaining normal flow up to IOP levels to 25 mm Hg below the mean arterial pressure 

(Quigley and Anderson, 1976; Quigley et al., 1985). Dysfunction in vascular autoregulation 

is implicated in the pathogenesis of some forms of glaucomatous optic neuropathy (Flammer 

and Konieczka, 2017). However, this is reported to occur in lower IOP phenotypes of OAG 

and may be relatively unrelated to IOP-produced stress. Lower blood pressure combined 

with higher IOP is epidemiologically associated with OAG, but there is, yet no method to 

quantify nutritional blood flow in living human eyes (Tielsch et al., 1995).

Pitha et al. Page 17

Prog Retin Eye Res. Author manuscript; available in PMC 2024 March 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



At the posterior LC border is the first node of Ranvier for RGC axons that are unmyelinated 

to that point. The high concentration of axonal mitochondria at this site has been 

hypothesized to indicate a high metabolic requirement needed for the generation of axonal 

non-saltatory transmission of action potentials (Minckler et al., 1976). Mitochondria move 

both anterograde and retrograde in axons, with evidence suggesting that damaged and aged 

mitochondria return to the RGC soma for “recharging” and axonal redistribution to maintain 

axonal health (Hung, 2021; Mandal et al., 2021). Their motion is reduced by IOP-generated 

stress at the ONH (Kimball et al., 2018).

The extracellular provision of energy-carrying metabolites to axons is now thought to 

include both glucose and lactate. This energy transfer begins with glucose exiting capillaries 

via the glucose transporter 1 (GLUT1) channel (also known as solute carrier family 2, 

facilitated glucose transporter member 1 (SLC2A1)) and entering the astrocyte through 

GLUT1 channels in their membrane (Carreras et al., 2015). The large stores of glycogen in 

astrocytes of the ONH indicate that much glucose is stored in that form. Through glycolysis, 

lactate is produced and passes out of the astrocytes through monocarboxylate transporter 1 

(MCT1, also known as SLC16A1)) (Bergersen et al., 2002) and into the axon through their 

MCT2 channels (Pierre et al., 2000) in a process termed the astrocyte–neuron lactate shuttle 

(Pellerin et al., 1998). L-lactate derived from astrocyte glycogen has been shown to briefly 

sustain optic nerve axons (Tekkok et al., 2005). In the myelinated nerve, oligodendroglia 

support axons through MCTl-based transport of lactate and/or pyruvate (Lee et al., 2012). 

Interestingly, recent research in mouse glaucoma models suggests a neuroprotective effect 

of supplemental nicotinamide/pyruvate (Harder et al., 2020). While oxygen is clearly also 

supplied by capillaries to ONH axons, hyperbaric oxygenation was not protective from high 

IOP induced axon damage in monkeys (Quigley et al., 1980). Furthermore, blood flow is 

not quantitatively reduced in experimental monkey glaucoma (Quigley et al., 1985). Nor is 

the number of capillary profiles per unit tissue area reduced in monkey or human glaucoma 

(Quigley et al., 1984).

4.5. Microglia

While microglia occupy only a modest proportion of ONH cells, they actively respond in 

the glaucomatous retina (Hayreh et al., 1999; Kanamori et al., 2005; Lam et al., 2003; 

Wang et al., 2000). It has been demonstrated that microglia exhibit Piezo1 channels (Hu et 

al., 2023). Additionally, the mechanically and osmotically responsive ion channel, TRPV4, 

tunes the microglial inflammatory response to variations in matrix stiffness (Ayata and 

Schaefer, 2020). Furthermore, they show phenotypical and migratory responses to variations 

in matrix stiffness in brain (Ayata and Schaefer, 2020). However, some microglial changes 

could be due to known interactions between microglia and astrocytes rather than a direct 

mechanosensitive response from the microglia. In experimental glaucoma, both microglia 

and astrocytes proliferate (Kimball et al., 2021). The stimulation of astrocytes by microglia 

depends upon cytokines including complement 1q, interleukin 1b, and tumor necrosis factor 

α (Liddelow et al., 2017). A direct link between microglial activation and mechanical cues 

(alterations in tissue stiffness, microarchitecture, or mechanical strain) in glaucoma has not 

been established.
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4.6. Fibroblasts of the lamina and PPS

The main cellular components of sclera stroma are fibroblasts and α-SMA-expressing 

myofibroblasts that are closely approximated to their surrounding ECM. In mouse eyes, 

fibroblasts are organized in cellular lamellae that are arranged between layers of collagenous 

fibrils with cellular lamellae comprising approximately 20% of the total thickness of fixed 

scleral tissue (Cone-Kimball et al., 2013). Ultrastructural studies revealed that fibroblasts 

have a polygonal morphology, long extensions, and points of contact between neighboring 

cells within and between cellular lamellae (Murata et al., 2019). Intercellular gap junctions, 

tight junctions, and intermediate junctions were seen in primate eyes which suggest that 

scleral fibroblasts could act as a cellular syncytium (Raviola et al., 1987). In human sclera, 

fibroblast actin filaments are highly aligned with surrounding collagen fibrils and actin 

filament organization varies in a manner that parallels regional differences in collagen 

organization (Fig. 7) (Szeto et al., 2021). In the peripheral sclera, actin and collagen fibrils 

are organized in a basket-weave pattern and in the PPS they are organized in concentric 

circles around the optic nerve head. The high degree of alignment is facilitated by the 

expression of integrins that enable cell-ECM attachment and FA formation (Hu et al., 2011; 

McBrien et al., 2006; Shelton and Rada, 2009). These contact points between scleral cells 

and their surrounding ECM, in turn, allow cells to react and respond to stimuli caused by 

IOP fluctuations.

Cultured scleral fibroblasts activate multiple signaling pathways and undergo cytoskeletal 

reorganization when placed under mechanical strain. When placed under static strain, 

primary scleral fibroblasts isolated from young donors undergo transcriptional changes 

in genes involved in ECM turnover, protein and lipid metabolism, and cell growth and 

differentiation (Cui et al., 2004). When primary fibroblasts from adult donors were placed 

under cyclic strain, cells similarly had changes in the transcription of genes involved in 

ECM synthesis and degradation, myofibroblast differentiation, inflammation, and activation 

of mechanoresponsive pathways such as the YAP and ROCK kinase signaling pathways (Hu 

et al., 2021; Qiu et al., 2022; Xie et al., 2020; Yamaoka et al., 2001; Yuan et al., 2018). 

Inhibition of YAP of ROCK signaling blunted the fibroblast response to mechanical strain 

and inhibited strain-induced myofibroblast differentiation. Transcriptional changes generated 

by cell strain are accompanied by alterations in cell migration, proliferation, and actin 

reorganization that vary depending on the degree of strain (Chagnon-Lessard et al., 2017; 

Neidlinger-Wilke et al., 2001; Szeto et al., 2021; Tamiello et al., 2015; Wang and Grood, 

2000). Markov et al. showed that reversible strain-induced actin filament reorganization 

in bovine scleral fibroblasts was delayed when cells were placed under pathologic strain 

conditions compared to physiologic strain (Markov et al., 2022).

Fibroblast to myofibroblast differentiation can be influenced by tuning strain parameters 

from “physiologic” to “pathologic” levels. Qu et al. placed primary cultured human PPS 

fibroblasts under various cyclic strain conditions for 24 h and found that increased strain 

amounts (4% versus 1%) and higher strain frequency (5 Hz versus 0.5 or 0.05 Hz) 

induced proportionately more myofibroblast differentiation (Qu et al., 2015). This response, 

however, was not seen in all cell lines tested. While 7 of the 8 cell lines tested showed this 

pattern of response with the greatest myofibroblast differentiation induced under conditions 
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of high and rapid strain, one line had a paradoxical decrease in contractility when placed 

under 4% (pathologic) strain conditions. This cell line had a baseline myofibroblast content 

that was >3x higher than the other 7 cell lines which suggests that different fibroblast 

lineages could have variable responses to mechanical strain. Perhaps myofibroblasts respond 

to cyclic mechanical strain by decreasing contractile machinery while fibroblasts respond 

with an increase in contractility. In support of this hypothesis, Qiu et al. found differing 

responses to cyclic mechanical strain between cell lines isolated from the peripheral and 

peripapillary sclera (Qiu et al., 2018). Peripheral scleral fibroblasts placed under 10% 

strain (0.5 Hz) increased cell proliferation, α-SMA expression, and migratory rates while 

peripapillary scleral fibroblasts had an opposing response with reduced α-SMA expression 

and migration. Again, in these studies, the cell line with a paradoxical response (the PPS 

fibroblast cell line) had a much higher baseline level of α-SMA and a presumed higher 

myofibroblast content than the peripheral fibroblast cell line used. Further supporting the 

differential response of myofibroblasts to mechanical strain, PPS fibroblasts pretreated with 

myofibroblast-inducing levels of TGFβ and exposed to cyclic mechanical strain gained the 

ability to overcome topographic barriers that prevented migration of unstimulated fibroblasts 

(Szeto et al., 2021). These findings suggest that the fibroblast response to mechanical stimuli 

is not only gated with greater and more frequent strain causing a larger cellular response 

but that the nature of the response cannot be generalized across different fibroblast subtypes. 

It is therefore possible that one fibroblast subtype might have a physiologic or protective 

response to the strain conditions that cause a pathologic response in another subtype.

In vitro studies are facilitated by the relative ease with which scleral fibroblasts can be 

isolated and cultured from cadaveric donors. In vitro studies, however, have several notable 

limitations. It is not possible to recapitulate the complex extracellular environment, cell-cell 

interactions, and metabolic conditions that are present in scleral tissue. The kinetics, extent, 

and complex vectors of IOP-induced mechanical strain have not yet been modeled fully 

by in vitro methods. Therefore, strain experiments performed in cell culture do not fully 

model IOP-induced strain. Additionally, in vitro experiments are often conducted over 8–24 

h. As cells transition from acute to prolonged strain durations, mechanoresponsive signaling 

pathways can change. During mitral valvulogenesis, acute strain induced RhoA-dominated 

signaling, while chronic strain led to a transition to Rac1-dependent signaling (rho Gould 

et al., 2016). Lastly, variables in isolation and culture techniques and donor characteristics 

could limit the generalizability of in vitro studies. To gain a more complete understanding of 

the fibroblast response to IOP-induced mechanical strain, in vivo studies are required.

Oglesby et al. performed proteomic analysis of mouse sclera after bead-induced (BI) IOP 

elevation (Oglesby et al., 2016). This method produces unilateral IOP elevation from a 

baseline of ~15 mmHg–~25 mmHg that is sustained for 1–3 weeks and is associated with 

scleral stiffening, collagen reorganization in the PPS, and quantifiable RGC loss at 6 weeks 

after bead injection. The cellular response to IOP elevation was rapid with increased cellular 

proliferation detected at 3 days that peaked at 7 days and persisted for 6 weeks. Along with 

proliferation, canonical integrin-linked, actin cytoskeleton and rho family GTPase pathway 

signaling was increased. There was significant αSMA induction indicating a transition to 

a more myofibroblast rich cellular environment following IOP elevation. This response 

was modifiable by targeting focal adhesion and cytoskeletal signaling using small molecule 
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inhibitors of rho-associated and src-kinase which prevented myofibroblast differentiation 

and reduced IOP-induced proliferation. Further, in vivo and ex vivo studies will be needed 

to understand better the role of IOP-induced mechanical strain in modifying scleral cellular 

activity and to determine if this response drives or antagonizes glaucoma progression.

In vivo studies in rodent models, however, have limitations due to anatomic differences 

between rodent and human eyes. Mouse and human PPS differ in several ways: (1) in mouse 

eyes, as sclera approaches the ONH, it splits to form connections to the meninges posteriorly 

and connection to the ONH in the peripapillary region, (2) the central retinal artery and 

vein run along the inferior border of the mouse optic nerve, while they are found centrally 

in human ONH, and (3) rodent eyes contain a vascular plexus that surrounds the optic 

nerve within the optic canal (Pazos et al., 2015, 2016). Aside from these differences and 

obvious differences in scale between rodent and human eyes, scleral structure is otherwise 

conserved between rodents in humans. Like human eyes, sclera is thickest in the PPS region 

and thinnest in the equatorial regions (Myers et al., 2010). In both human and rodent eyes, 

peripheral sclera contains collagen lamellae that are arranged in a basket weave pattern, 

while PPS collagen assumes an ordered circumferential orientation (Boote et al., 2019; 

Gelman et al., 2010). Importantly, human and mouse sclera remodel similarly in glaucoma. 

PPS in glaucomatous eyes is stiffer than age-matched normal sclera and PPS becomes less 

circumferentially aligned (Nguyen et al., 2013a; Pijanka et al., 2015). Additionally, the 

structural role of the PPS in translating IOP stress to the ONH has been demonstrated in 

both rodent and human eyes.

The fibroblast response to changes in scleral tissue stiffness that occur in glaucoma and 

with aging is currently unknown. Fibroblasts respond to substrates of varied stiffness 

by cytoskeletal and migratory changes, changes in gene transcription, and increased 

myofibroblast content occurs as tissue stiffens. However, the work describing this effect 

utilized tunable substrates that span stiffnesses that start at 1–5 kPa and usually peaked at 

~50 kPa (Balestrini et al., 2012; Discher et al., 2005; Emig et al., 2021; Godbout et al., 2013; 

Huang et al., 2012; Liu et al., 2015; Piersma et al., 2015; van Putten et al., 2016). Scleral 

stiffness is orders of magnitude greater at baseline and the degree of relative stiffening in 

glaucomatous eyes is much smaller (Boote et al., 2019; Coudrillier et al., 2012, 2015; Liu et 

al., 2018b). It is not known whether these relative changes in ECM stiffness impact scleral 

fibroblast behavior.

The LC is a specialized matrix that is maintained by a distinct population of cells called 

lamina cribrosa cells. LC cells are GFAP negative, polygonal in morphology, and are located 

between and within the cribiform plates of the LC (Hernandez et al., 1988). While they share 

some features with scleral cells, they are morphologically distinct from scleral fibroblasts 

(Hernandez et al., 1988). To date, LC cells have been studied as primary cultures from 

cadaveric normal and glaucomatous donors but have not been studied or imaged in vivo. 

While their response to a variety of different relevant stressors has been examined, such 

as mechanical stimuli and hypoxia (Kirwan et al., 2012), and oxidative stress (Irnaten et 

al., 2018, 2020b), we focus on their response to mechanical stimuli. When exposed to 

cyclic mechanical strain, LC cells undergo transcriptional changes in genes involved in 

ECM remodeling, fibrosis, and TGFβ signaling (Kirwan et al., 2004; Quill et al., 2011). 
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ECM remodeling and TGFβ-signaling transcripts were differentially regulated in low (3%) 

versus high (20%) intensity strain conditions. This response was non-linear as there was 

only 1 differentially regulated transcript when comparing 3% versus 12% strain, but 15 

differentially regulated transcripts when 3% was compared to 20% strain (Quill et al., 

2011). Exposure to hypotonic solution causes cell swelling and has been used as a model 

of cell stretch. When exposed to hypotonic conditions, LC cells activated stretch-activated 

ion channels, increased intracellular Ca++, and activated PKCα, p38, and p42/p44-MAPK 

(Irnaten et al., 2009, 2013, 2018; Quill et al., 2015). LC cells responded to changes in 

substrate stiffness. Myofibroblast differentiation of LC cells was increased on stiff (100 kPa) 

versus soft (4 kPa) substrates. Activation of the mechanoresponsive YAP signaling pathway 

was increased on stiff substrates and YAP inhibition was sufficient to inhibit myofibroblast 

transdifferentiation (Liu et al., 2018a; Murphy et al., 2022).

LC cells from glaucomatous eyes adopt a profibrotic phenotype with altered expression of 

mechanoresponsive signaling molecules. Microarray analysis of LC cell lines isolated from 

normal and glaucomatous eyes found significant upregulation of myofibroblast markers, 

TGFβ-signaling molecules, and ECM genes in LC cells isolated from glaucomatous donors 

(Kirwan et al., 2009). Exposing LC cells from normal donors to glaucomatous stimuli 

such as TGFβ, hypoxia, oxidative stress, cell stretch, or increased tissue stiffness induced a 

myofibroblast phenotype that could drive LC remodeling in glaucoma (Irnaten and O’Brien, 

2023; Liu et al., 2018a; Liu et al., 2018b; Murphy et al., 2022). LC cells from glaucomatous 

eyes have abnormal calcium signaling, mitochondrial dysfunction, increased markers of 

oxidative stress, increased glycolysis, and increased baseline proliferation compared to LC 

cells from normal eyes (Irnaten et al., 2013; Irnaten et al., 2020a; Irnaten and O’Brien, 

2023; Irnaten et al., 2020b; Irnaten et al., 2018; Kamel et al., 2020; Murphy et al., 2022). 

These differences occur in parallel with altered expression in glaucomatous LC cells of 

mechanoresponsive ion channels and signaling proteins that include L-type Ca channels, 

Ca-dependent Maxi-K, stretch-activated cation channels TRPC1 and TRPC6, and YAP 

(Irnaten and O’Brien, 2023; Irnaten et al., 2020b; Irnaten et al., 2018; Murphy et al., 2022). 

Whether the glaucomatous LC cell phenotype is reactive and protective or pathologic in 

glaucomatous eyes has not been established.

5. Summary

Currently, IOP reduction is the only clinically proven approach to prevent glaucoma 

progression. Clinical decision making in glaucoma, however, is guided by an incomplete 

picture of IOP that does not account for regional IOP variations within the eye, second-

to-second IOP changes, circadian IOP rhythms, or postural changes in IOP. Moreover, 

translation of IOP-induced mechanical stress though the eye is influenced by structural, 

material, and microarchitectural differences in functionally distinct regions of the eye that 

can be further amplified in glaucoma. Translation of IOP-stress ultimately affects cells that 

are tightly coupled to their surrounding ECM that, in turn, can remodel surrounding tissue 

or translate these stimuli to RGCs and neuro-inflammatory cells. The subcellular events that 

occur because of mechanical stress screen some stimuli – acting as a band-pass filter – 

while other stimuli elicit differing responses depending on the degree of strain, frequency of 

strain, ECM stiffness, cell type, and cell differentiation. A more complete understanding of 
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the interplay between IOP, the tissue response to IOP fluctuations, and the diverse cellular 

responses to IOP-induced mechanical strain is needed to understand which clinical IOP 

features are optimal therapeutic targets and how to stop the progression of glaucomatous 

vision loss.
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Abbreviations

α-SMA alpha smooth muscle actin

AL astrocytic lamina

BI bead-induced

DGC dystroglycan—glycoprotein complex

ECM extracellular matrix

FA focal adhesion

FAK focal adhesion kinase

GFAP glial fibrillary acidic protein

GLUT1 glucose transporter 1

IF intermediate filaments

IOP intraocular pressure

JC junctional complexes

JNK c-jun n-terminal kinase

LC lamina cribrosa

MCT1 monocarboxylate transporter 1

mmHg millimeters of mercury

OAG open angle glaucoma

ONH optic nerve head

PPS peripapillary sclera

RGC retinal ganglion cell
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SLC2A1 solute carrier family 2, facilitated glucose transporter member 1

TGFβ transforming growth factor - beta
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Fig. 1. Sources of IOP variation.
Clinical decision making in glaucoma most often uses isolated measurements (A) or 

measurements separated by months (E) and all IOP measurements are taken at the surface of 

the cornea. (B) IOP levels within the eye vary regionally due to pressure gradients that drive 

fluid flow. IOP level is dynamic with variations that can be seen within a span of several 

seconds (C), over the course of a day (D), and over months during regular clinical visits (E).
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Fig. 2. Connective tissue components of the optic nerve head.
Illustration of the optic disc (A) and the connective tissue components of the optic nerve 

head (B) showing the circumferentially arrange collagen lamellae of the peripapillary sclera 

(PPS), the basket weaved pattern of the peripheral sclera, and lamina cribrosa. These 

structures form the ONH through which RGC axons exit the eye (C).
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Fig. 3. Regionally specific collagen ultrastructure.
Second harmonic generation (SHG) imaging of collagen lamellae from a normal human eye. 

PPS collagen lamellae are highly aligned and arranged in a circumferential pattern around 

the optic nerve while peripheral (Per) collagen lamellae are organized in an interdigitated, 

basket-weave pattern (scale bar = 50 μm).
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Fig. 4. IOP-induced strain is sensed at astrocyte-ECM junctional complexes.
Astrocytes in mouse ONH can span the diameter of the ON and have junctional complexes 

(green) consisting of integrin-linked transmembrane units connected to basement membrane 

produced by astrocytes that are adjacent to PPS and to capillaries. Human astrocytes reside 

on lamina connective tissue beams with similar junctional complexes. In both species, 

forces of translaminar pressure difference and centrifugal hoop stress are generated by IOP 

(arrows).
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Fig. 5. Schematic simplification of complex junctional complex participants.
PPS collagen and elastin harbor latent TGFβ released by stress, signaling through α,β 
integrin in cell membrane attached to laminin. Pathway includes signaling by Src and FAK 

to talin, vinculin, zyxin and paxillin at the interface with actin filament network. Myosin 

and α-actinin form cytoskeletal networks altered by ROCK/RhoA stimulated by TGFβ. 

Astrocyte ONH junctions contain α,β-dystroglycan, typically attached to agrin in PPS and 

signaling to cytoskeleton through α-syntrophin & dystrophin. AQP channels, where present, 

require presence of dystroglycan.
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Fig. 6. Astrocyte response to IOP elevation.
(A) Mouse normal ONH with astrocytes labeled for integrin β1 (green) throughout 

cytoplasm and at end feet contacting PPS (arrow). (B) Normal human longitudinal section 

of ONH (integrin β1-green). (C): Mouse ONH at PPS, TEM junctional complex density 

(arrows) adjoins BM with integrin β1 immunogold label (arrowheads). After IOP elevation, 

astrocytes withdraw from BM at the PPS leaving remnants of astrocytes membrane still 

attached to their BM (arrow) (D). Mouse glaucoma 1w astrocytes withdraw from BM 

at PPS, leaving abnormal spaces, and E: withdraw junctional complex densities from 

membrane (arrow), with free α-dystroglycan identified by immunogold particles (circle) 

(E,F). Scale Bar-A: 10 μm, B: 50 μm, C,D,E,F: 200 nm.
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Fig. 7. Complex cytoskeletal organization and cellular morphology of scleral stromal fibroblasts.
(A) Cross section of a normal human optic nerve (right), PPS, and peripheral sclera (left) 

with phalloidin labelling of filamentous actin (red) shows actin organized circumferentially 

in the PPS (B) and in a basket-weave patter peripherally (C) (scale bar = 500 μm (A), 100 

μm (B,C)).
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