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Abstract

Glaucoma is a collection of diseases that lead to an irreversible vision loss due to damage of 

retinal ganglion cells (RGCs). Although the underlying events leading to RGC death are not fully 

understood, recent research efforts are beginning to define the genetic changes that play a critical 

role in the initiation and progression of glaucomatous injury and RGC death. Several genetic 

and experimental animal models have been developed to mimic glaucomatous neurodegeneration. 

These models differ in many respects but all result in the loss of RGCs. Assessing transcriptional 

changes across different models could provide a more complete perspective on the molecular 

drivers of RGC degeneration. For the past several decades, changes in the retinal transcriptome 

during neurodegeneration process were defined using microarray methods, RNA sequencing 

and now single cell RNA sequencing. It is understood that these methods have strengths and 

weaknesses due to technical differences and variations in the analytical tools used. In this review, 

we focus on the use of transcriptome-wide expression profiling of the changes occurring as RGCs 

are lost across different glaucoma models. Commonalities of optic nerve crush and glaucoma-

induced neurodegeneration are identified and discussed.

Keywords

Glaucoma; Optic nerve crush; Retinal ganglion cell (RGC); Transcriptome; RNA sequencing; 
Microarray; GeneNetwork; Neurodegeneration

☆Percentage of work contributed by each author in the production of the manuscript is as follows: Jiaxing Wang - 30%; Felix L. 
Struebing - 20%; Eldon E. Geisert - 50%

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
*Corresponding author: egeiser@emory.edu (E.E. Geisert). 

Declaration of competing interest
None.

HHS Public Access
Author manuscript
Exp Eye Res. Author manuscript; available in PMC 2023 February 01.

Published in final edited form as:
Exp Eye Res. 2021 June ; 207: 108571. doi:10.1016/j.exer.2021.108571.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by-nc-nd/4.0/


1. Introduction

Innovations in genetics, genomics and related technologies allow us to define the molecular 

cascades underlying blinding disease such as glaucoma. Affecting millions of people 

worldwide, glaucoma can cause an irreversible loss of vision (Leske, 1983; Quigley, 

1996; Thylefors and Negrel, 1994). One widely accepted location for axon damage at 

the optic nerve head, leading to the death of retinal ganglion cells (RGC). Defining the 

molecular cascades mediating RGC loss could lead to development of valuable therapeutic 

interventions to treat or even cure glaucoma. Within this diverse set of diseases, there are 

only few causes that are due to Mendelian inheritance involving a single gene such as 

Myocilin (Resch and Fautsch, 2009; Sears et al., 2019; Stone et al., 1997). In contrast, 

most glaucoma cases are due to complex genetic interactions. The most common form of 

glaucoma is primary open-angle glaucoma (POAG), which is usually accompanied by an 

increase of intraocular pressure (IOP). In some cases, such as normal tension glaucoma, 

RGC death occurs even when the IOP is relatively low. Clinically lowering IOP remains 

the single best treatment for glaucoma; however, lowering IOP does not completely prevent 

the progression of the disease (Investigators, 2000; Jammal et al., 2021; Leske et al., 2003; 

Lichter et al., 2001). For most glaucoma including POAG and normal tension glaucoma, 

multiple risk factors affect the loss of RGCs and the progression of the disease (Aboobakar 

et al., 2016; Liu and Allingham, 2011; Nickells, 2012; Springelkamp et al., 2017). The 

Ocular Hypertension Treatment Studies (OHTS) (Gordon et al., 2002) and subsequent 

independent findings of others (European Glaucoma Prevention Study et al., 2007; Medeiros 

et al., 2003) defined a number of phenotypic risk factors for POAG, including: age, 

intraocular pressure (IOP), central corneal thickness, cup-to-disk ratio, and family history 

(genetic background). Driven by recent advances in genomics technologies, more and more 

genetic risk factors have been identified in a series of genome wide association (GWAS) 

studies (Craig et al., 2020; Gharahkhani et al., 2021; Springelkamp et al., 2015; Wiggs et 

al., 2013). To date, a total of 127 genomic loci associated with the susceptibility to POAG 

have been recognized (Gharahkhani et al., 2021). In many cases, the relative functional 

consequences of the genetic risk factors are unknown. Using animal models and a variety of 

different approaches, many of the molecular interactions leading to glaucomatous injury and 

RGC death are being defined. In this review, we highlight interesting candidate genes and 

molecular pathways, looking at cutting edge methods such as single-cell RNA sequencing 

(scRNA-seq). The advances we are seeing in our understanding of glaucoma are informing 

us about targets for intervention and treatment for this blinding disease.

When examining the changes occurring in RGCs in glaucoma or after optic nerve damage, 

it is important to realize that there are several distinct functional compartments within the 

RGCs (Syc-Mazurek and Libby, 2019). After injury, there is a distinct series of events 

occurring in the axon distal to the injury as axon death and Wallerian degenerations occurs 

(Conforti et al., 2014). This portion of the axon is removed from the transcriptional networks 

in the cell body of the RGC and thus is undergoing an injury process without transcriptional 

support from the nucleus or trafficking of proteins by axonal transport (Conforti et al., 

2014). The proximal portion of the axon, between the site of injury and the RGC somata 

undergoes a very different response. Initially, there is an axonal regrowth attempt that was 
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termed abortive regeneration by Ramon y Cajal (Ramón y Cajal, 1926). Growth-cone like 

structures form and proteins pile up at the site of injury as axonal transport meets the 

end of the injured axon (Conforti et al., 2014). There are also specific changes within the 

dendrites of the RGCs that include remodeling and altered protein and mRNA transport 

(El-Danaf and Huberman, 2015; Risner et al., 2018). Finally, within the RGCs soma itself 

are dramatic changes in gene transcription and protein production affecting not only the 

soma, but also the dendrites and proximal axon. Here, we review the changes occurring in 

the transcriptome and proteome from the whole retina (Freeman et al., 2011; Guo et al., 

2010; Howell et al., 2011; Panagis et al., 2010; Sharma et al., 2014; Steele et al., 2006; 

Ueno et al., 2018; Watkins et al., 2013; Yang et al., 2007; Yasuda et al., 2014a, 2014b, 2016) 

or isolated RGCs (Belin et al., 2015; Bray et al., 2017; Fischer et al., 2004; Guo et al., 

2011; Tran et al., 2019; Williams et al., 2017b) that occur following glaucomatous injury 

or optic nerve crush. As a proxy to comprehend the changes occurring in glaucoma, we 

will focus on genome-wide expression profiling defining the changes occurring in the retina 

or RGCs in response to axon injury by examining microarray and RNA-seq studies, and, 

to a lesser extent, proteomic studies. In all of these, it is understood that specific methods 

have strengths and weaknesses. Technical differences and variations in the analytical tools 

may account for some of the subtle differences in results. Nonetheless, each of these 

approaches offers valuable insights into the response of the RGC to injury. Our laboratory 

has examined the response of the retina to optic nerve crush in the mouse, specifically in 

the BXD recombinant inbred (RI) strain set (Geisert and Williams, 2020; Templeton et al., 

2013; Wang et al., 2018) and due to our extensive use of this model system, we have used 

it to frame some interpretations in this review. The BXD RI set has been used for more 

than a decade to study the genetic basis of variations in the structure of the eye, retina, 

and central visual system (Geisert and Williams, 2020). We created large databases with 

considerable statistical power, among which are Affymetrix Mouse Gene 2.0 microarrays 

from 55 different normal strains and Illumina Mouse WG-6 v2.0 microarrays from 62 

mouse strains following optic nerve crush. In addition, the BXD strains (Fig. 1) are bred 

to provide a genetic reference panel allowing for the mapping of genetic networks (Geisert 

et al., 2009). The power of this set of mouse strains lies in the recombination between 

the two parental genomes. There are over 7000 break points allowing for fine mapping of 

quantitative trait loci and the identification of genetic networks by correlating expression 

profiles across the BXD strains (Geisert and Williams, 2020).

2. Mouse models of RGC degeneration

Animal models are one of the most viable tools for researchers to study diseases, especially 

complex diseases with multiple genetic and environmental risk factors. In general, each 

model brings a unique benefit to the understanding of the disease process, and in specific 

cases, the animal models are critical to the development of therapeutics and treatments (Pang 

and Clark, 2020; Struebing et al., 2016). This is especially the case for glaucoma. Glaucoma 

is a family of diseases affecting multiple biological systems, all of which result in the loss 

of RGCs and, if left untreated, blindness. There are purely genetic (inherited) models of 

glaucoma and experimentally induced models (Calkins, 2012; Geisert and Williams, 2020; 

Howell et al., 2008; McKinnon et al., 2009; Struebing and Geisert, 2015; Yang and Zack, 
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2011). Of the genetic models, the most widely used is the DBA/2J mouse. This mouse 

strain carries two mutations (Tyrp1b and GpnmbR150X), which together cause an inherited 

disease reminiscent of pigment dispersion glaucoma in humans (Anderson et al., 2002). 

Mirroring human glaucoma, this model is asynchronous (both eyes are not affected to the 

same extent) and its occurrence is sporadic. Although these characteristics truly recapitulate 

many of the epochs of human glaucoma, the DBA/2J model complicates experimentation, 

simply because it is unpredictable and sporadic in nature. To synchronize the onset of 

glaucoma, inducible models can be used. This is commonly achieved through IOP elevation 

(Samsel et al., 2011; Sappington et al., 2010) either by direct or indirect blockage of the 

trabecular meshwork. Examples include injections of polystyrene or magnetic microspheres 

into the anterior chamber to block the trabecular meshwork (Samsel et al., 2011; Sappington 

et al., 2010); other models mimic or cauterization of the episcleral vein (Ruiz-Ederra and 

Verkman, 2006), which both block the outflow facility further distally, leading to increased 

IOP. Episcleral and limbal veins can also be photocoagulated with argon laser, leading 

to similar effects (Gross et al., 2003). Recently, two additional models were developed. 

One using the photopolymerization of hyaluronic acid glycidyl methacrylate in the anterior 

chamber to block the trabecular meshwork (Guo et al., 2018). The other injected silicon oil 

in to the anterior chamber to induce ocular hypertension (Zhang et al., 2019). All of these 

inducible models cause IOP elevation within a few days after the procedure, and in most 

models, IOP stays elevated for a couple of weeks, which is enough to compromise RGC 

health.

The most straight-forward way to damage RGCs directly is optic nerve crush (ONC), where 

the optic nerve is crushed using self-closing fine forceps(Dietz et al., 2014; Fernandes et 

al., 2013; Li et al., 2007; Templeton et al., 2009, 2013; Templeton and Geisert, 2012). The 

advantage of this technique is a dramatic and temporally synchronized injury to all RGC 

axons (Allcutt et al., 1984). This allows the research scientist to look at the effects of injury 

in a relatively large number of cells simultaneously. The disadvantage is that this does not 

represent the type of continuous non-synchronized cell death that is observed in either acute 

glaucoma or chronic glaucoma. It is worth noting that the response of the retina to elevated 

IOP is not identical to that of ONC (Yang et al., 2007). These data indicate that there are 

changes that are common to all injuries independent of the type of insult, and that there are 

genetic changes that appear to be model specific. A comparison between the models has to 

consider the staggered cell death of specific cell types in the genetic models of glaucoma as 

compared to the synchronized death of all RGC subtypes in the ONC model. All of these 

models are potentially instructive of the changes occurring in human glaucoma.

3. Changes in protein and gene expression following injury

There are a number of different methods to examine the changes occurring in the retina 

following injury. Using anatomical methods, investigators would examine the morphology 

of the retina and could see that RGCs and optic nerve axons degenerated following ONC 

(Allcutt et al., 1984; Barron et al., 1986) and they were also lost in advanced stages of 

glaucoma (Kalesnykas et al., 2012; Quigley et al., 1995). As molecular tools advanced, it 

became possible to look at individual proteins and their altered expression following injury. 

This allowed for the detection of changes in expression along with the cellular localization 
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of the proteins. It also provided a means to detecting the temporal changes in protein 

expression. Both glaucomatous injury and ONC evoke a series of well-characterized changes 

in protein and gene expression. With the death of RGCs, there are pronounced declines in 

the expression of many RGC markers, including THY1 (Barnstable and Drager, 1984; Li et 

al., 1999; Schlamp et al., 2001), POU4F1 (Erkman et al., 1996; Jain et al., 2012; Sajgo et al., 

2017; Xiang et al., 1995), POU4F2 (Erkman et al., 1996; Jain et al., 2012; Sajgo et al., 2017; 

Xiang et al., 1993, 1995), and Class III Beta tubulin (TUBB3) at the protein (Mellough 

et al., 2004) and message levels (Struebing et al., 2016). These changes are also observed 

following ONC (Templeton et al., 2013; Templeton and Geisert, 2012), experimentally 

induced glaucoma (Chen et al., 2011; Huang et al., 2018; Struebing and Geisert, 2015) and 

in naturally occurring murine models of glaucoma such as the DBA/2J mouse (Anderson 

et al., 2002; Stone et al., 1997). They represent early signs of injury, reflecting the rapid 

changes occurring in the RGCs. Another common hallmark of glaucoma and optic nerve 

injury is reactive gliosis. In this glial response to injury, astrocytes and Müller glial cells 

hypertrophy and undergo a series of changes that is best characterized by an upregulation of 

glial fibrillary acidic protein (GFAP) (Bjorklund and Dahl, 1985; Pekny et al., 2014). These 

changes signify injury not only in the retina but also throughout the central nervous system.

With the advent of high throughput genomic technologies such as microarrays and next 

generation sequencing, researchers are able to examine systematically the global changes 

in the transcriptome. These methods, along with sophisticated bioinformatic tools, reveal 

many significant changes occurring in glaucoma and after ONC. These efforts have 

generated a rich group of datasets looking at changes in gene and protein expression 

after glaucomatous injury or optic nerve crush (Table 1 and Supplemental Table S1). We 

have made comparisons across the studies based on their published DE gene list and/or 

supplementary data (Guo et al., 2010, 2011; Howell et al., 2011; Panagis et al., 2010; Park 

et al., 2019; Sharma et al., 2014; Steele et al., 2006; Templeton et al., 2013; Tran et al., 

2019; Ueno et al., 2018; Watkins et al., 2013; Williams et al., 2017b; Yang et al., 2007; 

Yasuda et al., 2014a, 2014b, 2016). For the few studies in which the DE genes were not 

reported (Howell et al., 2011; Sharma et al., 2014; Williams et al., 2017b), their data stored 

in Gene Expression Omnibus (GEO) repository. The data was downloaded and re-analyzed 

to define DE genes. This has allowed us to define the frequency of detecting changes in gene 

expression across studies of glaucoma and optic nerve crush. By including different models, 

we are also able to define the changes that are in common in both models representing 

alterations in the retinal transcriptome due to general injury to the retina. The collective data 

from this cross-study analysis forms the basis of our approach to this review as we look 

for the changes that were most frequently observed across the collective group of studies. 

This includes transcripts that are up-regulated following injury (Fig. 2) as well as transcripts 

that are down-regulated (Fig. 3). Most of the changes were similar in both glaucoma and 

optic nerve injury models. There were differences in gene expression which could be due to 

elevated IOP, asynchronous death associated with glaucoma or the synchronized injury that 

results from ONC. Both models involve RGC axon injury and both result in a retrograde 

signal to the RGC somata initiating the death of the cell. The very nature of each injury may 

underlie differences in the response of the retina. The glaucoma models result in a gradual 

axonal insult at the optic nerve head and potentially an exaggerated difference in response 
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of RGC subtypes (see below); while with crush or transection the injury is immediate and 

synchronized across all RGC subtypes. There are few studies that had few or none up- 

or down-regulated genes overlapping with other studies (Figs. 2 and 3), mostly due to the 

limited number of genes (15–40 genes) that they reported in their publication (Panagis et 

al., 2010; Park et al., 2019; Steele et al., 2006; Ueno et al., 2018). For the study of (Sharma 

et al., 2014), we re-analyzed their data and selected the top 100 DE genes for analysis, and 

the results showed only one up-regulated gene (Atf3) overlapped with other studies (Fig. 2), 

while 5 down-regulated genes overlapped with other studies (Fig. 3).

3.1. Transcripts up-regulated after injury

Looking at the changes in the transcriptome, many of the up-regulated transcripts are in 

common across all of the different injury models. The 57 most frequently identified up-

regulated transcripts are shown in Fig. 2. The top 10 up-regulated genes were identified in at 

least 6 of the studies and include: Atf3, Tnfrsf12a, Sox11, Lcn2, Jun, Clic1, Hmox1, Gfap, 
Ecel1 and Asns. Examining the pattern of up-regulated transcripts (Fig. 2), most of the genes 

are up-regulated following injury in both ONC models and glaucoma models. However, 

there are genes that were identified in either ONC models of injury or in glaucoma models. 

Two genes (Ifitm3 and C3) were up-regulated in glaucoma models and were not in the most 

frequently up-regulated genes in models of direct optic nerve injury. There were also many 

genes that were determined to be up-regulated following ONC and were not observed in 

glaucoma models, including: Aars, Adcyap1, Arid5a, Atf5, Cdkn1a, Chac1, Cox6a2, Ddit3, 
Gars, Mthfd2, Nupr1, Phgdh, Plekho1, Psat1, Rhog. Slc7a3, Srxn1, Stmn4, Tac1, Tes and 

Vgf. Two of these genes (Chac1 and Srxn1) were observed to be increased in Moderate 

Glaucoma in the study by Howell et al. (2011). The data is available on GeneNetwork.org 

(Data set: Howell et al., 2011, DBA/2J Glaucoma Retina M430 2.0 RMA). Five of these 

genes (Aars, Adcyap1, Pieklno1, Tac1 and Vgf) were slightly down-regulated in the DBA/2J 

model (Howell et al., 2011); while being up-regulated in after ONC 2 days after crush 

(Templeton et al., 2009, 2013). In this review we will analyze these changes looking at 

functional pathways and unique changes in gene expression. Many of these transcripts 

participate in major common pathways activated by injury and will be considered below.

3.1.1 Immediate early genes—There is a rapid increase in the expression of many 

immediate early genes in response to injury. The gene with the highest frequency of 

detection across the glaucoma and ONC studies was Atf3, a gene associated with an 

immediate early response. The expression level of Atf3 is found to be up-regulated in 

11 out of 15 studies (Fig. 2). While its expression is maintained at low levels in normal 

RGCs, it is significantly upregulated in response to retinal damage, including both ONC and 

glaucoma. Atf3 (Activating Transcription Factor 3) is a transcription factor that belongs to 

the ATF/CREB family, which is known to have different functions in different mammalian 

cells. Its physiological role in a variety of cells is to relieve the stress by DNA damage 

repair and regulate cell cycle through activation or repression of cell-cycle regulators such as 

p21 and p53 (Yan and Boyd, 2006). Enhancement of p21 and reduction of p53 expression 

following overexpression of ATF3 leads to cell-cycle arrest (Yoshida et al., 2008). The 

expression of ATF3 can be stimulated by a variety of stress signals including hypoxia, 

chemokines, and cytokines (Rohini et al., 2018). ATF3 was previously identified as an 
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important neuronal marker for nerve injury, induced upon cellular stress in the sensory and 

motor neurons as well as dorsal root ganglions (Braz and Basbaum, 2010; Tsujino et al., 

2000). It was not expressed in naive rats’ spinal cord but was immediately induced in all 

DRG neurons following peripheral nerve axotomy (Tsujino et al., 2000). A recent study 

showed that overexpression of ATF3 promoted RGC survival and preserved RGC function 

2 weeks after ONC (Kole et al., 2020). However, overexpression of ATF3 and simultaneous 

downregulation of PTEN did not provide additional RGC neuroprotection compared with 

PTEN downregulation alone (Kole et al., 2020). Thus, ATF3 appears to be neuroprotective 

in the retina following injury and may provide insights into potential treatment for axonal 

damage in the optic nerve.

The role of Atf3 in RGCs may potentially be related to its function in innate immunity. The 

promoter region of ATF3 exhibits numerous transcription factor-binding sites, such as AP-1, 

ATF/CREB, and NF-κB, suggesting that ATF3 may be induced by stress signals, including 

cAMP, calcium influx, and cytokines (Liang et al., 1996). Studies have demonstrated that 

ATF3 homodimer binds to the promoter regions of its target genes and recruits HDAC, 

which in turn inhibits the transcription of these genes (Cheung et al., 2000). After stress-

induced activation of immune cells, Atf3 is up-regulated and subsequently downregulates 

the expression of target genes, including cytokines (e.g., IL-1β, IL-4, IL-5, IL-6, IL-12p40, 

IL-12b, IL-13, TNF, and IFNβ/γ) (Ku and Cheng, 2020) and pro-apoptotic genes Bak and 

Bax (Thompson et al., 2013), by binding to their promoters. It also negatively regulates 

the transcription of pro-inflammatory cytokines that contains ATF/CREB binding sites, such 

as Toll-like receptor 4 (TLR-4) (Gilchrist et al., 2006; Hoetzenecker et al., 2011). After 

exposure to injury, TLRs activate the innate immune system signaling cascade and stimulate 

the release of inflammatory cytokines. Inhibition of the TLR4 receptor has been shown to 

enhance RGC survival in ONC (Morzaev et al., 2015), ischemic retinal injury (Halder et al., 

2015) and ischemic injury to other parts of the brain (Kilic et al., 2008; Poyomtip, 2019). 

Moreover, Wang et al. (2020) reported that in experimental glaucoma model, targeting 

TLR4/NF-κB to suppress pro-inflammatory factors (P50, IL-6 and TNF-α). This evidence 

supports the idea that activation of Atf3 may be protective to the RGCs after injury (Kole et 

al., 2020).

When we examine the list of up-regulated genes, other members of the immediate early 

response genes are present, including: Jun, Hspb1 (HSP27), Egr1, Edn2, Gal, Sprr1a and 

Ddit3 (CHOP). ATF3 is known to interact with many of these other genes (Fig. 4). It is 

down-stream from Jun (Chen et al., 1996; Hai and Curran, 1991; Hein et al., 2015; Li et 

al., 2015). One of the targets of JUN is ATF3 (Guo et al., 2009). Both Atf3 and Jun are 

up-regulated following different types in injury and play key roles in modulating cell death 

or cell survival (Fernandes et al., 2013). They have been implicated in both protective and 

detrimental roles depending on cell type, cellular environment and context of expression. 

In neurons, ATF3 is induced in response to axotomy and there is a correlation between 

increased Atf3 expression and upregulation of Jun in surviving neurons following injury 

(Takeda et al., 2000; Tsujino et al., 2000). There is also evidence that axonal regeneration 

is initiated when both JUN and ATF3 are up-regulated in neurons in response to axotomy 

(Pearson et al., 2003). They are also identified to promote neurite outgrowth in both CNS 

(rat cortical neurons) and PNS neurons (mouse DRG) (Chandran et al., 2016; Danzi et al., 
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2018). Down-stream of ATF3, we find a group of genes (Hspb1, Egr1, Edn2, Gal, Sprr1a 
and Ddit3) that are involved in the response of the retina to injury and in the regulation 

of cell death (Fernandes et al., 2013; Giraldo et al., 2012). Overall, the immediate early 

response appears to play multiple roles in the response of the retina to the insult caused by 

glaucoma and ONC.

3.1.2. Up-regulation of Sox11—Sox11 was another gene frequently up-regulated in 

glaucoma and after ONC. Following nerve crush in the mouse, Sox11 mRNA increases 

by 8-fold making it the most highly up-regulated transcription factor two days following 

optic nerve crush (Li et al., 2018). The SOX11 protein is known to play a significant 

role in the response of neurons to injury. After injury to the peripheral nerve, there is 

a dramatic upregulation of SOX11 in the dorsal root ganglion as the axon begins to 

regenerate (Jankowski et al., 2009; Tanabe et al., 2003). The upregulation and sustained 

expression of Sox11 is critical to the survival of the dorsal root ganglion neurons and the 

regeneration of peripheral axons along the injured nerve. Decreasing levels of Sox11 in the 

neuronal cell body results in slower axonal regeneration of peripheral nerves (Jankowski 

et al., 2006, 2009). When Sox11 is knocked down in cultured peripheral neurons, there 

is also a reduction in neurite growth and an increase in apoptosis (Jankowski et al., 

2006). Conversely, over-expressing Sox11 in cultured dorsal root ganglion cells produces 

an increase in neurite growth, and in vivo overexpression of Sox11 accelerates the growth of 

regenerating axons (Jing et al., 2012). These data reveal the critical role of Sox11 in axon 

regeneration. When we examined publicly available datasets for the changes occurring in 

the DBA/2J model of glaucoma, Sox11 was dramatically up-regulated in the early phases of 

glaucomatous damage (Howell et al., 2011). A similar pattern was observed following ONC 

in C57BL/6 and DBA/2J mice, where Sox11 is up-regulated over 2-fold 2 days and over 

3-fold 5 days after nerve crush (Templeton et al., 2013). Previous studies have implicated 

artificially high levels of Sox11 to promote regeneration in PNS (Chandran et al., 2016; 

Jankowski et al., 2009; Jing et al., 2012) and corticospinal axons (Wang et al., 2015b).

Further evidence in support of the notion that SOX11 promotes axon growth comes from 

studies overexpressing (Norsworthy et al., 2017) or knocking-down Sox11 (Li et al., 2018; 

Welsbie et al., 2017). Norsworthy et al. (2017) found that Sox11 upregulation facilitated 

axon regeneration following ONC, while Li et al. (2018) found that down-regulation of 

Sox11 two weeks before ONC injury resulted in no increase in axonal regeneration. This is 

a clear indication that there is a cell intrinsic effect of Sox11 on the regenerative capacity 

of RGCs. The response in RGCs suggests that this may be in part related to the “abortive 

regeneration” response termed by Ramon y Cajal (Otero, 2018; Ramón y Cajal, 1926). 

Welsbie et al. (2017) demonstrated that the upregulation of Sox11 happens down-stream of 

DLK/LZK. It may be possible to identify the down-stream targets within the transcriptional 

cascade associated with the regenerative stall of the retina relative to the Sox11 regeneration 

associated with the peripheral nerve. Gene profiling showed that Sox11 overexpression 

activated a set of developmental genes which are possibly related to axon growth and 

that it downregulated genes involved in synaptic transmission. This is consistent with a 

developmental process switch from axon growth mode of immature neurons to dendrite or 

synapse growth mode in mature neurons.

Wang et al. Page 8

Exp Eye Res. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.1.3. Innate immune system—Among the most frequently up-regulated genes are 

members of the complement cascade, part of the innate immune system, including C1qb, 
C4b and C3. These genes are consistently observed following glaucomatous or optic nerve 

injury and are transcribed within retina itself (Ahmed et al., 2004; Howell et al., 2011; 

Panagis et al., 2010; Steele et al., 2006; Templeton et al., 2013; Vazquez-Chona et al., 

2004). Recent studies that examined the molecular responses either following glaucomatous 

damage (Howell et al., 2011), ONC (Sullivan et al., 2012; Templeton et al., 2013) or even 

ocular blast injury (Struebing et al., 2018a), confirmed and validated the involvement of 

the complement cascade (Howell et al., 2011) and the activation of an innate immune 

network within the retina itself (Templeton et al., 2013). Using a systems biology approach 

(Templeton et al., 2013), we defined a genetic network modulating the expression of this 

innate immune system in response to injury. Many of the complement gene expression 

changes are associated with the activation of microglia and astrocytes (Silverman et al., 

2016; Soto and Howell, 2014; Templeton et al., 2013), which are now known to be major 

players in the response of the retina to glaucoma-relevant insults (Bosco et al., 2011).

We found that the innate immune response is a highly coordinated genetic network that is 

activated by injury (Templeton et al., 2013), and within this network, we find a microglial 

gene signature, including Aif1 (the gene product of the protein IBA1, a marker of increased 

microglial activity), the lysosomal marker Cd68, and Cd74. This indicates that at least glial 

cells intrinsic to the retina are associated with this innate immune network. Single cell 

RNA-seq data indicates that in the normal retina, Muller glial cells are the major source of 

C1q, C3 and C4 (Pauly et al., 2019). This does not exclude the possibility that these genes 

are expressed in other retinal cell types.

In the immunologically privileged environment of the retina (Benhar et al., 2012), 

complement components play a functional role in surveillance, neural development, and 

the response of the retina to injury (Alawieh et al., 2018; Orsini et al., 2014; Silverman et 

al., 2016). C1q and C3 are intimately involved in RGC death and survival. C1q deficiency 

is neuroprotective (Howell et al., 2014; Kumari et al., 2015) and can protect the RGC cell 

body, dendrites and synaptic connections (Williams et al., 2016). In contrast, deletion of C3 

negatively impacts RGC survival (Harder et al., 2017) in glaucoma. Interestingly, inhibition 

of C3 activation (but not totally eliminating C3 expression) contributes to RGC degeneration 

(Harder et al., 2017), suggesting that C3 activation is associated with RGC degeneration. All 

of these data point to the critical role of the complement system in the response of the retina 

to insult playing a critical role in RGC susceptibility to death. This same system is at work 

throughout the central nervous system. In the brain, others have found that glial cells are 

sources of many members of the complement cascade (Trouw et al., 2008; Veerhuis et al., 

2011; Walker et al., 1995). Even in other neurodegenerative diseases such as Alzheimer’s 

disease or Parkinson’s disease, which directly affect the brain, the involvement of microglia 

is increasingly appreciated (Mukherjee et al., 2019).

3.2. Global down-regulation of retinal genes following injury

When examining the most frequently identified down-regulated transcripts (Fig. 

3), the immediate feature that stands out is that these genes are markers 

Wang et al. Page 9

Exp Eye Res. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for RGCs, including: Kcnd2, Sncg, Pvalb, Pou4f1, Nefl and Nefh. To 

examine further this possibility, we interrogated the mouse RGC atlas (Tran 

et al., 2019) (https://singlecell.broadinstitute.org/single_cell/study/SCP509/mouse-retinal-

ganglion-cell-adult-atlas-and-optic-nerve-crush-time-series#study-visualize). The top 50 

most frequently identified down-regulated genes were placed into the search engine, all 

of which showed high expression (Fig. 5). Some transcripts, like Pou4f1 and Sncg, were 

expressed across all RGC subtypes, while other transcripts had restricted expression in only 

a few RGC subtypes, such as Ctxn3, Pou4f2 and Irx2. These data provide clear evidence 

that one of the major changes in the transcriptome of the retina following injury is the 

down-regulation of RGC-specific genes.

Pathway annotation of these gene sets gives an insight of the underlying biology. The 

top five KEGG pathways of down-regulated genes include: oxidative phosphorylation, 

CNS degeneration, ubiquitin mediated proteolysis, mRNA surveillance pathways, and 

adrenergic signaling. One of the more interesting changes is the depression of genes 

associated with oxidative phosphorylation involving mitochondrial pathways associated with 

ATP production and NADH dehydrogenase activity. These pathways are also suppressed 

following blast injury to the retina (Struebing et al., 2018a) and can be thought to 

reflect a general depression in mitochondrial activity. The mitochondrial gene aldehyde 

dehydrogenase (Aldh7a1) is most strongly associated with the susceptibility of RGCs to 

experimentally induced glaucoma in mice (Struebing et al., 2018b), and its pathway is 

known to be associated with increased glaucoma risk in humans (Bailey et al., 2016). The 

metabolic depression following injury is proving to be increasingly relevant to glaucoma and 

nervous system injury (Wang and Barres, 2012).

3.2.1. NAD related pathways—NAD + has received a considerable amount of 

attention due to its potential role in neuronal protection (Howell et al., 2013). The first 

molecular insights linking NAD+ to neuronal death and axon degeneration came from the 

identification of a mutation in the mouse, called “Wallerian degeneration slow”, WLDs 

(Perry et al., 1991). The mutation results in the production of a chimeric protein made up 

of UBE4B and NMNAT1 (Lunn et al., 1989; Perry et al., 1991). The WLDs fusion protein 

localizes not only to the nucleus but also to axons (Wang et al., 2015a), resulting in an 

increased production of NAD+ in cellular compartments that it is normally distributed. This 

increase in NAD+ has profound effects of axon and neuron survival. In the DBA/2J mouse 

model of glaucoma, supplementing the diet with NAD+ or overexpressing Nmnat1 partially 

protects from glaucomatous degeneration (Williams et al., 2017c). When the WLDs allele is 

placed on the DBA/2J background and the mouse is also supplemented with NAD+, there 

is an almost complete rescue from the effects of glaucoma with 94% of the treated eyes not 

developing glaucoma (Williams et al., 2017a). These data strongly indicate that a critical 

effect of altered oxidative phosphorylation is associated with neuronal death that can be 

overcome by supplementing NAD+. Interestingly, the NAD + pathway has clear relevance to 

RGC survival in models of glaucoma (Williams et al., 2017b) but does not seem to confer 

a protective effect in ONC (Fernandes et al., 2018). This is part of the growing evidence 

that the mechanisms of RGC soma death, and Wallerian degeneration are distinctly different. 
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Thus, strategies for neuroprotection of RGC somata and axon survival are different, with 

both being necessary for the retention of visual function.

4. Selective changes in glaucoma vs ONC

Looking at the genes frequently detected as up-regulated (Fig. 2), there were a group 

of genes that were up-regulated following ONC that were not detected as up-regulated 

following glaucomatous injury. These genes include: Aars, Adcyap1, Arid5a, Atf5, Cdkn1a, 
Chac1, Cox6a2, Ddit3, Gars, Mthfd2, Nupr1, Phgdh, Plekho1, Psat1, Rhog, Slc7a3, Srxn1, 
Stmn4, Tac1, Tes and Vgf. As an initial step to evaluate these genes selectively up-

regulated following ONC, we examined the glaucoma dataset generated from the DBA/2J 

glaucoma model (Howell et al., 2011) and the changes occurring 2 days following ONC 

(Genenetwork. org, HEI ONC vs Control Retina Illumina V6.2 RankInv dataset) (Templeton 

et al., 2013). Of these genes, all were up-regulated 2 days following ONC. Two of the 

transcripts, Chac1 and Srxn1, were up-regulated in cases of moderate levels of glaucomatous 

damage (Genenetwork.org, Howell et al., 2011, DBA/2J Glaucoma Retina M430 2.0 RMA 

dataset) (Howell et al., 2011). Thus, the majority of these genes are truly differentially 

up-regulated following ONC (Table 2). To define the potential role of these genes in the 

injury response of the retina, we turned to the single cell RNA-seq data from Tran et al. 

(2019). All of these genes, with the exception of Rhog, were expressed in isolated RGCs 

(Supplemental Fig. 1) and were dramatically up-regulated after ONC, beginning 1 day after 

ONC and extending to at least 2 weeks after ONC (Supplemental Fig. 2).

When we examine the list of genes that appear to be up-regulated selectively in ONC, 

there are several genes that are associated with stress responses or mitochondria, including: 

Charc1, Nupr1, Ddit3 (CHOP), Cox6a2, Mthfd2 Aars and Gars. The most highly up-

regulated gene 2 days after ONC was Chac1 (Templeton et al., 2013) which was up-

regulated nearly 6-fold compared to normal retina and was not up-regulated in the D2 

glaucoma dataset (Howell et al., 2011). It is also up-regulated in RGCs (Tran et al., 2019). 

Charc1 is a proapoptotic protein and is down-stream of the ATF4-ATF3 CHOP pathway. It 

is involved in ER stress potentially leading to cell death (Mungrue et al., 2009; Oh-Hashi 

et al., 2013; Wang et al., 2019). Nuclear protein 1 (Nupr1) is the gene with the second 

largest increase, 3-fold. Nupr1 is a stress induced chromatin protein involved in ER stress. 

With the inactivation of ER stress and the induction of function deficits mitochondria 

decreasing ATP NUPR1 results in ER-stress response (Santofimia-Castano et al., 2018). 

NUPR1 down-regulation prevents pancreatic cells a normal ER stress response, leading to 

a programmed cell death (Santofimia-Castano et al., 2018). Nupr1 is involved in neuronal 

apoptosis and autophagy through the ER stress signaling pathway (Xu et al., 2017). Ddit3 
(CHOP) was up-regulated 2.5-fold in the Templeton et al. database (Templeton et al., 2013). 

Ddit3 deletion conferred mild protection to RGC somas, but did not significantly prevent 

RGC axonal degeneration in the D2 glaucoma model. Together, these data suggest that 

Ddit3 plays a minor role in perpetuating RGC soma apoptosis caused by chronic ocular 

hypertension-induced axonal injury, and thus does not significantly contribute to distal 

axonal degeneration (Marola et al., 2019). In optic nerve crush, Ddit3 deletion partially 

protects the RGC soma following crush (Hu et al., 2012; Syc-Mazurek et al., 2017).
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A second set of genes that appears to be selectively up-regulated after ONC is associated 

with mitochondrial function. These genes include: Cox6a2, Mthfd2, Aars and Gars. Cox6a2 
codes for an isoform of a cytochrome c oxidase subunit that is part of mitochondrial 

complex IV. Deletion of Cox6a2 enhances oxidative stress in neurons, which in turn impairs 

maturation and functional properties (Sanz-Morello et al., 2020). These effects reflect the 

essential role of COX6A2 in energy balance in neurons. Interestingly, increasing niacin 

in obese rats causes an upregulation of Cox6a2 along with oxidative phosphorylation 

(Ringseis et al., 2013). Mthfd2 (methylenetetrahydrofolate dehydrogenase 2) is an NAD + 

dependent enzyme with dehydrogenase and cyclohydrolase activity, and it plays an essential 

role in mitochondrial one-carbon folate metabolism. Knocking down Mthfd2 suppresses 

the trichloroacetic acid cycle (Pikman et al., 2016). Aminoacyl-tRNA synthetase (Aars) 

and glycyl-tRNA synthetase gene (Gars) are both are essential for protein translation in 

mitochondria (Boczonadi et al., 2018; Fine et al., 2019). The upregulation of these genes 

following ONC suggest that neurons are attempting to increase metabolic activity in an 

attempt to survive.

Are these changes really specific to ONC and glaucoma or are they intermingled, and if so, 

how can they be deconvoluted? In ONC, there is a synchronized injury induced to all RGCs 

alike, while in glaucoma and glaucoma models, there is a gradual injury to the axons at the 

optic nerve head and this injury can occur along different regions, causing wedge-shaped 

sectors of injured RGCs next to sectors where RGCs are uninjured (Howell et al., 2007). 

This latter effect may even be further exaggerated by the differential susceptibility of RGC 

subtypes to insult. Some RGC types, like the heavily labeled POU6F2 RGCs (Li et al., 

2019) are very sensitive to glaucomatous injury (King et al., 2018), while other subtypes, 

like the intrinsically photosensitive RGCs, are resistant to injury (Cui et al., 2015; Perez 

de Sevilla Muller et al., 2014; Robinson and Madison, 2004). Thus, at any one time in a 

naturally occurring glaucoma model, a small number of RGCs are undergoing cell death 

and it is likely that the specific makeup of RGC subtypes differs over time. In fact, CHOP 

protein is up-regulated in RGCs following ONC (Fernandes et al., 2013; Hu et al., 2012); 

and CHOP protein is also increased in RGCs after elevated IOP (Doh et al., 2010) or in 

naturally occurring models of glaucoma (Marola et al., 2019). Although these different 

mouse models of glaucoma may not accurately reflect the changes occurring in human 

glaucoma, each of the model may provide unique insights into the disease process. Thus, 

these changes that appear to be unique to ONC, like the up-regulation of Charc1, Nupr1, 
Ddit3 (CHOP), Cox6a2, Mthfd2, Aars and Gars, may be detected in ONC models, and are 

critical in the disease process of glaucoma even though they may not be readily detected by 

monitoring changes in the transcriptome of the retina of mouse glaucoma models.

5. Susceptibility of RGC subtypes to injury

When examining the down-regulation of transcripts after glaucomatous injury or ONC, 

changes associated with RGC loss are the primary focus, since the disruption of their 

homeostatic response directly relates to the clinical symptom of progressive blindness. 

Looking back on Cajal’s early work, there is a tendency to treat all of the RGCs as a 

single cell type when dealing with the response of optic nerve injury. Cajal himself defined 

many different RGC subtypes based on their morphology, and yet he ignores them when 
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examining the effects of injury to the optic nerve (Ramón y Cajal, 1892). It may have been 

a matter of needing to simplify the system to examine the effects of injury on the axons 

within the optic nerve, ignoring the fact that many different cell types send their axons down 

the optic nerve to the brain. Interestingly, to some extent, this approach has continued to 

the present day. This generalization applies not only to examining the response of axons to 

injury, but also to the way the RGC somata are responding to insult. When investigating 

RGC survival, most of the studies lump RGCs into one category, reporting the number 

of cells dying or the effects of manipulation on the rescue of RGCs (Jakobs et al., 2005; 

Syc-Mazurek and Libby, 2019).

The first hint that RGC subtypes respond differently to injury came from the Quigley 

laboratory, where it was found that in the optic nerve of monkeys with elevated IOP there 

appeared to be a selective loss of large diameter axons (Quigley et al., 1987; Sanchez 

et al., 1986; Weber and Harman, 2005); similar findings have been reported by the 

Weber laboratory (Weber and Harman, 2005). In these studies, large diameter axons were 

selectively lost within the optic nerve following ocular hypertension, suggesting that a subset 

of RGCs were selectively more sensitive to injury induced by elevated IOP. Recent advances 

defined RGC subtypes by examining uniquely expressed genes and proteins (Berson et al., 

2002; Hattar et al., 2002; Kay et al., 2011; Kim et al., 2010; Munguba et al., 2013; Sanes 

and Masland, 2015; Tran et al., 2019). These studies form a basis for the identification of 

the of specific RGC subtypes in the mouse. For example, alpha RGCs selectively express 

KCNG4 and each of the 4 subtypes can be uniquely identified by specific markers: On-s 

αRGCs are OPN + Calbindin+, Off-s are OPN + Brn3a + Brn3c-, On-t αRGCs are OPN 

+ Brn3a-/dimCalbindin-, and Off-t αRGCs are OPN Brn3c, respectively (Krieger et al., 

2017). Specific sub-classes of ON-OFF directionally selective RGCs can be defined by 

the expression of CART (Kay et al., 2011) making up 15% of the RGCs. Using single 

cell RNA-seq on isolated RGCs, 46 specific RGC subtypes were identified based on gene 

expression profiles (Tran et al., 2019). These subtype specific markers provide the means 

necessary to track specific RGC subtypes following injury (Agostinone et al., 2018; Duan et 

al., 2015).

The response of RGC subtypes to injury is dramatically different (Duan et al., 2015; Tran et 

al., 2019). Cells that were the most resistant to death following ONC were the alpha RGCs: 

At 14 days following ONC, 80% of the alpha RGCs were still alive in the retina (Duan et al., 

2015; Tran et al., 2019). In contrast, the most sensitive cells to ONC were the CART-positive 

ON-OFF directionally selective RGCs. Only a few CART positive cells remain in the mouse 

retina 14 days following crush. The most sensitive cells to injury appear to be RGCs heavily 

labeled with POU6F2 (King et al., 2018; Li et al., 2019). In the DBA/2J mouse model of 

glaucoma, heavily-labeled POU6F2 RGC subtypes were selective lost early in glaucoma 

(King et al., 2018; Li et al., 2019). We observed that 16% of the RGCs are POU6F2-positive 

but not in the CART positive RGCs, indicating that they are a novel ON-OFF directionally 

selective RGC subtype that is uniquely sensitive to glaucomatous injury (Li et al., 2019). 

The data clearly showed that Pou6f2 was heavily expressed in a previously undefined RGC 

subclass. When looking at changes following ONC, Pou6f2 is one of the genes that is 

sensitive to injury being down-regulated within 12 h after optic nerve crush (Tran et al., 

2019). These findings demonstrate that some RGC subtypes are more sensitive to injury than 
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others (Daniel et al., 2018; Kay et al., 2011; King et al., 2018; Tran et al., 2019) and that 

specific RGC subtypes are relatively resistant to axonal damage.

6. Dendritic changes in RGCs following injury

In addition to monitoring the survival of RGCs, many investigators examine the 

morphological changes occurring in the RGC soma and dendrites following optic nerve 

crush (Daniel et al., 2018; Kalesnykas et al., 2012; Williams et al., 2013) or glaucoma 

(Agostinone et al., 2018; El-Danaf and Huberman, 2015; Kalesnykas et al., 2012; Puyang 

et al., 2015; Risner et al., 2018). Early on in the process of glaucomatous damage, the 

dendrites of RGCs become labeled with complement factor C3 (Bosco et al., 2018; Harder 

et al., 2017; Templeton et al., 2013). This is believed to be an early indicator of dendritic 

remodeling. Several labs have examined dendritic remodeling in the retina during ONC and 

glaucoma. In general, it is believed that dendrites are pruned in early phases of the RGC 

response to injury and that over time they become less and less branched and begin to retract 

(Risner et al., 2018). Many of these studies have attempted to delineate this response across 

all RGC subtypes. Thus, these findings could be confounded by examining different RGC 

subtypes with dendritic morphologies that are different even in the normal retina (Coombs 

et al., 2006; Dhande et al., 2015). The exception was the study from the Di Polo lab 

(Agostinone et al., 2018) that used a specific alpha RGCs marker to define RGCs and to 

track their dendritic changes following optic nerve damage.

The dendrites of the RGCs ramify in the inner plexiform layer in distinct sublaminae. The 

most inner portion of the inner plexiform layer is occupied by dendrites of ON RGCs 

and the outer portion of the plexiform layer is where dendrites of the OFF RGCs ramify. 

When examining the effects of dendritic remodeling in the ON and OFF sublamina of the 

inner plexiform layer, distinct differences in dendritic remodeling following injury were 

seen. In mouse models of glaucoma, the dendrites ramifying in the OFF sublamina are 

lost before those in the ON sublamina of the inner plexiform layer (Della Santina et al., 

2013; El-Danaf and Huberman, 2015; Puyang et al., 2017). It appears that these OFF 

dendrites are more sensitive to the changes occurring following injury. The dendritic arbors 

within the OFF sublamina of the inner plexiform layer are more affected than those in the 

ON sublamina (Della Santina et al., 2013; El-Danaf and Huberman, 2015). In agreement 

with the anatomical changes, the OFF response was more severely affected than the ON 

response of RGCs, even in ON-OFF RGCs (Puyang et al., 2017). This differences between 

sublaminae is also observed in the ON-OFF directionally selective cells that have dendrites 

ramifying in both the ON and OFF sublaminae, where the dendrites of these cells in the 

OFF sublamina are more affected than those of the same RGC in the ON sublamina (Kay 

et al., 2011). Furthermore, the OFF component is functionally diminished before the ON 

component (Puyang et al., 2017). Taken together, these studies have provided a wealth of 

information about the response of the RGC to injury, indicating that OFF responses are lost 

early relative to ON responses.
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7. RGC transcriptome networks

The differential susceptibility to injury of histologically distinct RGC subtypes led to 

attempts to identify subtype-specific, unique gene expression profiles that may account 

for the difference in RGC viability. A good start to define RGC subtypes would be to 

look at retinal gene expression differences in a genetically and phenotypically diverse 

population such as the BXD recombinant inbred strains. In this model, the BXD strains 

show differences in RGC specific gene expression along with variations in RGC number. 

This type of strain specific difference in cellular distribution occurs in photoreceptors 

number (Keeley et al., 2014) and horizontal cell number. By counting RGC axons in 17 

strains, Williams et al. (1996) found a striking strain-specific difference with a range of 

32,000 to 87,000 RGCs per retina. Recently, we extended RGC counts for 48 BXD strains, 

with a similar distribution as described before (Struebing et al., 2018b). The heritability 

of this trait was determined to be very high, with an h2 of ~0.8. While no attempts were 

undertaken to distinguish between different RGC subtypes, it is conceivable that BXD 

strains also differ therein. In a recent study, we examined variance in between-strain gene 

expression as a proxy for RGC subtype susceptibility to increased IOP. First, we used 

the DoD CDMRP Retina expression microarray dataset (55 strains, 4 replicates per strain) 

to examine correlates of known RGC markers, which were compiled after a thorough 

literature review, across the BXD RI strain set. By examining their regulatory loci using 

expression quantitative locus mapping (eQTL mapping), we were able to associate almost all 

of the general RGC markers described in the literature selectively with one of two genetic 

networks, the Thy1-network or the Tubb3-network. Both Thy1 (Barnstable and Drager, 

1984) and Tubb3 (Snow and Robson, 1994) are believed to be generalized markers for 

RGCs, and antibodies against their protein products (THY1/CD90 and TUJ1/Class III Beta 

tubulin) typically stain the entire RGC population. Nonetheless, these “pan-RGC markers” 

segregated into two distinct genetic networks with common upstream regulators, while 

subtype-specific RGC markers would contain regulatory signatures from either one or both 

“pan-RGC” networks. For example, this comprehensive analysis revealed that two pairs 

of subtype-specific genes were regulated in a similar fashion: Cartpt and Jam2 as well as 

Kcng4 and Opn4 showed very similar heat maps to each other. Cartpt/Jam2 shared the 

trans-band on distal Chromosome 1 with the Thy1-network, whereas Kcng4/Opn4 shared 

the Thy1-network trans-band from Chromosome 13.

To define the susceptibility of RGC subtypes to glaucomatous injury, we used the 

glaucoma severity score (GSS) of publicly available microarray data generated from DBA/2J 

glaucomatous eyes (Howell et al., 2011) and correlated this with expression levels of RGC 

markers. As expected, expression levels of almost all RGC markers decreased as nerve 

damage increased. This was also the case for two subtype-specific markers, Jam2 and 

Cartpt, but not for Kcng4 and Opn4. While Kcng4 is a known alpha-RGC marker, and 

Opn4 is a specific marker for ipRGCs, our results suggest that these two RGC subtypes 

are differentially susceptible to nerve damage. This confirmed experimental data from other 

labs, where ipRGCs and alpha-RGCs were found to be exclusively resistant to optic nerve 

axotomy (Duan et al., 2015). This may be due to upstream modulators that share trans-bands 

and confer protection.
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8. Defining RGC subtypes expression profiles

The most recent method for defining cellular subtypes is to profile the transcriptomes of 

individual cells, followed by clustering based on similar gene expression profiles. The 

advent of single cell RNA-seq protocols has opened this powerful approach to study the cell 

composition of the entire retina (Clark et al., 2019; Jaitin et al., 2014; Macosko et al., 2015; 

Norrie et al., 2019; Peng et al., 2019), and also specifically RGCs (Rheaume et al., 2018; 

Tran et al., 2019). These studies characterize RGCs from the C57BL/6J mouse: isolated at 

postnatal day 5 (Rheaume et al., 2018) and isolated from the adult mouse retina (Tran et 

al., 2019). Profiling single cells at different time points enables the establishment of subtype-

specific trajectories. By tracing a specific marker’s gene expression changes over time, 

developmental programs can be revealed. For example, when comparing the expression of 

Pou6f2 across all three time points, the expression profiles within the population of RGCs 

differs significantly. There were considerably more Pou6f2--positive cells in the post-natal 

day 5 (P5) retina (Rheaume et al., 2018) as compared to the adult (Tran et al., 2019). To 

determine if this difference reflected the biology of the retina or technical differences, we 

stained retinas for POU6F2 at these different ages. At postnatal day 5, 51% of the RGCs 

were positive for POU6F2 (Geisert and Wang, unpublished observation), while in the adult 

of both C57BL/6J and DBA/2J mice, 32% of the RGC were labeled as POU6F2-positive. 

Identifying individual RGC subtypes is greatly facilitated by single-cell RNA-seq studies. 

Tran et al. (2019), characterized six RGC subtypes expressing relatively high levels of 

Pou6f2 (termed 7-Novel, 8-Novel, 10-Novel, 18-Novel, 37-Novel and 44-Novel). If we 

examine the retina for heavily labeled POU6F2 positive cells, 7% of the cells were POU6F2 

positive, while 7% were positive for POU6F2 and Cadherin 6 (Cdh6) (Li et al., 2019). 

The single-cell RNA-seq data (Tran et al., 2019) reveals that these two classes of RGCs 

are in fact six different RGC subtypes: three express only Pou6f2 (18-Novel, 37-Novel and 

44-Novel), and three express Pou6f2 and Cdh6 (7-Novel, 8-Novel and 10-Novel). These 

findings demonstrate the ability of single-cell RNA-seq in classifying cells in a complex 

structure like the mammalian retina.

Given the power and recent dependence on single-cell RNA-seq, there are several caveats 

that must be considered when examining single cell RNA-seq results (Mathieson et al., 

2018). In general, when we examine the biology of the retina and RGCs, we look for 

and think of proteins. When examining data from single cell RNA-seq studies, each cell 

is captured at a single time-point in its life. It is assumed that the transcriptome profile 

captured at that time represents the profile of every gene expressed in the cell. This may 

or may not be the case. It depends on the expression level of specific messages and the 

half-life of that message (Leng et al., 2015; Lugowski et al., 2018; Sharova et al., 2009). For 

example, we know that some messages have very short half-lives in the range of a few hours 

(Lugowski et al., 2018; Sandoval et al., 2013). These include many transcription factors as 

well as cell cycle genes (Whitney et al., 2006). For the retina this is particularly important 

for the regulation of circadian rhythms (McMahon et al., 2014). Other transcripts have very 

long half lives in the range of days and these include many structural genes and cytoskeletal 

genes (Yang et al., 2003). The relevance to the biology of the system is further exacerbated 

by the half-lives of the protein products of the genes (Mathieson et al., 2018). Many of the 
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proteins made by short half-life mRNAs also have relatively short half-lives. For example, 

the half-life of many transcription factors is in the range of hours, so that the duration of 

action of that gene at the protein level is really rather short. This obviously is exactly what 

one would want from a protein that should be there to activate the genome on demand and 

then disappear when the particular function is no longer needed. On the opposite end of the 

spectrum are cytoskeletal proteins (Boumil et al., 2018; Yuan et al., 2009). Tubulin (class 

III beta tubulin specifically) for example can have a relatively long half-life, 200 days or 

more, and its message is also long lived. For the nervous system this long half-life is very 

important, for the cytoskeleton supports dendrites and axons that extend over considerable 

distances and in general need to be stable. While these considerations also apply to bulk 

RNA-seq data, the analytical problems are mitigated by profiling large numbers of cells. 

Independent of these caveats, the data generated by singe cell RNA-seq provides insights 

into RGC transcriptomes that really cannot be revealed by examinations of the whole retina 

transcriptome where the gene expression of individual cells types can be masked by the 

complexity of the whole transcriptome.

9. Changes occurring in RGCs following ONC

The analysis of the changes in transcriptome profiles of isolated RGCs is complicated by 

several factors. In the Tran et al. study (Tran et al., 2019), 46 subclasses of RGCs were 

identified in the mouse retina. When examining the changes occurring in the mouse retina 

from 12 h up to 14 days after ONC, changes in specific RGC transcripts were clustered 

and demonstrated a systematic progression of gene changes following crush. The temporal 

pattern of changes in expression allowed for the grouping of genetic changes resulting in 8 

Modules (Fig. 6) with different patterns of up-regulation and down-regulation (Tran et al., 

2019). The changes in RGC gene expression were compared to those observed in studies in 

ONC across the BXD strains (Templeton et al., 2013) (Fig. 6). In general, the changes in 

transcript levels in single cell RNA-seq for isolated RGCs (Tran et al., 2019) are similar to 

those observed in whole retina microarray studies of ONC (Templeton et al., 2013). In the 

whole retina transcriptome analysis, it is difficult to determine the cell type in the retina that 

these changes are occurring in; however in this specific case there is a remarkable similarity 

in RGC specific changes to those occurring in the whole retina samples.

10. Common changes in the retinal response to injury

There is a number of different retinal injury models (experimental glaucoma, genetic 

glaucoma and ONC) that share similar changes in gene expression, independent of the 

methods used to monitor the changes. Within the modules of genes from the Tran et al. 

study (Tran et al., 2019), we compared the changes in gene expression in the retina of 

the DBA/2J model of glaucoma (Howell et al., 2011) to changes occurring in isolated 

RGCs (Williams et al., 2017b). We also compared these changes to those following ONC 

(Templeton et al., 2013; Tran et al., 2019). Gene regulation could be different across studies 

given different injuries or different techniques. Across these mouse injury models, there is a 

considerable number of transcript changes that are in common (Fig. 3). For the up-regulated 

genes (Modules 5–8) there were 77 that were up-regulated in all three datasets and for the 

down-regulated genes (Modules 1–3) 158 were found in common (Table 1), such as Sox11 
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upregulation in ONC model across multiple studies (Li et al., 2018; Norsworthy et al., 2017; 

Tran et al., 2019; Welsbie et al., 2017).

It is imperative to consider these changes in transcriptome relative to recent studies on optic 

nerve regeneration(Leon et al., 2000; Park et al., 2008; Yin et al., 2006, 2009). Knocking 

down Pten (Park et al., 2008) or inducing a mild immune reaction (Leon et al., 2000; Yin 

et al., 2006, 2009) can aid in promoting axonal regeneration down the injured optic nerve. 

Combining these two treatments can further improve the amount of regeneration observed 

following nerve injury (de Lima et al., 2012; Wang et al., 2018). Interestingly, in these 

dual treated animals, most of the regenerating axons arise from a single RGC subtype, 

the alpha RGCs (Bray et al., 2017; Watanabe and Fukuda, 2002). One of the genes that 

facilitates axonal growth in the peripheral nervous system is Sox11. Overexpressing Sox11 
(Norsworthy et al., 2017; Welsbie et al., 2017) has dramatic effects on the response of the 

retina to injury, increasing the ability of RGCs in general to regeneration. Unfortunately, 

Sox11 overexpression also causes selective death of the alpha RGC subtype, while retaining 

regeneration of some axons in the optic nerve, suggesting that a different RGC subtype 

was now regenerating. Thus, over-expressing Sox11 kills the RGC subtype that normally 

regenerates but causes other RGC subtype(s) that usually do not regenerate to regenerate 

and survive. The complexities of gene expression and RGC subtype susceptibility to injury 

offer an interesting ground for understanding the molecular cascades that lead to cell death 

and could potentially be targeted for neuroprotection. Furthermore, the differential effects 

of regenerative capacity of RGC subtypes will provide a basis for developing strategies to 

facilitate the survival of all RGCs and the regeneration of their axons to CNS targets.

11. Future directions and conclusions

The response of RGC subtypes to injury is varied and complex. It is clear that there are 

different transcriptome responses depending on the mouse model used; from the mild, 

gradual injury observed in the DBA/2J glaucoma model, to the dramatic response seen 

after ONC. A comprehensive analysis of the transcriptome changes following injury is 

complicated by the fact that there are over 40 RGC subtypes and that each of these subtypes 

may respond differently to the injury. Future studies must analyze the response of each 

RGC subtype to glaucomatous and crush injury. These data may serve to inform novel 

treatment strategies for neuroprotection of all RGC subtypes along with the potential for 

axon regeneration and functional recovery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We would like to thank the funding sources currently supporting our laboratories: The Owens Family Glaucoma 
Research Fund (EEG), NEI Grant R01EY031042 (EEG), BrightFocus Foundation (EEG), Vision Core Grant 
P030EY006360, and the European Union’s Horizon 2020 Research and Innovation Program (grant agreement 
MSCA-IF-EF-RI 792832, FLS).

Wang et al. Page 18

Exp Eye Res. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

Aboobakar IF, Johnson WM, Stamer WD, Hauser MA, Allingham RR, 2016. Major review: 
exfoliation syndrome; advances in disease genetics, molecular biology, and epidemiology. Exp. 
Eye Res 154, 88–103. [PubMed: 27845061] 

Agostinone J, Alarcon-Martinez L, Gamlin C, Yu WQ, Wong ROL, Di Polo A, 2018. Insulin signalling 
promotes dendrite and synapse regeneration and restores circuit function after axonal injury. Brain 
141, 1963–1980. [PubMed: 29931057] 

Ahmed F, Brown KM, Stephan DA, Morrison JC, Johnson EC, Tomarev SI, 2004. Microarray analysis 
of changes in mRNA levels in the rat retina after experimental elevation of intraocular pressure. 
Invest. Ophthalmol. Vis. Sci 45, 1247–1258. [PubMed: 15037594] 

Alawieh A, Langley EF, Weber S, Adkins D, Tomlinson S, 2018. Identifying the role of complement 
in triggering neuroinflammation after traumatic brain injury. J. Neurosci 38, 2519–2532. [PubMed: 
29437855] 

Allcutt D, Berry M, Sievers J, 1984. A quantitative comparison of the reactions of retinal ganglion 
cells to optic nerve crush in neonatal and adult mice. Brain Res 318, 219–230. [PubMed: 6498498] 

Anderson MG, Smith RS, Hawes NL, Zabaleta A, Chang B, Wiggs JL, John SW, 2002. Mutations in 
genes encoding melanosomal proteins cause pigmentary glaucoma in DBA/2J mice. Nat. Genet 30, 
81–85. [PubMed: 11743578] 

Bailey JN, Loomis SJ, Kang JH, Allingham RR, Gharahkhani P, Khor CC, Burdon KP, Aschard H, 
Chasman DI, Igo RP Jr., Hysi PG, Glastonbury CA, Ashley-Koch A, Brilliant M, Brown AA, 
Budenz DL, Buil A, Cheng CY, Choi H, Christen WG, Curhan G, De Vivo I, Fingert JH, Foster 
PJ, Fuchs C, Gaasterland D, Gaasterland T, Hewitt AW, Hu F, Hunter DJ, Khawaja AP, Lee RK, 
Li Z, Lichter PR, Mackey DA, McGuffin P, Mitchell P, Moroi SE, Perera SA, Pepper KW, Qi Q, 
Realini T, Richards JE, Ridker PM, Rimm E, Ritch R, Ritchie M, Schuman JS, Scott WK, Singh 
K, Sit AJ, Song YE, Tamimi RM, Topouzis F, Viswanathan AC, Verma SS, Vollrath D, Wang JJ, 
Weisschuh N, Wissinger B, Wollstein G, Wong TY, Yaspan BL, Zack DJ, Zhang K, Study EN, 
Consortium A, Weinreb RN, Pericak-Vance MA, Small K, Hammond CJ, Aung T, Liu Y, Vithana 
EN, MacGregor S, Craig JE, Kraft P, Howell G, Hauser MA, Pasquale LR, Haines JL, Wiggs JL, 
2016. Genome-wide association analysis identifies TXNRD2, ATXN2 and FOXC1 as susceptibility 
loci for primary open-angle glaucoma. Nat. Genet 48, 189–194. [PubMed: 26752265] 

Barnstable CJ, Drager UC, 1984. Thy-1 antigen: a ganglion cell specific marker in rodent retina. 
Neuroscience 11, 847–855. [PubMed: 6146113] 

Barron KD, Dentinger MP, Krohel G, Easton SK, Mankes R, 1986. Qualitative and quantitative 
ultrastructural observations on retinal ganglion cell layer of rat after intraorbital optic nerve crush. J. 
Neurocytol 15, 345–362. [PubMed: 3746350] 

Belin S, Nawabi H, Wang C, Tang S, Latremoliere A, Warren P, Schorle H, Uncu C, Woolf CJ, He 
Z, Steen JA, 2015. Injury-induced decline of intrinsic regenerative ability revealed by quantitative 
proteomics. Neuron 86, 1000–1014. [PubMed: 25937169] 

Benhar I, London A, Schwartz M, 2012. The privileged immunity of immune privileged organs: the 
case of the eye. Front. Immunol 3, 296. [PubMed: 23049533] 

Berson DM, Dunn FA, Takao M, 2002. Phototransduction by retinal ganglion cells that set the 
circadian clock. Science 295, 1070–1073. [PubMed: 11834835] 

Bjorklund H, Dahl D, 1985. Glial fibrillary acidic protein (GFAP)-like immunoreactivity in the rodent 
eye. Comparison between peripheral glia of the anterior uvea and central glia of the retina. J. 
Neuroimmunol 8, 331–345. [PubMed: 3891781] 

Boczonadi V, Meyer K, Gonczarowska-Jorge H, Griffin H, Roos A, Bartsakoulia M, Bansagi B, Ricci 
G, Palinkas F, Zahedi RP, Bruni F, Kaspar B, Lochmuller H, Boycott KM, Muller JS, Horvath R, 
2018. Mutations in glycyl-tRNA synthetase impair mitochondrial metabolism in neurons. Hum. 
Mol. Genet 27, 2187–2204. [PubMed: 29648643] 

Bosco A, Anderson SR, Breen KT, Romero CO, Steele MR, Chiodo VA, Boye SL, Hauswirth 
WW, Tomlinson S, Vetter ML, 2018. Complement C3-targeted gene therapy restricts onset 
and progression of neurodegeneration in chronic mouse glaucoma. Mol. Ther 26, 2379–2396. 
[PubMed: 30217731] 

Wang et al. Page 19

Exp Eye Res. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bosco A, Steele MR, Vetter ML, 2011. Early microglia activation in a mouse model of chronic 
glaucoma. J. Comp. Neurol 519, 599–620. [PubMed: 21246546] 

Boumil EF, Vohnoutka R, Lee S, Pant H, Shea TB, 2018. Assembly and turnover of neurofilaments in 
growing axonal neurites. Biol Open 7.

Bray ER, Noga M, Thakor K, Wang Y, Lemmon VP, Park KK, Tsoulfas P, 2017. 3D visualization 
of individual regenerating retinal ganglion cell axons reveals surprisingly complex growth paths. 
eNeuro 4.

Braz JM, Basbaum AI, 2010. Differential ATF3 expression in dorsal root ganglion neurons reveals 
the profile of primary afferents engaged by diverse noxious chemical stimuli. Pain 150, 290–301. 
[PubMed: 20605331] 

Calkins DJ, 2012. Critical pathogenic events underlying progression of neurodegeneration in 
glaucoma. Prog. Retin. Eye Res 31, 702–719. [PubMed: 22871543] 

Chandran V, Coppola G, Nawabi H, Omura T, Versano R, Huebner EA, Zhang A, Costigan M, 
Yekkirala A, Barrett L, Blesch A, Michaelevski I, Davis-Turak J, Gao F, Langfelder P, Horvath S, 
He Z, Benowitz L, Fainzilber M, Tuszynski M, Woolf CJ, Geschwind DH, 2016. A systems-level 
analysis of the peripheral nerve intrinsic axonal growth program. Neuron 89, 956–970. [PubMed: 
26898779] 

Chen BP, Wolfgang CD, Hai T, 1996. Analysis of ATF3, a transcription factor induced by 
physiological stresses and modulated by gadd153/Chop10. Mol. Cell Biol 16, 1157–1168. 
[PubMed: 8622660] 

Chen H, Wei X, Cho KS, Chen G, Sappington R, Calkins DJ, Chen DF, 2011. Optic neuropathy due 
to microbead-induced elevated intraocular pressure in the mouse. Invest. Ophthalmol. Vis. Sci 52, 
36–44. [PubMed: 20702815] 

Cheung P, Allis CD, Sassone-Corsi P, 2000. Signaling to chromatin through histone modifications. 
Cell 103, 263–271. [PubMed: 11057899] 

Clark BS, Stein-O’Brien GL, Shiau F, Cannon GH, Davis-Marcisak E, Sherman T, Santiago CP, 
Hoang TV, Rajaii F, James-Esposito RE, Gronostajski RM, Fertig EJ, Goff LA, Blackshaw S, 
2019. Single-cell RNA-seq analysis of retinal development identifies NFI factors as regulating 
mitotic exit and late-born cell specification. Neuron 102, 1111–1126 e1115. [PubMed: 31128945] 

Conforti L, Gilley J, Coleman MP, 2014. Wallerian degeneration: an emerging axon death pathway 
linking injury and disease. Nat. Rev. Neurosci 15, 394–409. [PubMed: 24840802] 

Coombs J, van der List D, Wang GY, Chalupa LM, 2006. Morphological properties of mouse retinal 
ganglion cells. Neuroscience 140, 123–136. [PubMed: 16626866] 

Craig JE, Han X, Qassim A, Hassall M, Cooke Bailey JN, Kinzy TG, Khawaja AP, An J, Marshall H, 
Gharahkhani P, Igo RP Jr., Graham SL, Healey PR, Ong JS, Zhou T, Siggs O, Law MH, Souzeau 
E, Ridge B, Hysi PG, Burdon KP, Mills RA, Landers J, Ruddle JB, Agar A, Galanopoulos A, 
White AJR, Willoughby CE, Andrew NH, Best S, Vincent AL, Goldberg I, Radford-Smith G, 
Martin NG, Montgomery GW, Vitart V, Hoehn R, Wojciechowski R, Jonas JB, Aung T, Pasquale 
LR, Cree AJ, Sivaprasad S, Vallabh NA, consortium N, Eye UKB, Vision C, Viswanathan AC, 
Pasutto F, Haines JL, Klaver CCW, van Duijn CM, Casson RJ, Foster PJ, Khaw PT, Hammond CJ, 
Mackey DA, Mitchell P, Lotery AJ, Wiggs JL, Hewitt AW, MacGregor S, 2020. Multitrait analysis 
of glaucoma identifies new risk loci and enables polygenic prediction of disease susceptibility and 
progression. Nat. Genet 52, 160–166. [PubMed: 31959993] 

Cui Q, Ren C, Sollars PJ, Pickard GE, So KF, 2015. The injury resistant ability of melanopsin-
expressing intrinsically photosensitive retinal ganglion cells. Neuroscience 284, 845–853. 
[PubMed: 25446359] 

Daniel S, Clark AF, McDowell CM, 2018. Subtype-specific response of retinal ganglion cells to optic 
nerve crush. Cell Death Dis 4, 7.

Danzi MC, Mehta ST, Dulla K, Zunino G, Cooper DJ, Bixby JL, Lemmon VP, 2018. The effect of Jun 
dimerization on neurite outgrowth and motif binding. Mol. Cell. Neurosci 92, 114–127. [PubMed: 
30077771] 

de Lima S, Koriyama Y, Kurimoto T, Oliveira JT, Yin Y, Li Y, Gilbert HY, Fagiolini M, Martinez 
AM, Benowitz L, 2012. Full-length axon regeneration in the adult mouse optic nerve and partial 

Wang et al. Page 20

Exp Eye Res. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



recovery of simple visual behaviors. Proc. Natl. Acad. Sci. U. S. A 109, 9149–9154. [PubMed: 
22615390] 

Della Santina L, Inman DM, Lupien CB, Horner PJ, Wong RO, 2013. Differential progression of 
structural and functional alterations in distinct retinal ganglion cell types in a mouse model of 
glaucoma. J. Neurosci 33, 17444–17457. [PubMed: 24174678] 

Dhande OS, Stafford BK, Lim JA, Huberman AD, 2015. Contributions of retinal ganglion cells to 
subcortical visual processing and behaviors. Annu Rev Vis Sci 1, 291–328. [PubMed: 28532372] 

Dietz JA, Maes ME, Huang S, Yandell BS, Schlamp CL, Montgomery AD, Allingham RR, Hauser 
MA, Nickells RW, 2014. Spink2 modulates apoptotic susceptibility and is a candidate gene in the 
Rgcs1 QTL that affects retinal ganglion cell death after optic nerve damage. PloS One 9, e93564. 
[PubMed: 24699552] 

Doh SH, Kim JH, Lee KM, Park HY, Park CK, 2010. Retinal ganglion cell death induced by 
endoplasmic reticulum stress in a chronic glaucoma model. Brain Res 1308, 158–166. [PubMed: 
19853589] 

Duan X, Qiao M, Bei F, Kim IJ, He Z, Sanes JR, 2015. Subtype-specific regeneration of retinal 
ganglion cells following axotomy: effects of osteopontin and mTOR signaling. Neuron 85, 1244–
1256. [PubMed: 25754821] 

El-Danaf RN, Huberman AD, 2015. Characteristic patterns of dendritic remodeling in early-stage 
glaucoma: evidence from genetically identified retinal ganglion cell types. J. Neurosci 35, 2329–
2343. [PubMed: 25673829] 

Erkman L, McEvilly RJ, Luo L, Ryan AK, Hooshmand F, O’Connell SM, Keithley EM, Rapaport DH, 
Ryan AF, Rosenfeld MG, 1996. Role of transcription factors Brn-3.1 and Brn-3.2 in auditory and 
visual system development. Nature 381, 603–606. [PubMed: 8637595] 

European Glaucoma Prevention Study, G., Miglior S, Pfeiffer N, Torri V, Zeyen T, Cunha-Vaz 
J, Adamsons I, 2007. Predictive factors for open-angle glaucoma among patients with ocular 
hypertension in the European Glaucoma Prevention Study. Ophthalmology 114, 3–9. [PubMed: 
17070596] 

Fernandes KA, Harder JM, Kim J, Libby RT, 2013. JUN regulates early transcriptional responses to 
axonal injury in retinal ganglion cells. Exp. Eye Res 112, 106–117. [PubMed: 23648575] 

Fernandes KA, Mitchell KL, Patel A, Marola OJ, Shrager P, Zack DJ, Libby RT, Welsbie DS, 2018. 
Role of SARM1 and DR6 in retinal ganglion cell axonal and somal degeneration following axonal 
injury. Exp. Eye Res 171, 54–61. [PubMed: 29526794] 

Fine AS, Nemeth CL, Kaufman ML, Fatemi A, 2019. Mitochondrial aminoacyl-tRNA synthetase 
disorders: an emerging group of developmental disorders of myelination. J. Neurodev. Disord 11, 
29. [PubMed: 31839000] 

Fischer D, Petkova V, Thanos S, Benowitz LI, 2004. Switching mature retinal ganglion cells to a 
robust growth state in vivo: gene expression and synergy with RhoA inactivation. J. Neurosci 24, 
8726–8740. [PubMed: 15470139] 

Freeman NE, Templeton JP, Orr WE, Lu L, Williams RW, Geisert EE, 2011. Genetic networks in 
the mouse retina: growth associated protein 43 and phosphatase homolog network. Mol. Vis 17, 
1355–1372. [PubMed: 21655357] 

Geisert EE, Lu L, Freeman-Anderson NE, Templeton JP, Nassr M, Wang X, Gu W, Jiao Y, Williams 
RW, 2009. Gene expression in the mouse eye: an online resource for genetics using 103 strains of 
mice. Mol. Vis 15, 1730–1763. [PubMed: 19727342] 

Geisert EE, Williams RW, 2020. Using BXD mouse strains in vision research: a systems genetics 
approach. Mol. Vis 26, 173–187. [PubMed: 32180682] 

Gey M, Wanner R, Schilling C, Pedro MT, Sinske D, Knoll B, 2016. Atf3 mutant mice show reduced 
axon regeneration and impaired regeneration-associated gene induction after peripheral nerve 
injury. Open Biol 6.

Gharahkhani P, Jorgenson E, Hysi P, Khawaja AP, Pendergrass S, Han X, Ong JS, Hewitt AW, Segre 
AV, Rouhana JM, Hamel AR, Igo RP Jr., Choquet H, Qassim A, Josyula NS, Cooke Bailey JN, 
Bonnemaijer PWM, Iglesias A, Siggs OM, Young TL, Vitart V, Thiadens A, Karjalainen J, Uebe 
S, Melles RB, Nair KS, Luben R, Simcoe M, Amersinghe N, Cree AJ, Hohn R, Poplawski A, 
Chen LJ, Rong SS, Aung T, Vithana EN, consortium, N., consortium, A., Biobank Japan, p., 

Wang et al. Page 21

Exp Eye Res. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FinnGen, s., Eye, U.K.B., Vision, C., group, G.s., Me Research, T., Tamiya G, Shiga Y, Yamamoto 
M, Nakazawa T, Currant H, Birney E, Wang X, Auton A, Lupton MK, Martin NG, Ashaye 
A, Olawoye O, Williams SE, Akafo S, Ramsay M, Hashimoto K, Kamatani Y, Akiyama M, 
Momozawa Y, Foster PJ, Khaw PT, Morgan JE, Strouthidis NG, Kraft P, Kang JH, Pang CP, 
Pasutto F, Mitchell P, Lotery AJ, Palotie A, van Duijn C, Haines JL, Hammond C, Pasquale 
LR, Klaver CCW, Hauser M, Khor CC, Mackey DA, Kubo M, Cheng CY, Craig JE, MacGregor 
S, Wiggs JL, 2021. Genome-wide meta-analysis identifies 127 open-angle glaucoma loci with 
consistent effect across ancestries. Nat. Commun 12, 1258. [PubMed: 33627673] 

Gilchrist M, Thorsson V, Li B, Rust AG, Korb M, Roach JC, Kennedy K, Hai T, Bolouri H, Aderem 
A, 2006. Systems biology approaches identify ATF3 as a negative regulator of Toll-like receptor 4. 
Nature 441, 173–178. [PubMed: 16688168] 

Giraldo A, Barrett OP, Tindall MJ, Fuller SJ, Amirak E, Bhattacharya BS, Sugden PH, Clerk A, 2012. 
Feedback regulation by Atf3 in the endothelin-1-responsive transcriptome of cardiomyocytes: 
Egr1 is a principal Atf3 target. Biochem. J 444, 343–355. [PubMed: 22390138] 

Gordon MO, Beiser JA, Brandt JD, Heuer DK, Higginbotham EJ, Johnson CA, Keltner JL, Miller JP, 
Parrish RK 2nd, Wilson MR, Kass MA, 2002. The Ocular Hypertension Treatment Study: baseline 
factors that predict the onset of primary open-angle glaucoma. Arch. Ophthalmol 120, 714–720 
discussion 829–730. [PubMed: 12049575] 

Gross RL, Ji J, Chang P, Pennesi ME, Yang Z, Zhang J, Wu SM, 2003. A mouse model of elevated 
intraocular pressure: retina and optic nerve findings. Trans. Am. Ophthalmol. Soc. 101, 163–169 
discussion 169–171. [PubMed: 14971574] 

Guo C, Qu X, Rangaswamy N, Leehy B, Xiang C, Rice D, Prasanna G, 2018. A murine glaucoma 
model induced by rapid in vivo photopolymerization of hyaluronic acid glycidyl methacrylate. 
PloS One 13, e0196529. [PubMed: 29949582] 

Guo Y, Cepurna WO, Dyck JA, Doser TA, Johnson EC, Morrison JC, 2010. Retinal cell responses 
to elevated intraocular pressure: a gene array comparison between the whole retina and retinal 
ganglion cell layer. Invest. Ophthalmol. Vis. Sci 51, 3003–3018. [PubMed: 20071680] 

Guo Y, Johnson E, Cepurna W, Jia L, Dyck J, Morrison JC, 2009. Does elevated intraocular pressure 
reduce retinal TRKB-mediated survival signaling in experimental glaucoma? Exp. Eye Res 89, 
921–933. [PubMed: 19682984] 

Guo Y, Johnson EC, Cepurna WO, Dyck JA, Doser T, Morrison JC, 2011. Early gene expression 
changes in the retinal ganglion cell layer of a rat glaucoma model. Invest. Ophthalmol. Vis. Sci 52, 
1460–1473. [PubMed: 21051717] 

Hai T, Curran T, 1991. Cross-family dimerization of transcription factors Fos/Jun and ATF/CREB 
alters DNA binding specificity. Proc. Natl. Acad. Sci. U. S. A 88, 3720–3724. [PubMed: 1827203] 

Halder SK, Matsunaga H, Ishii KJ, Ueda H, 2015. Prothymosin-alpha preconditioning activates TLR4-
TRIF signaling to induce protection of ischemic retina. J. Neurochem 135, 1161–1177. [PubMed: 
26364961] 

Harder JM, Braine CE, Williams PA, Zhu X, MacNicoll KH, Sousa GL, Buchanan RA, Smith RS, 
Libby RT, Howell GR, John SWM, 2017. Early immune responses are independent of RGC 
dysfunction in glaucoma with complement component C3 being protective. Proc. Natl. Acad. Sci. 
U. S. A 114, E3839–E3848. [PubMed: 28446616] 

Hattar S, Liao HW, Takao M, Berson DM, Yau KW, 2002. Melanopsin-containing retinal ganglion 
cells: architecture, projections, and intrinsic photosensitivity. Science 295, 1065–1070. [PubMed: 
11834834] 

Hein MY, Hubner NC, Poser I, Cox J, Nagaraj N, Toyoda Y, Gak IA, Weisswange I, Mansfeld J, 
Buchholz F, Hyman AA, Mann M, 2015. A human interactome in three quantitative dimensions 
organized by stoichiometries and abundances. Cell 163, 712–723. [PubMed: 26496610] 

Hoetzenecker W, Echtenacher B, Guenova E, Hoetzenecker K, Woelbing F, Bruck J, Teske A, 
Valtcheva N, Fuchs K, Kneilling M, Park JH, Kim KH, Kim KW, Hoffmann P, Krenn C, Hai 
T, Ghoreschi K, Biedermann T, Rocken M, 2011. ROS-induced ATF3 causes susceptibility 
to secondary infections during sepsis-associated immunosuppression. Nat. Med 18, 128–134. 
[PubMed: 22179317] 

Howell GR, Libby RT, Jakobs TC, Smith RS, Phalan FC, Barter JW, Barbay JM, Marchant JK, 
Mahesh N, Porciatti V, Whitmore AV, Masland RH, John SW, 2007. Axons of retinal ganglion 

Wang et al. Page 22

Exp Eye Res. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells are insulted in the optic nerve early in DBA/2J glaucoma. J. Cell Biol 179, 1523–1537. 
[PubMed: 18158332] 

Howell GR, Libby RT, John SW, 2008. Mouse genetic models: an ideal system for understanding 
glaucomatous neurodegeneration and neuroprotection. Prog. Brain Res 173, 303–321. [PubMed: 
18929118] 

Howell GR, Macalinao DG, Sousa GL, Walden M, Soto I, Kneeland SC, Barbay JM, King BL, 
Marchant JK, Hibbs M, Stevens B, Barres BA, Clark AF, Libby RT, John SW, 2011. Molecular 
clustering identifies complement and endothelin induction as early events in a mouse model of 
glaucoma. J. Clin. Invest 121, 1429–1444. [PubMed: 21383504] 

Howell GR, MacNicoll KH, Braine CE, Soto I, Macalinao DG, Sousa GL, John SW, 2014. 
Combinatorial targeting of early pathways profoundly inhibits neurodegeneration in a mouse 
model of glaucoma. Neurobiol. Dis 71, 44–52. [PubMed: 25132557] 

Howell GR, Soto I, Libby RT, John SW, 2013. Intrinsic axonal degeneration pathways are critical for 
glaucomatous damage. Exp. Neurol 246, 54–61. [PubMed: 22285251] 

Hu Y, Park KK, Yang L, Wei X, Yang Q, Cho KS, Thielen P, Lee AH, Cartoni R, Glimcher LH, Chen 
DF, He Z, 2012. Differential effects of unfolded protein response pathways on axon injury-induced 
death of retinal ganglion cells. Neuron 73, 445–452. [PubMed: 22325198] 

Huang W, Hu F, Wang M, Gao F, Xu P, Xing C, Sun X, Zhang S, Wu J, 2018. Comparative analysis 
of retinal ganglion cell damage in three glaucomatous rat models. Exp. Eye Res 172, 112–122. 
[PubMed: 29605491] 

Investigators TA, 2000. The Advanced Glaucoma Intervention Study (AGIS): 7. The relationship 
between control of intraocular pressure and visual field deterioration. Am. J. Ophthalmol 130, 
429–440. [PubMed: 11024415] 

Jain V, Ravindran E, Dhingra NK, 2012. Differential expression of Brn3 transcription factors in 
intrinsically photosensitive retinal ganglion cells in mouse. J. Comp. Neurol 520, 742–755. 
[PubMed: 21935940] 

Jaitin DA, Kenigsberg E, Keren-Shaul H, Elefant N, Paul F, Zaretsky I, Mildner A, Cohen N, Jung S, 
Tanay A, Amit I, 2014. Massively parallel single-cell RNA-seq for marker-free decomposition of 
tissues into cell types. Science 343, 776–779. [PubMed: 24531970] 

Jakobs TC, Libby RT, Ben Y, John SW, Masland RH, 2005. Retinal ganglion cell degeneration is 
topological but not cell type specific in DBA/2J mice. J. Cell Biol 171, 313–325. [PubMed: 
16247030] 

Jammal AA, Thompson AC, Mariottoni EB, Estrela T, Shigueoka LS, Berchuck SI, Medeiros FA, 
2021. Impact of intraocular pressure control on rates of retinal nerve fiber layer loss in a large 
clinical population. Ophthalmology 128 (1), 48–57. [PubMed: 32579892] 

Jankowski MP, Cornuet PK, McIlwrath S, Koerber HR, Albers KM, 2006. SRY-box containing gene 
11 (Sox11) transcription factor is required for neuron survival and neurite growth. Neuroscience 
143, 501–514. [PubMed: 17055661] 

Jankowski MP, McIlwrath SL, Jing X, Cornuet PK, Salerno KM, Koerber HR, Albers KM, 2009. 
Sox11 transcription factor modulates peripheral nerve regeneration in adult mice. Brain Res 1256, 
43–54. [PubMed: 19133245] 

Jauhiainen A, Thomsen C, Strombom L, Grundevik P, Andersson C, Danielsson A, Andersson MK, 
Nerman O, Rorkvist L, Stahlberg A, Aman P, 2012. Distinct cytoplasmic and nuclear functions of 
the stress induced protein DDIT3/CHOP/GADD153. PloS One 7, e33208. [PubMed: 22496745] 

Jing X, Wang T, Huang S, Glorioso JC, Albers KM, 2012. The transcription factor Sox11 promotes 
nerve regeneration through activation of the regeneration-associated gene Sprr1a. Exp. Neurol 233, 
221–232. [PubMed: 22024412] 

Kalesnykas G, Oglesby EN, Zack DJ, Cone FE, Steinhart MR, Tian J, Pease ME, Quigley HA, 2012. 
Retinal ganglion cell morphology after optic nerve crush and experimental glaucoma. Invest. 
Ophthalmol. Vis. Sci 53, 3847–3857. [PubMed: 22589442] 

Kaneko A, Kiryu-Seo S, Matsumoto S, Kiyama H, 2017. Damage-induced neuronal endopeptidase 
(DINE) enhances axonal regeneration potential of retinal ganglion cells after optic nerve injury. 
Cell Death Dis 8, e2847. [PubMed: 28569783] 

Wang et al. Page 23

Exp Eye Res. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Kay JN, De la Huerta I, Kim IJ, Zhang Y, Yamagata M, Chu MW, Meister M, Sanes JR, 2011. 
Retinal ganglion cells with distinct directional preferences differ in molecular identity, structure, 
and central projections. J. Neurosci 31, 7753–7762. [PubMed: 21613488] 

Keeley PW, Whitney IE, Madsen NR, St John AJ, Borhanian S, Leong SA, Williams RW, Reese BE, 
2014. Independent genomic control of neuronal number across retinal cell types. Dev. Cell 30, 
103–109. [PubMed: 24954025] 

Kilic U, Kilic E, Matter CM, Bassetti CL, Hermann DM, 2008. TLR-4 deficiency protects against 
focal cerebral ischemia and axotomy-induced neurodegeneration. Neurobiol. Dis 31, 33–40. 
[PubMed: 18486483] 

Kim IJ, Zhang Y, Meister M, Sanes JR, 2010. Laminar restriction of retinal ganglion cell dendrites and 
axons: subtype-specific developmental patterns revealed with transgenic markers. J. Neurosci 30, 
1452–1462. [PubMed: 20107072] 

King R, Struebing FL, Li Y, Wang J, Koch AA, Cooke Bailey JN, Gharahkhani P, International 
Glaucoma Genetics C, Consortium N, MacGregor S, Allingham RR, Hauser MA, Wiggs JL, 
Geisert EE, 2018. Genomic locus modulating corneal thickness in the mouse identifies POU6F2 as 
a potential risk of developing glaucoma. PLoS Genet 14, e1007145. [PubMed: 29370175] 

Kole C, Brommer B, Nakaya N, Sengupta M, Bonet-Ponce L, Zhao T, Wang C, Li W, He Z, Tomarev 
S, 2020. Activating transcription factor 3 (ATF3) protects retinal ganglion cells and promotes 
functional preservation after optic nerve crush. Invest. Ophthalmol. Vis. Sci 61, 31.

Krieger B, Qiao M, Rousso DL, Sanes JR, Meister M, 2017. Four alpha ganglion cell types in 
mouse retina: function, structure, and molecular signatures. PloS One 12, e0180091. [PubMed: 
28753612] 

Ku HC, Cheng CF, 2020. Master regulator activating transcription factor 3 (ATF3) in metabolic 
homeostasis and cancer. Front. Endocrinol 11, 556.

Kumari R, Astafurov K, Genis A, Danias J, 2015. Differential effects of C1qa ablation on 
glaucomatous damage in two sexes in DBA/2NNia mice. PloS One 10, e0142199. [PubMed: 
26544197] 

Leng N, Chu LF, Barry C, Li Y, Choi J, Li X, Jiang P, Stewart RM, Thomson JA, Kendziorski C, 
2015. Oscope identifies oscillatory genes in unsynchronized single-cell RNA-seq experiments. 
Nat. Methods 12, 947–950. [PubMed: 26301841] 

Leon S, Yin Y, Nguyen J, Irwin N, Benowitz LI, 2000. Lens injury stimulates axon regeneration in the 
mature rat optic nerve. J. Neurosci 20, 4615–4626. [PubMed: 10844031] 

Leske MC, 1983. The epidemiology of open-angle glaucoma: a review. Am. J. Epidemiol 118, 166–
191. [PubMed: 6349332] 

Leske MC, Heijl A, Hussein M, Bengtsson B, Hyman L, Komaroff E, Early Manifest Glaucoma 
Trial, G., 2003. Factors for glaucoma progression and the effect of treatment: the early manifest 
glaucoma trial. Arch. Ophthalmol 121, 48–56. [PubMed: 12523884] 

Li X, Wang W, Wang J, Malovannaya A, Xi Y, Li W, Guerra R, Hawke DH, Qin J, Chen J, 
2015. Proteomic analyses reveal distinct chromatin-associated and soluble transcription factor 
complexes. Mol. Syst. Biol 11, 775. [PubMed: 25609649] 

Li Y, Schlamp CL, Nickells RW, 1999. Experimental induction of retinal ganglion cell death in adult 
mice. Invest. Ophthalmol. Vis. Sci 40, 1004–1008. [PubMed: 10102300] 

Li Y, Semaan SJ, Schlamp CL, Nickells RW, 2007. Dominant inheritance of retinal ganglion cell 
resistance to optic nerve crush in mice. BMC Neurosci 8, 19. [PubMed: 17338819] 

Li Y, Struebing FL, Wang J, King R, Geisert EE, 2018. Different effect of Sox11 in retinal ganglion 
cells survival and axon regeneration. Front. Genet 9, 633. [PubMed: 30619460] 

Li Y, Wang J, King R, Geisert E, 2019. POU6F2 positive retinal ganglion cells a novel group of 
ON-OFF directionally selective subtypes in the mouse retina. bioRxiv Preprint

Liang G, Wolfgang CD, Chen BP, Chen TH, Hai T, 1996. ATF3 gene. Genomic organization, 
promoter, and regulation. J. Biol. Chem 271, 1695–1701. [PubMed: 8576171] 

Lichter PR, Musch DC, Gillespie BW, Guire KE, Janz NK, Wren PA, Mills RP, Group CS, 2001. 
Interim clinical outcomes in the Collaborative Initial Glaucoma Treatment Study comparing 
initial treatment randomized to medications or surgery. Ophthalmology 108, 1943–1953. 
[PubMed: 11713061] 

Wang et al. Page 24

Exp Eye Res. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Liu Y, Allingham RR, 2011. Molecular genetics in glaucoma. Exp. Eye Res 93, 331–339. [PubMed: 
21871452] 

Lugowski A, Nicholson B, Rissland OS, 2018. Determining mRNA half-lives on a transcriptome-wide 
scale. Methods 137, 90–98. [PubMed: 29247756] 

Lunn ER, Perry VH, Brown MC, Rosen H, Gordon S, 1989. Absence of wallerian degeneration does 
not hinder regeneration in peripheral nerve. Eur. J. Neurosci 1, 27–33. [PubMed: 12106171] 

Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K, Goldman M, Tirosh I, Bialas AR, Kamitaki N, 
Martersteck EM, Trombetta JJ, Weitz DA, Sanes JR, Shalek AK, Regev A, McCarroll SA, 2015. 
Highly parallel genome-wide expression profiling of individual cells using nanoliter droplets. 
Cell 161, 1202–1214. [PubMed: 26000488] 

Marola OJ, Syc-Mazurek SB, Libby RT, 2019. DDIT3 (CHOP) contributes to retinal ganglion cell 
somal loss but not axonal degeneration in DBA/2J mice. Cell Death Dis 5, 140.

Mathieson T, Franken H, Kosinski J, Kurzawa N, Zinn N, Sweetman G, Poeckel D, Ratnu VS, 
Schramm M, Becher I, Steidel M, Noh KM, Bergamini G, Beck M, Bantscheff M, Savitski MM, 
2018. Systematic analysis of protein turnover in primary cells. Nat. Commun 9, 689. [PubMed: 
29449567] 

McKinnon SJ, Schlamp CL, Nickells RW, 2009. Mouse models of retinal ganglion cell death and 
glaucoma. Exp. Eye Res 88, 816–824. [PubMed: 19105954] 

McMahon DG, Iuvone PM, Tosini G, 2014. Circadian organization of the mammalian retina: 
from gene regulation to physiology and diseases. Prog. Retin. Eye Res 39, 58–76. [PubMed: 
24333669] 

Medeiros FA, Sample PA, Weinreb RN, 2003. Corneal thickness measurements and visual function 
abnormalities in ocular hypertensive patients. Am. J. Ophthalmol 135, 131–137. [PubMed: 
12566014] 

Mellough CB, Cui Q, Spalding KL, Symons NA, Pollett MA, Snyder EY, Macklis JD, Harvey 
AR, 2004. Fate of multipotent neural precursor cells transplanted into mouse retina selectively 
depleted of retinal ganglion cells. Exp. Neurol 186, 6–19. [PubMed: 14980806] 

Morzaev D, Nicholson JD, Caspi T, Weiss S, Hochhauser E, Goldenberg-Cohen N, 2015. Toll-like 
receptor-4 knockout mice are more resistant to optic nerve crush damage than wild-type mice. 
Clin. Exp. Ophthalmol 43, 655–665. [PubMed: 25752496] 

Mukherjee S, Klaus C, Pricop-Jeckstadt M, Miller JA, Struebing FL, 2019. A microglial signature 
directing human aging and neurodegeneration-related gene networks. Front. Neurosci 13, 2. 
[PubMed: 30733664] 

Mungrue IN, Pagnon J, Kohannim O, Gargalovic PS, Lusis AJ, 2009. CHAC1/MGC4504 is a novel 
proapoptotic component of the unfolded protein response, downstream of the ATF4-ATF3-CHOP 
cascade. J. Immunol 182, 466–476. [PubMed: 19109178] 

Munguba GC, Geisert EE, Williams RW, Tapia ML, Lam DK, Bhattacharya SK, Lee RK, 2013. 
Effects of glaucoma on Chrna6 expression in the retina. Curr. Eye Res 38, 150–157. [PubMed: 
23002780] 

Nakagomi S, Suzuki Y, Namikawa K, Kiryu-Seo S, Kiyama H, 2003. Expression of the activating 
transcription factor 3 prevents c-Jun N-terminal kinase-induced neuronal death by promoting heat 
shock protein 27 expression and Akt activation. J. Neurosci 23, 5187–5196. [PubMed: 12832543] 

Nickells RW, 2012. The cell and molecular biology of glaucoma: mechanisms of retinal ganglion cell 
death. Invest. Ophthalmol. Vis. Sci 53, 2476–2481. [PubMed: 22562845] 

Norrie JL, Lupo MS, Xu B, Al Diri I, Valentine M, Putnam D, Griffiths L, Zhang J, Johnson D, Easton 
J, Shao Y, Honnell V, Frase S, Miller S, Stewart V, Zhou X, Chen X, Dyer MA, 2019. Nucleome 
dynamics during retinal development. Neuron 104, 512–528 e511. [PubMed: 31493975] 

Norsworthy MW, Bei F, Kawaguchi R, Wang Q, Tran NM, Li Y, Brommer B, Zhang Y, Wang C, Sanes 
JR, Coppola G, He Z, 2017. Sox11 expression promotes regeneration of some retinal ganglion 
cell types but kills others. Neuron 94, 1112–1120 e1114. [PubMed: 28641110] 

Oh-Hashi K, Nomura Y, Shimada K, Koga H, Hirata Y, Kiuchi K, 2013. Transcriptional and post-
translational regulation of mouse cation transport regulator homolog 1. Mol. Cell. Biochem 380, 
97–106. [PubMed: 23615711] 

Wang et al. Page 25

Exp Eye Res. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Orsini F, De Blasio D, Zangari R, Zanier ER, De Simoni MG, 2014. Versatility of the complement 
system in neuroinflammation, neurodegeneration and brain homeostasis. Front. Cell. Neurosci 8, 
380. [PubMed: 25426028] 

Otero JJ, 2018. Neural regeneration a century after Ramon y cajal’s decree. Am. J. Pathol 188, 4–5. 
[PubMed: 29030050] 

Panagis L, Zhao X, Ge Y, Ren L, Mittag TW, Danias J, 2010. Gene expression changes in areas of 
focal loss of retinal ganglion cells in the retina of DBA/2J mice. Invest. Ophthalmol. Vis. Sci 51, 
2024–2034. [PubMed: 19737878] 

Pang IH, Clark AF, 2020. Inducible rodent models of glaucoma. Prog. Retin. Eye Res 75, 100799. 
[PubMed: 31557521] 

Park KK, Liu K, Hu Y, Smith PD, Wang C, Cai B, Xu B, Connolly L, Kramvis I, Sahin M, He Z, 2008. 
Promoting axon regeneration in the adult CNS by modulation of the PTEN/mTOR pathway. 
Science 322, 963–966. [PubMed: 18988856] 

Park YH, Snook JD, Ostrin EJ, Kim S, Chen R, Frankfort BJ, 2019. Transcriptomic profiles of retinal 
ganglion cells are defined by the magnitude of intraocular pressure elevation in adult mice. Sci. 
Rep 9, 2594. [PubMed: 30796289] 

Pauly D, Agarwal D, Dana N, Schafer N, Biber J, Wunderlich KA, Jabri Y, Straub T, Zhang NR, 
Gautam AK, Weber BHF, Hauck SM, Kim M, Curcio CA, Stambolian D, Li M, Grosche A, 
2019. Cell-type-specific complement expression in the healthy and diseased retina. Cell Rep 29, 
2835–2848 e2834. [PubMed: 31775049] 

Pearson AG, Gray CW, Pearson JF, Greenwood JM, During MJ, Dragunow M, 2003. ATF3 enhances 
c-Jun-mediated neurite sprouting. Brain Res Mol Brain Res 120, 38–45. [PubMed: 14667575] 

Pekny M, Wilhelmsson U, Pekna M, 2014. The dual role of astrocyte activation and reactive gliosis. 
Neurosci. Lett 565, 30–38. [PubMed: 24406153] 

Peng YR, Shekhar K, Yan W, Herrmann D, Sappington A, Bryman GS, van Zyl T, Do MTH, Regev 
A, Sanes JR, 2019. Molecular classification and comparative taxonomics of foveal and peripheral 
cells in primate retina. Cell 176, 1222–1237 e1222. [PubMed: 30712875] 

Perez de Sevilla Muller L, Sargoy A, Rodriguez AR, Brecha NC, 2014. Melanopsin ganglion cells are 
the most resistant retinal ganglion cell type to axonal injury in the rat retina. PloS One 9, e93274. 
[PubMed: 24671191] 

Perry VH, Brown MC, Lunn ER, 1991. Very slow retrograde and wallerian degeneration in the CNS of 
C57BL/Ola mice. Eur. J. Neurosci 3, 102–105. [PubMed: 12106273] 

Pikman Y, Puissant A, Alexe G, Furman A, Chen LM, Frumm SM, Ross L, Fenouille N, Bassil 
CF, Lewis CA, Ramos A, Gould J, Stone RM, DeAngelo DJ, Galinsky I, Clish CB, Kung AL, 
Hemann MT, Vander Heiden MG, Banerji V, Stegmaier K, 2016. Targeting MTHFD2 in acute 
myeloid leukemia. J. Exp. Med 213, 1285–1306. [PubMed: 27325891] 

Poyomtip T, 2019. Roles of toll-like receptor 4 for cellular pathogenesis in primary open-angle 
glaucoma: a potential therapeutic strategy. J. Microbiol. Immunol. Infect 52, 201–206. [PubMed: 
30612922] 

Puyang Z, Chen H, Liu X, 2015. Subtype-dependent morphological and functional degeneration of 
retinal ganglion cells in mouse models of experimental glaucoma. J. Nat. Sci 1, e103. [PubMed: 
26000339] 

Puyang Z, Gong HQ, He SG, Troy JB, Liu X, Liang PJ, 2017. Different functional susceptibilities 
of mouse retinal ganglion cell subtypes to optic nerve crush injury. Exp. Eye Res 162, 97–103. 
[PubMed: 28629926] 

Quigley HA, 1996. Number of people with glaucoma worldwide. Br. J. Ophthalmol 80, 389–393. 
[PubMed: 8695555] 

Quigley HA, Nickells RW, Kerrigan LA, Pease ME, Thibault DJ, Zack DJ, 1995. Retinal ganglion cell 
death in experimental glaucoma and after axotomy occurs by apoptosis. Invest. Ophthalmol. Vis. 
Sci 36, 774–786. [PubMed: 7706025] 

Quigley HA, Sanchez RM, Dunkelberger GR, L’Hernault NL, Baginski TA, 1987. Chronic glaucoma 
selectively damages large optic nerve fibers. Invest. Ophthalmol. Vis. Sci 28, 913–920. [PubMed: 
3583630] 

Ramón y Cajal S, 1892. La retine des vert’ebrés Lierre, Belg.: Van.

Wang et al. Page 26

Exp Eye Res. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ramón y Cajal S, 1926. Degeneration and Regeneration of the Nervous System Haffner Publishing 
Company, New York, NY.

Resch ZT, Fautsch MP, 2009. Glaucoma-associated myocilin: a better understanding but much more to 
learn. Exp. Eye Res 88, 704–712. [PubMed: 18804106] 

Rheaume BA, Jereen A, Bolisetty M, Sajid MS, Yang Y, Renna K, Sun L, Robson P, Trakhtenberg EF, 
2018. Single cell transcriptome profiling of retinal ganglion cells identifies cellular subtypes. Nat. 
Commun 9, 2759. [PubMed: 30018341] 

Ringseis R, Rosenbaum S, Gessner DK, Herges L, Kubens JF, Mooren FC, Kruger K, Eder K, 2013. 
Supplementing obese Zucker rats with niacin induces the transition of glycolytic to oxidative 
skeletal muscle fibers. J. Nutr 143, 125–131. [PubMed: 23256146] 

Risner ML, Pasini S, Cooper ML, Lambert WS, Calkins DJ, 2018. Axogenic mechanism enhances 
retinal ganglion cell excitability during early progression in glaucoma. Proc. Natl. Acad. Sci. U. 
S. A 115, E2393–E2402. [PubMed: 29463759] 

Robinson GA, Madison RD, 2004. Axotomized mouse retinal ganglion cells containing melanopsin 
show enhanced survival, but not enhanced axon regrowth into a peripheral nerve graft. Vis. Res 
44, 2667–2674. [PubMed: 15358062] 

Rohini M, Haritha Menon A, Selvamurugan N, 2018. Role of activating transcription factor 3 and its 
interacting proteins under physiological and pathological conditions. Int. J. Biol. Macromol 120, 
310–317. [PubMed: 30144543] 

Ruiz-Ederra J, Verkman AS, 2006. Mouse model of sustained elevation in intraocular pressure 
produced by episcleral vein occlusion. Exp. Eye Res 82, 879–884. [PubMed: 16310189] 

Sajgo S, Ghinia MG, Brooks M, Kretschmer F, Chuang K, Hiriyanna S, Wu Z, Popescu O, Badea TC, 
2017. Molecular codes for cell type specification in Brn3 retinal ganglion cells. Proc. Natl. Acad. 
Sci. U. S. A 114, E3974–E3983. [PubMed: 28465430] 

Samsel PA, Kisiswa L, Erichsen JT, Cross SD, Morgan JE, 2011. A novel method for the induction 
of experimental glaucoma using magnetic microspheres. Invest. Ophthalmol. Vis. Sci 52, 1671–
1675. [PubMed: 20926815] 

Sanchez RM, Dunkelberger GR, Quigley HA, 1986. The number and diameter distribution of axons in 
the monkey optic nerve. Invest. Ophthalmol. Vis. Sci 27, 1342–1350. [PubMed: 3744724] 

Sandoval PC, Slentz DH, Pisitkun T, Saeed F, Hoffert JD, Knepper MA, 2013. Proteome-wide 
measurement of protein half-lives and translation rates in vasopressin-sensitive collecting duct 
cells. J. Am. Soc. Nephrol 24, 1793–1805. [PubMed: 24029424] 

Sanes JR, Masland RH, 2015. The types of retinal ganglion cells: current status and implications for 
neuronal classification. Annu. Rev. Neurosci 38, 221–246. [PubMed: 25897874] 

Santofimia-Castano P, Lan W, Bintz J, Gayet O, Carrier A, Lomberk G, Neira JL, Gonzalez A, 
Urrutia R, Soubeyran P, Iovanna J, 2018. Inactivation of NUPR1 promotes cell death by coupling 
ER-stress responses with necrosis. Sci. Rep 8, 16999. [PubMed: 30451898] 

Sanz-Morello B, Pfisterer U, Winther Hansen N, Demharter S, Thakur A, Fujii K, Levitskii SA, 
Montalant A, Korshunova I, Mammen PP, Kamenski P, Noguchi S, Aldana BI, Hougaard KS, 
Perrier JF, Khodosevich K, 2020. Complex IV subunit isoform COX6A2 protects fast-spiking 
interneurons from oxidative stress and supports their function. EMBO J, e105759 [PubMed: 
32744742] 

Sappington RM, Carlson BJ, Crish SD, Calkins DJ, 2010. The microbead occlusion model: a paradigm 
for induced ocular hypertension in rats and mice. Invest. Ophthalmol. Vis. Sci 51, 207–216. 
[PubMed: 19850836] 

Schlamp CL, Johnson EC, Li Y, Morrison JC, Nickells RW, 2001. Changes in Thy1 gene expression 
associated with damaged retinal ganglion cells. Mol. Vis 7, 192–201. [PubMed: 11509915] 

Sears NC, Boese EA, Miller MA, Fingert JH, 2019. Mendelian genes in primary open angle glaucoma. 
Exp. Eye Res 186, 107702. [PubMed: 31238079] 

Sharma TP, McDowell CM, Liu Y, Wagner AH, Thole D, Faga BP, Wordinger RJ, Braun TA, Clark 
AF, 2014. Optic nerve crush induces spatial and temporal gene expression patterns in retina and 
optic nerve of BALB/cJ mice. Mol. Neurodegener 9, 14. [PubMed: 24767545] 

Wang et al. Page 27

Exp Eye Res. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sharova LV, Sharov AA, Nedorezov T, Piao Y, Shaik N, Ko MS, 2009. Database for mRNA half-life 
of 19 977 genes obtained by DNA microarray analysis of pluripotent and differentiating mouse 
embryonic stem cells. DNA Res 16, 45–58. [PubMed: 19001483] 

Silverman SM, Kim BJ, Howell GR, Miller J, John SW, Wordinger RJ, Clark AF, 2016. C1q 
propagates microglial activation and neurodegeneration in the visual axis following retinal 
ischemia/reperfusion injury. Mol. Neurodegener 11, 24. [PubMed: 27008854] 

Snow RL, Robson JA, 1994. Ganglion cell neurogenesis, migration and early differentiation in the 
chick retina. Neuroscience 58, 399–409. [PubMed: 8152546] 

Soto I, Howell GR, 2014. The complex role of neuroinflammation in glaucoma. Cold Spring Harb 
Perspect Med 4.

Springelkamp H, Iglesias AI, Mishra A, Hohn R, Wojciechowski R, Khawaja AP, Nag A, Wang YX, 
Wang JJ, Cuellar-Partida G, Gibson J, Cooke Bailey JN, Vithana EN, Gharahkhani P, Boutin T, 
Ramdas WD, Zeller T, Luben RN, Yonova-Doing E, Viswanathan AC, Yazar S, Cree AJ, Haines 
JL, Koh JY, Souzeau E, Wilson JF, Amin N, Muller C, Venturini C, Kearns LS, Hee Kang J, 
Consortium N, Tham YC, Zhou T, van Leeuwen EM, Nickels S, Sanfilippo P, Liao J, Linde HV, 
Zhao W, van Koolwijk LM, Zheng L, Rivadeneira F, Baskaran M, van der Lee SJ, Perera S, de 
Jong PT, Oostra BA, Uitterlinden AG, Fan Q, Hofman A, Shyong Tai E, Vingerling JR, Sim X, 
Wolfs RC, Teo YY, Lemij HG, Khor CC, Willemsen R, Lackner KJ, Aung T, Jansonius NM, 
Montgomery G, Wild PS, Young TL, Burdon KP, Hysi PG, Pasquale LR, Wong TY, Klaver CC, 
Hewitt AW, Jonas JB, Mitchell P, Lotery AJ, Foster PJ, Vitart V, Pfeiffer N, Craig JE, Mackey 
DA, Hammond CJ, Wiggs JL, Cheng CY, van Duijn CM, MacGregor S, 2017. New insights into 
the genetics of primary open-angle glaucoma based on meta-analyses of intraocular pressure and 
optic disc characteristics. Hum. Mol. Genet

Springelkamp H, Mishra A, Hysi PG, Gharahkhani P, Hohn R, Khor CC, Cooke Bailey JN, Luo X, 
Ramdas WD, Vithana E, Koh V, Yazar S, Xu L, Forward H, Kearns LS, Amin N, Iglesias AI, Sim 
KS, van Leeuwen EM, Demirkan A, van der Lee S, Loon SC, Rivadeneira F, Nag A, Sanfilippo 
PG, Schillert A, de Jong PT, Oostra BA, Uitterlinden AG, Hofman A, Consortium N, Zhou T, 
Burdon KP, Spector TD, Lackner KJ, Saw SM, Vingerling JR, Teo YY, Pasquale LR, Wolfs 
RC, Lemij HG, Tai ES, Jonas JB, Cheng CY, Aung T, Jansonius NM, Klaver CC, Craig JE, 
Young TL, Haines JL, MacGregor S, Mackey DA, Pfeiffer N, Wong TY, Wiggs JL, Hewitt AW, 
van Duijn CM, Hammond CJ, 2015. Meta-analysis of genome-wide association studies identifies 
novel loci associated with optic disc morphology. Genet. Epidemiol 39, 207–216. [PubMed: 
25631615] 

Steele MR, Inman DM, Calkins DJ, Horner PJ, Vetter ML, 2006. Microarray analysis of retinal 
gene expression in the DBA/2J model of glaucoma. Invest. Ophthalmol. Vis. Sci 47, 977–985. 
[PubMed: 16505032] 

Stone EM, Fingert JH, Alward WL, Nguyen TD, Polansky JR, Sunden SL, Nishimura D, Clark 
AF, Nystuen A, Nichols BE, Mackey DA, Ritch R, Kalenak JW, Craven ER, Sheffield VC, 
1997. Identification of a gene that causes primary open angle glaucoma. Science 275, 668–670. 
[PubMed: 9005853] 

Struebing FL, Geisert EE, 2015. What animal models can tell us about glaucoma. Prog Mol Biol 
Transl Sci 134, 365–380. [PubMed: 26310165] 

Struebing FL, King R, Li Y, Chrenek MA, Lyuboslavsky PN, Sidhu CS, Iuvone PM, Geisert EE, 
2018a. Transcriptional changes in the mouse retina after ocular blast injury: a role for the 
immune system. J. Neurotrauma 35, 118–129. [PubMed: 28599600] 

Struebing FL, King R, Li Y, Cooke Bailey JN, consortium N, Wiggs JL, Geisert EE, 2018b. Genomic 
loci modulating retinal ganglion cell death following elevated IOP in the mouse. Exp. Eye Res 
169, 61–67. [PubMed: 29421330] 

Struebing FL, Lee RK, Williams RW, Geisert EE, 2016. Genetic networks in mouse retinal ganglion 
cells. Front. Genet 7, 169. [PubMed: 27733864] 

Sullivan TA, Geisert EE, Templeton JP, Rex TS, 2012. Dose-dependent treatment of optic nerve crush 
by exogenous systemic mutant erythropoietin. Exp. Eye Res 96, 36–41. [PubMed: 22306016] 

Syc-Mazurek SB, Fernandes KA, Wilson MP, Shrager P, Libby RT, 2017. Together JUN and DDIT3 
(CHOP) control retinal ganglion cell death after axonal injury. Mol. Neurodegener 12, 71. 
[PubMed: 28969695] 

Wang et al. Page 28

Exp Eye Res. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Syc-Mazurek SB, Libby RT, 2019. Axon injury signaling and compartmentalized injury response in 
glaucoma. Prog. Retin. Eye Res 73, 100769. [PubMed: 31301400] 

Takeda M, Kato H, Takamiya A, Yoshida A, Kiyama H, 2000. Injury-specific expression of activating 
transcription factor-3 in retinal ganglion cells and its colocalized expression with phosphorylated 
c-Jun. Invest. Ophthalmol. Vis. Sci 41, 2412–2421. [PubMed: 10937548] 

Tanabe K, Bonilla I, Winkles JA, Strittmatter SM, 2003. Fibroblast growth factor-inducible-14 is 
induced in axotomized neurons and promotes neurite outgrowth. J. Neurosci 23, 9675–9686. 
[PubMed: 14573547] 

Tanaka Y, Nakamura A, Morioka MS, Inoue S, Tamamori-Adachi M, Yamada K, Taketani K, 
Kawauchi J, Tanaka-Okamoto M, Miyoshi J, Tanaka H, Kitajima S, 2011. Systems analysis 
of ATF3 in stress response and cancer reveals opposing effects on pro-apoptotic genes in p53 
pathway. PloS One 6, e26848. [PubMed: 22046379] 

Templeton JP, Freeman NE, Nickerson JM, Jablonski MM, Rex TS, Williams RW, Geisert EE, 2013. 
Innate immune network in the retina activated by optic nerve crush. Invest. Ophthalmol. Vis. Sci 
54, 2599–2606. [PubMed: 23493296] 

Templeton JP, Geisert EE, 2012. A practical approach to optic nerve crush in the mouse. Mol. Vis 18, 
2147–2152. [PubMed: 22876142] 

Templeton JP, Nassr M, Vazquez-Chona F, Freeman-Anderson NE, Orr WE, Williams RW, Geisert EE, 
2009. Differential response of C57BL/6J mouse and DBA/2J mouse to optic nerve crush. BMC 
Neurosci 10, 90. [PubMed: 19643015] 

Thompson MR, Xu D, Williams BR, 2013. Activating transcription factor 3 contributes to Toll-like 
receptor-mediated macrophage survival via repression of Bax and Bak. J. Interferon Cytokine 
Res 33, 682–693. [PubMed: 23697557] 

Thylefors B, Negrel AD, 1994. The global impact of glaucoma. Bull. World Health Organ 72, 323–
326. [PubMed: 8062393] 

Tran NM, Shekhar K, Whitney IE, Jacobi A, Benhar I, Hong G, Yan W, Adiconis X, Arnold ME, Lee 
JM, Levin JZ, Lin D, Wang C, Lieber CM, Regev A, He Z, Sanes JR, 2019. Single-cell profiles 
of retinal ganglion cells differing in resilience to injury reveal neuroprotective genes. Neuron 
104, 1039–1055 e1012. [PubMed: 31784286] 

Trouw LA, Blom AM, Gasque P, 2008. Role of complement and complement regulators in the removal 
of apoptotic cells. Mol. Immunol 45, 1199–1207. [PubMed: 17961651] 

Tsujino H, Kondo E, Fukuoka T, Dai Y, Tokunaga A, Miki K, Yonenobu K, Ochi T, Noguchi K, 2000. 
Activating transcription factor 3 (ATF3) induction by axotomy in sensory and motoneurons: a 
novel neuronal marker of nerve injury. Mol. Cell. Neurosci 15, 170–182. [PubMed: 10673325] 

Ueno S, Yoneshige A, Koriyama Y, Hagiyama M, Shimomura Y, Ito A, 2018. Early gene expression 
profile in retinal ganglion cell layer after optic nerve crush in mice. Invest. Ophthalmol. Vis. Sci 
59, 370–380. [PubMed: 29346801] 

Vazquez-Chona F, Song BK, Geisert EE Jr., 2004. Temporal changes in gene expression after injury in 
the rat retina. Invest. Ophthalmol. Vis. Sci 45, 2737–2746. [PubMed: 15277499] 

Veerhuis R, Nielsen HM, Tenner AJ, 2011. Complement in the brain. Mol. Immunol 48, 1592–1603. 
[PubMed: 21546088] 

Walker DG, Kim SU, McGeer PL, 1995. Complement and cytokine gene expression in cultured 
microglial derived from postmortem human brains. J. Neurosci. Res 40, 478–493. [PubMed: 
7616608] 

Wang H, Song X, Li M, Wang X, Tao Y, Xiya X, Liu H, Zhao Y, Chang D, Sha Q, 2020. The role of 
TLR4/NF-kappaB signaling pathway in activated microglia of rats with chronic high intraocular 
pressure and vitro scratch injury-induced microglia. Int. Immunopharm 83, 106395.

Wang J, Li Y, King R, Struebing FL, Geisert EE, 2018. Optic nerve regeneration in the mouse is a 
complex trait modulated by genetic background. Mol. Vis 24, 174–186. [PubMed: 29463955] 

Wang JT, Barres BA, 2012. Axon degeneration: where the Wlds things are. Curr. Biol 22, R221–R223. 
[PubMed: 22497934] 

Wang JT, Medress ZA, Vargas ME, Barres BA, 2015a. Local axonal protection by WldS as revealed 
by conditional regulation of protein stability. Proc. Natl. Acad. Sci. U. S. A 112, 10093–10100. 
[PubMed: 26209654] 

Wang et al. Page 29

Exp Eye Res. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Wang N, Zeng GZ, Yin JL, Bian ZX, 2019. Artesunate activates the ATF4-CHOP-CHAC1 pathway 
and affects ferroptosis in Burkitt’s Lymphoma. Biochem. Biophys. Res. Commun 519, 533–539. 
[PubMed: 31537387] 

Wang Z, Reynolds A, Kirry A, Nienhaus C, Blackmore MG, 2015b. Overexpression of Sox11 
promotes corticospinal tract regeneration after spinal injury while interfering with functional 
recovery. J. Neurosci 35, 3139–3145. [PubMed: 25698749] 

Watanabe M, Fukuda Y, 2002. Survival and axonal regeneration of retinal ganglion cells in adult cats. 
Prog. Retin. Eye Res 21, 529–553. [PubMed: 12433376] 

Watkins TA, Wang B, Huntwork-Rodriguez S, Yang J, Jiang Z, Eastham-Anderson J, Modrusan Z, 
Kaminker JS, Tessier-Lavigne M, Lewcock JW, 2013. DLK initiates a transcriptional program 
that couples apoptotic and regenerative responses to axonal injury. Proc. Natl. Acad. Sci. U. S. A 
110, 4039–4044. [PubMed: 23431164] 

Weber AJ, Harman CD, 2005. Structure-function relations of parasol cells in the normal and 
glaucomatous primate retina. Invest. Ophthalmol. Vis. Sci 46, 3197–3207. [PubMed: 16123419] 

Welsbie DS, Mitchell KL, Jaskula-Ranga V, Sluch VM, Yang Z, Kim J, Buehler E, Patel A, Martin 
SE, Zhang PW, Ge Y, Duan Y, Fuller J, Kim BJ, Hamed E, Chamling X, Lei L, Fraser IDC, 
Ronai ZA, Berlinicke CA, Zack DJ, 2017. Enhanced functional genomic screening identifies 
novel mediators of dual leucine zipper kinase-dependent injury signaling in neurons. Neuron 94, 
1142–1154 e1146. [PubMed: 28641113] 

Whitney EM, Ghaleb AM, Chen X, Yang VW, 2006. Transcriptional profiling of the cell cycle 
checkpoint gene kruppel-like factor 4 reveals a global inhibitory function in macromolecular 
biosynthesis. Gene Expr 13, 85–96. [PubMed: 17017123] 

Wiggs JL, Hauser MA, Abdrabou W, Allingham RR, Budenz DL, Delbono E, Friedman DS, Kang 
JH, Gaasterland D, Gaasterland T, Lee RK, Lichter PR, Loomis S, Liu Y, McCarty C, Medeiros 
FA, Moroi SE, Olson LM, Realini A, Richards JE, Rozsa FW, Schuman JS, Singh K, Stein 
JD, Vollrath D, Weinreb RN, Wollstein G, Yaspan BL, Yoneyama S, Zack D, Zhang K, Pericak-
Vance M, Pasquale LR, Haines JL, 2013. The NEIGHBOR consortium primary open-angle 
glaucoma genome-wide association study: rationale, study design, and clinical variables. J. 
Glaucoma 22, 517–525. [PubMed: 22828004] 

Williams PA, Harder JM, Foxworth NE, Cardozo BH, Cochran KE, John SWM, 2017a. Nicotinamide 
and WLD(S) act together to prevent neurodegeneration in glaucoma. Front. Neurosci 11, 232. 
[PubMed: 28487632] 

Williams PA, Harder JM, Foxworth NE, Cochran KE, Philip VM, Porciatti V, Smithies O, John SW, 
2017b. Vitamin B3 modulates mitochondrial vulnerability and prevents glaucoma in aged mice. 
Science 355, 756–760. [PubMed: 28209901] 

Williams PA, Harder JM, John SWM, 2017c. Glaucoma as a metabolic optic neuropathy: making the 
case for nicotinamide treatment in glaucoma. J. Glaucoma 26, 1161–1168. [PubMed: 28858158] 

Williams PA, Howell GR, Barbay JM, Braine CE, Sousa GL, John SW, Morgan JE, 2013. Retinal 
ganglion cell dendritic atrophy in DBA/2J glaucoma. PloS One 8, e72282. [PubMed: 23977271] 

Williams PA, Tribble JR, Pepper KW, Cross SD, Morgan BP, Morgan JE, John SW, Howell GR, 
2016. Inhibition of the classical pathway of the complement cascade prevents early dendritic and 
synaptic degeneration in glaucoma. Mol. Neurodegener 11, 26. [PubMed: 27048300] 

Williams RW, Strom RC, Rice DS, Goldowitz D, 1996. Genetic and environmental control of variation 
in retinal ganglion cell number in mice. J. Neurosci 16, 7193–7205. [PubMed: 8929428] 

Xiang M, Zhou L, Macke JP, Yoshioka T, Hendry SH, Eddy RL, Shows TB, Nathans J, 1995. The 
Brn-3 family of POU-domain factors: primary structure, binding specificity, and expression 
in subsets of retinal ganglion cells and somatosensory neurons. J. Neurosci 15, 4762–4785. 
[PubMed: 7623109] 

Xiang M, Zhou L, Peng YW, Eddy RL, Shows TB, Nathans J, 1993. Brn-3b: a POU domain gene 
expressed in a subset of retinal ganglion cells. Neuron 11, 689–701. [PubMed: 7691107] 

Xu X, Huang E, Tai Y, Zhao X, Chen X, Chen C, Chen R, Liu C, Lin Z, Wang H, Xie WB, 2017. 
Nupr1 modulates methamphetamine-induced dopaminergic neuronal apoptosis and autophagy 
through CHOP-Trib3-Mediated endoplasmic reticulum stress signaling pathway. Front. Mol. 
Neurosci 10, 203. [PubMed: 28694771] 

Wang et al. Page 30

Exp Eye Res. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Yan C, Boyd DD, 2006. ATF3 regulates the stability of p53: a link to cancer. Cell Cycle 5, 926–929. 
[PubMed: 16628010] 

Yang E, van Nimwegen E, Zavolan M, Rajewsky N, Schroeder M, Magnasco M, Darnell JE Jr., 
2003. Decay rates of human mRNAs: correlation with functional characteristics and sequence 
attributes. Genome Res 13, 1863–1872. [PubMed: 12902380] 

Yang Z, Quigley HA, Pease ME, Yang Y, Qian J, Valenta D, Zack DJ, 2007. Changes in gene 
expression in experimental glaucoma and optic nerve transection: the equilibrium between 
protective and detrimental mechanisms. Invest. Ophthalmol. Vis. Sci 48, 5539–5548. [PubMed: 
18055803] 

Yang Z, Zack DJ, 2011. What has gene expression profiling taught us about glaucoma? Exp. Eye Res 
93, 191–195. [PubMed: 20946895] 

Yasuda M, Tanaka Y, Nishiguchi KM, Ryu M, Tsuda S, Maruyama K, Nakazawa T, 2014a. Retinal 
transcriptome profiling at transcription start sites: a cap analysis of gene expression early after 
axonal injury. BMC Genom 15, 982.

Yasuda M, Tanaka Y, Omodaka K, Nishiguchi KM, Nakamura O, Tsuda S, Nakazawa T, 2016. 
Transcriptome profiling of the rat retina after optic nerve transection. Sci. Rep 6, 28736. 
[PubMed: 27353354] 

Yasuda M, Tanaka Y, Ryu M, Tsuda S, Nakazawa T, 2014b. RNA sequence reveals mouse retinal 
transcriptome changes early after axonal injury. PloS One 9, e93258. [PubMed: 24676137] 

Yin Y, Cui Q, Gilbert HY, Yang Y, Yang Z, Berlinicke C, Li Z, Zaverucha-do-Valle C, He H, Petkova 
V, Zack DJ, Benowitz LI, 2009. Oncomodulin links inflammation to optic nerve regeneration. 
Proc. Natl. Acad. Sci. U. S. A 106, 19587–19592. [PubMed: 19875691] 

Yin Y, Henzl MT, Lorber B, Nakazawa T, Thomas TT, Jiang F, Langer R, Benowitz LI, 2006. 
Oncomodulin is a macrophage-derived signal for axon regeneration in retinal ganglion cells. Nat. 
Neurosci 9, 843–852. [PubMed: 16699509] 

Yoshida T, Sugiura H, Mitobe M, Tsuchiya K, Shirota S, Nishimura S, Shiohira S, Ito H, Nobori K, 
Gullans SR, Akiba T, Nitta K, 2008. ATF3 protects against renal ischemia-reperfusion injury. J. 
Am. Soc. Nephrol 19, 217–224. [PubMed: 18235102] 

Yuan A, Sasaki T, Rao MV, Kumar A, Kanumuri V, Dunlop DS, Liem RK, Nixon RA, 2009. 
Neurofilaments form a highly stable stationary cytoskeleton after reaching a critical level in 
axons. J. Neurosci 29, 11316–11329. [PubMed: 19741138] 

Zhang J, Li L, Huang H, Fang F, Webber HC, Zhuang P, Liu L, Dalal R, Tang PH, Mahajan VB, 
Sun Y, Li S, Zhang M, Goldberg JL, Hu Y, 2019. Silicone oil-induced ocular hypertension and 
glaucomatous neurodegeneration in mouse. Elife 8.

Wang et al. Page 31

Exp Eye Res. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
The breeding scheme for the production of the BXD recombinant inbred strains is 

illustrated. The parental strains were a female C57BL/6J mouse and a male DBA/2J mouse. 

The mice were crossed to produce an F1 generation and the F1 mice were crossed to yield 

the F2 generation where recombination events occurred. These F2 mice were inbred through 

brother-sister matings for at least 20 generations to generate inbred sub-strains. These BXD 

sub-strains provide for a powerful mapping panel with all strains being fully mapped and the 

parental strains being fully sequenced. Currently, there are over 150 BXD strains available.
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Fig. 2. 
The genes most frequently detected as up-regulated in studies of glaucoma and ONC are 

displayed. To the left the individual genes are listed with the most frequently detected gene 

at the top and least frequently detected change on the bottom. There were 57 genes that were 

identified as up-regulated in at least four separate studies. The studies that identified the 

changes are listed across the bottom of the plot. Glaucoma studies are represented by pink 

and ONC studies are indicated by light blue. The microarray studies are indicated by dots 

and RNA-seq studies by triangles. (For interpretation of the references to color in this figure 

legend, the reader is referred to the Web version of this article.)
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Fig. 3. 
The genes most frequently detected as down-regulated in studies of glaucoma and ONC are 

displayed. To the left the individual genes are listed with the most frequently detected gene 

at the top and least frequently detected change on the bottom. There were 50 genes that were 

identified as down-regulated in at least four separate studies. The studies that identified the 

changes are listed across the bottom of the plot. Glaucoma studies are represented by pink 

and ONC studies are indicated by light blue. The microarray studies are indicated by dots 

and RNA-seq studies by triangles. (For interpretation of the references to color in this figure 

legend, the reader is referred to the Web version of this article.)
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Fig. 4. 
Signaling pathway of ATF3 in regulating RGC response to injury. Protein expression of 

ATF3 can be activated by JUN and EGR1. The activation of ATF3 then leads to multiple 

genes activation including Hspb1, Gadd45a, Sprr1a, Gal and Ecel1 (Gey et al., 2016; 

Kaneko et al., 2017; Nakagomi et al., 2003; Tanaka et al., 2011). ATF3 and EGR1 form 

a negative feedback loop (Giraldo et al., 2012). ATF3 and DDIT3 suppress each other’s 

expression (Jauhiainen et al., 2012).

Wang et al. Page 35

Exp Eye Res. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
The expression of down-regulated genes (listed to the right) across all RGC subtypes 

(top row) is shown. The percentage of RGC subtypes expressing the gene is indicated 

by the size of the dot, with smaller dots having a lower percentage of cells expressing 

the gene and larger dots representing a higher percentage of cells expressing the gene. 

The level of expression is color coded with the light yellow representing low expression 

and red representing high expression. Notice that virtually all of the down-regulated 

genes are expressed in at least one RGC subtype and many of the genes are expressed 

in all RGC subtypes. These data were taken from the Single Cell Portal website (https://

singlecell.broadinstitute.org/single_cell), and the result were of a published study (Tran et 

al., 2019). (For interpretation of the references to color in this figure legend, the reader is 

referred to the Web version of this article.)
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Fig. 6. 
Comparison of changes in gene expression following ONC between microarray retinal 

dataset and single-cell RNA-seq data. The microarray retinal dataset (Templeton et al., 

2013) (A) documents the changes occurring two days after crush. The gene changes from 

the single-cell RNA-seq data are shown in B with 8 different clustered modules across 

6 different post crush time points. The genes in module 1–3 are down-regulated at two 

days (A) and in module 4–8 are up-regulated at 2 days (A). These data from the changes 

occurring in whole retina are similar to that observed in scRNAseq of RGC dataset (Tran et 

al., 2019) (B). Thus, similar changes can be detected in the whole retina as is observed in 

isolated RGCs.
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Table 2

The expressional changes of genes that are up-regulated following ONC but not glaucomatous injury at 2 days 

after ONC.

Gene Location (Chr, Mb) Expression level Fold Change
c

Naïve
a

ONC 2 days
b

Chac1 Chr2: 119.354235 9.56 11.95 5.88

Nupr1 Chr7: 126.623477 12.41 13.75 3.09

Cox6a2 Chr7: 128.205647 7.21 8.70 2.88

Stmn4 Chr14: 66.357960 8.49 9.84 2.77

Cdkn1a Chr17: 29.100547 7.86 9.37 2.74

Ddit3 Chr10: 127.295816 11.61 12.78 2.48

Srxn1 Chr2: 152.111000 11.11 12.23 2.22

Adcyap1 Chr17: 93.205227 7.76 8.83 2.10

Tes Chr6: 17.105678 9.69 10.66 2.01

Vgf Chr5: 137.033011 9.90 10.79 1.76

Mthfd2 Chr6: 83.305825 10.09 10.83 1.61

Slc7a3 ChrX: 101.079353 9.58 10.33 1.58

Phgdh Chr14: 95.419888 8.05 8.92 1.55

Tac1 Chr6: 7.556724 10.36 11.03 1.46

Psat1 Chr19: 15.905452 11.43 11.97 1.37

Aars Chr8: 111.055496 13.23 13.58 1.32

Arid5a Chr1: 36.322759 6.97 7.39 1.25

Atf5 Chr7: 44.812359 9.94 10.60 1.16

Gars Chr6: 55.079417 14.97 15.34 1.12

Rhog Chr7: 102.239421 7.84 7.99 0.36

Plekho1 Chr3: 95.989335 6.81 6.80 0.11

a
These data are extracted from HEI Retina Normal Illumina V6.2 (Apr10) RankInv dataset hosted on GeneNetwork.org.

b
These data are extracted from ONC HEI Retina (April 2012) RankInv dataset hosted on GeneNetwork.org.

c
These data are extracted from HEI ONC vs Control Retina Illumina V6.2 (Sep11) RankInv dataset hosted on GeneNetwork.org.
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