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Glaucoma is a multifactorial neurodegenerative disease characterized by a progressive optic neuropathy resulting in visual field defects. Elevated intraocular pressure (IOP) is the greatest risk factor for the development of glaucoma, and IOP reduction therapy is the only treatment currently available. However, there are many cases in which retinal degeneration progresses despite sufficient control of IOP. Therefore, it is important to elucidate the pathophysiology of glaucoma that is resistant to current IOP lowering therapies. Experiments using animal glaucoma models show the relationships between microglial neuroinflammatory responses and damage of retinal ganglion cells (RGCs). Inhibition of neuroinflammatory pathways associated with microglial activation appears to be neuroprotective, indicating that microglia may be an important therapeutic target for RGC protection. In this review, we will focus on microglia-induced neuroinflammation in the pathogenesis of glaucoma to offer new insights into the possibility of developing novel neuroprotective therapies targeting microglia.
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1 Introduction

Glaucoma is an age-related multifactorial neurodegenerative disease of the optic nerve, and the leading cause of blindness in the world (1). Clinically, glaucoma is characterized by irreversible visual field loss due to optic nerve damage. The pathogenesis of glaucoma involves specific damage to retinal ganglion cells (RGCs) (2). Elevated intraocular pressure (IOP) is the most important risk factor for the development of glaucoma (3, 4), and IOP reduction therapy is the only evidence-based treatment for glaucoma (4). However, elevation of IOP is not necessary for the development of glaucomatous damage and loss of visual field. In clinical practice, there are cases in which visual field narrowing due to glaucoma progresses even when intraocular pressure is significantly lowered. Thus, it is important to clarify the pathophysiology of glaucoma in patients who show resistance to IOP reduction therapy.

In addition to IOP elevation, many other factors in glaucoma can adversely affect RGC survival and induce apoptosis, ultimately resulting in glaucomatous optic neuropathy. These factors include blood flow disturbance (5), oxidative stress (6), mitochondrial dysfunction (7), inactivation of autophagy (8), aging (9), and microglia-mediated neuroinflammation (10), but many aspects of pathogenesis remain unknown.

Neuroinflammation is originally a defensive process of the retina against damage. However, severe inflammation can induce retinal damage that may exert neurotoxic effects. Microglial activation is one of the first events in glaucomatous neurodegeneration. In experimental animal models of glaucoma, elevated IOP may activate retinal microglia, which release pro-inflammatory cytokines to damage RGC (10). It is thought that IOP lowering therapy is ineffective for RGC damage caused by microglial activation. It has been previously reported that administration of minocycline to the DBA/2J mouse (genetic model of glaucoma) protects RGCs and improves optic nerve integrity by suppressing microglial activation (11). However, the underlying mechanisms must be clarified in order to regulate microglia and protect RGCs efficiently.

In this paper, we review current knowledge concerning roles of microglia and interaction with astrocytes in glaucoma, and explore the possibility of developing novel neuroprotective therapies targeting microglia.



2 Functions of microglia in the retina

Among three types of glial cells (microglia, astrocytes, and Müller cells) in the retina, microglia are involved in chronic retinal inflammation. Microglia are macrophage-like glial cells that are resident in the retina, and distributed in an orderly mosaic pattern across three layers (outer retinal layer, inner retinal layer, and optic nerve fiber layer) in the retina. Microglia are thought to derive from monocytes that enter the retina from the blood stream during development, and dynamically move their cellular projections even under physiological conditions (12), making physical contact with neurons and synapses and performing synaptic pruning to remove unnecessary synapses. In the development of excitatory circuits, synaptic pruning, by which extrasynaptic connections are eliminated by microglia, is thought to occur when complement C1q is expressed at synapses by TGF-β secreted from astrocytes (13). However, it has not been clarified whether microglia also shape developing inhibitory circuits by pruning. Recently, Favuzzi et al. (2021) show that microglia expressing the GABAB1 receptor participate in synaptic pruning of inhibitory circuits via a similar complement (C1q)-dependent mechanism as shown in synaptic pruning in excitatory circuits (14).

Microglia have a ramified morphology with thin, branched projections in the physiological state, while retract their projections and change to an ameboid form under stress (15). For convenience, active microglia are sometimes broadly classified into M1 microglia, which release inflammatory chemical mediators and act in a neuropathic manner, and M2 microglia, which release neurotrophic factors and act in a neuroprotective manner (15). However, it is known that there are various intermediate types of microglia in different pathological conditions, such as those that change from one to the other and those that combine the properties of both in response to changes in cytokine environment (16). Recent studies have reported that neuroinflammation may induce polarization of reactive microglia toward M1 (17). This leads us to expect that modulating microglial polarization towards the M2 phenotype may be a potential therapeutic strategy to reduce neuroinflammation. It has been reported that melatonin could reduce neuroinflammation and promote the conversion of M1 microglia phenotype to M2, as evident by the decrease of proinflammatory cytokines including TNF-αor IL-1β (18, 19). In fact, urinary melatonin excretion is significantly lowered in glaucoma patient (20, 21).

In experimental glaucoma, it has been observed that M1 microglia can migrate to remove the damaged or dead cells. The removal of unnecessary waste products from healthy cells is an important function that is also involved in the maintenance of nerve tissue function and the promotion of axonal regeneration (12). One major way that microglia clean up damaged organelles and proteins aggregates is through autophagy. Xu et al. (2021) (22) reveal that microglial autophagy critically controls microglial metabolic and immune status and also modulates neuroinflammation and neuronal tau pathology (the accumulation of the abnormally hyperphosphorylated tau in neurofibrillary degeneration and dementia). However, whether insufficient microglial autophagy induces glaucomatous RGC impairment has been remained to be clarified.



3 Microglia-mediated apoptosis and glaucomatous retinal ganglion cells

The earliest damage in glaucoma occurs in axons near the Lamina cribrosa (LC) of the optic nerve papilla (ONH), resulting in induction of apoptosis of RGC cell bodies (23). In a mouse glaucoma model, TNF-α activated microglial TNF receptor 2 (TNFR2) after elevated IOP. Simultaneously, oligodendrocytes decrease in the optic nerve and induces a further decrease in RGCs (24). The mechanisms underlying RGC axonal injury by microglia are thought to involve the following sequence (25): 1. Elevated IOP induces expression of dual leucine zipper kinase (DLK), leucine zipper bearing kinase (LZK), and MAP3Ks, and activates MKK4 and MKK7 in RGC axons. 2. As a result, c-Jun N-terminal kinase (JNK) and the transcription factor c-Jun, which not only stimulate axonal apoptotic signaling but also increase the expression level of DLK, are up-regulated, and induce apoptotic signaling in the RGC cell body. Thus, JNK is thought to be an important mechanism of so-called retrograde RGC injury, which starts from axonal damage and induces apoptosis. JNK is activated by TNF-α and IL-1 released from M1 microglia to induce RGC apoptosis. Taken together, a chronic inflammatory response mediated by TNF-α and IL-1 (25) may play an important role in the retrograde RGC damage pathway (
Figure 1
).





Figure 1 | 
The mechanisms underlying RGC axonal injury by microglia. Elevated IOP induces expression of dual leucine zipper kinase (DLK), leucine zipper bearing kinase (LZK), and MAP3Ks, and activates MKK4 and MKK7 in RGC axons. This cascade results in upregulation of c-Jun N-terminal kinase (JNK) and the transcription factor c-Jun. JNK is an important mechanism of retrograde RGC injury. JNK is also activated by TNF-α and IL-1 released from M1 microglia to induce RGC apoptosis.




Microglial activation also associates with RGC apoptosis via lipid metabolism. Genome-wide association studies (GWAS) found that common variants near the ATP-binding cassette (ABC) transporter A1 (ABCA1) gene are associated with glaucoma (26–28). ABCA1 plays as a cholesterol efflux pump in the cellular lipid removal pathway, and an association between ABCA1 deficiency and retinal inflammation has been reported (29). Using a mouse model of ischemia-reperfusion (IR) induced by acute intraocular pressure (IOP) elevation, it has been revealed that IOP induced an increase in TANK-binding kinase 1 (TBK1) expression, which promotes ABCA1 ubiquitination and degradation, thus decreasing ANXA1 membrane transport and microglia activation, resulting in RGC apoptosis (29). These findings provide with ABCA1 and TBK1 novel targets for glaucoma therapies.



4 Production of proinflammatory cytokines by NLRP3 inflammasome in active microglia

Experimental animal models of Alzheimer’s disease revealed that the production of NOD-like receptor pyrin domain containing 3 (NLRP3) via Toll-like receptor 4 (TLR4) and the activation of the NLRP3 inflammasome via P2X7 purine receptor are essential for induction of neural inflammation (30). Consistently, it has been reported that RGC damage is substantially suppressed in NLRP3 knockout mice even when the optic nerve is damaged in experimental animal models of glaucoma (31). Although detailed mechanisms have not yet been clarified, TLR4 and P2X7 receptor-mediated response pathways may be closely related to RGC damage.

TLR4, which localizes to the plasma membrane of microglia, mediates innate immune responses. TLR4 is associated with both neuro-inflammation and clearance of protein aggregates in neurodegenerative disorders (32). With regard to TLR4 and glaucoma, it has been reported that a single nucleotide polymorphism in the TLR4 gene is associated with normal tension glaucoma and primary open-angle glaucoma (33). Intracellular substances such as proteins and fats released from damaged cells (damage associated molecular patterns, DAMPs) (34) and bacterial endotoxin, lipopolysaccharides (LPS) found in the outer membrane of gram-negative bacteria (35) specifically bind TLR4, and activate nuclear NF-κB signaling and generate NLRP3, which is a precursor of inflammatory cytokines, in the cytoplasm. Prointerleukin-1β (Pro-IL-1β) adaptor proteins and NLRP3s assemble into a characteristic heptameric structure and form a giant protein complex (the NLRP3 inflammasome) (36), which activates caspase-1 and produces the proinflammatory cytokines IL-1β and IL-18. These ILs in turn may damage RGCs.

It has been reported that administration of LPS in an experimental animal model of glaucoma worsened RGC damage through microglial activation mediated through TLR4 signaling and complement upregulation (37). Furthermore, it has also been found that chronic subclinical inflammatory reactions caused by oral bacteria that contain LPS in their outer membrane aggravate glaucoma (37), suggesting a possible involvement of LPS in NLRP3 inflammasome-mediated inflammatory reactions in glaucoma.

Adenosine triphosphate (ATP) is the primary energy source in all living organisms. When the cell membrane is disrupted (38), intracellular ATP is released outside the cell, where it is able to bind P2X7 receptors localized on microglial cell membranes. ATP then promotes an increase in intracellular K+ efflux, generation of reactive oxygen species (ROS), and lysosomal damage via the pannexin 1 receptor (39), resulting in activation of the NLRP3 inflammasome. Sakamoto et al. (2015) reported that BzATP, a P2X7 receptor agonist, had deleterious effect on the rat retina, and that A438079 and brilliant blue G, P2X7 receptor antagonists, reduced NMDA-induced retinal injury in the rat retina (40).

In a rat model of glaucoma, acute RGC injury caused by IOP elevation is mediated by endogenous extracellular ATP (41). Additionally, overexpression of purinergic P2X7 receptors contributes to death of RGCs in DBA/2J glaucomatous mice (42). Furthermore, JNJ47965567, a P2X7 receptor antagonist, preserves retinal ganglion cells, and improves pattern electroretinogram (ERG) signals in a murine glaucoma model (43). Patients with angle closure glaucoma have significantly higher levels of ATP in the anterior chamber than controls, and the level of ATP in the anterior chamber increases with IOP elevation (44).

However, we have to note that the localization of P2X7 receptors in the retina is not glia-specific (45). Ishii et al. (2003) (46) reported neuron (RGC and amacrine cell)-specific distribution of P2X7 receptors. Wheeler-Schilling et al. (2001) (47) reported expression of P2X7 receptors in RGC. Pannicke et al. (2000) (48) reported expression of P2X7 receptors in Müller glia. Sakamoto et al. (40) reported that immunohistochemical analysis demonstrated that P2X7 receptors were not expressed in the Iba1-positive microglial cells but in the somatic region of the RGCs in the rat retina.

Taken together, a series of studies indicates that TLR4 and P2X7 receptor-mediated response pathways may be closely related to RGC injury. Although the detailed relationship between the two pathways has not yet been elucidated, it is likely that ATP released from retinal neurons by IOP elevation binds microglial P2X7 receptors and efficiently activates the NLRP3 inflammasome generated via TLR4.

In addition to activation of the NLRP3 inflammasome by TLR4, tumor necrosis factor (TNF-α), which was originally reported as a factor that causes hemorrhagic necrosis of neoplastic tumors, is thought to induce inflammatory responses. TNF-α binds the TNF receptor (TNFR) of RGCs to induce apoptosis. TNF-α also upregulates expression of membrane Fas ligand (FasL) in microglia and stimulates Fas receptors in RGCs, leading to apoptosis initiated by caspase-8 activation (49). Recently, it has been reported that TNF-α could substitute for LPS as a priming signal, and activates the NLRP3 inflammasome via upregulation of NF-kB, and result in inflammasome-dependent IL-1β production in human primary macrophages (50, 51) (
Figure 2
).





Figure 2 | 
The main pathway of TLR4-mediated inflammatory response. DAMPs and TNF activate nuclear NF-κB signaling and generate NLRP3. Pro-IL-1β, adaptor proteins, and NLRP3 assemble into a characteristic heptameric structure and form the NLRP3 inflammasome. NLRP3 inflammasome activates caspase-1, and produces the proinflammatory cytokines IL-1β and IL-18, which in turn may damage RGCs. ATP promotes increase of intracellular K+ efflux, generation of reactive oxygen species (ROS), and lysosomal damage via the P2X7 receptor, resulting in activation of the NLRP3 inflammasome.




In glaucoma patients, the TNF-α concentration in the anterior chamber is increased and the expression of TNF-α in retinal microglia and optic nerve astrocytes is elevated, while inhibition of TNF-α by drugs suppresses microglial activation, axonal degeneration and RGC loss (24). Thus, TNF-α appears to be an important potential therapeutic target for glaucoma.



5 Interaction between microglia and astroglia in glaucoma

In addition to microglia, astrocytes play an important role in maintaining retinal homeostasis and function. In response to retinal injuries and diseases, astrocytes can be activated into two types, a neurotoxic or pro-inflammatory phenotype (A1) and a neuroprotective or anti-inflammatory phenotype (A2). Astrocytes are transformed into the A1 phenotype by proinflammatory cytokines IL-1α, TNF-α, and C1q secreted by LPS-activated M1 microglia (41). A1 astrocytes do not contribute to neuronal survival, neuronal growth, synaptogenesis, or phagocytosis of synapses (52), but promote pro-inflammatory processes for the degradation of neurons and oligodendroglia (24, 53). Microglial secretion of IL-1α, TNF-α, and C1q was increased in a mouse glaucoma model (54), suggesting the possibility that microglia induce A1 astrocytes resulting in RGC damage in glaucoma. As A1 astrocytes and M1 microglia accompany neuroinflammation, it is difficult to distinguish between the contributions of A1astrocytes and M1 microglia in the neurodegenerative process.

Consistently, Guttenplan et al. (2020) (55) have demonstrated a significant decrease of RGC density after IOP elevation in the wild type mice, while such decrease in RGC number was prevented in an interleukin-1 (Il1a)-/-/tumor necrosis factor alpha (Tnf)-/-/complement C1q (C1qa)-/-
 mice which fail to produce proinflammatory cytokines following activation of microglia. These three cytokines induce neuroinflammatory reactive astrocyte which contribute to RGC death (55). These findings suggests that microglia-derived cytokines play a crucial role in microglia-to-astrocyte regulation in glaucoma (56).

Shinozaki et al. (2017) (57) have reported that that the downregulation of P2Y1 purinergic receptors, subclass of metabotropic P2Y receptors, by microglia-derived cytokines converts astrocytes to neuroprotective functions. These findings indicate the complexity of microglia-to-astrocyte regulation in neurodegenerative disorders. It is plausible that microglia can regulate reactive astrogliosis, and induce either neurotoxic or neuroprotective phenotype of astrocytes depending on the context of microglial activation (53).

Conversely, microglia are also known to be affected by astrocytes. In synaptic pruning by microglia, TGF-β secreted from astrocytes increases C1q expression at synaptic sites, and synapses tagged with complement proteins are eliminated by microglia (13). Although C1q expression is suppressed in the physiological state, its expression is upregulated in synaptic areas of the inner retinal reticular layer, leading to a subsequent decrease in RGCs and optic nerve fibers in a mouse model of glaucoma (DBA/2J mice) (58). Interestingly, in the retina of middle-aged (12 months old) C57BL/6J mice, it has been reported that exercise protects RGCs against dysfunction and cell loss after acute IOP elevation. This retinal protection was associated with preservation of inner retinal synapses and reduced synaptic complement deposition by the complement response (59). Exercise-induced protection may involve maintenance of brain-derived neurotrophic factor (BDNF) levels that overcome pressure-induced decreases in BDNF to dampen cell damage by Bcl-2 family members (such as Bax). The Bcl-2 family is known to promote apoptosis in the presence of BDNF deficiency (60). Significantly lower levels of BDNF have been detected in the sera and ocular fluids of glaucoma patients, indicating that neurotrophic deprivation is a likely mechanism of glaucomatous optic neuropathy.



6 Possible inhibitors of microglial toxicity for glaucoma treatment

Taken together, it is likely that microglial activation and secretion of pro-inflammatory cytokines are involved in glaucomatous retinal degeneration. Thus, agents that inhibit microglial toxicity have pharmaceutical potential against glaucoma. There are several candidates to modify microglial activation and pro-inflammatory processes. We discuss these agents in this section.

Minocycline is an inhibitor of microglial activation (61). Interestingly, glaucoma-like retinal degeneration induced by intravitreal injection of S100B in rats is partially prevented by prior intraperitoneal (i.p.) injection of minocycline (62). Ghrelin, a so called “hunger hormone”, also works as an inhibitor of microglial activation (63). In a rat glaucoma model, ghrelin reportedly prevented apoptosis, in spite of the fact that IOP elevation was not altered; ghrelin was also thought to act as an antioxidant in this study (64). Resveratrol, which is rich in red wine, is also an antioxidant but has a therapeutic potential as a modulator of microglial activation (65). In a rat glaucoma model, daily i.p. injection of resveratrol significantly preserved RGC densities over a 6 week period. Again, IOP elevation was not altered by this treatment, indicating that the neuroprotection is IOP independent (66). Curcumin, extracted from turmeric, is also an inhibitor of microglial activation (67). In a rat glaucoma model, topical application of curcumin twice-daily for three weeks significantly reduced RGC loss in an IOP independent manner. In this study, the problem of poor solubility of curcumin was resolved by formulation in a nanocarrier (68).

Candesartan is an angiotensin II type 1 receptor blocker used for the treatment of hypertension. Candesartan also inhibits TLR4 (69), and this effect would be expected to have anti-inflammatory actions. In a rat chronic glaucoma model, candesartan prevented RGC loss but did not lower IOP in the affected eyes during an observation period of 10 weeks (70). This report also indicates that orally active agents can be effective in treating glaucoma. Moreover, in excitatory amino acid carrier 1-deficient mice candesartan inhibits the increase in TLR4 activation in RGCs and protects RGCs (71), suggesting that this agent works not only against open angle glaucoma but also normal tension glaucoma (NTG) in which IOP lowering is less effective. These results further suggest that TAK-242, a specific inhibitor of TLR4, may have potential to protect RGCs in glaucoma. Although there are no studies indicating beneficiary actions against glaucoma, it has been reported that TAK-242 protects RGCs when it was administered intravitreally following optic nerve crush that damages axons akin to glaucoma (72).

Neurosteroids such as allopregnanolone (AlloP) are another intriguing set of agents that are neuroprotective and that may act via effects on neuroinflammation. AlloP is produced endogenously in the retina and endogenous AlloP helps to protect the retina from severe damage produced by high pressure in an ex vivo glaucoma model (73). However, endogenous AlloP is insufficient to protect RGCs and their axons completely in this ex vivo model, and full protection requires pharmacological doses. Exogenous AlloP is also highly protective following intravitreal injection in an in vivo glaucoma model, and acts via positive allosteric modulation of GABA-A receptors and stimulation of autophagy (8, 74). The protective effects of AlloP are independent of changes in IOP. Retinal protection by AlloP may also involve effects on microglia, and studies in both macrophages and brain indicate that it has anti-inflammatory effects via inhibition of TLR4-mediated signaling (75). AlloP also appears to inhibit TLR2 and TLR7, but not TLR3 (76). It is presently unknown whether anti-inflammatory effects of AlloP or effects on microglia contribute to neuroprotection in glaucoma models.

The agents described above are not specific inhibitors of microglial activation. For retinal protection there may be synergistic effects beyond inhibition of microglial activation. A common feature of these agents is that they do not alter IOP elevation, implying that it is more helpful if these agents are used together with regular drugs that control IOP.



7 Conclusion

Glaucoma is a multifactorial disease with complex interactions among multiple causes. Microglial activation is now thought to play an important role in RGC dysfunction and degeneration. Thus, regulation of microglial function could be a rational therapeutic approach to preserve RGCs from inflammatory cytokines in glaucomatous eyes, and inhibitors of microglial activation would represent a novel therapeutic direction for the treatment of glaucoma. Microglial inhibitors would not merely be an addition to currently available therapies to control IOP, but a promising neuroprotective approach to treat NTG which is poorly responsible to existing drugs.
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