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Abstract 

Projecting neurons of the central nervous system extend their axons through 

considerable distances from the cell soma. This extreme architecture requires local 

regulation driven by proteins whose functions are essential for axonal maintenance and 

survival. Pathways involved in axon survival represent an important question in 

neurodegenerative conditions like glaucoma. The loss of visual acuity in glaucoma is 

caused by the degeneration of retinal ganglion cells (RGCs), that transmit visual signals 

from the retina to the brain. The principal site of RGC axonal insult occurs where the 

axons exit the eye, weaving through the honeycomb structure of the glial lamina (GL), at 

the optic nerve head (ONH). While much is understood about the ONH, the specific 

molecular pathways involved in local regulation of this crucial area is not fully 

understood. Furthermore, it is not known how these pathways may be altered in 

glaucoma, which hinders potential therapeutic intervention. Here, we utilize wild-type 

and glaucomatous mice to decipher the specific proteomic signature of the GL. By 

Isolating healthy and glaucomatous GL and RL samples, we performed mass 

spectrometry proteomics analysis to find proteins specifically enriched in the murine 

GL.  Results from wild-type mice showed enrichment of translation proteins in the GL. 

At the time this thesis is written, proteomics results on glaucomatous mice are not yet 

available.
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1. Introduction 

1.1 Rationale 

Projecting neurons of the central nervous system extend their axons through 

considerable distances from the cell soma. This extreme architecture requires local 

regulation of many key neuronal processes. These mechanisms are driven by proteins 

whose functions in the axon are essential for axonal maintenance and survival. 

Pathways involved in axon survival represent an important question in 

neurodegenerative conditions like glaucoma [1, 2]. The loss of visual acuity in glaucoma 

is caused by the degeneration of retinal ganglion cells (RGCs), that transmit visual 

signals from the retina to the brain. The principal site of RGC axonal insult is located 

where the axons exit the eye, weaving through the honeycomb structure of the glial 

lamina (GL in mouse; lamina cribrosa, LC, in human), at the optic nerve head (ONH) [3-

9], while the rest of the optic nerve, referred to as the retro-lamina (RL), is affected later 

in the course of disease. If much is understood about the ONH’s anatomy, vasculature 

supply, and cell types, the specific molecular pathways involved in local regulation of 

the ONH axons is not fully understood. Furthermore, it is not known how these 

pathways may be altered in the ONH in glaucoma, which hinders potential therapeutic 

intervention. Studies assessing changes in the glaucomatous proteome have been done 

in acute glaucoma models in the retina [10-12], but these studies did not assess chronic 

models of glaucoma or the ONH specifically, the principle site of axonal damage in 

glaucoma. To address this, we used wild-type mice and the DBA/2J (D2) model of 
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glaucoma to assess the global proteomics of the GL and RL. This global approach allows 

us to capture proteins from all cell types in the region, like astrocytes, which are also 

involved in axonal regulation [13, 14]. By Isolating healthy and glaucomatous GL and 

RL samples, we performed mass spectrometry-based proteomics analysis to find 

proteins specifically enriched in the murine GL.  These proteins may play a specialized 

role in ONH biology with potential implications in axonal maintenance and function. 

Moreover, proteins altered in glaucoma may point to new avenues for therapeutic 

intervention. 

1.2 The Optic Nerve Head 

1.2.1 RGC Axons 

The ONH is a specially engineered structure at the back of the eye which allow 

exit of bundled RGC axons while maintaining intraocular pressure. RGCs are neurons 

located in the innermost layer of the retina that represent <1% of all retinal cells [15-17]. RGC’s 

main task is to transmit visual information from the eye to the brain. RGC axons collect at the 

back of the eye and exit, forming the optic nerve [18, 19]. Leaving the eye, RGC axons are 

squeezed and organized into bundles by astrocytes of the GL. RGC axons project to visual 

processing regions of the brain including the superior colliculus and lateral geniculate nucleus. 

1.3.1 Other components of the ONH 

The optic nerve sits in the optic nerve canal, which is the opening of three layers 

of tissue around the eye. In addition to RGC axons, the ONH includes other cell types 

and structures. Notable cell types include glial cells like astrocytes and microglia, which 
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will be covered in the next section. Notably, oligodendrocytes are absent, corresponding 

to the lack of myelination in the ONH. The ONH also contains a network of artery 

branches to supply blood to the ONH, and arteries that supply blood to the eye.  

1.3.1.1 Vasculature 

Blood vessels are present in the ONH, where they enter then eye. Blood vessels 

supplied from the ophthalmic artery provide nutrients to the eye. The ophthalmic artery 

is a branch of the internal carotid artery and subsequently branches into the central 

retinal artery (CRA), posterior ciliary artery (PCA), and collateral branches (Figure #). 

Most of the blood supply to the eye is from the ophthalmic artery via the CRA and 

branches of the short PCA [16].  Hayreh (2008) divides the intraorbital optic nerve into 

anterior and posterior segments based on where the CRA migrates from the peripheral 

surface to the center of the optic nerve (Figure 1). Anterior and posterior segments 

correspond the the GL and RL respectively. During development, an invagination of 

mesenchymal cells, termed the optic fissure, forms the hyaloid artery, which later gives 

rise to the CRA and determines where the CRA enters into the optic nerve [23, 24]. The 

anterior optic nerve is nourished by the PCA  [16, 31, 32]. The vessels nourishing the 

prelaminar and laminar regions are either direct branches of the PCA or originate from 
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the arterial circle of Zinn-Haller (Figure 1) [16]. 

 

Figure 1: The vasculature of the human optic nerve. (Top) Arteries derived 

from the internal carotid artery that supply the optic nerve and ONH in human. 

Image from [20]. (Bottom) The anterior (GL) and posterior (RL) optic nerve are 

divided by where the CRA traverses to the core of the optic nerve from the periphery. 

Blue represents the myelinated region of the ON. Col. Branches., collateral branches. 

CRA, central retinal artery. ICA, internal carotid artery. PCA, posterior ciliary artery. 

Pial, pial artery. Z-H, Zinn-Haller. 
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1.3 Non-Neuronal Cellular diversity 

Glial cells are non-neuronal cells of the central and peripheral nervous system that 

provide support to neurons. Astrocytes and microglia are the two glial cell types present in the 

murine ONH (lamina cribrocytes cells are also present in human ONH) [6, 21-25]. 

1.3.1 Astrocytes 

Astrocytes are the most abundant glial cell type in ONH and are more enriched in the 

ONH than in the rest of the optic nerve [6, 22, 23]. They serve essential roles in axon structural 

support, injury response, and mitochondrial degradation. Astrocytes form the honeycomb pattern 

of the GL, which support RGC axons as they exit the eye. These astrocytes have 6-8 primary 

processes transversely oriented, running perpendicular to RGC axons creating the honeycomb-

like structure [14, 26-29]. Astrocytes in the RL are morphologically distinct from GL astrocytes, 

with greater heterogeneity in their shape and orientation [30]. Astrocytes are generally quiescent, 

but become activated in response to stress and inflammation, such as in glaucoma [31, 32]. 

Astrocytes, along with microglia (discussed later) are known to play a key role in 

inflammation in the CNS, however little information is available about the optic nerve [33-38]. In 

the ON, astrocytes help maintain the blood-brain- and blood-retina-barriers (BBB and BRB), by 

surrounding the endothelial cells of blood vessels, thus creating an immune privileged 

environment protected from the invasion of peripheral immune cells [37, 39, 40]. When activated 

by microglia, CNS astrocytes can either become neuroprotective or neurotoxic. Two kinds of 

activated astrocytes have been identified, named A1 and A2 to match the M1 and M2 

nomenclature used for macrophages [36, 41]. In the CNS, A1 activated astrocytes were shown to 

upregulate a number of genes known to be harmful to synapses (note that synapses are not present 

in the ONH) and A2 activated astrocytes promoted neuronal survival and growth [42, 43]. 

Furthermore, it has been shown that A1 astrocytes are generated after optic nerve crush, a 
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surgical technique used to model an optic nerve injury, and that astrocytes represent the vast 

majority of proliferating cells in the ONH in a model of glaucoma [22, 36]. It is clear that 

astrocytes are important in the inflammatory response in the CNS, but limited information is 

available of what occurs in the optic nerve and ONH. Since much astrocyte research occurs in 

synapse-dense grey matter of the CNS, it is difficult to extrapolate what occurs in the synapse-

deficient fibrous white matter of the optic nerve [33]. 

 GL astrocytes are involved in mitochondrial maintenance for RGC axons. In landmark 

work from Davis et al., ONH astrocytes were found to degrade axonal mitochondria by 

phagocytosing axonal evulsions and breaking them down in their lysosomes in a process called 

“transmitophagy” [13, 44]. While it is unclear why transmitophagy occurs, there are some 

hypotheses. One possibility is focal axon damage somehow stimulates this process. Another 

hypothesis suggests that is it too energy intensive for damaged mitochondria to be transported 

back to the soma, where degradation generally occurs, thus, making it easier for astrocytes to 

perform this quality control process in RGCs. It is still unknown if non-resident mitochondria are 

actively transported to the ONH for degradation or if only local ONH mitochondria undergo 

degradation here [13]. Glaucomatous conditions could result from changes in astrocytic 

function in the GL including, potentially, transmitophagy. Therefore, it is important to 

consider their known roles in the ONH, axonal maintenance, and inflammatory 

response. 

1.3.2 Microglia 

Microglia are the resident defense cells of the CNS. In the retina and ONH, they function 

as resident macrophages [45, 46]. Microglia are stellate, or star-shaped, cells with thin ramified 

processes (Figure 2). They are found throughout the ONH in the walls of large blood vessels and 
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surrounding capillaries in the glial columns [23]. This glial subtype has a normal or quiescent 

state and enters an activated state in response to neuronal injury [47-49]. In their normal state, 

CNS microglia remove cellular debris and surveil the tissue microenvironment to respond to 

neuronal injury [50-55]. After ONH injury like in glaucoma, the density of microglia in the ONH 

increases via increased proliferation and migration of activated microglia. [22, 32, 56-58].  

The activated state is thought to be protective in early or acute disease, but long-term or 

hyper-activation can lead to inflammation and degeneration of RGCs [32, 59-61]. In activated 

microglia, inflammatory cytokines like TNF-α are upregulated [62, 63] and TNF-α has been 

shown to be abundant in glaucomatous and crushed ON, but not in normal optic nerve [32, 62]. 

After an optic nerve crush, TNF-α expression in microglia is reported to protect RGCs and helps 

with tissue maintenance and regeneration [62, 64]. However, in a mouse model of traumatic brain 

injury, TNF-α is suggested to be associated with RGC loss [65]. Other experiments in animal 

models of glaucoma show inhibiting TNF-α prevents RGC apoptosis and inflammation and 

inhibiting microglial activation also reverses RGC cell death [66-71]. Long-term upregulation of 

inflammatory marker genes and an increase in the release of ROS and NO is also associated with 

RGC loss [63, 72].  

Microglia also activate astrocytes, which can be either neuroprotective or neurotoxic 

(discussed previously). Depletion of microglia in optic nerve injury showed that RGC 

degeneration was unaffected, however, astrocyte repopulation at the site of optic nerve injury was  
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Figure 2: Light sheet fluorescent microscopy images show that P2Y12-stained 

microglia have increased abundance in the GL. (A) 3D reconstruction of the 

longitudinal view of stained microglia in the optic nerve. (B) Cross section of the GL 

shows microglia. (C) Cross section of the RL shows few microglia. Image credit: 

Samantha Wilkinson and Daniel Saban.  

 

significantly delayed upon microglia depletion, indicating that microglia may be involved in optic 

nerve regeneration in acute injury conditions [73]. Recent studies have demonstrated 

mitochondrial fragmentation in microglia can regulate astrocyte activation [74].  
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In summary, microglia and astrocytes have important functions in the ONH and to the 

diverse cellular environment of the ONH. Astrocytes are the most abundant glia cell type in the 

ONH, providing structural support to RGC axons and becoming activated in response to injury. 

Microglia are involved in removing cellular debris and surveilling the tissue microenvironment. 

Both glial cell types become activated a part of the injury response, which is relevant in the 

context of the neurodegenerative disease glaucoma.  

1.4 Glaucoma 

Glaucoma is a group of diseases that damage the optic nerve, leading to visual 

impairment. Primary open angle glaucoma (POAG), the most common type of 

glaucoma, is estimated to affect 68.56 million people worldwide, or 2.4% of the 

population [75-77]. Glaucoma is the leading cause of untreatable blindness and is 

characterized by the death of RGCs and their axons which leads to progressive visual 

field loss and eventual blindness [78]. High intraocular pressure (IOP) is a widely 

recognized risk factor for developing POAG and clinical evidence supports that 

lowering IOP reduces onset and progression of glaucoma [79-81]. However, lowering 

IOP is not universally helpful in preventing or slowing glaucoma. For example, in a 

study placing patients with early-stage glaucoma in a IOP-reducing treatment or control 

group, 45% in the treatment group still had progression of glaucoma compared to 62% 

in the control group [82]. This study demonstrates that decreasing IOP is not always 

enough to prevent disease progression. Age is another key risk factor in glaucoma. Age 

is important because many characteristics of the ONH that change with age are 

hypothesized to make the eye more susceptible to glaucomatous neurodegeneration 
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[83]. These involve changes in the density of axon packing [83], metabolism [84], 

mitochondrial function [85-87], and connective tissue stiffening in the sclera and LC [88-

92]. When reducing IOP is insufficient to stop glaucoma onset or progression, other 

factors like those that change with age could be involved. However, RGC degeneration 

in normal tension glaucoma is still very much a mystery in the field. Therefore, further 

research is needed to better understand disease progression unexplained by a high IOP. 

1.4.1 Models of glaucoma 

There are varied models of experimental glaucoma, each having its own ideal 

uses and experimental requirements. There are chronic models in which disease 

pathology develops over time and acute models that more rapidly induce disease-like 

phenotypes. Classic examples of these two types of models are the chronic genetic 

model DBA/2J (D2) mouse, and injection of microbeads into the anterior chamber to 

increase IOP acutely. 

D2 mice have been the standard pre-clinical model for glaucoma, most-widely 

published model, and well-characterized. These mice have mutations in melanosomal 

proteins, that results in chronic age-related pigmentary glaucoma sharing many 

similarities with the human condition [93, 94]. The melanosomal protein mutation are 

the recessive Tyrp1b mutant allele and a premature stop codon mutation in the Gpnmb 

(GpnmbR150X) gene [95]. Non-glaucomatous control of the D2 mice have been generated 

(D2+) on same genetic background as the D2 mouse but lacking the mutations in Gpnmb 

and Tyrp1 [96]. In D2 mice, IOP spontaneously increases around 9 months of age, with 



 

11 

 

important animal to animal variability [6, 96, 97]. Although this variability produces 

what is seen in human glaucoma, it poses obvious experimental challenges. 

Conversely, acute models have lower variability and do not require aging mice. 

For example, one acute model like microbead injection will reliably increase IOP and 

trigger RGC loss [98]. However, the RGC loss in this model is only around 20-30% 

depending on the beads used although with low variability [98]. Another acute model, 

high-dose intravitreal administration of glutamate, causes rapid loss of RGCs, with signs 

of apoptosis seen in as little as one hour. Low-dose glutamate (injected every 5 days) can 

also be used to trigger 42% RGC death within three months [99]. While acute models can 

be more efficient for testing pharmaceuticals, slow changes like in the D2 mouse model 

better recapitulate the chronic and slow-moving human glaucoma. Additionally, since in 

the present study we aim to capture pre-disease state following IOP degeneration and 

before RGC loss, a longer period between IOP elevation and RGC loss is experimentally 

favorable.
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2. Results 

2.1 The Mouse Glial Lamina can be Robustly Isolated from the 
Optic Nerve 

To be able perform proteomics and other biochemical assays on the GL, it was 

necessary to specifically isolate this small region of the ONH. To achieve this, we first 

removed the eye and the whole optic nerve from the skull under a dissection scope. At 

this stage, the GL could clearly be identified by its transparent aspect due to the lack of 

myelination (Figure 3B). We then dissected out the GL as well as a portion of the RL of 

similar size (~200µm). The RL was identified thanks to its opacity due to myelination 

(Figure 3A and B). To assess the specificity of our dissection procedure, we extracted 

proteins from the GL and RL and ran them on a western blot. As shown in Figure 3C, 

we showed that the GL was successfully dissected out. We use myeline basic protein 

(MBP) to confirm the lack of myelin in our GL samples. As expected, MBP signal in both 

the retinal control lane and the GL lane was absent whereas it was strong in the RL lane. 

This result suggests our approach allows for a specific dissection of the GL from the 

myelinated RL 
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.  

Figure 3: The dissected GL region of the optic nerve lacks MBP, showing 

specific dissection. (A) A diagram of the eye and optic nerve shows RGCs (blue) and 

myelin (grey), representing the location of GL and RL regions. (B) Dissection scope 

image of the optic nerve with the GL (clear) on the far left and RL dissection sample 

outlined on the right. (C) Western blot showing GL samples can be cleanly separated 

without MBP. 

2.2 GL Proteomics Reveals an Enrichment in Proteins Related to 
Translation 

To uncover molecular regulators of the GL, we next wanted to qualitatively 

compare protein content of the GL and RL optic nerve. We hypothesized that the high 

specific structure of the GL was coupled with GL specific functions that could be 

revealed by deciphering the proteomic signature of the GL. To test this hypothesis, we 

performed mass spectriomtry of GL protein extract from wild-type mice. Three 

independent isolations and proteomic runs were performed using 7-8 GL and RL optic 

nerve samples isolated from 4-5 mice per replicate. In each run, we calculated the 

abundance ratio of GL over RL for every protein detected to obtain a fold-change. A cut 
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off was set at 2.0-fold-change as proteins considered enriched in the GL. This list of 

enriched proteins was imported for gene ontology (GO) analysis. Surprisingly, this 

analysis revealed that ribosomal and translational proteins in the GL samples were 

consistently enriched across replicates (Figure 4). GO terms such as mRNA processing 

 

Figure 4: Enrichment of protein related to translation is shown in wild-type 

proteomics. (A) GO analysis of GL enriched proteins show a significant increase in 

translation and mitochondrial proteins. The term myelination did not appear in GL 

GO analysis, but does in RL. (B) Ribosomal large and small subunit proteins are 

enriched in the GL. Detected myelin related protein enrichment is shown at the top. 

(C) Ribosomal proteins are enriched on average 2.0-fold in the adult GL (n=25). 
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and stabilization, cytoplasmic translation, ribosomal biogenesis and assembly were 

significantly overrepresented (Figure 4A). We also detected enrichment of many 

mitochondrial proteins, which was anticipated based on the increased number of 

mitochondrial in GL axons [100]. 

2.3 DBA/2J Model Validation and Proteomic Sample Selection 

Next, we asked whether the proteomic signatures detected in wild-type mice GL, 

namely increased translation-related proteins, would be affected in the context of a 

neurodegenerative stress. Studies on proteome changes have been done in acute 

glaucoma models in the retina [10-12], but not specifically in the GL nor in a chronic 

model. To answer this question, we used the DBA/2J (D2) glaucoma model and its 

control D2-Gpnmb+ (D2+). We first conducted thorough long-term measurements of IOP 

and analyzed RGC loss to validate this model in our hands and minimize variability in 

analysis.  
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Figure 5: Intraocular pressure of D2+ and D2 mice from three to twelve 

months. Statistics are Kruskal-Wallis multiple comparison with Dunn’s correction. 

D2 n=4-19. D2+ n= 12-43. 

 The IOP of each mouse was measured weekly from three to twelve months to 

determine how IOP changes over time. As expected, D2+ control mice exhibited no 

change in their IOP over the time measured (Figure 5, left). However, D2 mice showed a 

statistically significant increase in IOP nine to twelve months compared to seven months 

of age which represent the baseline IOP (Figure 5, right). This result is in accordance 

with literature [6, 96, 97]. Therefore, we confirmed that (i) we could robustly monitor 

IOP in these mice and (ii) this model is valid as a glaucoma model. In addition to model 

validation, data collection on the IOP and RGC loss in each mouse allowed for specific 

selection of pre-disease state mice for inclusion in our proteomic studies. 

As reported by others, the IOP of D2 mice shows vast variation between animals, 

where some animal never develops increased IOP (Figure 5, right) [6, 96, 97]. To make 

sure that each D2 mouse we selected for proteomics analysis has indeed a high IOP, we 
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developed a two-step selection strategy. The first step is to select mice that exhibit a high 

IOP, the greatest glaucoma risk factor. Our regular and thorough recording of IOP of 

each individual mouse, allowed us to specifically select mice that exhibit high IOP, thus 

eliminating the substantial variability in IOP in pre-disease state. Indeed, it is well 

established that high IOP precedes axonal degeneration in nine-to-ten month mice [97]. 

Similar strategies of selecting certain D2 mice based on their physiological data have 

been noted in other studies [101].   

The second step of the two-step selection process is to select for mice that do not 

already exhibit degeneration of RGCs. Since our goal is to study a pre-disease state to 

monitor the effector of glaucomatous stress on the proteins present specifically in the GL 

and RL, it is key that we select for mice in a stage that precedes the onset of 

neurodegeneration. Therefore, we performed RGC survival analysis on the retina of the 

selected high-IOP mice. The abundance of RGCs was determined by staining RGC some 

in the retina with the RGC marker RBPMS and counting the positive soma in FIJI. 

Example images from D2+ and D2 mice are shown in Figure 6A. As expected D2+ 

control mice do not show a decrease in the number of RGCs at any age. However, some 

D2 mice show a decrease in RGCs already at 9-10 months and 12 months (Figure 6B). We 

noticed by analyzing this data there is a bi-modal distribution in both the D2 9-10 

months and 12 month groups, where some mice lose RGCs and some do not (Figure 6B).  

Since all the mice in this cohort have been selected for a high IOP, a variability in IOP is 
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unlikely to account for this difference in RGC degeneration. Leaning on the strength of 

our comprehensive recording of each individual mouse analyzed, we looked at each 

data point and isolated other potential factors that could account for this difference and 

found that the sex of mice accounted for this bi-modal distribution. 
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Figure 6: RGC images and counts in healthy (D2+) and glaucomatous (D2) 

retinas at 4-5 months, 9-10 months, and 12+ months. (A) Images from 9-10 month old 

D2+ and D2 mice stained with RBPMS and Tuj1. (B) RGC counts from D2+ and D2 

mice. 4-5 months: D2+ n=9, D2 n=12. 9-10 months: D2+ n=14, D2 n=27. 12+ months: D2+ 

n=7, D2 n=19. 
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Indeed, we separated mice by sex to determine if this accounted for the bi-modal 

distribution. Surprisingly, this distribution clearly separates based on sex, with female 

mice losing RGCs and males remaining normal at 9-10 months (Figure 7A, B). 

Interestingly, there is a statistically significant decrease in RGCs in the 9-10 and 12 

month old female mice (Figure 7C). Since we are selecting for a pre-disease state with 

RGCs still present, female mice have been excluded from the proteomic analysis. To 

further assess potential sex differences between mice, we also asked if the variability in 

IOP is impacted by sex. 
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Figure 7: RGC counts decrease in female mice. All mice were dissected after 

IOP increase. (A) RGC counts in male mice. (B) RGC counts in female mice. (C) 

Comparison of male and female RGC counts. 4-5 months: male n=6, female n=5. 9-10 

months: male n=9, n=15. 12+ months: male n=8, female n=11. A&B: Kruskal-Wallis 

non-parametric test. C: Unpaired t-test with age groups. * p<0.05, ** p<0.01, ***p<0.001. 
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 To determine if the RGC loss in female mice was related to higher IOP, we 

compared IOP by sex. An earlier or greater increase in IOP could explain the greater loss 

of RGCs in 9-10-month and 12-month-old D2 female mice. When IOP is compared by 

sex, we didn’t observe a difference in IOP at any age group between male and female 

mice (Figure 8). This suggests that IOP is not the reason that female D2 mice have 

greater loss of RGCs.  
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Figure 8: IOP of D2 mice separated by sex. There are no differences in IOP between 

male and female mice. n=16-58 
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2.4 Optic Nerve Head Proteomics Sample Size Selection 

The time- and labor-intensive process of selecting pre-disease state DBA/2J 

glaucoma mice makes the tissue samples precious and hard to replace. Initially working 

with both sexes, half of our aged group already showed RGC degeneration, excluding 

them from the pre-disease state we desired. Also, some mice aged out of the timepoint 

without showing high IOP, meaning they also failed our two-step validation process.  

Each experimental mouse resulted in substantial time aging mice and labor of collecting 

weekly data. Data collection far exceeds just the mice included in our proteomics, since 

female mice were excluded due to RGC loss and not all mice exhibited increased IOP.  

Due to the precious nature of the samples, we performed an experiment to 

determine the minimum number of optic nerve samples (GL and RL) that needed to be 

included in the proteomic analysis. For this experiment, we performed mass 

spectrometry analysis using two, four, six, and eight GL and RL samples. The goal of 

this experiment was to determine the amount of tissue needed for reliable protein 

detection by mass spectrometry. As a proxy for detection efficiency, we used ribosomal 

and mitochondrial proteins categories of proteins we knew from previous experiments 

were enriched in the GL. The number of enriched proteins detected increased with the 

amount input tissue, with the exception of the one with four tissue samples showing the 

smallest number of enriched proteins (Figure 9A). This could be due to variation in the 

sample preparation or in the proteomics itself. Mitochondria proteins were identified 
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using a list of mitochondrial proteins, MitoCarta3.0. Ribosomal proteins 

 

Figure 9: Assessment of two, four, six, and eight optic nerve proteomics. (A) Total 

number of 2.0-fold enriched proteins detected in each sample. (B) The total number of 

ribosomal and mitochondrial proteins that are enriched. (C) The percent of total 

detected enriched proteins that constitute either ribosomal or mitochondrial proteins. 

 

were identified as all large and small ribosomal subunit proteins. While four tissue 

samples had the lowest number of enriched proteins, nearly 30% of them were 

ribosomal and over 10% were mitochondrial (Figure 9B, C). Four tissue samples appears 

to be an anomaly, as two, six, and eight showed 3.5-8.6% of enriched proteins as 

mitochondrial. In the case of two, six, and eight tissue samples, the number of 
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mitochondrial proteins is three- to five-fold greater than ribosomal proteins, showing a 

similar trend between groups. There does not appear to be improved detection of 

ribosomal and mitochondrial proteins between six and eight tissue samples, therefore 

six tissue samples was the number selected to use in the glaucoma proteomics 

experiment. 

2.5 Utilizing the Two-step Selection of Samples for Proteomics 

The mass spectrometry analysis on glaucoma samples will be run in duplicate 

and at the time this thesis is written we are awaiting the collection of samples to be 

completed. By taking advantage of our two-step selection process, groups for proteomic 

analysis will possess less variability compared to the whole cohort of mice from which 

we collected data.  
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3. Discussion 

3.1 Proteomics in Wild-type ONH and Glaucoma Expectations 

One of the group of proteins that were enriched in the GL of the ONH in wild-

type mice was ribosomal proteins and other proteins related to translation. Although 

our global approach captures proteins from all cell types, it is tempting to speculate that 

this proteomics signature is coming from RGC axons. First reported in the 1960s, the 

idea of local protein synthesis in axons faced skepticism due to impure axonal samples 

and limitations in ultrastructural evidence for the presence of ribosomes in axons. Only 

in recent years have technical advances led to the broad acceptance of local axonal 

protein synthesis [102-105].  

Local protein synthesis is a highly conserved mechanism, and this is particularly 

important in axons, which require proteins for specialized functions far away from the 

nucleus [106-108]. If these proteins had to travel from the neuronal soma, the time lag 

would be too long for most axonal function. Interestingly, hotspots of axonal translation 

are correlated with the presence of mitochondria [105, 109], which are highly enriched in 

the ONH axons [6, 13, 22, 100, 110-117].  It was long assumed that mitochondria were 

enriched at the ONH due to the absence of myelination and higher energy expectations 

of these axons. However, it was recently reported by our group that mitochondrial 

accumulation in the ONH precedes myelination, suggesting that energy demands of 

unmyelinated axons are not causative of the accumulation [100]. This result raises the 
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question of the reason of this local enrichment of mitochondria. Based on the results 

presented here, one can speculate that it could be related to increased local translation.  

Mitochondria could be present to provide energy to translation, which is an energy-

consuming process [118, 119].  It has been reported that mRNA translation in axons 

occurs on Rab7a endosomes, which often pause on mitochondria [120]. Rab7a was 

detected in our wild-type proteomics, but it did not show any enrichment in the GL. It is 

also known that local translation of mitochondrial proteins is essential for mitochondrial 

function in axons [121-123]. Further work is needed to answer key questions, such as 

what cell type(s) is over expressing this class of proteins and what these ribosomes 

enriched in the ONH are translating. 

 In assessing proteomics of glaucomatous GL, we hypothesize that a 

neurodegenerative stress could alter the translational signature seen in wild-type mice. 

At the time this thesis is written, proteomics results on glaucomatous mice are not yet 

available. However, one can anticipate a possible outcome. As mentioned earlier, 

translation in RGC axons has been found to occur on late endosomes paused on 

mitochondria and they are known to translate mitochondrial proteins that are essential 

for axonal maintenance [120]. If there is a change in the translational signature, but no 

change in the mitochondrial protein signature, one interpretation is that translational 

changes precede mitochondrial dysfunction seen in glaucoma. Such result would open 

new research avenues in glaucoma as this concept is complete unexplored. Broadly, 
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changes in the GL proteomic signature in glaucoma could also point to new potential 

therapeutic targets. 

3.2 Sex Variation 

Our analysis of RGC survival in D2 glaucomatous mice showed significant 

differences between male and female mice. Female mice exhibited significantly fewer 

RGCs than male mice at 9-10 and 12+ months of age (Figure 5c). Moreover, female mice 

showed significant RGC loss starting at 9-10 months, while males did not show 

significantly RGC loss until 12+ months of age (Figure 5a, b). In humans, some sex-

specific differences have been reported in glaucoma susceptibility, but not all studies 

support this [80, 124-127]. Additionally, some groups report sex variation in D2 mice 

while others do not. One group assessing the prevention of visual impairment in D2 

mice using a glaucoma drug found no sex difference in response. However, this group 

did not assess IOP or RGC loss [128]. Another study characterizing important disease 

features in DBA/2J mice noted that female mice tended to have increased IOP earlier 

than males, with significant differences at 6-7 months, but similar at 8-9 months [97]. 

However, we found no differences in IOP based on mouse sex in our own IOP data 

(Figure 6). Libby et. al also assessed optic nerve damage in these mice using 

paraphenylenediamine (PPD), which stain myeline sheaths and darkly stains sick and 

dying axons, providing a qualitative assessment of optic nerve health. Minor sex 

differences in optic nerve damaged were noted in this study, but they did not observe 
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the stark bi-modal pattern seen in our RGC count data [97]. Of significance, our data 

provides a quantitative assessment of RGC number as opposed to a qualitative 

assessment of optic nerve axon damage. In comparison to Libby et. al, another study 

corroborates the higher IOP in females at 6-month timepoint, but sees this trend remain 

and become more pronounced rather than normalize between groups. This study does 

not comment on if these different in IOP impact RGCs or nerve damage [101]. Therefore, 

our finding that RGC loss occurs months earlier in female D2 mice comparing to males 

has not been confirmed by other studies that only noted small differences when 

comparing optic nerve axon health between sexes. This could be due to the fact they 

studied mice not previously selected for by a high IOP. Another possibility could be the 

role played by environmental factors present in our animal house. Indeed, other D2 mice 

phenotypes have been shown to be dependent on housing conditions (Dr. Simon John, 

personal communication). 

3.3 Future Directions 

At the time this thesis is written, all GL and RL samples for both D2 and D2+ 

have been collected and are being prepared for duplicate proteomics runs. The next 

steps will be to analyze these results to determine the proteome changes in the GL with 

age and in glaucoma. Additionally, we will use EM to verify that degeneration is not 

occurring in ONH in the 9-10 month D2 mice selected as pre-disease state. This would 
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verify that mice without RGC loss in the retina also do not have signs of axonal 

degeneration in the ONH, the initial site of insult. 

Based on our proteomic results from wild-type mice highlighting the enrichment 

of proteins involved in translation, we plan to assess if ribosomes are enriched in GL 

when compared with the RL region. This would add support to the idea of local axonal 

protein synthesis in the GL. To determine if ribosomes are present in RGC axons, we 

will utilize the RiboTag mouse, which expresses a HA tagged Rpl22 ribosomal protein. 

By crossing the RiboTag mouse with the Vglut2Cre driver mouse we will ensure the 

tagged Rpl22 will be expressed in RGCs. The presence of ribosomes will then be 

assessed using western blot and immunofluorescence. Furthermore, using the same 

mouse, we will next probe what mRNA GL ribosomes are translating using ribosomal 

pull down and translatomics. This will provide greater insight into the function of 

ribosomes in the GL. 
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4. Methods 

4.1 Animal Models 

Experiments using mice were approved by the Duke University Institutional 

Animal Care and Use Committee (protocols A194-20-10). The mice were housed under a 

12 h light-dark cycle with ad lib access to food and water. Heat and humidity were 

maintained within the parameters specified in the National Institute of Health Guide for 

the Care and Use of Laboratory Animals. Experimental procedures were also consistent 

with this Guide. Wild-type C57BL/6J mice (The Jackson Laboratory stock 000664) were 

used for the proteomics study on healthy GL and RL areas. DBA/2J glaucomatous mice 

(D2, The Jackson Laboratory stock 000671) and D2-Gpnmb+ strain (D2+, The Jackson 

Laboratory stock 007048 ) was used as a genetically matched non-glaucomatous control. 

4.2 Western Blot  

Proteins were extracted using lysate buffer. Samples were boiled for ten minutes, 

then chilled on ice prior to loading. The Invitrogen Mini Cell gel system was used with 

Invitrogen NuPAGE 4-12% Bis-Tris pre-poured gels (Catalogue NP0323BOX). The entire 

sample was loaded and run at 50V through stacking, approximately 20 minutes, and at 

100V to finish separation, approximate 60-120 minutes depending on desired separation. 

Gel was transferred onto Biorad Immun-Blot PVDF membrane (catalogue 1620264) 

activated with methanol using the Invitrogen Mini Cell transfer system. Transfer was 

run at 30V for one hour at room temperature. Following transfer, membrane was blotted 
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with Li-Cor Intercept Blocking Buffer (Catalogue 927-700001) for 45 minutes on a shaker 

at room temperature. After three five-minute washes in 0.0125% PBST, primary 

antibody (Table 1) diluted in 50% blocking buffer and 50% 0.0125% PBST was added. 

Blot was incubated on a shaker at 4°C overnight. After three five-minute washes in 

0.0125% PBST, secondary LiCore antibodies (Table 1) diluted at 1:15,000 in 50% blocking 

buffer and 50% 0.0125% PBST was added.  After one hour shaking at room temperature 

the blot was washed again three times during five-minute in 0.0125% PBST. The blot 

was then imaged using LiCore Odyssey CLx.  Image processing was performed in 

Image Lab. 

Table 1: Antibodies 

Primary Antibodies 

Antibody Raised in Dilution Observed MW Catalogue No. 

β-ACTIN mouse 1:2,000 43 kDa LiCore 926-42212 

MBP rabbit 1:1000 14-20 kDa Abcam 218011 

RBPMS rabbit 1:1000 22 kDa Novus NBP2-20112 

Tuj1 mouse 1:1000 50 kDa R&D Systems 

MAB1195 

Secondary Antibodies 

AlexaFlour488 rabbit 1:1000 - Invitrogen A-11008 

AlexaFlour594 mouse 1:1000 - Invitrogen A-11005 

LiCore, 800 CW Donkey anti-

Rabbit 

rabbit 1:15,000 _ LiCore 926-32213 

LiCore 680LT Goat anti-

mouse 

mouse 1:15,000 _ LiCore 925-68020 
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4.3 Intraocular Pressure Measurement  

Intraocular pressure (IOP) of D2 and D2+ mice was measured weekly, or every 

other week, using the rebound tonometer from iCare. Mice were placed under light 

sedation using isoflourine at 4%, 2L/min. Three measurements were taken for the right 

and left eye. Each week measurements were taken, an average IOP value of each eye 

(right and left) was calculated from the three measurements, as well as an average for 

both eyes from the six measurements to determine the IOP trend for each mouse. These 

data from weekly IOP measurements were then used to calculate the monthly IOP 

average. All measurements for each individual mouse were recorded to determine their 

baseline IOP and any changes that occurred with age.  

4.4 Tissue collection 

Mice were perfused intracardially with PBS for five minutes to remove blood. 

Cervical decapitation was performed, and the eye and GL and RL optic nerve samples 

were collected. The optic nerve samples (GL and RL) were then flash frozen in liquid 

nitrogen and stored at -80°C. The eye was punctured through the pupil (avoiding 

damage to the retina) and fixed in 4% PFA for one day, then kept in PBS at 4°C. Wild-

type mice were dissected at 8 weeks of age. D2 and D2+ mice were dissected at between 

4 and 5 months and between 9 and 10 months old. 9–10-month-old D2 mice were 

collected once an IOP higher than that mouse’s baseline was consistently detected.   
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4.5 RGC Counts 

 For each mouse from which we obtained GL and RL samples, the retina was 

dissected from the fixed eye and cleaned of debris. The retina was placed in a 1.5 mL 

Eppendorf tube with blocking solution (3% donkey serum + 0.3% Triton X-100 in PBS) 

and rocked for one hour at room temperature. Primary antibody for RBPMS and Tuj1 

were diluted in blocking solution (see Table 1 for antibody details), and 200µL was 

added to each tube. Retinas stained in primary on a rocker at 4°C overnight. The next 

day, primary antibody was removed, and retinas were washed on a rocker at room 

temperature with 1X PBS, changing the PBS three times during the wash. Secondary 

antibody was diluted in 0.3% Triton X-100 and 200µL was added to each tube. 

Secondary antibody incubation occurred on a rocker at room temperature for 1-2 hours. 

Following secondary antibody incubation, retinas were washed on a rocker at room 

temperature with 1X PBS, changing the PBS three times during the wash. Retinas were 

cut into a four-leave clover pattern and place inside up on a MF-Millipore 0.45 µm Blk 

gridded filter (REF HABG01300) on top of a filter paper. Once the PBS was absorbed by 

the filter paper, allowing the retina to lay flat on the gridded filter, the gridded filter was 

transferred to a slide. The retina was flat mounted with Southern Biotech Flouromount-

G (Cat No 0100-01) and set with a coverslip. After allowing the Flouromount-G to set 

overnight, the flat mounted retinas were imaged at 40X using the Nikon Eclipse Ti2 

microscope. An image of the inner, middle, and outer regions was taken from each 



 

35 

quadrant of each retina, totaling twelves images per retina. The RBPMS positive RGC 

soma were counted using FIJI. The average of RGC soma was calculated for the twelve 

images.  

4.6 Mass Spectrometry Proteomics and Analysis 

4.6.1 Sample Preparation and LC-MS/MS analysis 

For each sample, 6-8 optic nerve samples were used to prepare peptide mixtures 

for proteomic profiling. Proteins were cleaved with the trypsin/endoproteinase LysC 

mixture (Promega, V5072) using the paramagnetic beads-based method (Hughes CS et 

al Mol Syst Biol 2014, 10, 757 ). Each digest was dissolved in 12 μl of 1/2/97% (by 

volume) of the trifluoroacetic acid/acetonitrile/water solution, and 3 μl were injected into 

a 5 μm, 180 μm×20 mm Symmetry C18 trap column (Waters) in 1% acetonitrile in water 

for 3 min at 5 μl/min. The analytical separation was next performed using an HSS T3 1.8 

μm, 75 μm×200 mm column (Waters) over 90 min at a flow rate of 0.3 μl/min at 55°C. 

The 5-30% mobile phase B gradient was used, where phase A was 0.1% formic acid in 

water and phase B 0.1% formic acid in acetonitrile. Peptides separated by LC were 

introduced into the Q Exactive HF Orbitrap mass spectrometer (Thermo Fisher 

Scientific) using positive electrospray ionization at 2000 V and capillary temperature of 

275°C. Data collection was performed in the data-dependent acquisition (DDA) mode 

with 120,000 resolution (at m/z 200) for MS1 precursor measurements. The MS1 analysis 

utilized a scan from 375-1500 m/z with a target AGC value of 1.0e6 ions, the RF lens set 
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at 30%, and a maximum injection time of 50 ms. Advanced peak detection and internal 

calibration (EIC) were enabled during data acquisition. Peptides were selected for 

MS/MS using charge state filtering (2-5), monoisotopic peak detection and a dynamic 

exclusion time of 20 sec with a mass tolerance of 10 ppm. MS/MS was performed using 

HCD with a collision energy of 30±5% with detection in the ion trap using a rapid 

scanning rate, AGC target value of 5.0e4 ions, maximum injection time of 150 ms, and 

ion injection for all available parallelizable time enabled. 

4.6.2 Protein Identification and Quantification 

For label-free relative protein quantification, raw mass spectral data files (.raw) 

were imported into Progenesis QI for Proteomics 4.2 software (Nonlinear Dynamics) for 

duplicate runs alignment of each preparation and peak area calculations. Peptides were 

identified using Mascot version 2.5.1 (Matrix Science) for searching the UniProt 2019 

reviewed mouse database containing 17,008 entrees. Mascot search parameters were: 10 

ppm mass tolerance for precursor ions; 0.025 Da for fragment-ion mass tolerance; one 

missed cleavage by trypsin; fixed modification was carbamidomethylation of cysteine; 

variable modification was oxidized methionine. Only proteins identified with 2 or more 

peptides (Mascot scores >15 for a peptide and >50 for a protein corresponding to protein 

FDR <1% and peptide FDR < 0.5% calculated using reversed decoy database), were 

included in the protein quantification analysis. To account for variations in experimental 

conditions and amounts of protein material in individual LC-MS/MS runs, the 
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integrated peak area for each identified peptide was corrected using the factors 

calculated by automatic Progenesis algorithm utilizing the total intensities for all peaks 

in each run. Values representing protein amounts were calculated based on a sum of ion 

intensities for all identified constituent non-conflicting peptides. Protein abundances 

were averaged for two duplicate runs for each sample and ratio between samples of 

interest was calculated. 

4.7 Statistics  

Statistical analysis was performed using GraphPad Prism software. Specific 

sample size, statistical test and p-values for each experiment are given in the appropriate 

figure legends. P-value less than 0.05 was considered significant. Standard error bars are 

shown on graphs. 
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