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Abstract

Axonal degeneration is an active, highly controlled process that contributes to beneficial 

processes, such as developmental pruning, but also to neurodegeneration. In glaucoma, ocular 

hypertension leads to vision loss by killing the output neurons of the retina, the retinal ganglion 

cells (RGC). Multiple processes have been proposed to contribute to and/or mediate axonal injury 

in glaucoma including: neuroinflammation, loss of neurotropic factors, dysregulation of the 

neurovascular unit, and disruption of the axonal cytoskeleton. While the inciting injury to RGCs in 

glaucoma is complex and potentially heterogeneous, axonal injury is ultimately thought to be the 

key insult that drives glaucomatous neurodegeneration. Glaucomatous neurodegeneration is a 

complex process, with multiple molecular signals contributing to RGC somal loss and axonal 

degeneration. Furthermore, the propagation of the axonal injury signal is complex with injury 

triggering programs of degeneration in both the somal and axonal compartment. Further 

complicating this process is the involvement of multiple cell types that are known to participate in 

the process of axonal and neuronal degeneration after glaucomatous injury. Here, we review the 

axonal signaling that occurs after injury and the molecular signaling programs currently known to 

be important for somal and axonal degeneration after glaucoma-relevant axonal injuries.
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Glaucomatous neurodegeneration is a complex process with numerous signaling pathways 

implicated in the death of retinal ganglion cells (RGCs) and their axons. Glaucoma is 

frequently associated with elevated intraocular pressure (IOP) and increased age (exceptions 

being normal tension glaucoma and congenital glaucoma, respectively, Gordon et al., 2002; 

Tielsch, 1996). Study of the molecular signaling pathways important for glaucomatous 

neurodegeneration has thus focused on understanding the molecular injury response to 

ocular hypertension, the focus of this review. As the molecular etiology of glaucoma is 

complex and heterogeneous, this suggests glaucoma might have multiple inciting causes 

which may differ between patients and that pro-degenerative signaling may even differ 

between RGCs within a patient. Over the last several decades research efforts have thus 

focused on identifying the molecular signaling pathway(s) that lead from glaucomatous 

insult to RGC death. While these efforts have not defined the critical molecular pathway 

responsible for RGC death in glaucoma, they have resulted in important insights into 

glaucomatous neurodegeneration. Axonal injury has been defined as the key early insult in 

glaucoma that ultimately leads to apoptotic RGC death. Importantly, these efforts led to the 

hypothesis that glaucomatous neurodegeneration is compartmentalized, with distinct 

molecular signals that contribute to axonal degeneration and somal degeneration. In this 

review, we will summarize what has been discovered regarding the cell signaling pathways 

controlling axonal injury signaling, somal apoptosis, and axonal degeneration with special 

focus on the pathways specifically important after ocular hypertensive injury.

1. Historical perspectives

The condition glaukos was first described in ancient Greek writings (Leffler et al., 2015b). 

Glaukos was used to describe eyes in which the pupil of the eye appeared to take on a hazy 

green/gray hue. The condition likely represented what is considered a cataract today, 

although the pupil in closed-angle glaucoma may take on a green hue. The first description 

of the disease that we now recognize as glaucoma occurred in the 17th century. Englishman 

Dr. Richard Banister described a correlation between a palpable hardness of the eye and 

blindness in 1622 (Leffler et al., 2015a). In the 19th century, the Scottish ophthalmologist 

Dr. William MacKenzie first described both an acute and chronic disease with hardness of 

the eye (Mackenzie, 1830). He also suggested that lowering IOP might be a treatment for 

glaucoma; “it is not unreasonable to conclude that occasionally puncturing the sclerotic and 

choroid might prove serviceable, by relieving the pressure of the accumulated fluid on the 

retina” (Mackenzie, 1830).

It was not until the 1970s, however, that animal models were used to interrogate the 

relationship between elevated intraocular pressure, axonal degeneration, and retinal ganglion 

cell death. In seminal studies completed in non-human primates, moderate increases in IOP 

(performed with manometry) led to proportional partial obstruction of axonal transport in 

the lamina cribrosa region of the eye and limited transport of retinal proteins to the lateral 

geniculate nucleus (Anderson and Hendrickson, 1974; Minckler et al., 1977; Quigley and 

Addicks, 1980; Quigley and Anderson, 1977; Radius and Anderson, 1981). The lamina 

cribrosa is a specialized structure comprised of a network of collagen fibers covered with 

astrocytes in the primate optic nerve head (Anderson, 1969; Kiumehr et al., 2012). RGC 

axon fibers from the retinal nerve fiber layer pass through pores in the collagen thereby 
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exiting the posterior eye, and coalesce to form the myelinated optic nerve. When IOP was 

increased within 25 mmHg of mean blood pressure, axonal transport was blocked at the 

lamina cribrosa (Anderson and Hendrickson, 1974). On histologic exam, axons within the 

lamina region were dilated and there was an accumulation of mitochondria and other 

cytoplasmic organelles. Prolonged elevation of IOP led to optic disc cupping and 

degeneration of RGCs (Quigley and Addicks, 1980). Similar experiments were conducted to 

evaluate the effect of elevated intracranial pressure (ICP) on axonal transport because 

elevated ICP is known to contribute to the pathogenesis of some optic neuropathies (Binder 

et al., 2004; Markey et al., 2016). Transient elevations of ICP did not alter rapid axoplasmic 

transport at the optic nerve head in non-human primates, suggesting that pathogenic changes 

in glaucomatous injury are specific to IOP elevation and not due to global elevation of ICP 

(Anderson and Hendrickson, 1977). Together these results implicated the optic nerve head, 

specifically the lamina cribrosa, in the pathogenesis of glaucomatous injury and suggest 

even modest elevation of IOP can selectively alter axonal function prior to RGC death.

Additional studies of human visual outcomes in glaucoma patients and of post-mortem 

glaucomatous eyes have shown ocular hypertension induced axonal injury in the region of 

the optic nerve head and lamina cribrosa. Classically, the clinical visual field defect observed 

in patients with glaucoma is the arcuate scotoma (Su et al., 2013). This pattern recapitulates 

the path of RGC axons as they travel across the retina to exit the eye at the optic nerve head. 

Post-mortem evaluation of the degree of damage in the optic nerve head correlated with 

previous visual field testing and clinical evaluation of the optic disc (Quigley and Green, 

1979). Pathologic changes were also observed at the level of the lamina cribrosa in eyes of 

glaucoma patients (Quigley and Addicks, 1981; Quigley et al., 1981). Furthermore, when 

glaucomatous eyes were categorized by the severity of previous visual field defects, 

compression at the lamina cribrosa and loss of RGC axons was observed on histopathology 

even in patients without visual field loss (Quigley et al., 1983). These findings support 

previous work done in non-human primates that axonal changes at the lamina cribrosa are an 

early, important component of the glaucomatous disease process.

The era of molecular genetics provided further evidence that axonal injury at the lamina 

cribrosa is the critical event triggering ocular hypertension induced glaucomatous 

neurodegeneration (Howell et al., 2013; Inman et al., 2006; Jakobs et al., 2005; Schlamp et 

al., 2006). In DBA/2J mice, a model of age-related ocular hypertension, a structure 

analogous to the primate lamina cribrosa exists, which has been termed the glial lamina 

(Howell et al., 2007). The glial lamina is formed by a network of astrocytes without collagen 

components. Despite the structural differences between mouse and human, the earliest 

axonal damage in glaucomatous injury in the mouse appears to occur in the glial lamina 

(Howell et al., 2007; Jakobs et al., 2005; Sun et al., 2009). In DBA/2J mice, damaged axon 

segments are first apparent in the glial lamina suggesting this is an area of early injury 

(Howell et al., 2007). Wedge-shaped sectors of axonal loss were observed radiating from the 

optic nerve head, suggesting that damage to axon bundles occurred at the level of lamina 

cribrosa (Jakobs et al., 2005; Sun et al., 2009). The identification of the lamina region as the 

location of this critical, early insult in glaucomatous neurodegeneration, has allowed for 

investigation into the molecular signals governing glaucomatous neurodegeneration 

(Whitmore et al., 2005).
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2. Compartmentalization of axonal degeneration and somal apoptosis in 

glaucoma

In the early 2000s, a theory was postulated suggesting axonal degeneration, rather than 

neuronal death, might be a primary driver of disease progression for some neurodegenerative 

conditions (Raff et al., 2002; Whitmore et al., 2005). Furthermore, work suggested axons 

have unique molecular programs of degeneration, independent from the molecular programs 

driving neuronal (somal) apoptosis (Deckwerth and Johnson, 1994; Finn et al., 2000). Using 

a wide variety of animal models of glaucoma, researchers have begun to identify and order 

the unique and overlapping molecules important for the somal and axonal programs of 

neurodegeneration in glaucomatous injury.

Evidence from both animal models and human post-mortem studies suggest RGC somas 

undergo apoptosis after glaucomatous injury (Maes et al., 2017; McKinnon, 1997). In an 

effort to determine molecular events that contribute to the pathogenesis of glaucomatous 

injury, BAX, a known pro-apoptotic member of the B-cell lymphoma/leukemia 2 (Bcl2) 

family, was tested in glaucoma-relevant injuries. Bax deficiency provided complete 

protection to RGC somas in the DBA/2J ocular hypertensive mouse and after optic nerve 

crush (Figure 1, Isenmann et al., 1999; Li et al., 2000; Libby et al., 2005b; Semaan et al., 

2010). Bax deficiency delayed glaucomatous axonal degeneration in DBA/2J mice and 

protected the proximal component of the RGC axon (that is, the axon segment from the 

soma to the lamina, Howell et al., 2007; Libby et al., 2005b). Interestingly, it is possible that 

Bax has a second non-canonical role outside of RGC somal apoptosis directly in the axon. 

BAX is known to have a role in axonal degeneration, at least in cultured neurons (Nikolaev 

et al., 2009). In DBA/2J mice, Bax deficiency delayed axonal degeneration in some eyes, 

though Bax deficiency did not provide long-term protection for RGC axons distal to the 

lamina (Bax deficient DBA/2J mice had similar levels of glaucomatous optic nerve damage 

as control mice despite having complete somal protection, Howell et al., 2007; Libby et al., 

2005b). Thus, it is unclear if BAX has a direct role in the axon in adult RGCs and further 

studies are needed to directly test BAX’s role in axonal degeneration in RGCs. Thus, axonal 

degeneration does not require BAX or caspase 3 activation (Finn et al., 2000; Libby et al., 

2005b; Maes et al., 2017; Nickells, 2007; Whitmore et al., 2003). Together these data 

suggest that molecular signaling events critical for somal apoptosis are independent of those 

necessary for distal axonal degeneration in glaucoma. At the time when Bax deficiency was 

shown to protect RGC somas from axonal injury, however, little was known about the 

processes controlling axonal degeneration.

In the late 1990s and early 2000s, axonal degeneration was beginning to be understood as a 

unique molecular process. A spontaneous murine mutation, WldS (Wallerian degeneration 

slow), encodes a fusion protein of UBE4B and NMNAT1 (Coleman et al., 1998; Mack et al., 

2001). This gain of function mutation was found to delay leucocyte invasion after injury and 

prolong the survival of injured axons in a variety of neurodegenerative disorders, and thus 

has been used to test the role of axonal degeneration in disease (Ferri et al., 2003; 

Gillingwater et al., 2004; Lunn et al., 1989; Samsam et al., 2003). The WldS allele lessened 

axonal degeneration after optic nerve crush (young animals) and age-related ocular 
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hypertension (Figure 1, Beirowski et al., 2008; Fernandes et al., 2014; Fernandes et al., 

2018; Howell et al., 2007). Importantly, in the ocular hypertensive DBA/2J mouse, WldS 

expression significantly lessened glaucomatous neurodegeneration. In fact, WldS expression 

appeared to both protect RGCs from dendritic remodeling and preserve their function 

(Harder et al., 2017; Howell et al., 2007). The protection of components in both the somal 

and axonal compartments by WldS further implicates axonal degeneration as a key driver of 

glaucomatous neurodegeneration. However, despite the protection from axonal degeneration, 

WldS did not prevent RGC somal degeneration after axonal injury (Howell et al., 2007). 

Together these findings suggest axonal degeneration is a key early pathogenic event in 

glaucomatous neurodegeneration and support the idea of compartmentalization of the 

molecular mechanisms that contribute to RGC death in glaucoma (Figure 2). The specific 

molecular signals responsible for the protection conferred by the gain of function WldS 

allele, however, remain unknown.

3. Axon injury signaling in glaucomatous injury

Though many events extrinsic to RGCs have been proposed to activate the molecular 

changes within RGCs that lead to RGC death in glaucoma, we still do not understand the 

early, necessary pathologic events within RGCs that lead to axonal degeneration and somal 

apoptosis. Thus, much work has been done to determine the intrinsic molecular signaling 

events that occur as a local axonal injury response signal.

The progression from early, focal injury to RGC axons to distinct compartmental 

degenerative processes in glaucoma suggests axonal stress signaling pathways operate along 

the somal-axonal axis (Howell et al., 2013; Larhammar et al., 2017; Whitmore et al., 2005; 

Yang et al., 2015). As discussed above, axonal injury at the level of the lamina cribrosa is 

thought to be the inciting event of glaucomatous neurodegeneration. Axon injury is thought 

to be the critical early injury to RGCs in glaucoma, and axon injury dependent axonal 

degeneration can be prevented with manipulation of molecular signaling (WldS). Thus, 

determining the specific mechanisms of the molecular signaling events that govern axonal 

degeneration is essential for both understanding and intervening in the glaucomatous disease 

process. A challenge of research efforts is understanding the specific molecular programs 

that control somal and axonal degeneration, and also determining potential interactions 

between these two molecular signaling compartments. Given the somal protection afforded 

by BAX deficiency and the axonal protection afforded by the WldS allele after glaucoma 

relevant injuries, many groups have focused on determining and ordering the upstream 

signaling events required for somal and axonal degeneration. To understand glaucomatous 

neurodegeneration, it is critical that we define the molecular event(s) controlling axonal 

injury signaling since it is likely that axonal injury signaling is an important early event 

within RGCs after a glaucomatous insult.

Identifying the local axonal signaling pathways that detect and respond to damage is an 

important step in understanding glaucoma and other axonopathies. The mitogen-activated 

protein kinase (MAPK) family plays an integral role in signal transduction in response to 

changes in the cellular environment by integrating diverse signals arising from cellular 

stressors. Multiple lines of evidence support c-Jun N-terminal kinases (JNK) signaling, 
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members of the MAPK family, as an important event in glaucomatous axonal injury 

signaling. Retrograde transport of JNKs in peripheral nerve axons following axonal injury is 

known to alter somal transcription of known injury response molecules (Lindwall and Kanje, 

2005). Glaucoma relevant axonal insults, such as distortion of the RGC axonal cytoskeleton, 

have been shown to activate JNK (Huang et al., 2011; Muller et al., 2006). JNK can also be 

activated by neurotrophic deprivation and extrinsic pro-inflammatory signaling, particularly 

by TNF and IL-1, both of which have been implicated as deleterious signals in the optic 

nerve head (Eilers et al., 2001; Howell et al., 2011a; Howell et al., 2011b; Saklatvala et al., 

1996; Tezel et al., 2004). Importantly, JNK signaling is known to be activated in RGCs after 

many glaucoma relevant injuries (e.g. axonal injury and ocular hypertension) and pJNK is 

present in RGCs in human glaucoma patients (Fernandes et al., 2012; Isenmann and Bahr, 

1997; Kwong and Caprioli, 2006; Levkovitch-Verbin et al., 2005; Lukas et al., 2009; 

Munemasa et al., 2006; Pelzel et al., 2010; Roth et al., 2003; Tezel et al., 2003). Several 

studies have shown JNK inhibitors lessen or delay RGC death after glaucoma relevant 

insults (Liu et al., 2011a; Sun et al., 2011; Tezel et al., 2004; Yang et al., 2008). 

Interestingly, JNK is also known to regulate axonal degeneration (Larhammar et al., 2017; 

Miller et al., 2009; Xiong and Collins, 2012; Yang et al., 2015). These findings highlight the 

functional importance of JNK signaling in axonal degeneration and RGC death in glaucoma.

Activated JNK is detected in three cellular compartments after axonal injury: the RGC soma, 

the axonal segments proximal to the site of injury, and axonal segments distal to the site of 

injury (Fernandes et al., 2014; Lukas et al., 2009). JNK is required for axonal degeneration 

after axonal injury in some systems, and pharmacologic and genetic inhibition of JNK 

signaling delayed axonal degeneration in multiple models of axonal injury (Barrientos et al., 

2011; Miller et al., 2009; Simon et al., 2016; Yang et al., 2015; Yoshimura et al., 2011). 

Glaucomatous neurodegeneration may differ from other experimentally induced axonal 

injuries – in the magnitude of insult and kinetics of RGC cell loss, or extrinsic triggers (e.g. 

glial signaling) versus intrinsic triggers (e.g. cytoskeleton disruption in optic nerve crush) – 

thus the role of molecules thought to be important to glaucomatous neurodegeneration must 

be tested in an ocular hypertensive model (Libby et al., 2005b). Recent studies have tested 

the role of JNK-signaling in age-related ocular hypertension induced axonal injury and RGC 

death. Combined deficiency of Jnk2 and Jnk3 did not provide protection to RGCs somas in 

ocular hypertensive DBA/2J mice (Harder et al., 2018). The finding is in contrast to after 

optic nerve crush, in which combined deficiency of Jnk2/3 protected RGC somas from 

axonal injury (Fernandes et al., 2012). As JUN activation can occur via JNK1, JNK2, or 

JNK3, these data suggest a role for JNK1 in RGC somal protection after ocular hypertensive 

injury. Interestingly, sole deficiency of Jnk2 increased both RGC death and axonal 

degeneration in ocular hypertension, which suggests JNK2 might play a pro-survival role 

after axonal injury (Harder et al., 2018). These studies were completed in a complete Jnk2/3 
knockout and, as JNK is widely expressed, determining the cell-specific role of pro-survival 

signaling in RGCs or another other glaucoma-relevant cell types will be important for 

understanding the early axonal signaling critical for subsequent somal degeneration in ocular 

hypertension. The pro-survival function of JNK is contrary to the current thinking developed 

by many groups: that inhibiting JNK signaling would be neuroprotective in an ocular 

hypertensive environment (Fernandes et al., 2012; Fernandes et al., 2014; Liu et al., 2011a; 
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Sun et al., 2011; Syc-Mazurek et al., 2017a; Syc-Mazurek et al., 2017b; Tezel et al., 2004; 

Welsbie et al., 2013; Yang et al., 2015; Yang et al., 2008). This result stresses the need to 

identify specific pathogenic signaling mechanisms activated by long term ocular 

hypertensive stress in RGC somas and axons so only deleterious JNK signaling may be 

therapeutically targeted in glaucoma patients. Unfortunately, knocking out all three JNK 

isoforms in RGCs is likely to create new pathologies since JNK signaling controls many 

cellular activities and has physiological functions in neurons (Yamasaki et al., 2012). There 

are different pools of JNKs within neurons, some of which mediate physiological processes 

while others are involved in stress signaling (pathological pools). Determining how these 

distinct pools contribute to pathogenic signaling in sustained ocular hypertension will be 

important future experiments for understanding glaucomatous injury signaling.

Upstream of JNK-JUN signaling are the MAP2Ks, MKK4 and MKK7, which are the only 

known molecules to activate the JNKs (Jeffrey et al., 2007; Tournier et al., 2001). As 

compared to other members of MAPK signaling, less is known about the role of MKK4 and 

MKK7 in glaucomatous neurodegeneration, although both molecules have been shown to be 

expressed after axonal injury and contribute to axonal degeneration. Genetic knockdown of 

Mkk4 and Mkk7 together provided moderate protection to injured sensory neurons and 

axotomized dorsal root ganglia explants (Walker et al., 2017; Yang et al., 2015). In the 

central nervous system, MKK7-JNK dependent axonal transport has been suggested to be 

necessary for neuronal maintenance in the adult spinal cord (Yamasaki et al., 2017). After 

optic nerve crush, MKK4 phosphorylation was detected to peak within one hour of injury 

(Yang et al., 2015). Consistent with this finding, JNK inhibitors are protective only when 

applied within 3 hours of axonal injury in DRG explants, prior to the onset of axonal 

fragmentation (Miller et al., 2009). Together these data suggest MKK4/7-JNK signaling is 

part of the early axonal signaling response proposed to occur just prior to or as the axon 

commits to programmed degeneration (Gerdts et al., 2016). In single MKK4 or MKK7 

deficient mice, JNK activation occurs in the optic nerve head and pJUN is evident in the 

RGCs after optic nerve crush, suggesting these MAP2Ks play redundant roles activating 

downstream JNK signaling (Syc-Mazurek et al., 2018). MKK4 and MKK7 have yet to be 

tested independently or together in a model of ocular hypertension.

Upstream of JNK and the MAP2Ks, are the MAP3Ks, most notably the dual leucine zipper 

kinase (DLK) and leucine-zipper bearing kinase (LZK), that are expressed in axons and 

contribute to axonal and somal degeneration after glaucomatous related injuries (Farley and 

Watkins, 2018; Fernandes et al., 2014; Gerdts et al., 2016; Hirai et al., 2005; Tedeschi and 

Bradke, 2013; Valakh et al., 2015; Watkins et al., 2013; Welsbie et al., 2017; Welsbie et al., 

2013). The MAP3Ks often control the activation of different physiological and pathological 

pools of JNK (Chen et al., 2002; Craig et al., 2008). Of the MAP3Ks, DLK has been shown 

to be critical for pathological activation of JNK but does not appear to have a role in 

regulating the physiological pool of JNK (Ghosh et al., 2011). Genetic and pharmacologic 

manipulation of DLK in Drosophilia (DLK ortholog Wallenda) and mouse has been shown 

to afford axonal protection in some injury paradigms such as in DRG neurons and after 

nerve growth factor withdrawal, however, this protection does not appear to be sustained or 

as robust as the protection afforded by WldS (Ghosh et al., 2011; Miller et al., 2009; Shin et 

al., 2012a). In contrast, however, DLK overexpression has also been shown to be protective 
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of Drosophilia motoneuron axons (Xiong and Collins, 2012). LZK, like DLK, is a MAP3K 

that cooperates with DLK to induce downstream signaling through MKK4 and MKK7 and 

subsequently the JNKs after axonal injury in RGCs (Chen et al., 2016; Itoh et al., 2014; 

Welsbie et al., 2017). Knockdown of LZK has been shown to synergize with knockdown of 

DLK to protect RGCs after optic nerve crush and a protein kinase inhibitor against both 

LZK and DLK promoted human RGC survival in vivo (Welsbie et al., 2017). These results 

highlight the important of determining the necessary molecular requirements for axonal 

degeneration in RGCs in ocular hypertension models as the molecular requirements for 

axonal degeneration likely vary between neuronal subtypes and mechanisms of axonal 

injury.

After optic nerve crush injury, Dlk deficiency decreased the JNK somal pool, attenuated 

somal JUN accumulation (the canonical target of the JNKs), and ultimately provided 

protection to RGC somas. DLK deficiency did not, however, attenuate activation of axonal 

JNK and also did not protect RGC axons after optic nerve crush injury (Fernandes et al., 

2014; Watkins et al., 2013; Welsbie et al., 2013). DLK is known to be transported via 

retrograde axonal signaling after axonal injury and retrograde transport of activated 

transcription factors is reduced in DLK deficient mice after axonal injury (Holland et al., 

2016; Shin et al., 2012a; Xiong et al., 2010). Further highlighting the complexity of DLK-

JNK signaling in early axonal injury, is that JNK-dependent phosphorylation of DLK is 

important for the stabilization of DLK levels (Huntwork-Rodriguez et al., 2013). These data 

suggest different pools of JNK serve distinct purposes after axonal injury, such that 

phosphorylated JNK in the axon stabilizes axonal DLK levels in a JUN-independent manner 

whereby retrograde transport of DLK activates somal JNK as part of the somal molecular 

program (Fernandes et al., 2014; Ghosh et al., 2011). In addition to JNK-mediated DLK 

signaling, JNK activity is able to positively regulate LZK levels, JNK-dependent signaling 

targets, and other axonal maintenance microtubule binding proteins, such as SCG10 

(Huntwork-Rodriguez et al., 2013; Tararuk et al., 2006; Welsbie et al., 2013). Loss of axonal 

SCG10 may promote axonal degeneration via autophagy or deficiencies in axonal transport 

(SCG10 is replenished from the soma via anterograde transport, Shin et al., 2012b). 

Determining both the levels of feedback regulation within the molecular signals responsible 

for axonal degeneration and the specific roles of individual MAP3K members is necessary 

because JNK and DLK signaling appear to be important in regulating axon injury signaling 

and the subsequent somal response.

Ultimately, axonal injury signaling likely contributes to molecular events in both the somal 

and axonal compartment. As such, identifying the first upstream triggers of axonal injury 

will be important for ordering injury signaling, and may provide a target for therapeutic 

intervention. Furthermore, signaling molecules may play important roles at multiple times in 

multiple compartments during the pathological response after axon injury (i.e. JNK in both 

initial axonal injury signaling but also in the somal molecular degeneration program). 

Identifying and ordering compartment specific roles of pro-degenerative signaling molecules 

will provide greater biologic understanding of the progression of pathogenic signaling in 

glaucoma.

Syc-Mazurek and Libby Page 8

Prog Retin Eye Res. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Axon injury induced somal apoptosis

Somal death by apoptosis is a hallmark of many neurodegenerative diseases, including 

glaucoma (Almasieh et al., 2012; Maes et al., 2017; Mattson, 2000; Nickells, 1999; Qu et 

al., 2010; Quigley, 1999; Thomas et al., 2017). In multiple glaucoma relevant injuries, 

including optic nerve crush and age-related ocular hypertension, somal death has been found 

to be BAX dependent (as discussed above). The convergence of somal apoptosis pathways to 

a central point—BAX activation—provides a powerful starting point for unraveling the 

signaling pathways leading to glaucomatous neurodegeneration. Thus, efforts to link somal 

apoptosis to axonal injury signaling have focused on signaling families known to activate 

BAX. Proposed intrinsic molecular signaling programs upstream of BAX include other 

members of the Bcl2 family, mitogen-activated protein kinase family (MAPK), and 

endoplasmic reticulum (ER) stress signaling (Figure 3, Hu, 2016; Kim and Choi, 2010; 

Libby et al., 2005b; Maes et al., 2017).

4.1 Bcl2 Family of ayoytotic regulators

The Bcl2 family of apoptotic regulators are powerful mediators of neuronal death. In fact, 

many cell death and survival pathways exert their effect by regulating the activity of the Bcl2 

family. By removing one of the executors of the Bcl2 family, BAX, the Bcl2 family has been 

shown to be necessary for retinal ganglion cell (RGC) death in glaucoma (Libby et al., 

2005b). An important next step toward defining the key molecular and genetic players in 

glaucoma is to identify the members of the Bcl2 family that regulate BAX activation in 

RGCs. The Bcl2 family is composed of both pro-survival and pro-death components. The 

integration of the numerous cell signaling pathways active in a sick cell by the Bcl2 family is 

critical in determining whether a cell survives an insult. There is evidence that both pro-

survival and pro-death pathways are active in glaucoma, suggesting the interaction of Bcl2 

pro-survival and pro-death pathways is important in determining if an RGC can withstand a 

glaucomatous insult.

Bcl2 family members upstream of BAX activation integrate the pro-survival and pro-death 

signals and regulate RGC viability by controlling BAX activation (Maes et al., 2017). BH3 

only molecules include a subset of 8 pro-death Bcl2 family members, such as BID, BIM, 

and BBC3 (PUMA), that are canonically required for BAX activation and also molecules 

that mediate viability, such as BCL2 and BCL2L1 (BCXL, Maes et al., 2017; Youle and 

Strasser, 2008). Studies completed in models of tropic factor withdrawal-induced axon 

injury (a model of injury that also leads to BAX-dependent somal death) have demonstrated 

that BBC3 was upregulated in tropic factor deprived neurons and that somal BBC3 played 

an integrative role driving axonal degeneration through anterograde pro-apoptotic signaling 

(Ambacher et al., 2012; Nikolaev et al., 2009; Simon et al., 2016). In the retina, BBC3 was 

important for developmental RGCs apoptosis, however, deficiency of BBC3 did not protect 

RGCs after optic nerve crush in adult mice (Harder and Libby, 2011). Another Bcl2 family 

member, BIM, was expressed in RGCs after optic nerve injury (Harder et al., 2012b; 

Napankangas et al., 2003). Deficiency of BIM delayed RGC death after axonal injury, but 

BIM deficiency did not promote long-term RGC survival and combined BIM, BID, and 

BBC3 deficiency did not phenocopy BAX deficiency (Harder et al., 2012b; Harder and 
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Libby, 2011; McKernan and Cotter, 2007). In DBA/2J mice, BIM deficiency reduced axonal 

damage at 12 months of age, however, deficiency in BIM also delayed IOP elevation (Harder 

and Libby, 2013). BIM, unlike BAX, did not prevent RGC death in severely injured 

glaucomatous nerves, suggesting that BIM is not an important activator of BAX in 

glaucomatous injury (Harder et al., 2012b). The molecule BID serves to link extrinsic and 

intrinsic signaling (Qu et al., 2010). Ocular hypertension leads to BID cleavage and Bid 
deficiency protects other cell types from apoptosis (Huang et al., 2005; Yin et al., 1999). 

After optic nerve crush, deficiency of BID did not protect RGC somas, however, Bid 
deficiency has not been tested in a model of ocular hypertension (Harder and Libby, 2013).

In addition to pro-apoptotic signaling molecules, the Bcl2 family also has 6 anti-apoptotic 

members, such BCL2 and BCL2L1 (BCLXL, Youle and Strasser, 2008). BCL2 

overexpression protected RGCs after hypertension induced axonal injury, suggesting that as 

in other models, pro-survival BCL2 family members can antagonize pro-death signals in 

RGCs after injury (Bonfanti et al., 1996; Burne et al., 1996; Cenni et al., 1996; Chierzi et al., 

1999; Ji et al., 2005). BCL2 overexpression, however, did not protect the distal axon from 

degeneration after axotomy which is consistent with the role of Bcl-2 family proteins acting 

in the somal compartment but not in axonal molecular signaling (Burne et al., 1996). BCL2, 

however, has not been tested in a model of ocular hypertension. Overexpression of BCLL1 

has been shown to protect RGCs after injury while deficiency of BCLL1 led to decreased 

RGCs survival after axonal injury, which is consistent with its presumed role as a pro-

survival signal (Harder et al., 2012a; Kretz et al., 2004; Liu et al., 2001; Malik et al., 2005). 

This finding may represent the compartmentalization of molecular signals in axonal 

degeneration and somal death whereby the molecular signaling pathways that control somal 

death are the same as those responsible for degeneration of the axon segment proximal to the 

site of injury (Howell et al., 2007).

The involvement of the Bcl2 family in glaucomatous injury is complex as members play 

both pro-apoptotic and pro-survival roles. While Bcl2 family members are clearly important 

for somal degeneration after glaucoma relevant injures, currently, there is no evidence that 

they have a role in axonal degeneration in glaucoma. BAX and BIM have been shown to not 

contribute to axonal degeneration signaling in ocular hypertensive mice. BBC3 has been 

suggested to be involved in axonal degeneration in other systems, but, to date, the role of 

BBC3 has not been tested in a model of ocular hypertension. Furthermore, though the pro-

survival molecules BCL2 and BCL2L1 protected RGCs in acute models of axonal injury, 

they have not been tested in models of ocular hypertension. Future work will be needed to 

critically test these molecules in models of ocular hypertension in order to determine if these 

molecules contribute to the molecular programs governing glaucomatous neurodegeneration.

4.2 Pro-apoptotic signaling

Bcl2 family members are regulated by a variety of upstream signaling pathways (Maes et al., 

2017; Youle and Strasser, 2008). Identifying the pathways regulating Bcl2 family members 

after a glaucomatous injury is a key step toward understanding glaucomatous 

neurodegeneration. Importantly, these pathways will likely be a link between axonal injury 

and RGC death and may help identify the earliest molecular changes within RGCs after 
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axonal injury. Numerous studies have implicated both MAPK and ER stress signaling in 

glaucomatous neurodegeneration (Hu, 2016; Lei and Davis, 2003). Components of MAPK 

signaling, such as JUN-JNK signaling, and ER stress signaling are known to regulate 

members of the Bcl-2 family and be key drivers of apoptosis after a variety of injuries (Kim 

and Choi, 2010; Puthalakath et al., 2007; Tabas and Ron, 2011).

JUN, the canonical target of the JNKs, is a member of the activator protein-1 (AP1) 

transcription factor family, and homodimerizes or heterodimerizes with members of the Fos 

or activator transcription factor (ATF) families after phosphorylation by the JNKs (Shaulian 

and Karin, 2002). JUN signaling is elevated in RGCs after glaucoma-relevant insults such as 

optic nerve crush, excitotoxicity, and IOP elevation (Fernandes et al., 2012; Fernandes et al., 

2013; Isenmann and Bahr, 1997; Levkovitch-Verbin et al., 2005; Munemasa et al., 2006). 

Furthermore, genetic manipulation (JNK and JUN deficiency in the retina) and 

pharmacologic manipulation (JNK inhibitors) attenuated RGC death after optic nerve crush 

(Figure 4, Fernandes et al., 2012; Fernandes et al., 2013; Syc-Mazurek et al., 2017b; Tezel et 

al., 2004). Together, these findings implicate JNK-JUN signaling as a critical pathway in the 

pathogenesis of somal apoptosis in glaucomatous injury. Jun deficiency did not prevent 

ocular hypertension induced RGC axonal degeneration, however, it did significantly lessen 

somal loss (approximately 70% of RGC somas remained in retinas with severely 

degenerated optic nerves, Syc-Mazurek et al., 2017a). This result was similar to what was 

observed in Bax deficient mice, again highlighting the compartmentalized nature of RGC 

degeneration and importance of axonal degeneration after ocular hypertensive insult. Since 

JUN is a transcription factor, it is highly likely to drive the transcription of pro-death 

molecules and/or represses pro-survival molecules after axonal injury. Importantly, 

transcriptional changes are thought to integrate pro-survival and pro-degenerative signals in 

the cell body that then contribute to axonal degeneration programs via anterograde signaling 

(Simon et al., 2016). Unfortunately, to date there are only a few direct targets of JUN 

identified. One such downstream target is Atf3, another member of the AP-1 family of 

transcription factors, that has been suggested to be involved in glaucomatous 

neurodegeneration (Guo et al., 2009; Guo et al., 2011; Hunt et al., 2004; Ueno et al., 2018; 

Yang et al., 2007). Similar to Bim deficiency, however, Atf3 deficiency only lessened RGC 

loss at the earliest time points after axonal injury but did not provide sustained protection to 

RGCs (Fernandes et al., 2013). JUN signaling has also been suggested to regulate BBC3 in 

other injury models (Akhter et al., 2015; Simon et al., 2016). Future studies to identify the 

key downstream JUN-dependent pro-death transcriptional events linking JUN activation to 

BAX activation in ocular hypertensive eyes will be important for ordering the downstream 

sequence of events in glaucomatous injury.

Regulation of JUN activation by other MAPK signaling molecules has been studied after 

axonal injury. After optic nerve crush injury, JNK2 and JNK3 controled JUN activation and 

JUN-dependent RGC somal degeneration (Fernandes et al., 2012). Deficiency of JUN 

protected RGCs both after optic nerve crush injury and from ocular hypertensive induced 

RGC death in DBA/2J mice (Fernandes et al., 2012; Syc-Mazurek et al., 2017a). As 

combined deficiency of JNK2/3 did not provide protection after ocular hypertensive injury 

as discussed above, these data suggest a novel role for JNK1 within RGCs in response to 

ocular hypertensive injury. This is consistent with results showing that JNK1 and JNK3 are 
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important for RGC axonal degeneration after optic nerve crush injury (Yang et al., 2015). 

Together these data suggest JNK signaling has unique roles in RGC somal and axonal 

degeneration and these roles are likely dependent on the individual pools of JNK.

Upstream of JNK signaling, MKK4 and MKK7 are the only two MAP2Ks that are known to 

activate the JNKs (Davis, 2000; Minden and Karin, 1997). Single deficiency of MKK4 or 

MKK7 provided mild but significant protection to RGCs after optic nerve crush. This 

protection, however, was lower than that seen with DLK, JNK2/3, or JUN deficiency 

suggesting MKK4 and MKK7 might play overlapping and redundant roles in programmed 

somal death (Fernandes et al., 2012; Fernandes et al., 2014; Syc-Mazurek et al., 2017a; Syc-

Mazurek et al., 2018). In addition to JNK-JUN signaling, MKK4 is upstream of p38, which 

has been shown to be expressed in RGCs after axotomy and in human glaucomatous eyes 

(Kikuchi et al., 2000; Tezel et al., 2003). Daily topical pharmacologic inhibition of p38 

protected RGC axons after acute ocular hypertensive injury, whereas a single early 

application (within 3 hours) of a p38 inhibitor after axotomy in DRG cultures did not protect 

axons (Dapper et al., 2013; Miller et al., 2009). Since inhibiting both MKK4 and MKK7 

would stop all physiological JNK activity (and p38 activity), inhibiting MAPK signaling at 

the level of MAP2Ks is not a viable treatment option (Brancho et al., 2003; Davis, 2000; 

Jeffrey et al., 2007; Minden and Karin, 1997). Thus, determining the upstream activators of 

MKK4 and MKK7 at the level of the MAP3Ks will be important for determining important 

differences in the molecular signaling pathways involved in or required for RGC death after 

axonal injury and ocular hypertensive injury as previously discussed. Further targeted study 

of MKK4 and MKK7 in an age-related model of ocular hypertension will be needed to parse 

the activation and the contributions of these molecules and their downstream targets to 

glaucomatous injury signaling.

Endoplasmic reticulum (ER) stress signaling, like MAPK signaling, contributes to 

neurodegeneration and plays a role in the pathogenesis of glaucoma and other retinal 

diseases (Hu, 2016; Lindholm et al., 2006; Peters et al., 2015; Scheper and Hoozemans, 

2015; Zode et al., 2014). In other systems, expression of a component of ER stress signaling, 

C/EBP homologous protein (CHOP/GADD153; official gene name, DNA damage inducible 

transcript 3, Ddit3) led to decreased levels of anti-apoptotic molecules (BCL2, McCullough 

et al., 2001) and increased levels of pro-apoptotic molecules (BAX, BIM, Fu et al., 2010; 

Puthalakath et al., 2007). PERK-eIF2-DDIT3 signaling has been implicated in multiple 

models of axon injury induced RGC death. eIF2 was found to be enriched in the earliest 

stages of DBA/2J ocular hypertensive injury, and DDIT3 signaling was elevated in RGCs 

after glaucoma-relevant insults such as optic nerve crush, retinal ischemia, and intraocular 

pressure elevation (Doh et al., 2010; Fernandes et al., 2013; Hu et al., 2012; Nashine et al., 

2015; Williams et al., 2017b; Yang et al., 2013b). Not only does glaucoma relevant injury 

lead to activation of DDIT3 expression, but reduction of ER stress via genetic manipulation 

and pharmacologic inhibition of DDIT3 has been shown to provide moderate protection to 

RGCs. Ddit3 deficiency reduced the number of dying RGCs and increased RGC survival 

after optic nerve injury and acute elevation of intraocular pressure (Hu et al., 2012). 

Furthermore, Ddit3 deficiency promoted moderate axonal survival after optic nerve crush 

and intraocular pressure elevation, but did not prevent functional axonal degeneration 

changes after optic nerve crush injury (Figure 4, Syc-Mazurek et al., 2017b; Yang et al., 
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2016). Such findings suggest the unfolded protein response and ER stress contribute to the 

somal molecular signaling cascade in glaucomatous injury. Determining the contributions of 

ER stress signaling to RGC death and axonal degeneration is further complicated by the fact 

that components of ER stress signaling, such as overexpression of XBP-1 can be protective 

to RGCs and their axons (Hu, 2016; Hu et al., 2012). Future studies will be needed to further 

parse the contributions of the pro-survival vs pro-apoptotic pathways of the ER stress 

response to both the axonal and somal compartments. Such study will also need to 

investigate how the magnitude and duration of an axonal injury might alter the molecular 

response to injury, and thus the balance from survival to somal and axonal degeneration.

Going forward it will be important to determine the integration and interconnection between 

molecular signaling pathways important for somal apoptosis. Dlk has been proposed to 

regulate Ddit3 expression after axonal injury in addition to its role as a MAP3K kinase 

(Larhammar et al., 2017). Unbiased gene expression profiling after optic nerve crush 

demonstrated Dlk deficiency reduced DDIT3 expression after injury (Watkins et al., 2013). 

These results suggest DLK might be upstream of both Jun and Ddit3, thus making Dlk a 

master regulator of RGC death after axonal injury. After optic nerve crush, however, 

combined JUN/DDIT3 deficiency provided greater protection to RGCs than DLK deficiency 

(Syc-Mazurek et al., 2017b). Instead, LZK (discussed above) or cooperative signaling of 

both LZK and DLK might serve to integrate pro-degenerative molecular signaling programs 

after injury. Identification of such a master regulator, if one exists, might inform how somal 

and axonal degeneration patterns are interconnected.

5. Program of axonal degeneration in glaucomatous injury

The cell biology of axonal injury signaling and subsequent axonal degeneration, almost 

entirely unknown a decade ago, is becoming better understood. Studies have demonstrated 

that even in the same neuronal cell type, axon degeneration can proceed via different 

mechanisms, depending on the injury (Chen et al., 2012; Miller et al., 2009; Schoenmann et 

al., 2010). Not only do the molecular mechanisms of axonal degeneration differ across 

injury type, but the mechanisms governing axonal pruning and developmental axonal 

degeneration are distinct from injury-induced axon degeneration in the adult (Cusack et al., 

2013; Hoopfer et al., 2006). Furthermore, the molecular regulation of axonal degeneration 

might be inherently different across different neuronal subtypes. These observations 

highlight the necessity of testing a molecule’s role in adult RGC axon degeneration 

following glaucoma relevant insults in order to define the axonal degeneration signaling 

cascade responsible for axonal degeneration in glaucoma. After axonal injury to RGCs, there 

appears to be a molecular cascade that drives axonal injury in the distal portion of the axon 

(Figure 5). Note, the degeneration of the proximal axonal segment appears to be secondary 

to somal apoptosis and thus the proximal segment is not an appropriate read out for axonal 

degeneration (Fernandes et al., 2014; Howell et al., 2007). While the axonal compartment is 

molecularly distinct from the somal compartment in terms of degeneration, there may be 

some overlapping components and/or signaling processes. Work done with the WldS allele 

showed the expression of this allele was important in RGC axon degeneration after 

glaucoma relevant injuries (Fernandes et al., 2018; Harder et al., 2017; Howell et al., 2007). 
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Thus, much work has focused on determining the molecular signaling responsible for the 

protection provided by the WldS allele.

WldS has been shown to protect axons from degeneration and lessen glaucomatous optic 

nerve damage and RGC loss in DBA/2J mice (Coleman, 2005; Coleman et al., 1998; Harder 

et al., 2017; Howell et al., 2007; Lunn et al., 1989; Mack et al., 2001; Wang et al., 2001). 

WldS expression may also prevent the loss of RGC function as determined by pattern ERGs 

(Howell et al., 2007). In an attempt to understand the protection of RGC function, but also 

failure to protect some eyes from glaucoma, further analysis of WldS mice was performed to 

determine if there might be an additive effect with multiple copies of the WldS allele on 

DBA/2J glaucoma (Harder et al., 2017). Adding two copies of WldS did not increase 

protection, suggesting the level of WldS was not rate limiting. Importantly, ~25% of eyes 

from animals carrying two copies of the allele had some signs of severe glaucomatous 

damage at 12 months, indicating either WldS was not completely capable of preventing 

activation of the axonal degeneration pathway or alternatively there is another activated 

pathway that cannot be inhibited by WldS expression. WldS expression also did not prevent 

the entry of blood derived cells or glial activation in the optic nerve head, both of which have 

been proposed to be involved in RGC injury in glaucoma, but did prevent loss of axonal 

transport in protected DBA/2J animals (Harder et al., 2017; Howell et al., 2011a; Howell et 

al., 2012b; Johnson and Morrison, 2009). Of note, WldS is a gain-of-function mutation that 

generates a novel molecule and thus, the WldS experiments do not reveal the specific 

molecular pathway controlling axonal degeneration in wildtype animals. However, WldS 

experiments do show that lessening the activation of axonal degeneration pathways can 

prevent glaucomatous neurodegeneration regardless of the presence of potential extrinsic 

insults (e.g. glial activation and monocyte infiltration, Harder et al., 2017). Determining the 

critical events within a normal RGC for axonal degeneration after glaucomatous injury will 

be essential for the development of targeted interventions for glaucoma.

5.1 SARM1

SARM1 (sterile alpha and TIR motif containing protein 1), a toll-like receptor adaptor 

protein, was identified in a screen for molecules capable of suppressing Wallerian 

degeneration after axotomy (Osterloh et al., 2012). Activation of SARM1 was sufficient to 

cause axonal degeneration in neurons and deficiency in SARM1 has been shown to protect 

both axons and neuronal cells from various axonal injuries (Fernandes et al., 2018; Geisler et 

al., 2016; Gerdts et al., 2015; Gerdts et al., 2016; Henninger et al., 2016; Kim et al., 2007; 

Turkiew et al., 2017). In the retina, SARM1 levels were elevated after injury to RGCs 

(Massoll et al., 2013; Yang et al., 2015). After optic nerve crush, axonal degeneration was 

significantly slowed in SARM1 deficient animals which is consistent with SARM1’s known 

role in axonal degeneration (Fernandes et al., 2018). However, after direct optic nerve crush 

injury, SARM1 deficiency did not protect RGCs somas (Fernandes et al., 2018), despite 

SARM1 having a known role in somal degeneration (sarmoptosis, Summers et al., 2014). 

Interestingly, this is similar to what was observed in animals carrying the WldS allele where 

the presence WldS allele only affected axonal but not somal degeneration in RGCs after 

optic nerve crush injury, despite a known role in both processes. Thus, given the known role 

of WldS in lessening glaucomatous neurodegeneration, it will be important to test if 
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manipulating SARM1’s function can lessen RGC axonal and somal degeneration in 

glaucoma. If SARM1 is shown to have a direct role in axonal degeneration in glaucoma, it 

will be an important result since it will identify an endogenous RGC axonal protein as 

critical for glaucomatous neurodegeneration.

Given the importance of SARM1 in the axonal degeneration program, recent studies have 

sought to determine if SARM1 might serve as either an upstream or downstream regulator of 

MAPK signaling activation (reviewed in Geden and Deshmukh, 2016). Interestingly, many 

of the molecular pathways SARM1 is thought to regulate have been implicated in 

glaucomatous neurodegeneration. SARM1 activation was found to be necessary for 

activation of MAPK signaling and subsequent axonal degeneration after optic nerve crush 

while inhibition of MAPK signaling prevented SARM1-dependent alterations in dendritic 

arbor morphology (Chen et al., 2011; Yang et al., 2015). In cultured neurons, the immune 

response to distal axotomy occurred in a SARM1 and JNK-JUN dependent manner (Wang et 

al., 2018). These data suggest SARM1 activation may represent an early upstream event in 

axonal degeneration. Other studies have suggested SARM1 might act as a downstream 

effector of MAPK signaling. MAPK signaling has been shown to degrade nicotinamide 

mononucleotide adenylyltransferase 2 (NMNAT2), which can inhibit SARM1 activation and 

phosphorylation and occurred in a JNK-dependent manner after oxidative stress (Essuman et 

al., 2017; Gerdts et al., 2015; Murata et al., 2018). Specifically, combined knockdown of 

MKK4 and MKK7 decreased depletion of nicotinamide adenine dinucleotide (NAD+) in a 

SARM1-independent manner in peripheral nerves after axotomy (Walker et al., 2017). In 

RGCs, SARM1 deficiency did not alter JNK signaling in the proximal segment after axonal 

injury, which suggests SARM1 is downstream of MAPK signaling after optic nerve crush 

injury (Fernandes et al., 2018). These contrasting findings may be a result of different injury 

models and different neuronal subtypes and further demonstrate the need to test molecules 

of interest in glaucoma models, including ocular hypertensive models.

5.2 NMNAT enzymes, NAD+, and energy metabolism

The NMNAT enzymes consist of three isoforms (NMNAT1–3) that are responsible for the 

last step in the synthesis of NAD+ from nicotinamide mononucleotide (NMN) and ATP (Ali 

et al., 2013; Berger et al., 2005). As previously discussed, the spontaneous murine mutation 

WldS is a fusion of NMNAT1 and UBE4B and axonal degeneration is delayed in DBA/2J 

mice carrying this allele (Beirowski et al., 2008; Coleman and Freeman, 2010; Conforti et 

al., 2014; Geden and Deshmukh, 2016; Howell et al., 2007; Mack et al., 2001; Sasaki, 

2018). The major axonal protective component of the WldS allele appears to be NMNAT1 

(Araki et al., 2004). NMNAT1 overexpression conferred protection from axonal 

degeneration in some experimental paradigms, including elevated intraocular pressure 

injury, but other studies have shown NMNAT1 overexpression does not phenocopy the 

axonal protection observed in animals with the WldS allele after axonal injury (Avery et al., 

2012; Conforti et al., 2007; Sasaki et al., 2009; Vohra et al., 2010; Zhu et al., 2013). 

Decreased levels of NMNAT2 might serve as a trigger for axonal degeneration and thus the 

proposed mechanism for the axonal protection conferred by the WldS allele is that NMNAT1 

(nuclear isoform) substitutes for NMNAT2 (cytoplasmic isoform, Gilley and Coleman, 

2010). NMNAT2 is the most labile isoform and NMNAT2 levels decline quickly after axonal 
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injury (prior to the onset of appreciable axonal degeneration, Gilley and Coleman, 2010). 

Additional studies have shown that delaying degradation/increasing levels of NMNAT2 also 

protected axons from degeneration after injury and that inhibition of MAPK signaling, 

specifically MKK4 and MKK7, increased levels of NMNAT2 after injury (Babetto et al., 

2013; Milde et al., 2013; Walker et al., 2017; Xiong et al., 2012).

In glaucomatous injury, disturbances in metabolism and mitochondrial function have been 

identified as an early change in animal models of ocular hypertension (Baltan et al., 2010; 

Inman and Harun-Or-Rashid, 2017; Williams et al., 2017b). ATP reserves were decreased in 

high IOP groups in DBA/2J mice which suggests metabolic dysfunction is detectable even 

prior to structural changes in the optic nerve (Baltan et al., 2010). Mitochondria migration to 

the axons was found to be partially dependent on DLK and inhibition of JNK translocation 

to the mitochondria reduced neurotoxicity in in-vitro models of oxidative stress (Chambers 

et al., 2013; Han et al., 2016). These results suggest that DLK-JNK signaling might 

contribute in multiple ways to axon injury response signaling. Mitochondrial dysfunction 

was also an early change in RGCs in chronic ocular hypertension, and the formation of 

abnormal mitochondria may be prevented by oral supplementation with nicotinamide, a 

precursor to NAD+ (Williams et al., 2017b). NAD+ is an abundant coenzyme important for 

cellular metabolism present in all cells. Levels of NAD+ and its reduced form NADH 

decrease during the aging process and thus augmenting NAD+ levels might serve as 

protective for age-associated neurodegenerative conditions (Verdin, 2015; Williams et al., 

2017b). In aged ocular hypertensive mice, augmenting NAD either through oral 

supplementation of nicotinamide, or overexpression of NMNAT also prevented axonal injury 

in DBA/2J ocular hypertensive mice (Williams et al., 2018; Williams et al., 2017b). 

Furthermore, administration of nicotinamide to animals carrying the WldS allele provided 

greater protection than WldS or nicotinamide alone (Williams et al., 2017a). Nicotinamide 

has also been shown to decrease pJNK elevation and synaptic loss in other animal models of 

neurodegeneration suggesting NMNAT- NAD signaling might serve as an early modulator of 

other pro-degenerative molecular programs (Yao et al., 2017). The exact molecular 

mechanism for the axonal protection afforded by WldS remains unknown, however, studies 

have identified SARM1 and PHR1, a ubiquitin ligase, as potential upstream mediators of 

NMNAT activity. After axonal injury, SARM1 directly depleted NAD+, a pro-axonal 

survival molecule, and SARM1-dependent NADase activity contributed to axonal 

degeneration after injury (Essuman et al., 2017; Gerdts et al., 2015). Alterations in calcium 

buffering, mitochondrial motility, and oxidative state have also been identified as 

downstream of WldS and NMNAT dependent changes after axonal injury (Avery et al., 

2012; Babetto et al., 2013; Fang et al., 2012; O’Donnell et al., 2013; Sasaki et al., 2016). 

Though the presence of the WldS allele provided significant protection to axons after injury, 

it did not provide complete protection to RGC axons in DBA/2J mice (Howell et al., 2007). 

Thus, future efforts must identify not only the molecular mechanisms responsible for the 

protection afforded by the WldS allele, but also potential WldS independent mechanisms that 

contribute to the program of axonal degeneration.
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5.3 Calcium and calpain signaling

Calcium signaling and calcium dependent activation of calpains (cysteine proteases) have 

also been identified as pro-degenerative events after glaucoma relevant axonal injuries 

(Huang et al., 2010; Yang et al., 2013a). Calcium/calpain dependent signaling contributes to 

proteolysis of axonal neurofilaments and subsequent degeneration of the axonal cytoskeleton 

(George et al., 1995; Ma et al., 2013; Villegas et al., 2014). Intracellular calcium has also 

been found to be increased in RGCs in a rat model of ocular hypertension and in cultured 

human lamina cribrosa cells after oxidative stress which may lead to differentiation of 

fibroblasts and increased fibrosis at the level of the ONH (Irnaten et al., 2018; Niittykoski et 

al., 2010). Levels of the endogenous inhibitor of the calpains, calpastatin, decreased after 

optic nerve transection and inhibition of calpain activation lessened axonal degeneration in 

the same model (Yang et al., 2013a; Zhang et al., 2016). Calpains are also know to interact 

with Bcl-2 family members. Calpain dependent cleavage of BID and BAX was sufficient to 

induce cytochrome c release and apoptosis in other systems (Chen et al., 2001; Gil-Parrado 

et al., 2002; Toyota et al., 2003). Efforts to identify downstream targets of the calpains, such 

as CRMP2 (Zhang et al., 2016), and test these molecules in glaucoma-relevant axonal injury, 

specifically in age-related ocular hypertension, will be important for study of the molecular 

mechanisms that govern glaucomatous neurodegeneration of the axonal compartment.

5.4 Other molecules involved in axon degeneration

Numerous molecules have been shown to be involved in axon degeneration in other systems 

but have not yet been implicated in glaucomatous neurodegeneration. Given how little we 

know about the molecular mechanism of axonal degeneration in RGCs after a glaucomatous 

injury, however, we must consider all molecular pathways that are involved in axonal 

degeneration in any cell. Other molecules implicated in axonal degeneration include: mTOR, 

Pebbled/ Ras-responsive element binding protein 1(RREB1), IκB kinase (IKK) and 

glycogen synthase kinase 3 (GSK3, Farley et al., 2018; Gerdts et al., 2011; Terenzio et al., 

2018). mTOR has been shown to be upregulated in axons after injury, important for local 

translation of proteins and retrograde signaling of transcription factors, and may contribute 

to neuronal survival after axonal injury (Terenzio et al., 2018). Pebbled/RREB1 has been 

proposed to contribute to activation of axonal injury signaling in Drosophila (Farley et al., 

2018). GSK3 and IKK were identified as molecules required for rapid axonal fragmentation 

in vitro (Gerdts et al., 2011). Inhibition of GSK3 and IKK delayed axonal degeneration after 

axotomy in DRG explants. Furthermore, GSK3 has been implicated in the regulation of 

axonal autophagy in Wallerian degeneration (Wakatsuki et al., 2017). In addition to reducing 

the number of dying RGCs, Ddit3 deficiency also increased axonal survival after intraocular 

pressure injury (Hu, 2016; Hu et al., 2012). These molecules and others identified as 

important for axonal degeneration should be critically tested in age-related models of 

glaucomatous axon injury. Additional molecules important for axonal degeneration are 

likely to be identified in future studies. Identification of such molecules, especially those 

involved in early axonal injury signaling, may lead to a better understanding of the initiating 

signal in glaucomatous injury.
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6. Synaptic and dendritic changes in glaucomatous injury

In addition to somal and axonal programmed signaling after axonal injury, other 

compartments such as synaptic and dendritic changes contribute to pathologic signaling after 

glaucomatous injury (recently extensively reviewed in Agostinone and Di Polo, 2015; 

Lawlor et al., 2018; Liu et al., 2011b). Though not the focus of this review, these changes 

will be briefly summarized here as these changes represent an important third component in 

glaucomatous neurodegeneration. Additional research is still needed to best understand how 

molecular signaling along the somal-axonal axis might contribute to synaptic or dendritic 

changes, or if unique molecules contribute to this compartment. It has been suggested that 

synaptic and dendritic changes occur early in the glaucomatous process and thus 

understanding these changes might serve to understand the early changes that occur within 

glaucomatous injury. Remodeling of the dendritic arbor and synaptic loss precedes RGC 

death after ocular hypertensive injury and optic nerve crush injury (Berry et al., 2015; Jakobs 

et al., 2005). In primate models of glaucoma, changes including dendritic thickening, 

dendritic shortening, and loss of dendritic field area were observed at the lateral geniculate 

nucleus (LGN, Gupta et al., 2007; Ly et al., 2011). Loss of LGN volume has also been 

observed using magnetic resonance imaging and histopathology techniques in patients with 

primary open angle glaucoma (Gupta et al., 2006; Lee et al., 2014). In the superior 

colliculus, synaptic structures in the mouse persisted after failure of axonal transport which 

proceeded in a distal to proximal pattern in models of ocular hypertension (Crish et al., 

2010). There is also evidence that glaucomatous changes including metabolic changes and 

retinotopic reorganization extend as far in the brain as primary visual cortex in human 

glaucoma patients (Duncan et al., 2007; Gupta and Yucel, 2003). Furthermore, dendritic 

pruning, RGC synaptic loss, and axonal retraction occur in the retina following ocular 

hypertension injury in mouse models (Ou et al., 2016; Risner et al., 2018). Dendrite 

retraction and remodeling was prevented in ocular hypertensive animals carrying the WldS 

allele (Figure 6, Harder et al., 2017). The WldS allele, however, prevents axonal 

degeneration, and thus in this model it is difficult to determine if dendritic changes occur 

early during axonal injury signaling or are prevented by the preservation of axonal integrity 

by the WldS allele. In short, further studies will be important to determine if these synaptic 

events occur prior to, contiguous with, or are a sequala of axonal injury signaling. In order to 

determine the potential sequence of events, manipulation to delay another process (e.g. 

synaptic remodeling) will be needed to determine if such manipulation affects pathological 

responses in other compartments (e.g. axonal degeneration). Activated microglia and the 

complement system are both known to be involved in synaptic elimination and have been 

implicated in glaucomatous neurodegeneration (Howell et al., 2011a; Howell et al., 2014; 

Rathnasamy et al., 2018; Stephan et al., 2012; Stevens et al., 2007). C1q was expressed in 

microglia in the optic nerve head and localized to the inner plexiform layer in aged DBA/2J 

prior to the appreciable loss of optic nerve axons and RGCs. Animals deficient in C1q also 

had decreased axonal degeneration and RGC loss in the DBA/2J model suggesting that 

irregular synaptic clearance might contribute to glaucomatous neurodegeneration (Howell et 

al., 2011a; Stevens et al., 2007). Additional studies must be done to further characterize 

synaptic and dendritic changes in glaucomatous neurodegeneration at both the level of the 

retina and LGN. Such study should also seek to identify and define the molecular signaling 
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programs that control this compartment of glaucomatous injury. Determining and 

subsequently ordering the unique and potentially overlapping molecular programs of the 

axonal, somal, and synaptic/dendritic compartment will be necessary for determining the 

pathologic signaling processes that contribute to glaucomatous neurodegeneration.

7. Conclusions and future directions

As study of glaucomatous neurodegeneration has advanced, multiple cell-types and 

signaling molecules have been shown to contribute to disease initiation and progression 

(Figure 7). Due to extensive research in glaucoma patients and animal models of glaucoma 

there is much known about glaucomatous neurodegeneration at the physiological and 

cellular levels (Calkins, 2012; Howell et al., 2008; Howell et al., 2012a; Li et al., 2000; 

Mansouri et al., 2011; Morgan, 2012; Nickells et al., 2012; Quigley, 2012). The lamina 

cribrosa (glial lamina in the rodent) has been identified as an early, critical site of 

glaucomatous damage, axonal injury signaling and axonal degeneration pathways have been 

shown to be important for RGC death in glaucoma, intrinsic signaling has been shown to be 

important for RGC somal apoptosis, and extrinsic signaling events may be early changes in 

glaucomatous neurodegeneration. Despite this knowledge, we still lack a molecular 

understanding of the early pathological events that occur within RGC axons and how these 

events trigger RGC death. Identifying these molecular pathways will define targets for 

therapeutic intervention.

An important challenge of glaucoma research is to decipher whether the molecular changes 

that occur in glaucomatous eyes are harmful, protective, or inconsequential. To obtain a 

clearer understanding of the deleterious signaling pathways involved in glaucomatous 

neurodegeneration, we must identify both the critical events in the degenerative process and 

define the relationship(s) between these critical events. Using animal models of glaucoma, 

the molecular processes of ocular hypertension induced somal and axonal degeneration have 

been determined to be distinct molecular programs. The progression from early, focal injury 

to RGC axons to distinct compartmental degeneration processes in glaucoma suggests that 

axonal stress signaling pathways operate along the somal-axonal axis. The fundamental 

signals that link axonal damage to the degeneration processes remain incompletely defined. 

Important questions to address include: (i) Does axonal stress activate different signaling 

pathways proximally and distally to cause somal and axonal degeneration, respectively? (ii) 

How does degeneration of one compartment affect (and potentially activate) the 

degeneration cascade of the other cellular compartments? (iii) Is axonal degeneration driven 

by an active death signal or passively initiated by the depletion of axonal survival/

maintenance factors? (iv) How might other mechanisms of cell death (e.g. autophagy, 

necroptosis, parthanatos, mitoptosis) contribute to signaling along the somal-axonal axis? (v) 

How might different patterns of axonal degeneration (anterograde degeneration vs retrograde 

die-back of axons) alter axonal-somal signaling after injury? (vi) How does glaucomatous 

axonal-somal signaling lead to changes within the synaptic/dendritic compartment and at the 

level of the LGN? It will also be important to understand how pro-degenerative somal-

axonal signaling might vary between patients and even within RGCs within a patient given 

the heterogeneity and complexity of molecular signals in glaucoma. By carefully 

characterizing axon-damage signaling events initiated in RGC axons at the lamina, the 
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somal responses to axonal injury, and responses in the axon segment distal to the insult, we 

can begin to answer these questions and define the degenerative cascade(s) that control 

compartmentalized destruction of both the RGC soma and axon.

An important step for answering the above questions is to understand the earliest molecular 

events that drive axonal dysfunction in RGC axons after an ocular hypertensive insult. 

Several years ago, it was shown that a mutation that protects axons from degeneration, the 

Wallerian degeneration slow mutation (WldS), lessened the incidence of eyes with 

glaucomatous optic nerve damage and RGC loss in DBA/2J mice (Howell et al., 2007). It is 

important to note that WldS is a gain-of-function mutation and thus, the WldS experiments 

do not reveal the specific molecular pathway controlling axonal degeneration. However, the 

WldS experiments do show that lessening the activation of axonal degeneration pathways 

can prevent glaucomatous neurodegeneration regardless of the presence of potentially 

extrinsic insults (e.g. glial activation and monocyte infiltration, Harder et al., 2017). WldS 

signaling, however, was originally found to delay the infiltration of immune cells in the 

peripheral nervous system after injury (Lunn et al., 1989). Study of axonal injury signaling 

after ocular hypertension might thus be complicated by the intersection of intrinsic 

molecular signaling with extrinsic inflammatory signaling. However, RGCs transduced with 

virally delivered NMNAT1, which is critical for WldS function, significantly reduced 

glaucomatous damage in DBA/2J ocular hypertension suggesting WldS may have a direct 

role in RGCs. While study of WldS molecular signaling offers an intriguing mechanism for 

study of these intersections, further study of WldS signaling must be interpreted within this 

framework.

The cell biology of axonal injury signaling, almost entirely unknown a decade ago, is 

becoming better understood. Work in this field has shown that different kinds of axonal 

insults trigger degeneration via distinct mechanisms even in the same neuronal cell type 

(Chen et al., 2012; Miller et al., 2009; Schoenmann et al., 2010). Additionally, 

developmental axon degeneration that occurs during axon pruning differs from injury-

induced axon degeneration (Cusack et al., 2013; Hoopfer et al., 2006). Further, there could 

be inherent differences in the requirement of specific molecules in regulating axon 

degeneration across different neuronal subtypes. These observations highlight the necessity 

of testing molecules in adult RGC axon degeneration following glaucoma relevant insults. 

To this end, many groups have been working to define the axonal degeneration pathway in 

adult RGCs after glaucoma relevant insults. Determining this pathway will likely define the 

key pathogenic events within RGCs that trigger RGC dysfunction and death in glaucoma. 

While to date, there is no clear understanding of the molecular pathways controlling this, 

recent work has suggested that NAD+ depletion in RGC axons after an ocular hypertensive 

injury is a major driver of RGC degeneration in glaucoma (Williams et al., 2017b). This 

result is consistent with the growing literature that shows nicotinamide metabolism being 

important for maintaining axonal integrity in numerous systems. Over the next few years it 

will be important to define how NAD+ levels are regulated in RGCs, how NAD+ maintains 

axon integrity, and what molecular events lead to NAD+ depletion in RGCs. Answering 

these questions will provide fundamental knowledge about the initial, intrinsic events 

driving vision loss in glaucoma.
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Though not the focus of this review, determining the inciting signals and thereby earliest 

changes in the glaucomatous disease process might serve to identify a unifying initial signal 

for both the somal and axonal degeneration program (Figure 7). It is not well understood if 

there is a single inciting factor or a combination of multiple factors that ultimately leads to 

RGC injury and glaucomatous neurodegeneration. Pro-degenerative extrinsic signaling from 

other glaucoma relevant cell-types, including astrocytes, microglia, and monocytes have all 

been suggested to be important early mediators of glaucomatous neurodegeneration (Bosco 

et al., 2011; Cooper et al., 2018; Hernandez, 2000; Liddelow et al., 2017; Nadal-Nicolas et 

al., 2017; Neufeld, 1999; Rathnasamy et al., 2018; Soto and Howell, 2014; Sun et al., 2017; 

Tezel, 2013). Furthermore, signaling pathways such as the complement system and 

endothelin system have been suggested to contribute to early extrinsic signaling in 

glaucomatous injury (Howell et al., 2011a; Howell et al., 2014; Prasanna et al., 2002; 

Stevens et al., 2007). In addition to astrocyte signaling and microglia activation, entry of 

infiltrating blood derived cells may have a role in early pro-degenerative signaling (Chen et 

al., 2018; Gramlich et al., 2015; Howell et al., 2012c). Manipulation of some of these early 

changes have been shown to be partially protective for ocular hypertension induced RGC 

death in animal models (e.g. monocyte infiltration, complement activation, and endothelin 

signaling; Howell et al., 2014; Williams et al., 2019). Further complicating understanding of 

the glaucomatous process is that extrinsic signals may be produced and then subsequently 

act upon multiple glaucoma relevant cell-types (RGCs, astrocytes, microglia, Müller glia, 

vasculature, myeloid cells, etc). It will be necessary to determine the individual pro-survival 

or pro-degenerative role of specific components of the RGC extrinsic signaling and how 

these roles might change depending on cell type. Given many glaucoma-relevant cell types 

are hypothesized to contribute to pro-degenerative extrinsic signaling, it will be necessary to 

understand the potential interactions between glaucoma-relevant cell types and understand 

how RGC extrinsic signaling may lead to axonal injury and intrinsic degenerative signaling. 

It will be necessary to define the extrinsic signaling pathways activated after a glaucomatous 

injury and determine if these extrinsic signaling pathways are critical drivers of axonal 

degeneration. Such investigation may determine where in the glaucomatous molecular 

cascade is (are) the point of no return—presumably a point where RGC intrinsic pathogenic 

signaling pathways have been initiated. Identifying modifiable signaling pathways upstream 

of this point(s) may serve to halt or slow the initiation of a degenerative process. Finally, 

once these early factors are identified, it will be necessary to how these early signals activate 

axonal injury signaling that leads to axonal and somal degeneration.

Furthermore, it will be important to investigate how axonal injury signaling, somal 

apoptosis, and axonal degeneration occur in the setting of an individual’s genome and their 

environment throughout their lifespan. As a largely age-related disease with a stochastic 

regional disease progression, it is also unknown how specific predisposing factors might 

lead to a regional injury. Additional work should also focus on determining what genetic 

factors affecting the retina contribute to a patient’s likelihood of developing glaucomatous 

neurodegeneration and conversely, what genetic factors may be protective. While ocular 

hypertension is one of the most common risk factors for development of glaucomatous 

pathology and progressive visual impairment, in some individuals, optic nerve pathology 

and visual field loss may occur in the absence of an IOP insult. Additional work must be 
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completed to understand the intersection of complex genetic susceptibilities and multiple 

molecular signaling pathways important for glaucoma (Danford et al., 2017).

While distinct molecular pathways execute degeneration of different compartments, the 

specific critical molecular events that control RGC somal and axonal degeneration after a 

glaucomatous injury are largely undefined (Almasieh et al., 2012; Calkins, 2012; Farley and 

Watkins, 2018; Howell et al., 2013; Libby et al., 2005a). Furthermore, there are multiple 

important outstanding questions about how axonal injury drives RGC death in glaucoma. 

For instance, we do not know how a local axonal injury response activates somal and axonal 

degenerative programs, how somal and axonal degeneration pathways are interconnected, or 

where in the overall degeneration cascade RGCs irreversibly lose the ability to function. 

Further complicating understanding of this complex program is that feedback exists at 

multiple levels during the transduction of a pro-death signal. Recent work also highlights the 

important of testing a specific molecule of interest in the specific neuronal cell and injury 

mechanism of interest. Understanding the level and context of molecular signaling will be 

important as multiple molecules implicated in pro-death axonal degeneration signaling may 

also have protective roles in only specific experimental contexts (DLK, JNK2, Harder et al., 

2018; Xiong and Collins, 2012). In glaucoma, it will be necessary to test specific molecules 

suggested to be important in glaucomatous neurodegeneration in a model of ocular 

hypertension, ideally an age-related model of ocular hypertension. Such study will hopefully 

parse the specific molecules necessary for somal and axonal degeneration in glaucoma and 

also allow for molecular ordering to determine the molecular programs for glaucomatous 

neurodegeneration. Thus, while much work has been completed to study the sequence of 

molecular events from initiation of glaucomatous injury to subsequent axonal degeneration 

and somal apoptosis, there are still multiple key components of pro-degenerative signaling 

that will need to be determined in future studies.
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Highlights

• Axonal injury drives compartmentalized glaucomatous neurodegeneration

• Numerous signaling pathways are important for glaucomatous 

neurodegeneration

• Distinct molecular pathways execute degeneration of somal and axonal 

compartments

• Molecules suggested important for glaucoma must be tested in ocular 

hypertension SBS wrote 75% of the manuscript and RTL wrote 25% of the 

manuscript. Both authors contributed to revision of the manuscript.
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Figure 1: BAX deficiency protects RGC somas from glaucomatous damage and the WldS allele 
protects both somas and axons
BAX deficiency protects RGC somas in the DBA/2J model of ocular hypertension. The 

corresponding retinas of severely glaucomatous optic nerves (95% or more axonal 

degeneration) from BAX deficient mice (Bax−/−) had significantly more RGCs as compared 

to wildtype animals (Bax+/+, A and B, Nissel-stained with cresyl violet, Scale bar = 50 μm). 

BAX deficient animals have significantly increased RGCs at baseline (BAX is required for 

normal developmental RGC apoptosis) and thus quantification is presented as percent 

surviving RGCs (retinas from corresponding optic nerves with severely glaucomatous 

retinas as compared to retinas with corresponding optic nerves with no glaucomatous 

damage from the same genotype, E). Optic nerve cross-sections stained with p-
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phenylenediamine (PPD) demonstrate glial scarring and loss of axons in both wildtype and 

BAX deficient animals (G and H, Scale bar = 50 μm). BAX deficiency does not prevent 

glaucomatous axonal degeneration (K). The WldS allele protects both axons and somas from 

glaucomatous damage. By rescuing approximately 50% of optic nerves from severe 

glaucoma, the WldS allele also protected RGCs in the corresponding retinas of these nerves 

(C- severe glaucoma wildtype DBA/2J and D- no/early glaucoma with WldS allele, Scale bar 

= 100 μm). In retinas with corresponding severe nerves, the WldS allele did not protect 

RGCs somas (F). As compared with wildtype animals, optic nerves of animals carrying the 

WldS allele (hemi) had less glaucomatous damage as compared to wildtype animals. Optic 

nerve cross-sections stained with PPD demonstrate glial scarring and loss of axons in the 

wildtype glaucomatous DBA/2J nerves but not in those carrying the WldS allele (I and J, 

Scale bar = 100 μm). BAX heterozygotes (Bax+/−) were not significantly different from 

wildtype DBA/2J animals (L, Figure adapted from Howell et al., 2007; Libby et al., 2005b).
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Figure 2: Compartmentalization of axonal degeneration and somal apoptosis
Schematic of axonal injury leading to both somal apoptosis and axonal degeneration. 

Inciting extrinsic factors lead to injury at the glial lamina after ocular hypertensive injury. 

Axonal injury signaling in the proximal and distal axon leads to degeneration of both somal 

and axonal compartment. Somal degeneration is known to occur through transcription and 

subsequent BAX-dependent apoptosis while the WldS allele is known to protect the axonal 

compartment from degeneration. Furthermore, anterograde signaling from the somal 

compartment contributes to axonal degeneration suggesting that while axonal injury is a 

major driver of pro-degenerative signals, there are interactions between the two 

compartments (Simon et al., 2016).
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Figure 3: Somal apoptotic signaling in glaucomatous neurodegeneration
Diagram of the molecules that contribute to somal degeneration in glaucoma-relevant axonal 

injury. The mitogen activated protein kinase family and endoplasmic reticulum are important 

for pro-apoptotic signaling in glaucomatous neurodegeneration. MAPK3 kinases, DLK and 

LZK, activate the MAP2Ks, MKK4 and MKK7, which in turn activate the MAPKs, JNK1–3 

and their canonical target JUN. The transcription factors JUN and DDIT3/CHOP lead to 

transcriptional changes that ultimate culminate in BAX activation and RGC apoptosis 

(Figure adapted from Fernandes et al., 2018).
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Figure 4: Somal apoptosis is controlled by JUN and DDIT (CHOP)
The majority of somal apopotic signaling in RGCs is controlled by the transcription factors 

JUN, a member of MAPK signaling, and DDIT (CHOP), a key mediator of endoplasmic 

reticulum stress. Animals deficient in both of these molecules had sustained robust 

protection after optic nerve crush injury (CONC) as compared to animals individually 

deficient in JUN or DDIT. Representative retinal flat mount images with TUJ-1 staining, a 

marker of RGCs, (A) and quantification of TUJ-1+ cells (B) are presented. RGC survival 

significantly differed (P<0.01) between DDIT3, JUN, and dual DDIT3/JUN deficient 

animals at all time points with the exception of between JUN and dual DDIT3/JUN at the 14 

day time point which was nonsignificant. Data are presented as the percent of RGCs 

surviving in the CONC animals relative to sham animals (Scale bar = 50 um, Figure from 

Syc-Mazurek et al., 2017b).
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Figure 5: Axonal degeneration signaling in glaucomatous neurodegeneration
Schematic of the molecules thought to contribute to glaucomatous neurodegeneration. 

Multiple possible mechanisms are thought to lead to decreased levels of NMNAT after 

injury. Axonal injury interrupts the anterograde transport of cytoplasmic NMNAT2 from the 

cell body and activation of JNK signaling leads to NMNAT2 turnover. The axonal protection 

afforded by animals carrying the WldS allele is thought to occur through NMNAT1 

substituting for NMNAT2. Decreased levels of NMNAT2 can lead to accumulation of 

nicotinamide (NMN) which has been shown to be pro-degenerative at certain levels in other 

systems (Di Stefano et al., 2015). Nicotinamide is also a precursor of NAD+ and oral 

administration of nicotinamide or increasing expression of Nmnat1 (an enzyme that 

produces NAD+) in ocular hypertensive animals is protective from glaucomatous damage 

(Williams et al., 2017b). Decreased NMNAT2 activity subsequently leads to activation of 

SARM NADase activity likely via an increase in intracellular calcium, and additional work 

will be needed to determine the exact sequence of events in glaucomatous neurodegeneration 

given the potential complexity of NMN signaling. JNK can also activate SARM NADase 

activity via phosphorylation of SARM. Ultimately these events lead to deceased NAD+ 

levels leading to decreased ATP (which can also occur through SARM-JNK signaling), 

calpain activation and axon degradation. Reprinted from Biochemical Pharmacology, 161 

(2019), Michael Carty and Andrew G. Bowie, SARM: from immune regulator to cell 

executioner, 52–62, 2019 with permission from Elsevier (Carty and Bowie, 2019).
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Figure 6: The WldS allele prevents ocular hypertensive induced dendritic remodeling
Retinal cells were labeled using DiO/Dil bullets in 9 month D2-Gpnmb+, wildtype DBA/2J 

(D2), and DBA/2J animals carrying the WldS allele and RGCs were subsequently selected 

for analysis (A). While there was a significant decrease (*) in mean dendritic field area in 

RGCs from wildtype D2 animals as compared to D2-Gpnmb+ animals, there was no 

difference between mean field area (B) or number of intersections (C, as determined by 

Sholl analysis) between RGCs from D2-Gpnmb+ animals and those DBA/2J animals 

carrying the WldS allele. These results demonstrate that presence of the WldS allele prevents 

ocular hypertension induced dendritic changes (Figure from Harder et al., 2017).
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Figure 7: Molecular program of somal apoptosis and axonal degeneration after axonal injury
Diagram of the molecules that contribute to somal and axonal degeneration in glaucoma-

relevant axonal injury. Molecules in bold have been tested in ocular hypertension and 

deficiency of the molecules/processes in bold with red font have been shown to be protective 

for somal apoptosis in ocular hypertension. Question marks indicate areas currently 

unknown or areas where research has shown potential for bidirectional signaling. Multiple 

extrinsic events are thought to be important for early changes in glaucomatous 

neurodegeneration, but the ordering of these early changes and the possible interactions 
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between these early changes is still poorly understood. * The role of endothelin was tested 

using a pan endothelin antagonist (Howell et al., 2011a). # Inhibition of the reduction of 

NAD+ has been tested in models of ocular hypertension with oral administration of 

nicotinamide, an NAD+ precursor, and using gene therapy to increase expression of Nmnat1 
(Williams et al., 2017b). Anterograde transcriptional changes from the somal compartment 

are also thought to influence axonal degeneration signaling (large gray arrow, components of 

figure adapted from Fernandes et al., 2018).
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