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ABSTRACT 

Retinal ganglion cell (RGC) axons relay visual information to the brain via the 
optic nerves (ONs) and optic tracts of the vertebrate visual pathway. RGC loss leads to 
irreversible blindness in many optic neuropathies, and is often associated with elevated 
intraocular pressure (IOP). Studies of experimentally elevated IOP have identified axonal 
transport (AT) disruption, cytoskeletal modification, and glial activation as contributing 
factors to RGC death.  However, the capacity of these factors to recover following a 
transient IOP elevation remains unclear.  This thesis employed AT tracing and 
immunological techniques to examine the spatiotemporal progression of RGC and glial 
responses in rat retina and ON following 30 or 90 minutes of acute elevated IOP, 
representing a sub-critical or critical insult, respectively.  Anterograde AT was examined 
over 24 hours, and retrograde AT over 14 days, post-injury. Neurofilament (NF) 
phosphorylation and glial activation were evaluated concurrently with anterograde AT. 
Thirty minutes of elevated IOP did not cause RGC loss, however, retrograde AT was 
mildly reduced at all time points. There was a trend towards NF dephosphorylation in the 
optic nerve head (ONH), and some microglial activation was observed.  Conversely, 90 
minutes of elevated IOP caused significant RGC loss by 3 hours (40%), followed by a 
second wave of loss by 7 days (98%).  Accumulation of phosphorylated NF was observed 
in a subset of RGC somas, the proportion of which increased with eccentricity. All AT 
was significantly disrupted at the ONH, and reduced retrograde AT in the ON suggested 
dysfunction in the distal axon or terminal.  Microglial processes were increased in the 
inner plexiform layer, and activated microglia became prominent through all retinal 
layers over 24 hours.  Notably, loss of AT function was not recovered following either 
duration of elevated IOP.  These findings suggest that, rather than exhibiting reversible 
dysfunction following a sub-critical insult, RGCs succumb to high IOP-induced stress in 
a cell-by-cell manner that is acute and permanent, the degree of which depends on the 
duration of IOP elevation – short insults (e.g. 30 minutes duration) cause dysfunction 
and/or loss of a small population of vulnerable RGCs, whereas longer insults affect 
proportionally more RGCs.  Differences in extrinsic and intrinsic risk factors likely 
contribute to variation in the critical threshold across the RGC population. This work 
contributes to a timeline of cellular events following acute elevated IOP, and supports the 
importance of studying critical injury and subtype-specific differences in RGCs. 
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CHAPTER 1 – INTRODUCTION  

In mammalian vision, retinal ganglion cells (RGCs) perform the crucial step of 

relaying visual information from retina to brain.  Without this function, the eye’s unique 

perception of the physical world is lost.  RGC axonal injury and RGC loss occur in 

several optic neuropathies, leading to visual disability and blindness - limitations 

accompanied by a decline in quality of life and considerable psychosocial impact [1] - in 

millions of people worldwide [2].  Among other processes, modification of RGC axonal 

structure, disruption of axonal transport (AT), and changes in glial function have been 

linked to the pathophysiology of RGC death [3-5].  Studies of RGC dysfunction and 

death are often pursued through the use of animal models exhibiting elevated intraocular 

pressure (IOP), which causes mechanical and ischemic insults to RGC axons as they 

leave the eye.  The purpose of this thesis was to elucidate the timeline of key cellular 

events following elevated IOP that are associated with either RGC survival or RGC 

degeneration.  The following sections describe the structural and functional components 

of RGC axonal degeneration in response to elevated IOP.   

 

1.1  The Retina and Optic Nerve (ON) 

1.1.1  Gross Visual Anatomy 

Vertebrates have evolved remarkable systems for collecting and processing visual 

input from the environment.  At the core of the visual system is the retina: a multilayered 

and extensively organized sheet of neural tissue that transmits visual information to 



2 

higher visual centres in the brain via RGC axons.  When light enters the cornea and 

passes through the pupil (Figure 1.1), it is focused on the retina by the lens, the convexity 

of which can be adjusted by the ciliary muscles [6].  This light must then cross the layers 

of the retina to arrive at the outer segments of the photoreceptors, embedded in the 

pigment epithelium of the choroid, where phototransduction takes place.  

 

1.1.2  Retinal Function and Organization 

The cascade of visual information in the retina begins with the photoreceptors 

(Figure 1.2).  In a process called phototransduction, photoreceptors transduce photonic 

energy into an electrical signal via light sensitive molecules called opsins [6].  Rod-

photoreceptor (important for low-light vision) and cone-photoreceptor (used in colour 

vision and day vision) somas are located in the outer nuclear layer (ONL) of the retina, 

with their pedicles extending into the outer plexiform layer (OPL) [6]. 

 The OPL is the first retinal neuropil in the visual cascade.  Here photoreceptor 

pedicles form a synaptic plexus with the dendritic processes of bipolar cells (BCs) and 

horizontal cells (HCs).  The inner nuclear layer (INL) contains the somas of BCs, HCs, 

amacrine cells (ACs), as well as Müller cells, which are radial glial cells that form the 

outer and inner limiting retinal membranes, and displaced RGCs. BCs, HCs and ACs then 

send their processes into the innermost neuropil, the inner plexiform layer (IPL) [7].  

The IPL is functionally and morphologically divided into two laminae according 

to the type of BC input being received: OFF-BCs, which are excited in darkness, 

terminate in sublamina a (deeper in the retina), whereas ON-BCs, which are inhibited in  
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Figure 1.1 Gross Anatomy of the Eye.  From the National Eye Institute, National 

Institutes of Health, Bethesda, MD. 
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Figure 1.2 Retinal Anatomy and Connectivity.  A) Nissl stained retinal cross-section 

showing: photoreceptor outer segments (OS); the outer nuclear layer (ONL); the outer 

plexiform layer (OPL); the inner nuclear layer (INL); the inner plexiform layer (IPL); and 

the ganglion cell layer (GCL). B) Schematic of retinal neurons and their connections.  

Photoreceptors (PRs) synapse upon bipolar cells (BCs) in the OPL, and BCs upon retinal 

ganglion cells (RGCs) in the IPL.  Lateral integration is performed by horizontal cells 

(HCs) in the OPL, and amacrine cells (ACs) in the IPL.  ON (dendrites in sublamina A) 

and OFF (dendrites in sublamina B) alpha and beta RGCs, as well as an ON-OFF 

bistratified RGC, are depicted. RGC axons extending along the inner surface of the retina 

form the nerve fibre layer (NFL). Panel (A) adapted from Lee and colleagues [8], with 

permission. Panel (B) adapted from Field and Chichilnisky [9], with permission. 
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darkness, terminate in sublamina b (closer to the vitreous) [7].  These BCs in turn contact 

the dendritic arbors of OFF- and ON- RGCs, which are similarly named for ramifying in 

either sublamina a or b, respectively.  There is also a subset of RGCs with arborisations in 

both sublaminae, called ON-OFF RGCs, that are capable of detecting the onset and offset 

of light [10].   

RGC somas are located in the ganglion cell layer (GCL) along with displaced 

ACs.  Visual signals then travel along RGC axons, which form the nerve fibre layer 

(NFL), and converge at the optic nerve head (ONH) to exit the eye [7].  While the GCL is 

so named for the presence of RGC somas, it should be noted that displaced ACs, which 

have a similar soma size to small RGCs, make up a significant portion of the GCL, 

representing anywhere from 3 to 50% of the resident cell population, depending on 

species and eccentricity from the ONH [11-14]. 

 

1.1.3  RGC Types  

Many types of RGCs exist, characterized by unique morphology, anatomy and 

function, and the diversity of mammalian RGCs is large and variable among species. 

Morphological classification of RGCs originated with the seminal work of Santiago 

Ramón y Cajal in 1892 [15].  Ramón y Cajal’s detailed drawings revealed how RGCs 

differ in many physical qualities, including size and shape of dendritic arbor, and depth of 

ramification in the IPL.  Early physiological recordings also revealed a dichotomy in 

RGC responses to stimuli: some exhibited a sustained response to a prolonged stimulus, 

whereas others responded transiently [16].  Variability in structure and function has lead 

to numerous lines of classification and varying estimates of the number of RGC types.  
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As many as 22 morphologically distinct RGCs have been described in the mouse retina 

[17], and 23 in humans [18].  Despite their complexity, RGCs are commonly divided into 

three main morphological classes: alpha cells (Figure 1.3 A), beta cells (Figure 1.3 B), 

and gamma cells [19, 20].  These classes have been identified across multiple species, 

including humans [21], non-human primates [22-25] , cats [20, 26], ferrets [27], and 

rodents [17, 28-30]. 

Alpha cells, otherwise known as parasol and magnocellular cells, have large 

dendritic arbors and make up between 5 and 10% of the total RGC population in primates 

[25].  They are described to be the morphological correlate to the physiologically 

classified Y cells, which display a brisk-transient response [20, 31, 32].  Alpha cells are 

found in greater proportion in the peripheral retina and often receive convergent input 

from tens of thousands of rods.  Such input results in poor spatial resolution, but high 

sensitivity to small transient changes in illumination and movement in the visual field, in 

addition to vision in scotopic conditions [7, 33].   

Beta cells, otherwise known as midget and parvocellular cells, have smaller 

diameter somas and dendritic arbors, and make up approximately 70% of the total RGC 

population in primates [34] and 45% in cats [35].  Like alpha cells, beta cells have a 

physiological correlate, X cells, which have a brisk-sustained response [20, 31, 32].  Beta 

cells are found primarily in the central retina and participate in a 1:1:1 relationship of 

cone-BC-RGC at the fovea [36].  Because of this, midget cells are specialized in 

chromatic vision, and are important for central acuity and vision in photopic conditions. 

 



7 

 

Figure 1.3 Alpha and Beta RGCs. A) Schematic representation of alpha RGCs at 

increasing eccentricities from the optic disc (distances in mm indicated next to each cell).  

B) Representation of beta RGCs at varying retinal eccentricities.  Figure adapted from 

Ghosh and colleagues [25], with permission. 
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Gamma cells have been estimated to represent between 50% and 60% of the total 

RGC population in the cat [37], while the proportion in other species is unclear.  

However, gamma cells comprise a heterogeneous population, often referred to as “non-

alpha, non-beta” cells, encompassing many RGC subtypes [19, 20, 23, 38], including 

delta and epsilon cells [15].  

 Finally, non image-forming visual functions, such as the regulation of circadian 

rhythms, the pupillary light reflex, masking behaviour, and light-induced melatonin 

suppression, are regulated by a specialized subset of RGCs, referred to as intrinsically 

photosensitive RGCs (ipRGCs).  ipRGCs are able to intrinsically perform 

phototransduction due to their expression of the photopigment melanopsin [39, 40].  To 

date, ipRGCs have been divided into as many as 6 subtypes (M1-M6) [41], and are 

relatively rare, representing approximately 1-3% of the RGC population in rodents [41, 

42]) and 0.2-0.8% in humans [43].  

 

1.1.2  Anatomy of the RGC Retinal Projection 

In all mammalian visual systems, RGCs are the projection neurons that form the 

pathway for information transfer from retina to brain.  RGCs serve this role via their long 

axons, which travel along the NFL from peripheral to central retina, where they come 

together as nerve bundles at the ONH to form the ON.  In the human retina, the axons of 

around 1.5 million RGCs relay signals regarding the spatial, temporal, and spectral 

properties of the surrounding environment [44]. 

Upon leaving the eye, axons remain bundled and exit through structural tubes 

formed by collagen fibres and interspersed astrocytes [6].  These tubes form the 
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‘honeycomb’ structure of the lamina cribrosa (LC), which acts as a permeable elastic 

barrier between the inside and outside of the globe (Figure 1.4 A).  In humans, the LC 

bridges the scleral opening [45].  The LC is similarly located in rats and mice, however, is 

less structurally defined compared to primates and has a relatively higher glial content  

(Figure 1.4 B) [46].  Change to LC geometry is thought to play a role in the damage of 

RGCs associated with glaucoma [47], a phenomenon discussed further in section 1.4.3.1. 

While retinotopic organization of nerve bundles is conserved throughout the 

length of the ON in humans [48], the bundled organization of axons is lost shortly after 

the posterior boundary of the LC in mice [46].  In humans, approximately half of RGC 

axons decussate at the chiasm to form the optic tracts [49], whereas this number is 

between 85% and 97% in rats and mice with some variation between strains [42, 50, 51]. 

In primates, RGC axons project primarily to the lateral geniculate nucleus (LGN) 

of the thalamus [25, 52].  Rat and mouse RGCs project almost exclusively to the superior 

colliculus (SC) [28, 53]; however, a small number of RGCs project to other areas 

including the LGN, the intergeniculate leaflet, the olivary pretectal nucleus, the 

suprachiasmatic nucleus and the pretectal area [54, 55].  Retinotectal projections in all 

species terminate in the superficial layers of the SC - the stratum griseum superficiale  

and the stratum opticum - where the organization of inputs varies according to retinotopic 

origin, cell type, and lateralization [56]. 
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Figure 1.4 Structure of Human and Mouse LC. A) A1: Longitudinal cross-section of a 

human ONH stained for collagen fibres. The LC is positioned just posterior the retina at 

the opening of the sclera. LC limits are indicated by A – anterior, and P – posterior.  A2: 

Cross-section of the ONH and staining for collagen fibres reveals the porous structure of 

the LC.  A3: Staining for astrocytes (pink) and axons (brown) shows astrocytes 

ensheathing axon bundles as they pass through the pores of the LC. B) B1: The location 

of the LC in mouse is similar to human, beginning just posterior the retina, however, is 

primarily composed of glia (astrocytes).  B2: Staining for GFAP (astrocytes) and myelin 

basic protein (MBP) in the mouse ONH.  B3: RGC axon bundles in mouse ONH cross-

section, inset shows depth of cross-section. B4: GFAP (astrocytes) in a cross-section of 

the mouse ONH. B5: Overlay of B3 and B4 showing bundles passing through pores 

provided by the astrocytes.  Panels A1-3: Adapted from Elkington and colleagues [57], 

with permission.  Panels B1-5: Adapted from Sun and colleagues [46], with permission. 
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1.1.3  Glia of the Retina and ON  

There are four main types of resident glia in the visual pathway: Müller cells, 

which are exclusive to the retina; astrocytes and microglia, which are present in the retina, 

ONH and ON; and oligodendrocytes, which are present in the myelinated regions of the 

visual pathway (anatomy and function reviewed by Vecino and colleagues [58]; Figure 

1.5).  From their soma in the INL, Müller cells extend radial processes through all layers 

of the neural retina [59]. At the inner border of the retina, Müller cell end feet form the 

inner limiting membrane bordering the vitreous, while processes at the outer border 

terminate in the photoreceptor layer [59].  Secondary processes extending from the main 

trunk of the Müller cell tightly surround neighbouring neurons and vasculature.  This 

configuration allows Müller cells to perform many homeostatic functions, such as the 

spatial buffering of neurotransmitters and other ions throughout the retinal extracellular 

environment [58, 59].  Astrocytes are found in the NFL and GCL, and are involved in the 

maintenance of retinal homeostasis and the blood-retina barrier [58].  Astrocytes are also 

an essential structural element of the ONH (previously described in section 1.1.2), and are 

present throughout the ON and higher visual pathway [58, 60].  Microglia, one of the 

primary immune cells of the visual pathway, are present in the retina, ONH and ON [58, 

61].  Finally, oligodendrocytes form the myelin sheath insulating RGC axons as they exit 

the eye and extend to the brain, the spatial onset of which varies between species [62-64].   
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Figure 1.5 Glia of the Retina.  Three types of glia are present in the retina.  Müller cells 

(M) extend throughout the thickness of the retina and extend secondary processes 

ensheathing surrounding neurons and blood vessels (BV).  Astrocytes (As), which also 

interact with neurons and blood vessels, are present in the NFL, GCL and OPL. Resting 

microglia (Mi) are present in the NFL, GCL, IPL and OPL.  A - amacrine cell, As – 

astrocyte, B – bipolar cell, BV – blood vessel, C – cone, Ch – choroid, G – ganglion cell, 

GCL – ganglion cell layer, H – horizontal cell, INL – inner nuclear layer, IPL – inner 

plexiform layer, M – Müller cell, Mi – microglia, NFL – nerve fibre layer, ON – optic 

nerve, ONL – outer nuclear layer, OPL – outer plexiform layer, OS – outer segments, PE 

– pigment epithelium, R – rod.  From Vecino and colleagues [58], with permission. 
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1.2  The Neuronal Cytoskeleton 

All neurons of the central nervous system (CNS), including RGCs, are equipped 

with a specialized set of proteins that provide guiding forces during development, as well 

as structural and functional support in maturity.  Collectively, these proteins are known as 

the neuronal cytoskeleton.  Cytoskeletal proteins often exist in a polymerized form as 

microtubules, actin microfilaments, and neurofilaments (NFs) (Figure 1.6).  They are 

involved in transporting materials from one site of the neuron to another and providing 

the neuron with its shape, thereby directly affecting the strength of neuronal output, as 

well as the morphology and function the neuron in general [65-67].   

 

1.2.1  Microtubules 

Microtubules contain α- and β-tubulin monomers and are interconnected via microtubule-

associated proteins (MAPs) [67].  An α- and β-tubulin together form a heterodimer. 

Heterodimers polymerize together to form protofilaments.  The final structure of a 

microtubule includes 13 protofilaments arranged to form a hollow cylinder approximately 

25 nm in diameter.  Tubulins express a binding site for guanosine-5’-triphosphate (GTP) 

that is important in microtubule polymerization and depolymerization - respectively 

known as rescue and catastrophe.  During assembly, tubulin monomers are bound to GTP.  

Shortly after assembly, GTP may be hydrolysed to guanosine-5’-diphosphate (GDP) [68].  

If hydrolysis occurs at a faster rate than the new GTP-bound tubulin is added, 

microtubule catastrophe will occur (Figure 1.7). 
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Figure 1.6 The Neuronal Cytoskeleton.  Components of the neuronal cytoskeleton are 

differentially expressed within the neuron: Microtubules (green) provide structural 

stability throughout the cell; neurofilaments (purple) are solely located in the axon; and 

actin filaments (orange) concentrate near the plasma membrane and in areas requiring a 

high degree of motility. Adapted from Fletcher and Mullins [69], with permission. 
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Figure 1.7 Microtubule Catastrophe and Rescue.  Protofilaments of tubulin 

heterodimers connect to form a cylindrical microtubule. Hydrolysis of GTP-tubulin to 

GDP-tubulin promotes depolymerization, while addition of GTP-tubulin promotes 

stability. Reproduced from Cheeseman and Desai [70], with permission. 
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Beyond their functional disparity, axons and dendrites also differ in their 

organization of microtubules.  Microtubules are polarized, with a fast-growing ‘plus’ end 

and a slow-growing ‘minus’ end [71].  While microtubules in the axon are unipolar, with 

‘plus’ ends always pointing away from the cell body, microtubules in dendrites can be 

oriented in either direction [72] (Figure 1.8).  Orientation of microtubules is important in 

the AT of cellular materials, as will be discussed in section 1.3.1.  Microtubules of the 

dendrite and axon also associate with different MAPs.  MAPs are thought to control the 

spacing of microtubules, which is known to be much tighter in axons than dendrites [73]. 

 

1.2.2  Actin 

 Actin filaments have a different structure from microtubules, and play very 

different roles in the neuron.  They are formed by the polymerization of globular actin (G-

actin) into filamentous actin (F-actin), forming a single-stranded, left-handed helix 

approximately 5 nm in diameter [67].  Assembly of actin is an adenosine-5’-triphosphate 

(ATP)–dependent process where the addition of ATP-actin (G-actin bound to ATP) 

occurs at the ‘plus’ end [74] (Figure 1.9).  The growth and cellular location of actin is 

mediated by several different actin binding proteins [67]. 

Due to their dynamic nature, actin filaments are localized to compartments of the 

neuron requiring a high degree of motility.  Dendritic spines, the dynamic post-synaptic 

appendages located on dendrites, are rich in actin and devoid of tubulin [75].  The motile 

ends of axonal growth cones take advantage of actin dynamics to make quick directional 

changes in response to environmental cues [76]. 
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Figure 1.8 Orientation of Microtubules Within the Neuron.  Microtubules are 

polarized structural filaments, with a fast-growing ‘+’ end and a slow-growing ‘-‘ end, 

that differ in their orientation depending on their location within the neuron.  

Microtubules in the axon are unipolar, with ‘plus’ ends always pointing away from the 

cell body, while microtubules in dendrites can be oriented in either direction. 
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Figure 1.9 Assembly and Disassembly of Actin Filaments.  A) G-actin becomes bound 

to ATP.  B) Activation with ATP causes polymerization of G-actin to form F-actin.  C) 

Hydrolysis of ATP to ADP + Pi causes depolymerization of F-actin at the ‘-‘ end. 
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1.2.3  Neurofilaments (NFs) 

NFs are a type of intermediate filament specific to neurons.  They are 

approximately 10 nm in diameter and are the most abundant cytoskeletal protein, 

outnumbering microtubules 5- to 10-fold [77].  There are three NF subunit isoforms: light 

(NF-L), medium (NF-M), and heavy (NF-H), named for their respective molecular 

weights (Figure 1.10).  Additional accessory subunits, α-internexin and peripherin, have 

been proposed to also co-polymerize with NFs. 

Each subunit consists of a homologous head and rod domain, and a tail domain 

that varies between subunits.  The rod domain is important for dimerization of subunits, 

while the head and tail domains aid in protein-protein interactions [78].  NF assembly 

begins with the dimerization of two subunits to form a coiled-coil (Figure 1.11).  These 

dimers consist of a NF-L/NF-L pair (a homodimer), or NF-L paired with either NF-M or 

NF-H (heterodimers).  This type of pairing occurs because the two larger subunits have 

been shown to be incapable of self- or co-polymerization [79].  The NF dimers arrange 

head-to-tail to form a tetramer.  The tetramers arrange end-to-end to form protofilaments, 

which come together to form a hollow cylinder, as in microtubule assembly [80]. 

The intermediate filament-binding proteins α-internexin and peripherin have been 

proposed to co-polymerize with NF triplet proteins.  While early investigations 

hypothesized that α-internexin and peripherin formed their own independent filament 

system, it has since been shown that both of these proteins are present in stoichiometric 

amounts correlated to NF triplet proteins [81, 82].  α-internexin has been shown to 

associate with NF-M, is crucial to NF-M transport in the absence of NF-L and NF-H [82], 

and also may play important roles in NF association with the membrane-bound  
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Figure 1.10 Neurofilament Subunits.  Neurofilament subunits are amino acid chains, 

each with a homologous head and rod domain and variable tail domain.  NF-L – 

neurofilament light, NF-M – neurofilament medium, NF-H – neurofilament heavy.  

Molecular weights are listed for each isoform, and molecular weights of phosphorylated 

forms are in parentheses.  C – carboxy terminal, N – amino terminal. Reproduced from 

Petzold [80], with permission. 
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Figure 1.11 Neurofilament Assembly. Neurofilament subunits dimerize to form a 

coiled-coil. Coiled-coils tetramerize head-to tail and tetramers arrange end-to-end to form 

protofilaments.  These protofilaments come together to form a complete neurofilament. C 

– carboxy terminal, N – amino terminal.  Reproduced from Petzold [80], with permission. 

 

 

 

 

 

 



22 

cytoskeleton and promotion of neuronal plasticity [83].  Expression of α-internexin 

declines in peripheral neurons in early development, however, peripherin expression 

increases shortly thereafter, functioning similar to α-internexin in peripheral neurons [81, 

83]. 

In the healthy neuron, NF proteins are located primarily in the axon, less in the 

cell body and dendrites, and absent from dendritic spines and nerve terminals [84, 85].  

NFs modulate neuronal structure by maintaining axon calibre [83, 86] and confer normal  

dendritic arbourization in developing neurons [87]. Unsurprisingly, NF dysfunction is 

linked to many pathological conditions [67, 88]. 

 

1.2.4  Phosphorylation-Dependent Regulation of Cytoskeletal Proteins 

Phosphorylation (the addition of a phosphate group) and dephosphorylation (its 

removal) are ubiquitously employed as a means to regulate various intracellular processes 

and are executed by kinases and phosphatases, respectively [89].  Modification of 

phosphorylation state can lead to activation or deactivation of proteins [90-92], including 

other enzymes, and affect protein conformation [89], structural stability [93, 94] and 

mobility [92, 95-97].  A key process effecting change in neuronal structure is 

phosphorylation of the cytoskeleton.  While microtubules and actin filaments are mostly 

regulated by their respective binding proteins, phosphorylation is central to NF 

regulation, with many phosphorylation sites present directly on the head and tail domains 

[88, 98].  The main purpose of the phosphorylation-dephosphorylation balance in NFs is 

to regulate structural stability within the neuron [88]. 
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MAPs bind and stabilize microtubules and promote tubulin polymerization [99].  

Microtubule-associated regulating kinase is capable of phosphorylating MAPs, causing 

them to dissociate from microtubules [100].  This dissociation inhibits tubulin-

polymerization and destabilizes the microtubule.  The same relationship is true for the 

Tau family of MAPs, which are phosphorylated by numerous kinases including protein 

kinase N [101]. 

The actin depolymerizing factor/ Cofilin family of binding proteins, which are 

essential for regulation of actin dynamics, are themselves regulated by phosphorylation.  

Phosphorylation of actin depolymerizing factor/cofilin by LIM kinase inhibits its 

depolymerizing activity, tipping the actin equilibrium towards the filamentous form 

[102]. 

NFs, produced in the soma, express numerous lysine-serine-proline motifs on their 

head and tail where phosphorylation can occur [83].  A multitude of enzymes are capable 

of phosphorylating and dephosphorylating NFs.  Glycogen synthetase kinase-3, protein 

kinases A and C and cyclin-dependent kinase-5 (CDK5) are all involved in 

phosphorylating the head domain [103-105].  Phosphorylation of the tail domain involves 

a range of protein kinases, including protein kinase A and CDK5 [78, 106, 107]. 

Interestingly, phosphorylation of NFs, a phenomenon likely involved in RGC 

degeneration after injury [108-111], confers resistance to degradation by proteases such 

as calpain [93].  Neurofilament dephosphorylation is primarily achieved by protein 

phosphatase 1 and 2A [107], and possibly calcineurin [112]. 

While NFs are only lightly phosphorylated in the soma and dendrites, their tail 

domains become heavily phosphorylated after transport into the axonal compartment [80, 
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107].  Phosphorylation of the head domains is known to inhibit NF assembly, whereas 

phosphorylation of the tail domains causes an extension of charged NF-H side-arms 

leading to greater NF-to-NF spacing.  NF-H is the most commonly phosphorylated NF 

subunit, and likely the most heavily phosphorylated protein in the human brain [80].  

Phosphorylation of NFs also regulates NF transport throughout the cell, by either 

decreasing NF binding affinity for anterograde motors, or by increasing NF-NF 

interactions that compete with AT motor binding [113].  

 

1.3  Axonal Transport (AT) 

Mammalian neurons typically have multiple dendritic processes close to the cell 

body and an axon, whose length can vary from hundreds of microns in interneurons to a 

metre or longer in primary motor and sensory neurons [114].  The axonal compartment of 

motor and sensory neurons, including that of RGCs, can comprise greater than 90% of the 

internal cell volume and, with limited or no mechanisms to transcribe proteins, relies 

heavily on the transport of essential materials from the cell body [115].  Like other 

neurons, RGCs are able to transport a variety of cargo via the interplay of motor, adapter, 

and structural proteins. 

 

1.3.1  Molecular Motors, their Adapters, and Structural Scaffolds 

Microtubules and actin form a network of structural ‘highways’ by which 

molecular motors move cargo from one end of the cell to the other.  This section reviews 

the various motor proteins that associate with microtubules and actin. 
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1.3.1.1 Kinesin and Dynein 

Microtubules have a polarized organization in the axon: ‘plus’ ends face towards 

the nerve terminal while ‘minus’ ends are closer to the cell body.  There are two main 

families of molecular motors that use the microtubule highway: Kinesins and dyneins 

(Figure 1.12).  Kinesins are primarily ‘plus end’-directed motors (with a few exceptions 

e.g. C-Kinesins) moving towards the nerve terminal, i.e. anterograde AT, whereas dynein 

motors are directed towards the ‘minus ends’ and participate in retrograde AT towards the 

cell body [116].   

The kinesin superfamily proteins (KIFs) are part of a large gene family of 45 

motor proteins [117].  KIFs are heterotetramers of two light and two heavy amino acid 

chains.  The two heavy chains come together to form a coiled-coil and two amino (N)-

terminal globular heads.  These globular heads form the KIF motor domains, which 

contain both a microtubule-binding sequence and an ATP-binding sequence. To begin the 

transport process, one motor domain associates with a β-tubulin binding site on the 

microtubule.  The catalytic core of the motor domain hydrolyzes ATP and begins an 

attachment-detachment cycle between the two motor heads.  While the precise transfer 

mechanism remains uncertain, it is known that motor heads take 8 nm ‘steps’ down the 

microtubule at a rate between 0.2-1.5 µm/s, depending on ATP availability and the 

presence and size of transport cargo [118-120].  This rate, known as ‘processivity’, is 

consistent with fast AT, to be discussed in section 1.3.2. 

On the carboxy (C)-terminal ends of KIF heavy chains, there are two light chains 

that can bind directly, or indirectly via adapter/scaffolding proteins, to cargo.  While KIF 

motor domains are highly homologous, the light chains express a high degree of sequence  
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Figure 1.12 Kinesin and Dynein Motor Proteins.  Long-distance transport of materials 

throughout the neuron is achieved via the actions of kinesin and dynein motor proteins.  

The motor abilities of kinesin, a ‘plus’ end-directed motor, are conferred by its two heavy 

chains, each consisting of a coiled-coil stalk region and ATP-hydrolyzing motor domain. 

Kinesin light chains bind various cellular cargoes.  Dynein, a ‘minus’ end-directed motor, 

has motor domains with specialized microtubule (MT) binding stalks that perform similar 

ATP-driven ‘steps’. Unlike kinesin, dynein requires an additional scaffolding protein 

(dynactin) to bind its cargo. 
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variability.  There is also a wide array of adapter/scaffolding proteins capable of 

mediating the link between cargo and KIF.  Consequently, there is a high degree of 

selectivity in binding cargo - each KIF is unique in the cargo it carries [120].  Finally, 

different KIFs are active in different areas of the cell (dendrite, axon, cell body), and at 

different points in development, leading to targeted protein transport depending on the 

needs of any particular cell compartment [121]. 

The dynein family of motor proteins is relatively small compared to the KIF 

superfamily, and only one type, cytoplasmic dynein -1, is associated with AT. 

Cytoplasmic dynein -1, like kinesin, is a microtubule-associated ATPase.  While slightly 

different in substructure, it is also formed by two heavy chains containing motor domains 

and microtubule binding domains, and two light chains that are capable of binding cargo.  

Although dynein can bind directly to its cargo, it is believed that the majority of these 

associations are mediated by the protein complex dynactin (Figure 1.12) [122, 123].  

 

1.3.1.2 Myosin 

 Myosin is another motor protein family involved in transport, and expresses both 

similarities and differences with kinesin and dynein.  Myosins, like kinesin and dynein, 

are driven by ATP-hydrolysis, and use multiple adapter proteins to bind a variety of 

cargo.  However, while kinesin and dynein perform long-range transport along 

microtubules, myosin travels by the actin cytoskeleton and performs short-range transport 

of vesicles, small organelles, and endoplasmic reticulum [124].  Myosin is frequently 

involved in shuttling cargo back and forth between microtubule transport and its final 

destination at the plasma membrane [125].   



28 

1.3.2  Slow and Fast Transport Components 

Molecular cargo is most specifically classified according to its rate of transport.  

In fast anterograde or retrograde AT, mitochondria and membranous organelles, including 

those involved in secretory and endocytotic pathways, are translocated in the order of 

hundreds of millimeters per day.  In slow AT, cargo that is primarily comprised of 

cytoskeletal protein polymers, and associated proteins and protein complexes, is moved 

only millimeters per day (Table 1.1).  Both kinesin and dynein contribute to both classes 

of transport, and, to some degree, are both capable of travelling short distances in their 

non-preferred direction [67, 97].  

Some factors are known to affect the processivity of molecular motors, including 

local ATP concentration, binding of tau to microtubules, and load of cargo [67, 126]. 

Also, it has been shown that both NFs and microtubules move bidirectionally and in short 

bursts followed by prolonged pauses [127, 128].  In addition to intermittent transport, 

there has also been evidence that multiple kinesins and dyneins may associate with the 

same cargo, leading to the hypothesis that it is the balance between bound and actively 

transporting motors that determines the direction and velocity of transport [63, 125, 129-

131]. 
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Table 1.1 Components of fast and slow transport. 

Rate Class Rate Moving Structures Composition 

 

Fast Components 

Fast Anterograde 200-400 

mm/day 

Golgi-derived vesicles 

and tubules (secretory 

pathway) 

Synaptic vesicle 

proteins, kinesin, 

enzymes for 

neurotransmitter 

metabolism 

Bi-Directional 50-100 

mm/day 

Mitochondria Cytochromes, enzymes 

of oxidative 

phosphorylation 

Fast Retrograde 200-400 

mm/day 

Endosomes, lysosomes 

(endocytotic pathway) 

Internalized membrane 

receptors, 

neurotrophins, active 

lysosomal hydrolases 

 

Slow Components 

Slow Component ‘a’ 0.3-3 mm/day Neurofilaments, 

Microtubules 

Neurofilament 

proteins, tubulin, 

spectrin, tau 

Slow Component ‘b’ 2-8 mm/day Microfilaments, 

cytosolic protein 

complexes 

Actin, clathrin, dynein, 

dynactin, glycolytic 

enzymes 

 

Data from Brown [132], with permission 
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1.4  RGC Injury Related to Elevated Intraocular Pressure (IOP) 

RGC loss is a hallmark of IOP-related eye diseases, such as glaucoma.  Various 

animal models of retinal and ON injury that are used to study RGC degeneration employ 

elevations of IOP.  Sources of damage to RGCs caused by elevated IOP include 

mechanical stress and ischemia, leading to an array of effects on retinal and ON 

physiology that affect RGC survival, including remodeling of the cytoskeleton, disruption 

of AT and changes in neighboring glia [4, 133, 134]. 

 

1.4.1  Glaucoma 

Glaucoma comprises a group of optic neuropathies, including primary open-angle, 

angle-closure, and secondary glaucoma [135, 136], that together are the leading cause of 

irreversible blindness worldwide [137].  While a complete understanding of the factors 

contributing to glaucoma development is lacking, elevated IOP is a common symptom.  

In glaucoma, elevated IOP may contribute to mechanical stress, as well as vascular and 

biochemical events, in the retina and ONH leading to structural damage and functional 

impairment of RGCs axons, and eventually loss of RGC somas (discussed further in 

section 1.4.3) [2].  

 

1.4.2  Animal Models of RGC Injury with Elevated Intraocular Pressure  

Many animal models have been designed for the purpose of studying the 

pathophysiology of RGC loss.  Chronic elevated IOP models are typically designed to 

disrupt the dynamics of endogenous pressure regulation in the eye by interfering with 
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aqueous outflow through the angle, and are frequently used to investigate glaucoma-like 

disease progression.  Acute, experimentally elevated IOP is capable of producing a range 

of IOPs, including those high enough to cause ischemic insult to the retina, and is 

therefore a useful technique for the study of critical injury and acute death of RGCs.  This 

section will discuss common techniques used to experimentally elevate IOP. 

 

1.4.2.1 Chronic IOP Elevation Models 

There have been numerous rodent models developed to create chronic elevations 

of IOP to mimic glaucoma by blocking aqueous humor outflow [138, 139].  The aqueous 

humor is secreted by the ciliary body in the posterior chamber of the eye (Figure 1.13 A).  

The aqueous then moves into the anterior chamber and is mostly drained via the 

trabecular meshwork into Schlemm’s canal.  Many aqueous veins directly connect the 

lumen of Schlemm’s canal to the episcleral veins (Figure 1.13 B), returning the aqueous 

to the venous system [140]. 

Episcleral vein occlusion interferes with the outflow of aqueous either by 

sclerosing the veins with an injection of hypertonic saline, or by cauterization.  These 

approaches lead to moderate long-term IOP elevation (+10-25 mmHg for extended 

periods) [141-143]; however, the cauterization model differs in that the length and degree 

of IOP elevation directly correlates with the number of veins cauterized [138].  Other 

techniques that obstruct aqueous outflow include laser photocoagulation of the trabecular 

meshwork and injection of microbeads into the anterior chamber.  Laser photocoagulation 

produces significant and progressive RGC loss and a relatively transient increase of IOP 

(2-6 weeks), the degree of which depends on the intensity and duration of the laser  
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Figure 1.13 Aqueous Humor Dynamics in the Eye.  A) Aqueous humor is produced by 

the ciliary body, enters the anterior chamber though the pupil and is drained through the 

trabecular meshwork into Schlemm’s canal.  B) From Schlemm’s canal, the aqueous 

returns to the vasculature via many aqueous veins directly connected to the episcleral 

veins. Red arrows indicate flow of aqueous.  Panel A reproduced from Goel and 

colleagues [144], with permission.  Panel B adapted from Langham [140], with 

permission. 
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application, as well as the number of laser spots [138].  Microbeads injected into the 

anterior chamber build up in the angle of the eye and block aqueous flow through the 

trabecular meshwork.  A variety of microbead models have been developed, which cause 

a variety of IOP elevations - less than 5 mmHg, to greater than 50 mmHg [145-148] - and 

RGC loss from 20-40% over 3-5 weeks [146, 149, 150]. 

 

1.4.2.2 Acute IOP Elevation Models 

Due to its procedural reversibility, acute elevated IOP is often used either to 

investigate critical points of ischemic- and pressure- induced injury, or to study the effects 

of a transient disruption of blood flow, e.g. an ischemia/reperfusion injury.  Some models 

of IOP-induced acute ischemia/reperfusion may emulate damage incurred in angle-

closure glaucoma or other conditions of retinal ischemia [151].  Acute elevated IOP offers 

many advantages over chronic models, including, but not limited to, having a duration 

and severity that can be finely regulated, and providing reproducible data [138].  

Acutely elevating IOP above the level of mean arterial blood pressure (MAP) 

interferes with retinal perfusion, causing ischemia.  First described by Smith and Baird 

[152] and Büchi and colleagues [153], this technique is most often executed by 

cannulating the anterior chamber with a hypodermic needle attached via tubing to a 

reservoir of sterile saline, its’ height being modifiable to control pressure.  Acute IOP 

elevations in the literature range in duration from approximately 10 minutes to 12 hours, 

and in magnitude from approximately 10 mmHg to 150 mmHg [154-159].  Acute IOP 

elevation of 90-110 mmHg causes global ischemia, obstructing both the retinal and uveal 

circulation [160].  Global ischemia affects all retinal layers [161].  Due to its technical 
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simplicity and easily modified insult, IOP-induced ischemia is frequently used as a model 

for studying the impact of RGC damage.   

 

1.4.3  Relevant Types of Neuronal Insults 

1.4.3.2 Mechanical Injury 

Elevated IOP is a highly recognized risk factor for the development and 

progression of glaucoma [136].  Mechanical stress on RGC axons in the retina and ONH 

caused by elevated IOP induces damaging biochemical cascades that contribute to RGC 

loss [162, 163]. 

Mechanical deformation of structural tissues in the ONH has been examined in 

acute experimental elevation of IOP in human, non-human primate, and rodent eyes [47, 

164-166].  Posterior displacement of the LC in response to short-term increases of IOP 

ranges from 26 µm in non-human primates, to 79 µm in humans, with the majority of 

movement occurring within the first 15 mmHg of pressure increase [47, 164, 167].  In 

rats, deformation of the ONH and peripapillary structures (i.e. adjacent to the ONH) is 

visible within seconds of IOP increase to 50 mmHg, and reversible decreases in retinal 

thickness were observed as early as 10 minutes after onset of elevated IOP.  These studies 

support the concept that significant mechanical trauma is likely inflicted upon RGC axons 

at the level of the LC in response to elevated IOP. 

Many cell types in the retina and ON are capable of responding to mechanical 

distortion in their surrounding environment.  Glia of the retina and ON – namely 

astrocytes, Müller cells, and microglia – all express mechanosensitive pannexin channels 

in their plasma membrane [168-171].  Pannexin channels are unopposed membrane-
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spanning hemichannels that can release ATP in response to mechanical stimulation [172].  

Isolated rat ONH astrocytes have been shown to release ATP via pannexin channels in 

response to mechanical stimulation, and both pannexin 1 and 2 are upregulated in 

response to prolonged stretching [170].  Newman [171] demonstrated that ATP release 

from pannexin channels on Müller cells induces delayed inhibition of RGC spiking via 

activation of K+ permeable adenosine receptors after ATP had been dephosphorylated by 

ectoATPases and ectonucleotidases in the extracellular space.  Release of ATP by retinal 

and ON glia may be beneficial and/or detrimental to RGC survival [170], depending on 

the type of purinergic receptor being stimulated: activation of P2X7 receptors on the RGC 

plasma membrane (preferentially activated by ATP) causes influx of Ca2+, which can lead 

to activation of apoptotic and inflammatory cascades [173, 174], while activation of P1 

receptors (preferentially activated by adenosine) causes inhibition of RGCs [171, 175], 

which may be protective in pathophysiological conditions associated with excitotoxicity, 

such as glaucoma [176].  An increase in retinal ATP has been documented in isolated 

retinas exposed to hydrostatic pressure [177, 178], and elevated levels of ATP have been 

measured in the aqueous humor of individuals with glaucoma [179].  Thus, via 

mechanosensitive cation channels, glia of the retina and ONH are capable of transducing 

mechanical stimuli by releasing ATP into the extracellular space, affecting RGC survival 

(Figure 1.14 A). 

In addition to glial responses to mechanical stimuli, RGCs may be capable of 

sensing changes in pressure directly.  It has been proposed that release of ATP from 

pannexin channels expressed on the RGC plasma membrane initiates damaging autocrine 

signaling whereby ATP feeds back onto P2X7 receptors on the RGC membrane, causing  
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Figure 1.14 Elevated IOP-Induced Mechanical and Ischemic Insults Combine to 

Cause RGC Axonal Injury in the ONH.  A) Cascade of cellular events resulting from 

mechanical compression at the ONH.  B) Cascade of cellular events resulting from 

ischemia at the ONH.  Panx – pannexin.  Adapted from He and colleagues [180], with 

permission.  
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influx of cytotoxic Ca2+ (Figure 1.15), a pathway which is blocked by removal of 

extracellular ATP and P2X7 antagonists [173].  Indeed, pharmacological blockade of 

pannexin channels inhibits retinal ATP release [177], while blockade of P2X7 receptors 

prevents ATP-associated damage in RGCs following exposure to increased hydrostatic 

pressure [178].  The differential effects that ATP release from Müller cells (paracrine) 

versus from RGCs (autocrine) has on RGC survival may arise because paracrine release 

exposes ATP to dephosphorylation in the extracellular space, increasing the likelihood of 

adenosine receptor stimulation, whereas autocrine release may stimulate adjacent P2X7 

receptors on the RGC membrane before ATP can be dephosphorylated [171, 173].   

RGCs themselves express mechanosensitive transient receptor potential vanilloid 

isoform 4 (TRPV4) channels [162].  TRPV4 channels, from the TRP superfamily of 

membrane-spanning cation-permeable channels, are known to open in response to 

mechanical stimulation.  Interestingly, neuronal expression of TRPV4 in the retina is 

specific to RGCs [181], potentially contributing to the high susceptibility of RGCs to 

IOP-related injury, relative to other retinal cell types.  Mechanical stimulation of the 

retina leads to influx in Ca2+ through TRPV4 channels, further contributing to elevated 

intracellular Ca2+ and RGC death [162]. 

 

1.4.3.1 Ischemia 

 Elevating IOP to levels above ocular perfusion pressure (OPP), defined as the 

MAP minus the IOP, interferes with ocular blood flow [160, 182], thereby causing 

ischemic insult to the retina.  Using optical microangiography to measure ocular blood 

flow in rats in response to increasing steps of elevated IOP, Zhi and colleagues [183] 
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Figure 1.15 Mechanosensitive Channels in the RGC Plasma Membrane.  RGCs can 

respond to mechanical stimulation themselves via the mechanosensitive channels TRPV4 

and pannexin 1 (PANX1).  TRPV4 cation channels open in response to elevated IOP 

and/or mechanical trauma to the RGC membrane and allow influx of Ca2+, leading to 

elevated intracellular Ca2+.  PANX1 channels also respond to mechanical deformation of 

the membrane by elevated IOP and trauma, as well as ischemia, releasing ATP into the 

extracellular space.  ATP released by PANX1 channels stimulates adjacent P2X7 

receptors leading to further influx of Ca2+.  Elevated intracellular Ca2+ feeds back onto 

PANX1 channels, potentiating channel activity.  Adapted from Krizaj and colleagues 

[162], with permission.  
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determined that inner retinal blood flow begins to be reduced at an IOP of 30 mmHg, and 

is nearly extinguished at an IOP of 100 mmHg.  Alternately, choroidal and ONH blood 

flows began to be affected at an IOP of 60 mmHg, and were reduced by 80% and 100%, 

respectively, by 100 mmHg.  

Ischemia caused by reduced ocular perfusion induces complex biochemical 

cascades in retinal neurons and glia that are known to damage RGCs (Figure 1.14 B) 

[160].  Decreased supply of glucose and oxygen to mitochondria disrupts both glycolysis 

and oxidative phosphorylation, reducing available intracellular ATP stores. Additionally, 

ischemia can activate pannexin channels [184], leading to further loss of intracellular 

ATP and increased extracellular ATP.  This resulting lack of intracellular ATP can 

interfere with AT function, leading to somal deprivation of neurotrophins.  In support of 

this, ATP production-enhancing compounds appear to increase RGC survival following 

an elevated IOP-induced ischemia/reperfusion injury [185].  Reduced intracellular ATP 

may also cause glutamate transporters on neurons and glia that normally take-up 

glutamate from the extracellular environment to work in reverse, increasing extracellular 

glutamate.  Adding to glutamate dysfunction, glia appear to develop a reduced ability to 

buffer extracellular glutamate, leaving neurons at risk of excitotoxicity [186].  Buildup of 

ATP and glutamate in the extracellular space can over-stimulate P2X7 and N-methyl-D-

aspartate (NMDA) receptors, respectively, causing a similar rise in intracellular Ca2+ as 

that observed in mechanical injury.  Mitochondrial dysfunction in ischemia also leads to 

the over-production of free radicals, causing oxidative stress [187].  Together, high 

intracellular Ca2+, depleted neurotrophic support and oxidative stress, among other 
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signaling pathways activated in ischemia, work to promote apoptotic and necrotic 

cascades, leading to RGC death. 

 

1.4.4  Experimental Methods of Evaluating AT Function and Axonal Structure in 

RGCs, and Activation of Surrounding Retinal and ON Glia 

The function of AT and the structure of the axonal cytoskeleton in RGCs, as well 

as the activities of neighbouring glia in the retina and ON, are all intimately linked to 

RGC survival in response to elevated IOP [4, 188].  Many experimental methods have 

been developed to evaluate AT, the axonal cytoskeleton, and glia, in efforts to better 

understand RGC injury, degeneration, and loss.  The following sections provide an 

overview of popular approaches to these evaluations.  

 

1.4.4.1 Experimental Evaluation of AT 

Two frequently used methods for AT assessment include: 1) tracking the intra-

axonal movement of actively transported fluorescent tracers, and 2) evaluating the intra-

axonal distribution of endogenous AT-associated proteins. 

 

1.4.4.1.1 Actively Transported Tracers 

Various dyes and tracers are capable of labelling RGC axons in the retinofugal 

projection [189-196].  However, only those tracers whose intracellular dispersion depends 

on active transport are suited to studies examining functional AT disruption [197].  

Additionally, tracers that are inherently fluorescent offer many advantages over 

techniques requiring secondary detection (e.g. immunolabelling, horseradish peroxidase 
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(HRP), etc.): 1) they save time by eliminating the need of one or more incubation periods, 

as is necessary in secondary labelling procedures; 2) they are not subject to artifacts 

caused by variations in exposure to secondary labels; and 3) the lack of secondary 

processing avoids interference with subsequent immunological investigation.  Two 

inherently fluorescent, actively transported tracers that are commonly used in RGCs are 

rhodamine isothiocyanate (RITC) and fluorescently conjugated cholera toxin B (CTB; 

Figure 1.16).  

RITC is a red-fluorescing molecule (emission 573 nm) that, when applied to live 

tissue, is endocytosed and transported in vesicles throughout all cellular compartments 

[195, 198].  Although RITC is transported both anterogradely and retrogradely [195], 

description of its appearance in the ON following retrograde AT is lacking.  The rate of 

anterograde and retrograde AT of RITC in rat RGCs is estimated to be approximately 10 

and 5 mm/day, respectively [195]. 

Cholera toxin is produced by the bacterium Vibrio Cholerae, and enters cells by 

endocytosis after binding to GM1 ganglioside receptors in the membrane [199, 200].  The 

recombinant form of cholera toxin, containing only the non-toxic beta subunit (i.e. CTB), 

can be used as a tracer of fibre tracts within the CNS [190, 201-204], and can be pre- 

conjugated to fluorescent dyes (emissions from 488 to 647 nm) [205].  Recently, CTB 

conjugated to the Alexa 488 fluorophore has been shown to label somas, dendrites and 

axons of RGCs following either anterograde or retrograde application [206].  Reported 

rates of CTB transport in rat RGCs are 80-102 mm/day anterogradely [206, 207] and 136-

191 mm/day retrogradely [206]. 
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Figure 1.16 AT Tracers in the Rat Visual System. A and B) Retrograde AT of HRP in 

the rat ON (A) and retina (B). C) Retrograde AT of RITC in the retrobulbar ON and 

ONH. D) Retrograde AT of CTB in the retrobulbar ON and ONH. E) Anterograde AT of 

CTB conjugated (green) and RITC (red) in the ON and chiasm.  F) High magnification 

image of RITC-filled vesicles in the RGC cytoplasm.  G) Retrograde RITC labelling in 

the retina.  H) Retrograde labelling in the retina with CTB. I) Anterograde labelling of 

RGC terminals in the SC with RITC (red) and CTB (green). Reproduced from Nuschke 

and colleagues [197], with permission.   
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1.4.4.1.2 Endogenous AT-Associated Proteins 

Evaluating the expression of endogenous AT-associated proteins, frequently 

achieved by immunohistochemistry (IHC), may also provide information regarding the 

state of AT function.  Dynein, amyloid precursor protein (APP) and brain-derived 

neurotrophic factor (BDNF), among other proteins, are associated with AT in neurons, 

and have previously been used as a measure of AT function in RGCs [63, 129-131]. 

Dynein is the primary motor protein associated with retrograde AT, making it a 

useful target for IHC evaluation of AT function.  Martin and colleagues [129] 

demonstrated that both acute and chronic elevations of IOP caused focal accumulations of 

dynein protein in peripheral RGC axon bundles within the ONH, suggesting of a localized 

disruption in AT function. 

APP, a synaptic protein that is produced in large quantities in the neuronal soma 

[208-210], is a frequent cargo of fast anterograde AT [211, 212] and IHC for APP has 

been previously used to assess AT function in RGCs [130].  Acute elevation of IOP leads 

to rapid accumulation of APP in the ONH [130]. 

Finally, BDNF is well known as a neurotrophic factor that is retrogradely 

transported from RGC terminals to the soma to promote RGC survival [213, 214].  

Measurement of uptake and AT of radioactive BDNF and IHC for endogenous BDNF 

protein have been used to evaluate retrograde AT function in RGCs [63, 131], and, like 

IHC for dynein and APP, have also demonstrated a localized disruption of AT in the 

ONH in response to elevated IOP. 
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1.4.4.2 Evaluating Axonal Structure 

RGC axonal degeneration is central to glaucomatous damage [4, 188, 215, 216], 

and a key point of investigation in experimental studies of RGC damage and survival 

[163, 188, 216, 217].  Many methods can be used to assess RGC axonal integrity, 

including: 1) tracking diffusion of carbocyanine dyes within the axonal membrane; 2) 

evaluation of axonal ultrastructure using electron microscopy (EM); 3) IHC to measure 

expression of axonal structural proteins, such as NF, microtubules, and MAPs; and 4) 

IHC or enzyme assays to measure expression and activity of enzymes important to axonal 

structure, such as the ubiquitin-proteosome pathway, CDK5, calcineurin, and calpain. 

Because carbocyanine dyes are lipid soluble substances that diffuse passively 

throughout the cell membrane [218], they are useful for identifying sites of structural 

obstruction in the axon.  Carbocyanine dyes have been used in conjunction with actively 

transported tracers in studies of RGC damage to differentiate between functional and 

structural blockades of AT [188]. 

RGC axonal ultrastructure can be examined via EM to reveal detailed 

characteristics of degeneration in studies of RGC damage.  Indeed, this method has been 

used to identify the subcellular composition of AT blockades in RGC axons within the 

ONH in response to elevated IOP [219]. 

NFs are primarily non-phosphorylated in the soma and phosphorylated in the 

axon.  This distribution of NF phosphorylation is altered in axonal injury ([220, 221]; 

discussed further in section 1.4.5.2).  Moreover, expression of MAPs, which are 

important in microtubule stabilization [100], is also altered in axonal injury [157, 222].  

Changes in NF, microtubules, and MAP proteins can be evaluated by IHC or western blot 



47 

(WB) [130, 157, 223, 224].  WB reliably quantifies the amount of protein, however, 

contrary to IHC, does not provide detail of the spatial distribution of protein expression 

within the tissue.  Investigation of phospho-specific epitopes of NF has been 

accomplished by IHC of fixed tissue sections with antibodies specific to phosphorylated 

(pNF) and non-phosphorylated (nonpNF) epitopes of NF [130, 157, 221, 225].  It should 

be noted that endogenous protein phosphorylation states can be inadvertently modified 

during sample preparation in both WB and IHC; however, with special precautions, such 

as rapid fixation and/ or freezing, the risk of this limitation can be minimized [226, 227] 

Finally, IHC and various enzymatic assays can be used to assess changes in the 

expression and activity of key enzymes relevant to the maintenance of axonal structure in 

RGCs [108, 228, 229].  These enzymes include those associated with the ubiquitin 

proteasome pathway, a process highly involved in proteolytic degeneration within the 

axon [230, 231], as well as CDK5, calcineurin, and calpain [108, 110, 228, 232-235], 

which are intimately linked to NF phosphorylation and degredation [92, 93, 112, 236].  

The effects of elevated IOP on CDK5, calcineurin, and calpain activity in RGCs are 

discussed further in sections 1.4.5.2 and 1.4.5.3. 

 

1.4.4.3 Evaluating Glial Activation 

In their quiescent form, Müller cells, astrocytes, and microglia perform functions 

important for RGC survival [237-239].  Stressful stimuli in the retina and ON 

environment can lead to an activated glial phenotype, a process referred to as reactive 

gliosis, which can have detrimental effects on RGC survival [4, 186, 237, 240-242]. 

Reactive gliosis, in general, is characterized by changes in glial protein expression, glial 



48 

proliferation, hypertrophy and other morphological changes, and the secretion of various 

cytokines [243, 244].  Reactive gliosis in the retina and ON in response to elevated IOP is 

discussed further in section 1.4.5.4. 

Immunological investigation of glial fibrillary acidic protein (GFAP), a structural 

protein that is expressed in activated Müller glia and upregulated in reactive astrocytes 

[203, 245, 246], with either IHC or WB is a common approach to evaluating glial 

activation, both in terms of protein expression [247] and morphology [243].  Indeed, 

examination of GFAP expression has been used extensively in studies of RGC damage 

[203, 243, 245, 246, 248].  Furthermore, retinal and ON microglial activation can be both 

morphologically and transcriptionally evaluated using antibodies to proteins such as 

ionized calcium-binding adapter molecule 1 (Iba1), cluster of differentiation 68, and 

major histocompatibility complex II, among others [245, 249-252].  Various techniques, 

such as cDNA microarray and qPCR, have been used to study alterations in retinal glia-

related gene expression [247].  Finally, there have been many transgenic mice developed 

that label retinal glia, including mice that express green fluorescent protein (GFP) in 

Müller cells under the control of either a GFAP [253, 254] or retinaldehyde binding 

protein 1 [255] promoter, mice that express either lacZ [256] or GFP [257] in astrocytes 

under the control of a GFAP promoter[256], and also mice that express GFP in microglia 

under the control of the promoter CX3C chemokine receptor 1 [258]. 

 

1.4.5 RGC Response to Elevated IOP  

RGCs and neighbouring glia in the retina and ONH exhibit many cues of 

functional and structural damage well before significant RGC death has occurred.  This 
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section reviews current knowledge of RGC loss in response to elevated IOP, as well as 

possible early indicators of damage, including changes in RGC cytoskeletal proteins, AT 

disruption, and reactive gliosis. 

 

1.4.5.1 Overview of RGC Loss in Experimental Elevation of IOP 

Loss of RGCs in response to chronic elevated IOP is highly variable between 

models, species, strains, and individual animals [146, 149, 259, 260].  Injection of 

polystyrene microbeads into the anterior chamber in mice has been reported to produce 

IOP elevations of approximately +5-8 mmHg and RGC losses of between 20% and 43% 

after approximately 4 weeks post injection [146, 261], while microbead application in rats 

leads to RGC loss ranging from 10-20% at 4 weeks, to 18-27% by 8 weeks post injection 

[146, 147].  Injection of hypertonic saline into the episcleral vein in rats produces highly 

variable increases of IOP  (+1-40 mmHg) [259, 262] and damage to RGCs is also highly 

variable between individual rats [259].  Levkovitch-Verbin and colleagues [260] used 

laser photocoagulation of both the trabecular meshwork and episcleral veins in rats to 

produce IOP elevations that peaked at +30 mmHg and decreased to +5 mmHg by 6 weeks 

[260].  Concomitant RGC loss was approximately 16% at 1 week, 60% at 6 weeks and 

70% at 9 weeks following injury onset.  Together, these results indicate that RGC loss in 

response to chronic elevated IOP is highly dependent on the type of injury, and even on 

the individual animal, making comparison between studies a challenge (the impact of 

variation in studies of elevated IOP is discussed further in section 8.3). 

Acute elevation of IOP causing retinal ischemia is a well-characterized injury, and 

the associated RGC loss is consistent and well documented [263-265].  Selles-Navarro 
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and colleagues [264] examined the relationship between duration of elevated IOP-induced 

ischemia and RGC survival over 5, 7, and 14 days of recovery (Figure 1.17).  While there 

was little observable change in RGC survival following 30 and 45 minutes of ischemia, a 

pattern of progressive and significant RGC loss – 33% at 5 days, 37% at 7 days and 49% 

at 14 days - became evident after 60 minutes of ischemia.  By 120 minutes of ischemia, 

RGC loss was 73% at 5 days, 78% at 7 days and 82% at 14 days.  These results are 

similar to the progression of RGC damage and soma loss in other studies using acute 

elevated IOP causing retinal ischemia [266].  

 

1.4.5.2 Alteration of Cytoskeletal Proteins 

Restructuring of NFs is a well-documented response to neuronal injury [267, 268].  

Out of 113 genes found to be downregulated in rat retinas two weeks following axotomy, 

the NF family of proteins demonstrated the greatest cumulative decrease, with NF-L 

decreasing by 5-fold, and NF-H and NF-M decreasing by 2.5-fold [269].  Changes in 

RGC axonal NF expression in the ONH have also been reported within hours of elevating 

IOP to 45 mmHg in the pig [157, 225] – at 3 hours of elevated IOP, expression of 

phosphorylated NF-H, and phosphorylation-independent NF-H and NF-M was 

downregulated within the LC regions of the ONH.  It was postulated that 

dephosphorylation of axonal NFs may have predisposed them to proteolysis, leading to 

the overall loss of NF expression.  Additionally, dephosphorylation of NF-H in the ONH 

has been observed in a non-human primate model of chronic glaucoma [221].  It is well 

established that dephosphorylation of NF within neurons, by phosphatases such as 

calcineurin [270], increases the likelihood of NF degredation by proteolytic enzymes such 



51 

 
 
 
 
 
 
Figure 1.17 RGC Loss After Elevated IOP-Induced Transient Retinal Ischemia. 

Mean densities (per mm2) of RGCs at 5, 7, and 14 days after induction of various periods 

of ocular ischemia in rat. (* = p < 0.05)  Data from Selles-Navarro and colleagues [264].   
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as calpain [93, 94].  Indeed, both calcineurin and calpain activity is increased in response 

to elevated IOP [108, 228, 271] and their blockade is shown to be protective in RGCs 

[229, 234, 272, 273].  It is likely that elevation in intra-axonal Ca2+ in response to 

mechanical and ischemic stress at the ONH contributes to the increased activity of 

calcineurin and calpain that can lead to breakdown of NFs and localized axonal 

degeneration. 

 Compartmental redistribution of phosphorylated and non-phosphorylated NFs 

occurs shortly after axonal injury in RGCs, and could be useful as an indicator of damage 

to RGCs.  Typically, very little phosphorylated NF is present in the neuronal soma [80].  

However, it has been well documented that neurons with transected axons accumulate 

phosphorylated NFs in their cell bodies as early as 3 days following injury [267, 274]. 

This phenomenon has also been observed at 10 days following photocoagulation of the 

trabecular meshwork in rats [275].  Somal accumulation of phosphorylated NF may be 

caused by the upregulation of NF-phosphorylating enzymes in the soma.  Indeed, CDK5 

and its activator, p35, have been shown to be upregulated in the experimental eye of a rat 

model of glaucoma [232].  Phosphorylation of NF side-arms would likely lead to 

dissociation of neurofilaments from molecular motors, and an increase in NF-NF 

association, leading to intra-somal buildup [276].  Additionally, CDK5 inhibitors have 

been shown to protect against RGC death in the rat retina following ischemia/reperfusion 

injury [233].  It is possible that monitoring accumulation of pNF in the soma presents a 

viable method of evaluating axonal damage in experimental glaucoma and other 

conditions of RGC and ON damage. 
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 Other components of the RGC cytoskeleton are also rapidly modified in response 

to injury.  Balaratnasingam and colleagues [157] found a decrease in tubulin staining in 

the ONH within 12 hours of raising IOP.  Changes in dendritic structure have also been 

observed in non-human primate and murine models of experimental glaucoma [277, 278].  

Interestingly, RGCs appear to experience a transitional period following injury during 

which they exhibit some reactionary alterations in morphology, such as the reduction in 

size of their dendritic arbours, but have not yet committed to death [279].  Such 

rearrangement of dendritic morphology would implicate changes in the regulation of actin 

and microtubule polymerization and/or activation of structurally destructive signaling 

pathways [279]. 

 

1.4.5.3 AT Disruption 

Because of long axons separating their soma and axon terminals, RGCs are 

particularly reliant on AT.  Therefore, it is not surprising that AT disruption is associated 

with loss of RGCs in models of ON trauma [280] and acute and chronic elevations of IOP 

[129, 163, 225]. 

 Many studies have examined the spatiotemporal patterns of AT blockade in 

response to RGC injury.  Multiple experiments using models of elevated IOP have 

reported accumulation of AT tracers in the LC region of the ONH [219, 281-283].  This 

has also been reported in more recent studies where, following intravitreal injection of 

RITC, transport blockade in the ONH was observed as early as 6 hours after onset of 

elevated IOP [225].  Similarly, Chidlow and colleagues [130] found an accumulation of 

APP, a protein often transported along RGC axons, in the ONH as early as 8 hours after 
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onset of elevated IOP, and Martin and colleagues [129] found an accumulation of the 

dynein motor protein in the ONH in as early as 4 hours.  Thus, AT in RGCs appears 

highly sensitive to elevated IOP, particularly within the axons of the ONH.   

 The mechanisms behind AT blockade in response to elevated IOP remain not fully 

understood.  Osborne [284] suggested that lack of local ATP production in response to 

ischemia in the ONH has a direct effect on the ATP-dependent motility of kinesin and 

dynein.  However, AT blockade has also been observed at IOPs below systemic arterial 

pressure, indicating that there are more factors at play than ischemia alone [285].  

Interestingly, the same enzymes responsible for phosphorylation of NFs have also been 

implicated in the regulation of kinesin motility.  Glycogen synthase kinase 3 

phosphorylates sites on kinesin light chains, inhibiting fast anterograde AT while having 

no effect on retrograde AT [286], and, while a direct association of CDK5 to kinesin has 

not been observed, inhibition of CDK5 activity inhibits fast anterograde AT, also with no 

effect on retrograde transport [286].  Therefore, AT blockade is an early response (within 

hours) to elevated IOP that arises from many signaling pathways in response to 

mechanical and ischemic insult at the ONH. 

 

1.4.5.4 Reactive Gliosis  

 Under resting conditions, the function of retinal and ON glia is primarily 

supportive: astrocytes assist in the clearing of substances from the synaptic cleft and 

conduct metabolic factors between capillaries and axons; Müller cells perform spatial 

buffering of glutamate and other substances, among other functions; microglia are 

important in immune response; and oligodendrocytes provide electrical insulation for 
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RGC axons [287].  Stress in the retina and ONH can induce reactive gliosis, often having 

adverse effects on RGC survival.  Studies of many models of RGC injury, both chronic 

and acute, have demonstrated changes in retinal and ON glia with RGC damage and loss 

[60, 288-291].  

Several studies employing acute models of elevated IOP have reported glial 

responses shortly after the insult [60, 248, 292, 293].  Signs of microglial activation, 

including proliferation and a shift from a ramified to ameboid morphology, have been 

observed in models of acute elevated IOP [251].  Interestingly, such signs of microglial 

activation can be observed through all retinal layers in both elevated IOP and 

contralateral control eyes [251]; however, the mechanism responsible for contralateral 

microglial activation is not fully understood.  Müller cells and astrocytes have also been 

shown to respond to acute elevated IOP [60, 248, 294, 295].  Müller cells often respond to 

stress by upregulating GFAP expression throughout the cell.  Indeed, many studies of 

acute elevated IOP have reported increased Müller cell GFAP expression [248, 296].  

Müller cell hypertrophy and impaired glutamate uptake have also been reported [294, 

297].  Alternately, changes in GFAP expression in the ONH in response to elevated IOP, 

attributed to the local network of astrocytes, are less predictable – while some studies 

report upregulated GFAP expression [241], others report no changes [248] or even a 

decrease [292, 298]. 

Glial activation has also been well studied in models of chronic IOP elevation.  

Similar to the microglial responses observed following acute elevated IOP, microglia in 

both the experimental and contralateral control eye become activated, increasing in 

number and size, during chronic elevated IOP [245, 299].  Microglial activation also 
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occurs in the ONH and ON in chronic elevated IOP models [300], with some studies 

demonstrating that blockade of microglial activation can ameliorate RGC survival [300, 

301].  Upregulation of GFAP in Müller cells has also been frequently reported in 

response to chronically elevated IOP [242, 246, 302], and has also been observed 

bilaterally in a model chronic elevated IOP [245]. 

 

1.4.6  Reversibility of RGC Damage 

Understanding the reversibility of RGC damage is of value for developing 

treatments in diseases of RGC loss, such as glaucoma.  While some degree of RGC loss 

often already exists upon detection of glaucoma, there are likely also populations of 

RGCs that are functionally impaired but have yet to progress to structural damage and 

death [303].  This is also true in experimental glaucoma, where functional impairment of 

RGCs manifests prior to histological signs of structural damage [304].  This type of 

functional-before-structural progression highlights the importance of investigating 

reversible damage in RGCs. 

Limited studies have evaluated the reversibility of changes in axonal structure and 

function attributed to elevated IOP.  Early work examining AT function in the ONH of 

non-human primates suggested the possibility of reversible AT disruption following 

various severities and durations of elevated IOP.  Quigley and Anderson [283] used 

autoradiography to measure anterograde AT of tritiated leucine in monkeys following 4-

hours of elevated IOP not exceeding MAP (i.e. retinal perfusion is intact).  It was 

observed that accumulated leucine had cleared from the LC between 1 and 5 hours 

following elevated IOP injury and that the ability of RGCs to transport new material 
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recovered by 1 hour.  Furthermore, RGC axons exposed to 4 hours of elevated IOP 

followed by a recovery period structurally resembled axons that had undergone only 1 

hour of elevated IOP, rather than those observed immediately following 4 hours of 

elevated IOP, indicating RGC axons have the ability to both functionally and structurally 

recover from moderate levels of elevated IOP [283].  Radius and Anderson [305] also 

examined reversibility of AT and structural changes following IOP elevations both above 

MAP, where perfusion of the anterior ONH and retina was blocked, and at lower IOP 

elevations.  Directly following 30 minutes of IOP above MAP, axons in the retina and 

ON exhibited swollen morphology and transported organelles had accumulated at the LC.  

However, following 24 hours of recovery the axons in the retina and ONH exhibited only 

mild swelling and were otherwise normal.  Longer durations of elevated IOP produced 

progressively less axonal recovery, and the most severe insult (OPP of -10 mmHg) caused 

complete axonal atrophy in the retina and ON by 2 weeks post-insult.   Conversely, 4 

hours of lower IOP (OPP of 30 mmHg) followed by 24 hours of recovery did not reveal 

abnormalities in axon structure or accumulation of organelles.  Similarly, Johansson [306] 

described a reversible AT blockade produced by 2 hours of 50 mmHg of IOP. Potential 

for RGC functional recovery in chronic injury has been demonstrated in human glaucoma 

[307-310] and a mouse model of experimental glaucoma [311], however recovery of 

structural damage from chronic injury to RGC axons has yet to be achieved.  Together, 

the results from these studies suggest that RGCs can withstand certain amounts of 

damage, and that the magnitude of IOP increase (ischemic or not), as well as injury 

duration, are both key contributors to the severity and reversibility of elevated IOP-

related RGC damage.   
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 Select studies have also examined the reversibility of glial responses following 

elevated IOP.  Sun and colleagues [243] investigated changes in the morphology of ONH 

astrocytes following a mild and transient elevation of IOP to 30 mmHg, the pressure 

necessary to cause the first observable reduction in RGC function [312].  Three days 

following elevated IOP the honeycomb organization of astrocyte processes in the ONH 

was disrupted: their processes became noticeably thicker, and GFAP expression was 

increased to greater than two-fold of normal.  This was not accompanied by any change in 

RGC axon bundle morphology, or disruption of AT.  Thickness of primary processes 

returned to normal by seven days following elevated IOP, and the organization of 

astrocytic processes in the ONH was largely recovered by 6 weeks. 
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1.5  Goals of Thesis 

Disruption of AT, modification of the RGC cytoskeleton, and glial activation in 

the retina, ONH, and ON have all been observed in models of elevated IOP [129, 157, 

221, 243, 274, 285, 313, 314].  While these effects have been shown to progress together 

over time during prolonged insults, their progression, or recovery, following a transient 

elevation of IOP is not well understood.   

 

The goals of this thesis were to:  

1) Characterize RITC and fluorescently-conjugated CTB as AT tracers in the rat 

visual system; 

2) Examine and compare changes in AT function in RGC axons at various times 

following two magnitudes of elevated IOP, varied by duration, constituting 

either a mild and recoverable ‘sub-critical’ insult, or a severe and progressive 

‘critical’ insult; 

3) Examine concurrent changes in NF phosphorylation, an indicator of axon 

structural damage, in the retina and ONH;  

4) Examine concurrent changes in retinal and ONH glia; and  

5) Integrate these observations to construct timelines of structural and functional 

changes in the retina, ONH, and ON following both magnitudes of elevated 

IOP insult.   
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CHAPTER 2 – MATERIALS AND METHODS 

2.1  Animals, Animal Care, and Anesthesia 

Rats were chosen because of their wide availability and applicability.  

Furthermore, among small laboratory animals, their ocular blood supply bears meaningful 

resemblance to humans [160, 315].  Male and female Brown Norway rats (270-390 g; 

Charles River Laboratories, QC) were used in all experiments.  They were housed in a 

12-hour light–dark cycle environment and given food and water ad libitum. All 

procedures complied with the Association for Research in Vision and Ophthalmology 

(ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research and ethics 

board approval was obtained from the Dalhousie University Committee on Laboratory 

Animals.  For surgery, rats were anesthetized with inhalant isofluorane (ISO, Aerrane, 

Baxter Corporation, Mississauga, ON) via a portable ISO inhalation system (Summit 

Medical Equipment Company, Band, OR) using 2-3.5% ISO in oxygen (flow of 1 L/min).  

Post-operative care included a subcutaneous injection of buprenorphine hydrochloride 

(0.02 mg/kg; Buprenex, Animal Resource Centre, McGill University, Montreal, QC) 

administered approximately 15 minutes before cessation of anesthesia.  Following all 

surgeries, rats recovered in their cage, which was placed on a heating pad, and were given 

mash.  Rats were sacrificed with an intraperitoneal injection of pentobarbital sodium (340 

mg/mL).  
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2.2  AT Tracing 

2.2.1  AT Tracers Used 

Both CTB conjugated to the fluorophore Alexa 488 (Invitrogen, Carlsbad, CA) 

and RITC (Sigma Aldrich, St. Louis, MO) were used in experiments characterizing AT 

tracers.  CTB was chosen for subsequent experiments to track retrograde and anterograde 

AT in response to transient elevated IOP. 

 

2.2.2  Retrograde AT Tracing 

In preparation for retrograde application of CTB, the animal was placed in a 

stereotaxic frame and ISO/O2 flow was adjusted to maintain a surgical plane of 

anesthesia.  Fur was trimmed from the top of the head and the surgical area cleaned with 

70% ethanol, followed by disinfection with iodine antiseptic.  Using a scalpel, an incision 

was made medially from between the ears to just behind the eyes, and the lambda and 

bregma landmarks of the skull were exposed and the overlying membrane removed.  A 

drill was used to create 3 mm diameter holes on either side of bregma (Figure 2.1 A).  

With fine forceps and Vannas scissors, the dura was removed from the overlying injection 

sites.  A 10 uL Hamilton syringe with a blunt-tip 33-gauge needle mounted on the 

stereotaxic arm was used to inject 1 - 2 µl of 1% CTB in phosphate buffered saline (PBS) 

into each of 3 coordinates (in mm) from bregma, corresponding to the stereotaxic location 

of the SC: Anterior/posterior (A/P) -5.5, lateral +/- 1.5, dorsal/ventral (D/V) -5.0 then up 

to -4.2 (1 µl total); A/P -6.4, lateral +/- 1.5, D/V -5.0 then up to -3.6 (2 µl total) and A/P  
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Figure 2.1 Stereotaxic Injections of CTB into the Rat SC. A) Two holes through the 

skull were drilled on either side of Lambda (red circles) and CTB (green) was injected 

into 3 coordinates bilaterally, corresponding to stereotaxic coordinates of the SC.  B) B1: 

Nissl stained coronal section of rat brain -5.88 mm from bregma (from brainmaps.org 

[316]), with the SC demarcated (dotted line).  B2: Bilateral injections of CTB into all 

layers of the SC in a similar stereotaxic location to B1. ISO: isofluorane, SC: superior 

colliculus. 
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6.9, lateral +/- 2.0, D/V -4.0 (2 µl).  The 2 most anterior injections were varied in depth 

(D/V), with half of the injection volume ejected at each depth, to ensure thorough 

labelling of the SC.  After ejecting CTB from the syringe, the needle was left in place for 

2 min and then slowly removed. After injections were completed bilaterally, the incision 

was closed with 3 wound clips.  Accuracy of SC coordinates following bilateral injections 

was assessed by coronal cryostat sectioning (30 µm) of a subset of brains post-mortem 

and imaging of the SC with confocal microscopy (N = 4; Figure 2.1 B). 

Retrograde application of RITC to the SC was similar in procedure to retrograde 

application of CTB, with few exceptions.  Following removal of the dura, the superficial 

cortex was carefully removed using a surgical suction pump attached to a blunted 25-

gauge hypodermic needle until the surface of the SC was in view.  Small pieces of 

surgical foam soaked in 2.5% RITC with 2% dimethyl sulfoxide (DMSO; Sigma Aldrich, 

St. Louis, MO) in sterile water were placed on the surface of the SC and the incision was 

closed as previously described. 

 

2.2.3  Anterograde AT Tracing 

 To track anterograde AT in RGCs, CTB was injected directly into the vitreous of 

both eyes.  During injections, anesthesia was maintained with a nose cone to allow 

manipulation of the head position.  A suture line through the upper eyelid was used to 

retract the lid and visualize the dorsotemporal limbus (Figure 2.2 A).  The experimental 

(right) eye was injected first to allow absorption prior to IOP increase.  Forceps and 

Vannas scissors were used to remove a small patch of conjunctiva approximately 1 mm  
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Figure 2.2 Intravitreal Injection of CTB. A) A Hamilton needle, containing CTB, is 

placed 1 mm posterior the limbus at 2 mm depth through the sclera. B) CTB is injected 

into the dorsal-temporal vitreous cavity and the needle is left in place for 5 minutes.  C) 

Tissue glue is used to prevent CTB backflow upon removal of the needle.  A, P: anterior, 

posterior; L, R: left, right. 
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posterior the limbus.  The tip of a 30-gauge needle was used to penetrate the sclera to 

facilitate insertion of the blunt injection needle.  Following this, the 33-gauge blunt-tip 

needle of a 10 uL Hamilton syringe containing CTB was inserted caudally, to a depth of 

approximately 2 mm and at an angle of 30° from the sclera to avoid injury to the lens.  

While holding the needle steady, 4.5 µL of 0.5% CTB was rapidly injected (to encourage 

dispersion) into the eye and the needle left in place for 5 minutes to avoid backflow 

through the injection hole (Figure 2.2 B).  After slowly removing the needle, the hole was 

sealed with Histoacryl (B.Braun, Melsungen, Germany) tissue adhesive (Figure 2.2 C).  

The same procedure was repeated in the fellow eye.  

 

2.3  Pressure Column 

A wall-mounted pressure column was used to elevated IOP (Figure 2.3).  The 

pressure column consisted of a 60 mL saline-filled reservoir that could be raised and 

lowered along a wall-mounted track via a pulley system to create hydraulic pressure.  The 

reservoir was connected via plastic tubing to a three-way stopcock, followed by further 

tubing connected to a 1 mL syringe and 30-gauge hypodermic needle placed in the 

anterior chamber.  The stopcock allowed saline to also flow to a sphygmomanometer, 

placed at eye height, for simultaneous monitoring of system pressure.  The accuracy of 

sphygmomanometer measurements was examined by increasing IOP in 10 cmH2O steps 

(N = 1), and comparing the measured value with the theoretical pressure created by the 

height of the saline reservoir (Figure 2.4), as well as with simultaneous readings from a 

TonoLab rebound tonometer (Colonial Medical Supply, Franconia, NH) that were 

obtained from 80-170 cmH2O of column pressure. 
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Figure 2.3 Use of Hydraulic Pressure Column to Increase IOP.  A) A needle, 

connected via tubing to a saline reservoir that can be raised or lowered to control 

pressure, was placed in the anterior chamber of the eye.  A sphygmomanometer was used 

to monitor system pressure. B) The pressure column needle was placed in the anterior 

chamber of the eye following application of CTB either to the SC or the vitreous 

(pictured). P: posterior, A: anterior. 
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Figure 2.4 Pressure Column Calibration.  Sphygmomanometer measurements, 

beginning after 20 mmHg of pressure, showed good correlation (slope = 0.9593) with the 

theoretical pressure produced by column height (converted from cmH2O to mmHg). 

TonoLab measurements showed good correlation both with sphygmomanometer 

measurements and theoretical column height pressure until IOPs of approximately 80 

mmHg, after which TonoLab measurements were no longer representative of IOP. 
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2.4  Acute Elevated IOP  

Immediately following either anterograde or retrograde application of tracer, 

mydriasis (dilation) was induced in the experimental eye with 1-2 drops of 1% 

tropicamide to facilitate placement of the 30-gauge needle into the anterior chamber for 

IOP increase.  In all experiments of elevated IOP, the right eye (OD) was the 

experimental eye, while the left eye (OS) served as a paired control for each animal.  Rats 

used in anterograde tracer experiments were transferred to the stereotaxic device 

following intravitreal injections. The 1 mL pressure-column syringe with a 30-gauge 

needle, connected to the pressure column, was mounted on the stereotaxic arm.  The 

needle was positioned at the periphery of the cornea and was pushed through the cornea 

and into the anterior chamber with curved forceps to stabilize the eye.  Care was taken to 

avoid contact with the iris or lens.  Prior to raising the saline reservoir, the stopcock was 

rotated to open the flow of saline to both the eye and the sphygmomanometer.  Then, with 

the pulley, the reservoir was slowly raised to a pressure of 120 mmHg, causing complete 

ischemia of the retina.  Cessation of blood flow was immediately visible by observation 

of the optic disc through the pupil with a surgical dissecting microscope.  After the 

pressure had been raised for the allocated duration (see below), the column was slowly 

lowered back to baseline and the flow of saline stopped.  Thereafter, the needle was 

carefully removed from the eye.  Reperfusion was confirmed by visualization of the 

return of blood flow at the optic disc.  A 0.3-0.5 mL subcutaneous bolus of saline was 

given to the animal for hydration prior to lowering the pressure, along with the injection 

of the analgesic buprenorphine hydrochloride. 
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Complete blockade of retinal blood flow has been reported in IOP elevations from 

100-120 mmHg in rats [317].  Furthermore, the effects of various durations of retinal 

ischemia due to elevated IOP have been well studied [264].  While 30 minutes of 

ischemia constitutes a mild insult that does not result in RGC loss (i.e. sub-critical), 90 

minutes of ischemia constitutes a severe insult that results in significant and progressive 

RGC loss (i.e. critical) [264].  Therefore, in order to compare RGC axon structure and 

function between situations of potentially reversible damage, and severe and progressive 

damage, contrasting insults of 30 and 90 minutes of elevated IOP were used in all 

elevated IOP experiments. 

 

2.5  Recovery Times and Sample Sizes 

 Nineteen rats were used in studies characterizing RITC and CTB, and 76 rats were 

used in studies of recovery following elevated IOP (for a summary of sample sizes and 

recovery times, see Figure 2.5).  Sample sizes of each study (Chapter 3 - tracer 

characterization; Chapter 4 - retrograde AT following elevated IOP; Chapter 5 - 

anterograde AT following elevated IOP; Chapter 6 – NF phosphorylation following 

elevated IOP; and Chapter 7 – glial activation following elevated IOP) are described 

under the ‘experimental design’ subheading in their respective results chapters.  

 

2.6  Western Blot (WB) 

WB analysis was used to quantify GFAP expression in isolated retinas, ONHs and 

proximal ONs 24 hours after 90 minutes of elevated IOP.  Proteins from control and 

experimental retinas were isolated individually in 200 µL of radioimmunoprecipitation 
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Figure 2.5 Summary of Recovery Times and Sample Sizes in Elevated IOP AT 

Experiments.  The study of retrograde AT was completed at 3, 7, and 14 days following 

elevated IOP, while experiments examining anterograde AT were completed at 3, 6, and 

24 hours following elevated IOP.  Western blot analysis for GFAP expression in the 

retina, ONH, and ON was examined at 24 hours following elevated IOP.   
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assay buffer containing protease inhibitors (Sigma Aldrich, St. Louis, MO), while ONHs 

and proximal ONs were isolated in volumes of 50 and 100 µL, respectively.  Protein 

extracts (2 µg for ONH and ON; 20 µg for retinas) were run on 7.5% SDS-

polyacrylamide gels for 20 minutes at 90 V followed by 90 minutes at 113V.  Gels were 

transferred to immobilon P transfer membranes (Millipore Corporation, Bedford, MA) for 

60 minutes at 93 V.  Membranes were blocked in 5% fat free dry milk and 0.1% Tween 

20 in Tris-buffered saline and were subsequently trimmed into two pieces to incubate for 

either two hours in mouse anti-GFAP (1:40,000; Vector Labs, Burlingame, CA), or 

overnight in mouse anti-actin (Sigma Aldrich, St. Louis, MO), at 4°C.  Membranes were 

washed in 0.1% Tween 20 in Tris-buffered saline and immunoreactive bands were 

detected using horseradish peroxidase conjugated anti-mouse antibody (1:1000; Vector 

Labs, Burlingame, CA) and the ECL detection solution (Amersham Biosciences, 

Piscataway, NJ).  Films were exposed from 10 seconds up to 2 minutes, depending on the 

experiment, and optical density of the bands was measured with image analysis software 

(ImageJ, National Institutes of Health, Bethesda, MD).  Actin bands were used to 

normalize protein levels, and ratios of control to experimental optical density were 

calculated. 

 

2.7  Tissue Processing  

Rats used in retrograde AT experiments were perfused with saline followed by 4% 

paraformaldehyde (PFA).  Approximately 2 mm of the retrobulbar ON, as well as a 

portion of the pigmented nasal conjunctiva for orientation, were kept attached when the 

eye was enucleated.  The cornea was perforated with a hypodermic needle to allow 



72 

penetration of fixative and the eye was post-fixed in 4% PFA for two hours at 4°C.  Bone 

cutters were used to access the brain, from which the ONs were dissected with the chiasm 

and right optic tract intact for orientation.  In some cases the brain was kept for analysis 

of SC injections.  Both the ONs and brain were also post-fixed in 4% PFA at 4°C, for 2 

hours and 24 hours, respectively.  Rats in anterograde AT experiments were not perfused 

as the brain was not kept for analysis, however eyes and ONs were isolated and post-fixed 

similarly.  

Following fixation, all eyes were washed in PBS and dissected in the same 

manner.  After removing the cornea, a small notch was cut into the temporal eyecup, deep 

enough to mark the retina, to maintain retinal orientation during dissection.  A 360° 

incision was made approximately 1 mm behind the limbus, and the retina was loosened 

with forceps and removed from the eyecup by cutting around the optic disc.  Dura and 

connective tissue surrounding the ONH stump and all sclera, except for some remaining 

around the ONH, was removed.  Vitreous was carefully cleaned from the inner surface of 

isolated retinas.  Those retinas that were not intended for IHC were immediately flat-

mounted in Vectashield (Vector Labs, Burlingame, CA).  Some retinas from tracer 

characterization studies were hemisected, with half whole-mounted for en face imaging of 

the GCL, and half cross-sectioned to examine the depth of labelling in the inner retina. 

All ONHs, ONs, and retinas intended for cryostat sectioning were placed in 30% 

sucrose at 4°C overnight.  ONHs and ONs were sectioned longitudinally, and retinas 

cross-sectioned at 20 µm thickness. 
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2.8  IHC 

A variety of primary antibodies, listed in Table 2.1, were used to examine RGC 

survival, changes in RGC axon structure, and activation of glia in the retina and ONH.  

RGCs were labeled with goat anti-brain-specific homeobox/ POU domain protein 3A  

 (Brn3a; 1:100; Santa Cruz Biotechnology Inc., Santa Cruz, CA).  Whole-mounted retinas 

were first permeabilised by placement in 0.5% Triton-X 100 in PBS (PBS-Tx) (Sigma 

Aldrich, St. Louis, MO) and freezing at -80°C for 15 minutes.  Retinas were then rinsed 

in fresh 0.5% PBS-Tx for 10 minutes at 23°C and incubated overnight with Brn3a in 

blocking buffer (2% bovine serum albumin in 2% PBS-Tx).  They were subsequently 

washed in PBS and incubated for two hours in CY3 anti-goat (1:200; Jackson 

ImmunoResearch Laboratories, West Grove, PA) in blocking buffer. Finally, retinas were 

washed in PBS and then mounted in Vectashield. 

The retinas of one animal in the anterograde CTB characterization studies were 

sectioned longitudinally and co-labeled with Brn3a.  The sections were first blocked in 

2% normal donkey serum in 0.1% PBS-Tx for one hour at 23°C, followed by incubation 

in goat anti-Brn3a (1:200) overnight at 4°C in blocking buffer.  Following washes in 

PBS, the sections were incubated in CY3 anti-goat for one hour at 23°C, washed again in 

PBS and mounted in Vectashield. 

In addition to Brn3a labelling, all whole-mounted retinas from animals used in 

anterograde AT experiments were also co-labeled with a monoclonal antibody specific 

for phosphorylated forms of NF-L and NF-H (mouse anti-2F11 clone; Dako, Glostrup, 

Denmark; Figure 2.6 A).  Following Brn3a labelling, these retinas were blocked again for 

1 hour in 10% normal goat serum and 5% bovine serum albumin in 0.3% PBS-Tx, 



74 

Table 2.1 Primary Antibodies for Immunohistochemistry (IHC) 

 

Antibody Specificity Supplier Labels Experiment Concentration 
Brn3a Brn3a (Mouse) Santa Cruz 

Biotechnology 
RGCs Quantifying 

surviving 
RGCs 

Whole-
mounted 
retinas: 1:100 

2F11 pNF-L and 
pNF-H 
(Human) 

Dako RGC 
axons, 
somas of 
damaged 
RGCs 

 
 
Evaluating NF 
phosphoryla-
tion in retina 
and ONH  

Whole-
mounted 
retinas: 1:1000 
 
ONH section: 
1:200 

SMI-32 nonpNF-H 
(Mammalian) 

Covance RGC 
somas and 
axons 

ONH section: 
1:200 

GFAP Glial fibrillary 
acidic protein 
(Human) 

Dako Astrocytes  
 
 
Evaluating 
glial activation 
in the retina 
and ONH  

ONH section: 
1:200 

Iba1 Ionized 
calcium 
binding 
adaptor 
molecule 1  
 (Human, 
mouse and rat) 

Wako Microglia ONH section: 
1:60 
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followed by mouse anti-2F11 (1:1000) in blocking buffer for 5 days at 4°C.  After 5 days, 

the retinas were washed in PBS, followed by CY5 anti-mouse (1:200; Jackson 

ImmunoResearch Laboratories, West Grove, PA) in PBS for 2 hours.  They were then 

washed and mounted in Vectashield. 

Sequential ONH sections already containing anterogradely transported CTB were 

labeled with a combination of either mouse anti-2F11 for phosphorylated NF (1:200, 

Dako, Glostrup, Denmark) and rabbit anti-GFAP (1:200; Dako, Glostrup, Denmark) for 

astrocytes, or mouse anti-SMI-32 (1:200; BioLegend, San Diego, California) for non-

phosphorylated NF-H and rabbit-Iba-1 for microglia (1:60; Wako, Osaka, Japan, Figure 

2.6 B).  Briefly, slides were re-hydrated in PBS for 10 minutes and blocked in 3% normal 

goat serum with 1% bovine serum albumin in 0.3% PBS-Tx for one hour at 23°C.  They 

were washed in PBS and then incubated in primary antibodies for two days at 4°C.  

Following re-washing in PBS, slides were then incubated in secondary antibodies: CY3 

anti-mouse (1:200; Jackson ImmunoResearch, West Grove, Pennsylvania) and CY5 anti-

rabbit (1:200; Jackson ImmunoResearch, West Grove, Pennsylvania) for one hour at 

23°C.  Following a final wash in PBS, slides were mounted in Vectashield. 

 

2.9  Fluorescence Imaging 

All images were acquired with confocal microscopy (E800; Nikon Canada Inc., 

Mississauga, Ontario).  Filter sets included DAPI, GFP and HYQ Cy5.  To allow 

comparison between control and experimental eyes, imaging parameters (size, gain, 

offset, scan speed) were kept constant between paired control and experimental ONH 

sections.   
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Figure 2.6 Fluorescent Labelling in Whole-Mounted Retinas and ONH Sections. A) 

Whole-mounted retinas of rats in anterograde AT experiments already containing CTB 

(green) were additionally labeled with Brn3a (red) and pNF (blue).  B) Longitudinal 

sections of ONHs also from rats in anterograde AT experiments were additionally labeled 

with pNF (red) and GFAP (blue). Scales 100 µm. 
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Similarly, control and experimental ONs from the same animal were imaged in the same 

image frame. 

ONHs were imaged with both 10x (Nikon Plan Fluor, numerical aperture 0.3; 

Nikon Canada Inc., Mississauga, Ontario) and 20x (Nikon Plan Fluor, numerical aperture 

0.75; Nikon Canada Inc., Mississauga, Ontario) objectives.  Images with the 20x 

objective were digitally stitched with ImageJ (“2D stitching” plugin; ImageJ, National 

Institutes of Health, Bethesda, MD).  To obtain a complete image of each pair of ONs, a 

series of 5-7 low-power (4x objective; Nikon Plan Fluor, numerical aperture 0.13; Nikon 

Canada Inc., Mississauga, Ontario) images were acquired along the length of each pair of 

ONs, beginning at the chiasm and extending to the transected ends of the ONs.  These 

images were then digitally stitched with ImageJ 2D stitching. 

In whole-mounted retinas, Z-stacks of the GCL, whose volume varied to 

accommodate the unevenness of the tissue, were obtained to ensure all labeled RGCs in a 

given frame were represented for counting.  Images (500 x 500 µm) were obtained at 

eccentricities of 1, 2, and 3 mm from the optic disc in each retinal quadrant (temporal, 

nasal, superior, inferior).  

 

2.10  Quantitative and Qualitative Retinal Analyses 

2.10.1  Manual and Automated Cell Counting in Whole-Mounted Retinas 

In experiments characterizing RGC loss over time following 30- or 90-minutes of 

elevated IOP, images of Brn3a+ cells in whole-mounted retinas were given a file name by 
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an independent experimenter to the experimenter who quantified Brn3a+ cells to avoid 

potential bias.  Cells were quantified with the cell counter plugin in ImageJ. 

Brn3a has been reported to label greater than 90% of the RGC population in rats 

[318] and, as a nuclear marker, offers reasonable spatial separation between adjacent 

RGCs, making it suitable for automated quantification.  Images were pre-processed in 

ImageJ for background reduction and exclusion of fluorescent particles less than 4 pixels 

(2.5 µm) in diameter, to optimize image clarity (Figure 2.7 A).  Following image 

binarization, particles greater than 20 pixels (12.5 µm) in diameter were then quantified 

with ImageJ (Figure 2.7 B).   

To validate automated quantification, 20 random Brn3a control images were 

quantified with both manual and automated counting techniques, and compared (Figure 

2.8 A).  Comparison of Brn3a+ RGC counts between the two methods demonstrated a 

high degree of concordance (Pearson’s correlation coefficient (r) = 0.89), with 89.2 % 

(mean Brn3a+ cells/ 500 µm2 ± 1 SD = 473 ± 121) of all counted cells identified by both 

manual and automatic methods, while 2.8 % (mean = 15 ± 10) and 7.9 % (mean = 42 ± 

45) were identified by only manual or automatic counting methods, respectively (Figure 

2.8 B).  In all cases of automated quantification, retinas with high background noise 

and/or poor quality of retinal Brn3a labelling were excluded from analysis.  Animals that 

did not exhibit any quantifiable images in either the control or experimental retina were 

excluded from analysis. 

 

2.10.2  Grading of Somal pNF in Whole-Mounted Retinas 

 In retinas from animals in the anterograde AT studies (also labeled with  
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Figure 2.7 Image Optimization for Automated Brn3a Counting.  A) Schematic of 

image processing steps used to improve clarity in images of Brn3a-labeled whole-

mounted retinas intended for automated counting. B) Overlay of original image and mask 

of auto-counted cells. 
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Figure 2.8 Comparison of Manual and Automated Brn3a Counting.  A) Manual and 

automated counts of Brn3a+ cells were compared across 20 rats.  B) Average Brn3a+ 

counts showed good concordance between manual and automated counting methods.  

‘Manual only’ and ‘automated only’ cells accounted for 2.8% and 7.9% of all Brn3a+ 

cells that were counted, respectively.  Data in B represented as mean ± 2SEM. 
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Brn3a), the proportion of RGCs expressing phosphorylated NF in their somas, a marker 

of axonal damage [267] was analysed. Somal expression of phosphorylated NF following 

30 or 90 minutes of elevated IOP was assessed at 1, 2, and 3 mm of eccentricity from the 

optic disc and converted to a 4-point grading system: 0 = no phosphorylated NF+ cells; 1 

= phosphorylated NF+ cells in less than 25% of image area (500 x 500 µm); 2 = 

phosphorylated NF+ cells in approximately 50% of image area; and 3 = phosphorylated 

NF+ cells in greater than 80% of the image area.  As before, grading was performed in a 

masked fashion to avoid potential bias. 

 

2.10.3  Qualitative Analysis of Retinal Glia in Retinal Cross-Sections 

Retinal glia labeled with either GFAP (astrocytes and Müller glia) or Iba1 

(microglia) antibodies were analysed in cross-sections of the peripapillary retina in 

animals included in the anterograde AT study.  Natural background fluorescence in 

retinal sections allowed for demarcation of the anatomical layers of the retina, from the 

NFL to the RPE, for consideration in the qualitative analysis of GFAP and Iba1 labelling.  

Qualitative observations were made regarding the distribution of GFAP and Iba1 

labelling throughout the thickness of the retina, as well as regarding the morphology of 

Iba1+ microglia – either ramified (i.e. quiescent microglia), or ameboid (i.e. activated and 

mobilized microglia) [244, 252]. 
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2.11  Fluorescence Analysis of ONH and ON Sections 

To evaluate changes in CTB transport along the ONs, average fluorescence was 

plotted along the length of the nerve.  A line was fitted through the centre of each of 

nerve for reference (Figure 2.9 A), and the average fluorescence across the width of the 

nerve was then determined at each pixel of length perpendicular to the centerline.  The 

values for control and experimental ONs were plotted together (Figure 2.9 B).  

Fluorescence in ONH sections from pNF, nonpNF, and GFAP labelling, in 

addition to transported CTB, was quantified within anatomical ONH regions.  These 

regions included the pre-lamina cribrosa (pre-LC1 and pre-LC2), the lamina cribrosa 

(LC1 and LC2), and every 100 µm posterior of the LC (post-100 µm to post-600 µm; 

Figure 2.10 A).  A measurement area of 200 x 1000 µm was drawn in the centre of each 

ONH section, oriented by defining the inner border of the LC1 region as the anterior limit 

of the scleral opening (Figure 2.10 A).  Ten sampling boxes of 30 x 30 µm were first 

randomly derived in each anatomical region (“RandomSamplePerimeter Method” macro, 

ImageJ; Figure 2.10 B).  The average fluorescence intensity for each box was then 

quantified and averaged for each anatomical region (Figure 2.10 C).   

As an exception to fluorescence quantification of CTB, NF, and GFAP, labelling 

of microglial cells in the ONH with Iba1 was quantified as the percent Iba1+ area in each 

ONH region (100 x 200 µm) using a similar process as Brn3a automated counting.  

Briefly, ONH images were pre-processed in Image J to improve signal to noise ratio, as 

described above for automated cell counting.  After the image was binarized, the ‘analyze 

particles’ function was used to calculate the percent area of Iba1 label in each ONH 

region.  
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Figure 2.9 Quantification of CTB transport in the ON.  A) Retrograde AT of CTB 

moves from chiasm to eye, and anterogradely from the eye to the chiasm.  Average 

fluorescence measurements across the width of control (red) and experimental (i.e. 

elevated IOP; blue) ONs were made at every pixel of ON length perpendicular to a 

centreline.  B) Fluorescence intensity of control (red) and experimental (blue) ONs 

plotted along ON length.  AU: arbitrary units.   
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Figure 2.10 Quantification of CTB Transport and IHC of NFs and GFAP in 

Longitudinal Sections of the ONH.  A) ONH anatomical regions were demarcated on 

longitudinal sections of ONHs.  B) Random sampling of fluorescence across various 

ONH regions (10 samples per region) for various ONH labels.  C) Average fluorescent 

intensity plotted as a function of ONH region.   
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For all labels - CTB, phosphorylated and non-phosphorylated NF, GFAP, and 

Iba1 – the pre-LC1 and pre-LC2 regions in each image were averaged to obtain one ‘pre-

LC’ value, as variations in tissue shape in the innermost pre-LC region (pre-LC1) 

occasionally prevented measurement in that region.  Fluorescent intensity of CTB and the 

other labels, as well as microglial area, were plotted as a function of ONH region. 

 

2.12  Statistical Analysis 

In ON transport analysis, main effects of elevated IOP (2 levels = control and 

experimental) and recovery time (3 levels = 3, 7, and 14 days for retrograde; 3, 6, and 24 

hours for anterograde), and their interactions, were assessed using a mixed effects 

regression model separately for each duration of elevated IOP (30 or 90 minutes).  In 

ONH fluorescence analysis from anterograde AT, elevated IOP experiments, main effects 

of elevated IOP (2 levels = control and experimental), recovery time (3 levels = 3, 6, and 

24 hours), and ONH region (9 levels = pre-LC, LC1, LC2, post-100 to post-600 µm) were 

assessed with a two-way repeated measures ANOVA with contrasts (SPSS version 21, 

IBM corp., Armonk, NY), separately for each injury condition (30 or 90 minutes).  Data 

were expressed as the mean ± 2 SEM.  Differences in means were assessed by paired and 

independent sample t-tests. 

 

 

 

 

 



90 

CHAPTER 3 – CHARACTERIZATION OF RITC AND CTB FOR TRACKING 

AT IN RGCS 

3.1  Rationale, Objective, and Hypotheses 

Both RITC and fluorescently conjugated CTB have been used successfully as 

anterograde and retrograde tracers in the rodent visual system [130, 158, 195, 197, 198, 

319, 320].  However, the majority of studies employing RITC or CTB to study AT 

function isolate their observations to the ‘end-point’ tissue - in the retina for retrograde 

studies [195, 198], or to the SC for anterograde studies [321, 322].  This approach 

provides meaningful data regarding AT function, however, lacks the resolution to identify 

specific locations of AT disruption along the ON.  Comparatively fewer studies of RITC 

and CTB have demonstrated the quality of labelling in the ON.  Anterograde AT of RITC 

has been described in the ONH [157, 225], and ON [198, 280], retrograde AT of RITC 

has not been shown in the ON.  Similarly, CTB has been used anterogradely in the ONH 

[130, 320] and the ON [206, 321], but has been only marginally described in the ON 

following retrograde application [319].  A comprehensive description of AT of both 

RITC and CTB in the ONH and ON is needed to provide a baseline for experimental 

studies examining AT function in RGCs.  

The objective of these experiments was to characterize and compare retrograde 

AT of RITC and fluorescently conjugated CTB in RGCs, including the quality of 

labelling (particularly in the axon) and the rate of transport.  The findings were 

subsequently used to select a tracer for later use in experiments examining the effects of 

transient elevated IOP on retrograde AT.  It was hypothesized that both RITC and CTB 
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would allow visualization of AT, however, CTB would provide a superior signal in the 

axon.  Parts of this work were included in a recent publication [197]. 

 

3.2  Experimental Design  

RITC Retrograde AT Time Course  

To study the rate of RITC retrograde transport to the ONH and retina, as well as 

the quality of labelling within RGC axons in the ON, a time course experiment was 

conducted.  Rats underwent bilateral application of RITC to the SC (for detailed 

procedure, see section 2.2.2) and were sacrificed at 8 hours, 24 hours, 3 days, 7 days and 

14 days.  Images of whole-mounted retinas were examined for the timing of RITC AT 

from the SC to the retina. Longitudinal sections of the proximal ON (approximately 2 mm 

behind the globe) were examined for RITC labelling, particularly regarding the ability of 

RITC to label individual axon fibres and other fine neuronal morphology.  Additionally, 

retrograde RITC labelling in all RGC cellular compartments within the retina ONH and 

ON was examined in two rats at 7 days following RITC application. 

 

CTB Retrograde AT Time Course  

Similar time course experiments investigating the retrograde transport of CTB in 

rat RGCs were completed. AT of CTB in the retina, ONH and ON was examined at 24 

hours, 2 days, 3 days and 5 days following bilateral application of CTB to the SC (for 

detailed procedure, see section 2.2.2). CTB labelling within the axon was examined in 

longitudinal sections of both the proximal portion of the ON, and the ONH.  The time 
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point of earliest detection of CTB in the retina was examined by obtaining stitched 

images of entire whole-mounted retinas from both eyes at each of the time points. 

 

RITC and CTB - Estimation of Transport Rate, Comparison of Tracers 

Rates of RITC and CTB retrograde AT were estimated by comparing the length of 

the furthest anatomical point from the application site where labelling was observable 

with the time elapsed since the application of the tracer.  The quality of labelling was 

compared between tracers in order to select the one best suited for future investigation of 

the effects of transient elevated IOP on retrograde AT.  

 

Sample Sizes 

 A total of 15 rats were used in experiments characterizing RITC and CTB tracers.  

Rats used for RITC retrograde AT experiments were survived for 8 hours, (n = 2), 24 

hours (n = 3), 3 days (n = 2), 7 days (n = 2), 14 days (n = 1) and 21 days (n = 1) following 

tracer application.  Rats used for CTB retrograde AT experiments were survived for 24 

hours (n = 1), 2 days (n = 1), 3 days (n = 1) and 5 days (n = 1) following tracer 

application.   

 

3.3  Results 

3.3.1  Time Course and Qualitative Analysis of RITC Retrograde AT 

Retrograde AT of RITC labels RGC somas, dendrites, and, to a lesser degree, 

intraretinal axons, but not RGC axons in the ONH and ON (Figure 3.1, 3.2 and 3.3).  
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Figure 3.1 Time Course of Retrograde RITC Arrival to the Retina Following 

Application to the SC.   Faint labelling of RGC cell bodies and axons (arrows) was 

observable 8 hours following application to the SC.  RITC labelling in axon bundles 

appeared vesicularized at 8 and 24 hours following application (inset and arrow heads).  

RITC labelling of RGC somas increased in density and uniformity across the retina at 3 

days, and RITC-labeled axon fibre bundles in the retina continued to be visible at 7 and 

14 days (arrows).  RITC labelling persisted in RGC somas as late as 21 days following 

application.  All images were acquired within 2 mm of the optic disc. 
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Figure 3.2 Time Course of Retrograde RITC AT in the Proximal ON.   

Axon fibre bundles were not perceptible at 8 or 24 hours following application of RITC 

to the SC.  Labelling of axon fibre bundles was faint but discernable at 3 and 7 days 

following RITC application to the SC. Scale 150 µm. 
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Figure 3.3 AT of RITC in the ONH and Retina at 7 Days Following Application to 

the SC in Two Rats.  Example 1 shows faint RITC labelling in both ONHs, with 

morphology of RGC axon fibre bundles only visible in the OD ONH (arrow).  Example 2 

shows more intense labelling in the ONH, however morphology of axon fibre bundles 

was not visible.  RGC somas and proximal dendrites were brightly labeled in retinal 

cross-sections of both rats, with axon fibre bundles also visible.  Asterisk (*) denotes 

level of sclera.  IPL – inner plexiform layer, GCL – ganglion cell layer.  All scales 100 

µm. 
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RITC detection in the retina via retrograde AT was examined at various time 

points following application of the tracer to the SC (Figure 3.1).  RITC had a 

vesicularized appearance in axon fibre bundles in all quadrants of the central retina at the 

8-hour time point. RITC-filled RGC somas were most apparent at 2 mm of eccentricity 

and in the superior quadrant of the retina.  Sparse RITC-filled RGC somas were also 

visible in the periphery of the nasal, superior, and inferior quadrants, while the temporal 

quadrant was devoid of labelling.  By 24 hours, RITC+ RGC somas were visible in all 

quadrants and appeared to increase in density over time until 3 days after tracer 

application, remaining stable thereafter.  RGC dendritic labelling was apparent from 7 to 

21 days.  Intra-retinal axonal labelling remained vesicularized at 24 hours, peaked in 

brightness and uniformity by 3 days, and was predominantly absent by 21 days.  RITC+ 

axon bundles in the proximal ON were absent at 8 and 24 hours, and were barely visible 

at 3 and 7 days, despite intra-retinal axonal labelling at those time points  (Figure 3.2). 

Together, these results indicate that RITC is capable of being transported from SC to 

retina in under 8 hours and that AT of RITC does not occur in synchrony across the entire 

RGC population; rather, the proportion of RGCs transporting RITC continued to increase 

from 8 hours to 3 days following SC application.  Furthermore, RITC transport in axons 

appears reduced at 14 days and has ceased by 21 days.  Interestingly, despite evidence for 

active retrograde AT of RITC from 8 hours to 7 days following application, RITC 

fluorescence is not readily observed in axons within the ON during those time periods.  

These findings were reiterated upon further qualitative investigation at the 7-day 

time point.  In addition to RITC filling RGC somas throughout all retinal quadrants 

(Figure 3.3), labelling also extended into primary dendrites, which were visible in the IPL 
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in retinal sections (Figure 3.4).  Some increased fluorescence was visible in 3 of 4 ONHs 

examined, however, only one ONH demonstrated a labelling pattern reflective of typical 

axon bundle morphology (Figure 3.4).  These results suggest, again, that RITC, when 

applied retrogradely, provides a signal in the soma and dendrites that is superior to that 

observed in the ONH and ON.     

 

3.3.2  Time Course and Qualitative Analysis of CTB Retrograde AT 

A similar time course study was performed for CTB conjugated to Alexa 488.  

Filling of RGC axons and somas by retrograde CTB AT was examined at 24 hours and 2, 

3, and 5 days following CTB injections into the SC.  Labelling indicative of CTB-filled 

axons was visible within the proximal ON (Figure 3.4) at all time points and appeared to 

increase in intensity from 24 hours to 5 days.  Retrograde AT of CTB was also visible in 

axon bundles within the ONH at all time points.  Filling of RGC axon bundles was 

uniform across the entire ONH by 2 days following SC injections, and maintained at later 

time points.  Additionally, detection of CTB in the retina was examined by obtaining 

composite images (tiled z-projections that were stitched together) of entire retinal whole-

mounts from both eyes at each time point (Figure 3.5).  Twenty-four hours following 

CTB application, the filling of RGC somas was not uniform, however CTB+ somas could 

be observed in all quadrants. CTB+ soma density appeared to increase in all quadrants 

after 2 days (Figure 3.5).  The distribution of CTB+ labelling remained non-uniform at all 

time points, with the central retina and temporal and nasal quadrants often displaying the 

highest amount of labelling, while the dorsal and ventral quadrants displayed the least.  
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Figure 3.4 Time Course of CTB in the Proximal ON and the ONH at 24 hours, 2, 3, 

and 5 Days Following Application to the SC.  A) Retrograde CTB in the proximal 

(nearer the eye) ON.  CTB filled axon fibre bundles were visible 24 hours after CTB 

application.  CTB labelling became more intense by 3 and 5 days.  B) Retrograde CTB in 

the ONH.  CTB-filled axon fibre bundles were visible in the ONH at 24 hours following 

CTB application.  Intensity of CTB in the ONH was increased by 2 days, and remained so 

at 3 and 5 days.  Asterisk (*) denotes level of sclera.   
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Figure 3.5 Time Course of Retrograde CTB Arrival at the Retina 24 hours, 2 days, 3 

days, and 5 Days Following Application to the SC.  CTB labelling was present in all 

retinal quadrants 24 hours following CTB injection in the SC.  Labelling intensified at 2 

and 3 days, however, was less intense at 5 days following CTB injection.  Labelling was 

non-uniform across the retinal quadrants at all time points, and was most intense towards 

the central retina. T = temporal, N = Nasal, D = Dorsal, V = Ventral.  
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Overall, CTB retrograde AT was rapid and easily visualized in all cellular 

compartments (Figures 3.4, 3.5, and 3.6 B and D).  

 

3.3.3  Comparison of RITC and CTB Retrograde AT 

Retrogradely transported CTB was consistently visualized in more cellular 

compartments than RITC (Figure 3.6 A-D).  The results of time course analyses suggest 

that, as with RITC retrograde AT, the number of RGCs retrogradely transporting CTB 

increases over time (Figures 3.1, 3.5); however, CTB retrograde AT is faster than that of 

RITC, filling the majority of axons within 24 hours, while the number of RITC-

transporting RGCs continues to increase between 24 hours and 3 days following tracer 

application at the SC (Figures 3.1, 3.2 and 3.4).  

 

3.3.6  Estimations of RITC and CTB Transport Rates 

RITC was present in RGC axon fibres and somas in some retinal quadrants as 

early as 8 hours following application to the SC.  Given the length of the entire projection 

from retina to SC in adult Brown Norway rats is approximately 20 mm (Abbott et al., 

2013), retrograde RITC can be estimated to proceed at a rate of at least 60 mm/day.  

However, given that some RGC somas in the peripheral retina exhibited retrograde filling 

with RITC, this is likely an underestimate.  The rate of RITC anterograde AT was not 

calculated. 

Retrograde filling of RGC axons and somas was clearly visible in all retinal 

quadrants as early as 24 hours following SC injections, making estimation of the rate of  
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Figure 3.6  Comparison of RITC and CTB in the Retina at 7 Days Following 

Application to the SC.  A) Retrograde RITC in retinal cross-section.  Retrogradely 

transported RITC labels RGC somas and some proximal dendrites (arrow).  B)  

Retrograde CTB in retinal cross-section.  In addition to labelling RGC somas, 

retrogradely transported CTB filled RGC dendritic arbours extensively.  IPL – inner 

plexiform layer, GCL – ganglion cell layer. C)  Profiles of RITC-filled RGCs in a whole-

mounted retina.  RITC filled many RGCs, however the pattern of labelling often did not 

allow visualization of the entire soma.  D)  CTB labeled RGC somas clearly and brightly. 
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retrograde CTB difficult – a rate of 20 mm/day is likely an underestimate.  Interestingly, 

faint CTB-filled axon profiles were visible in the chiasm of two rats that died only 1 and 

1.5 hours following SC injections, suggesting that retrograde AT of CTB may proceed at 

a rate exceeding 200 mm/day. 

 

 

3.4  Summary and Key Findings  

These experiments demonstrated important qualities of the dynamics and 

appearance of two commonly used fluorescent retrograde AT tracers  - RITC and 

fluorescently conjugated CTB – in the axon, soma, and dendrites of RGCs in the rat 

visual system.   

 

Key findings included:  

1) Both RITC and CTB were gradually taken up by RGCs and transported 

throughout all cellular compartments. 

2) Uptake of both tracers was not uniform across the RGC population. 

3) RITC and CTB were transported at different rates. 

4) Compared to RITC, retrogradely transported CTB provides a superior visual 

signal in all neuronal compartments. 

 

Further discussion of RITC and CTB tracers is included in section 8.2 
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CHAPTER 4 – RETROGRADE AT IN RGCS FOLLOWING ELEVATED IOP 

4.1  Rationale, Objective, and Hypotheses 

The experiments characterizing RITC and CTB retrograde AT (Chapter 3) found 

fluorescently conjugated CTB to be a superior indicator of AT in the ON.  The 

experiments described in this chapter used CTB to evaluate retrograde AT in RGC axons 

within the ONH and ON of rats.  Retrograde AT disruption has been observed in animals 

and humans with glaucoma [323, 324], and also in animal models of IOP-induced RGC 

injury [63, 129].  For example, acute elevated IOP causing either partial or complete 

retinal ischemia in rats decreased retrograde AT of radiolabeled BDNF [63].  BDNF, as 

well as its receptor, tyrosine receptor kinase B, is also elevated in the ONH of monkeys 

with chronically elevated IOP [131], and retrograde AT disruption in other chronic 

models of elevated IOP has been demonstrated with various fluorescent tracers, as well as 

IHC for dynein [129, 157, 225, 325].   

Few studies have reported a reversible blockade of retrograde AT following a 

transient injury to RGCs [158, 285, 326, 327].  Understanding the reversibility of injury 

responses in RGCs, such as AT disruption, is important in the study of RGC 

degeneration, and essential to the development of therapies for optic neuropathies 

involving RGCs.   

The objective of these experiments was to examine retrograde AT function at 3, 7, 

and 14 days of recovery following a transient elevation of IOP.  Two severities of 

elevated IOP, varied by duration, were used to identify differences in retrograde AT 

function between a situation of known RGC survival (30 minutes of elevated IOP), and 

one of severe and progressive RGC degeneration (90 minutes of elevated IOP).  It was 
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hypothesized that RGCs exposed to the sub-critical insult would show a transient 

retrograde AT disruption, which would recover over time, while the critical insult would 

cause a progressively worsening disruption of retrograde AT.   

This work was published in abstract form [328]. 

 

4.2  Experimental Design 

Evaluation of Retrograde AT  

Immediately following bilateral CTB injections into the SC, the site of the 

majority of RGC terminals in the rat ([42]; injection procedure described in section 2.2.2), 

IOP was elevated to 120 mmHg in the experimental eye (procedure in section 2.4).  This 

timing was chosen to reflect the state of AT as closely in time as possible to the insult.  

Given that the rate of CTB retrograde AT is approximately 200 mm/day (8.3 mm an 

hour), it would take approximately 2.4 hours for CTB to transport retrogradely through 

the entire retinofugal projection of the adult rat – an approximate distance of 20 mm from 

brain to eye.  Taking into consideration the duration of IOP elevation (30 or 90 minutes), 

the amount of CTB in RGC axons would reliably reflect the state of retrograde AT from 

1-2 hours post-insult and onwards.   

After IOP was normalized, rats were sacrificed at 3, 7, or 14 days.  These time 

points were chosen according to previously described time courses of RGC loss following 

acute, elevated IOP-induced ischemia [264, 329].  Contrary to that of RGC survival, the 

time course of retrograde AT disruption following elevated IOP is less understood; 

therefore, 3, 7, and 14-day time points were chosen to encompass periods of early injury, 

while also allowing sufficient time for injury progression and/or recovery. 
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After sacrifice, the ON, from the ONH to the chiasm, was dissected, fixed, and 

sectioned longitudinally. The sections were imaged with confocal microscopy for analysis 

of CTB transport.  Fluorescence intensity, measured in arbitrary units (AU; range 0-255), 

was averaged across nerve width at every point along nerve length, from chiasm to ONH, 

for paired longitudinal ONs (control and experimental).  

 

Measurement of RGC Survival 

To measure the effect of elevated IOP on RGC survival, RGCs in all retinal 

quadrants (nasal, temporal, superior, inferior) and at 1, 2, and 3 mm of eccentricity were 

quantified at 7 and 14 days post-insult (n = 2/group, total n = 8) using the RGC-specific 

marker Brn3a [318] (for detailed procedure, see section 2.10.1), and qualitative 

observations for signs of degeneration in CTB+ RGC profiles were made.  As an 

additional measure of degeneration, IHC for pNF was included in retinal whole mount 

analysis in some animals. 

 

Statistics 

The effects of elevated IOP and recovery time on both RGC survival 

(quantification of Brn3a+ cells) and retrograde AT in the ONH (quantification of CTB 

intensity) were analyzed using paired and independent sample t-tests.  The effects of 

elevated IOP on CTB intensity in the ON was analyzed with a mixed effects model that 

examined effects and interactions of injury group (control or experimental), recovery time 

(3, 7, and 14 days), as well as nerve length and width.  Analyses for 30- and 90-minute 

groups were performed separately. 
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Sample Sizes 

In total, 24 rats were used in experiments evaluating retrograde AT following 

elevated IOP.  Experiments were a 2 x 3 factorial design, with 6 experimental groups 

separated by 2 levels of insult duration (30 or 90 minutes) and 3 levels of recovery time 

(3, 7, and 14 days; n = 4/group, N = 24).  In the following sections, groups are referred to 

by their insult duration and recovery time (ex. 30 minutes of elevated IOP and 3 days of 

recovery = ‘30min/3d’).  Quantification of retrogradely transported CTB in the ONH was 

completed in all rats (n = 4/group, N = 24).  One rat was excluded from CTB intensity 

analysis in the ON in the 30-minute group due to poor tissue quality (30min/14d: n = 3, N 

= 23).  Quantification of RGC survival using the Brn3a antibody was completed in 2/4 

rats for both the 30- and 90-minute insults at 7 and 14 days of recovery (n = 2/group; N = 

8).  

 

4.2  Results 

4.2.1  RGC Degeneration and Loss Following Transient Elevated IOP  

Brn3a labeled a high density of cells in the GCL in all control eyes (Figure 4.1 A 

and B).  Thirty minutes of elevated IOP did not cause significant loss of Brn3a+ cells at 

either 7 or 14 days following insult, although there was a trend of Brn3a+ cell loss after 

14 days (Figure 4.1 A and 4.2 A; Table 4.1).  This trend of loss was homogenous across 

quadrants, but more pronounced towards the optic disc (1 mm: 26% loss; 2 mm: 11% 

loss; 3 mm: no loss).  Conversely, 90 minutes of elevated IOP caused near complete loss 

of Brn3a+ cells at both 7- and 14-day time points, the severity of which was consistently  
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Figure 4.1 RGC Loss at 7 Days Following Elevated IOP.  A) Brn3a and CTB labelling 

in retinal whole-mounts at 7 days following 30 minutes of elevated IOP.  Brn3a and CTB 

labelling of RGCs showed a high level of correspondence.  There was no visible 

reduction in the density of Brn3a labelling or CTB back filling following 30 minutes of 

elevated IOP.  B) Brn3a and CTB labelling in retinal whole-mounts at 7 days following 

90 minutes of elevated IOP.  Ninety minutes of elevated IOP caused a pronounced 

decrease in Brn3a density.  CTB labelling was also less dense and had morphology 

indicative of widespread degeneration. 
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Figure 4.2 Quantification of Brn3a+ Cells in Retinal Whole-Mounts Following 

Elevated IOP.  A) Brn3a+ cell density in control and experimental retinas following 30 

minutes of elevated IOP.  Brn3a+ cell density was not significantly reduced following 

either the 7 or 14 days of recovery.  B) Brn3a+ cell density in control and experimental 

retinas following 30 minutes of elevated IOP.  Ninety minutes of elevated IOP caused 

significant and severe loss of Brn3a+ cells at 7 and 14 days of recovery. * = p < 0.05; ** 

= p < 0.01; *** = p < 0.001. 
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less pronounced in the temporal quadrant (not shown), but did not vary with eccentricity 

(Figure 4.1 B and 4.2 B; Table 4.1).  Correspondence between Brn3a labelling and CTB 

back-filling was high in injured and non-injured eyes (Figure 4.1 A, B), supporting the 

specificity of Brn3a for RGCs, as previously described by Nadal-Nicolas and colleagues 

[318].  Despite extensive cell loss following 90 minutes of elevated IOP, surviving RGCs 

that continued to display healthy morphology, such as the ‘cupped’ appearance of intact 

somas with unfragmented CTB labelling in the cytoplasm, were also Brn3a+ (Figure 4.1 

B; Figure 4.4 D). 

RGC morphology was unaffected in whole-mounted retinas from eyes exposed to 

30 minutes of elevated IOP, and the density of CTB-labeled RGC somas appeared 

comparable between experimental and control eyes.  There were also very few 

fragmented or varicose axon profiles observed in retinas, ONHs, and ONs of 30min/3d 

and 30min/7d groups, suggesting a lack of axonal degeneration (Table 4.2).  Signs of 

axonal degeneration were observed in experimental ONHs and ONs in the 30min/14d 

group; however, this was interpreted with caution as similar histology was observed in 

control tissue.   

Ninety minutes of elevated IOP resulted in marked structural degeneration of 

RGC somas and axons (Figure 4.3).  Signs of degenerative pathology, such as abundant 

punctate, spheroidal, CTB+ particles, often connected to an axon that was disorganized 

and fragmented in appearance, were frequently observed in experimental retinas from the 

90min/3d group (Figure 4.4 A, asterisk).  This pathology was more prevalent in the 

peripheral retina (Figure 4.5).  Few signs of any RGCs, healthy or degenerating, were 

observed in experimental retinas from the 90min/14d group (Figure 4.3).  Further IHC  
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Table 4.2 Qualitative Evaluation of AT Disruption in the ONH and Axonal 

Degeneration in the Peripapillary Retina, ONH, and ON 

 

Injury 
Group 

Recovery 
Time 

Animal 
ID 

Control Elevated IOP 
AT 

Block? Axonal Damage? AT 
Block? Axonal Damage? 

30 
Minutes 
Elevated 

IOP 
 

3 Days 

R1031011 No No No No 
R2031011 No No No No 

R1060111 No No No No 

R2060111 No No No No 

7 Days 

R2022211 No No No No 

R1030611 No No No No 

R2120310 No No Yes ONH+, ON+ 

R1120610 No No No No 

14 Days 

R1022011 No ONH+ No Ret+, ONH+, ON+ 

R2022011 No Ret+, ONH+, ON+ No ONH+, ON+ 

R1120310 No Ret+, ONH+, ON+ No Ret++, ONH+, ON++ 

R1120110 No Ret+, ONH+, ON++ No Ret+, ONH+, ON++ 

90 
Minutes 
Elevated 

IOP 
 

3 Days 

R1040711 No No Yes Ret++, ONH+, ON+ 
R2040711 No No Yes Ret++, ONH+, ON+ 
R1050311 No No Yes Ret++, ONH+, ON+ 

R1060611 No No Yes Ret+, ONH+, ON+ 

7 Days 

R2030611 No No Yes Ret+++, ONH+++, ON++ 

R3030611 No No Yes Ret+++, ONH+++, ON+++ 
R1102110 No No Yes Ret+++, ONH+++, ON++ 
R2102110 No No Yes Ret+++, ONH+++, ON++ 

14 Days 

R1101310 No No Yes Ret+++, ONH+++, ON+++ 
R1101410 No No Yes Ret+++, ONH+++, ON+++ 
R1022511 No No Yes Ret+++, ONH+++, ON++ 
R2022511 No ON+ Yes Ret+++, ONH+++, ON+++ 
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Figure 4.3 Structural Degeneration of RGCs Retrogradely Filled with CTB at 3, 7, 

and 14 Days Following 90 Minutes of Elevated IOP.  Retrograde filling of healthy 

RGCs (control retinas) with CTB revealed a typical ‘cupped’ morphology of the soma - 

the cytosol was filled with tracer while the nucleus was not.  This morphology was 

disturbed following 90 minutes of elevated IOP.  Degenerative morphology, such as 

punctate CTB+ particles and fragmented axons, was abundant at the 3 and 7-day time 

points.  By 14 days most CTB+ RGCs had degenerated and CTB+ cellular debris was no 

longer present. 
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Figure 4.4 IHC Analysis of Retinal Whole-Mounts at 3 Days Following 90 Minutes 

of Elevated IOP.  A) CTB labelling of RGCs.  Degenerative signs included punctate 

CTB+ spheroidal particles (arrows), which were sometimes connected to a fragmented 

axon (asterisk). Remaining RGCs with healthy CTB+ morphology are circled. B) pNF 

labelling.  Some CTB+ spheroids were also pNF+ (arrowheads).  The locations of CTB+ 

RGC somas did not co-localize with pNF labelling.  C) Brn3a labelling.  The locations of 

most CTB+ RGC somas co-localized with Brn3a labelling (solid circles).  Dashed circles 

denote Brn3a- CTB+ RGC somas.  D) Overlay.   
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Figure 4.5 Degeneration of pNF+ RGCs in the Central and Peripheral Retina at 3 

Days Following 90 Minutes of Elevated IOP.  pNF labelling revealed signs of RGC 

degeneration following elevated IOP, such as axonal varicosities and the swollen ends of 

severed axons.  These axonal pathologies were present in both the central and peripheral 

retina, although were more prominent in the latter. 
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analysis of whole-mounted experimental retinas from the 90min/3d group revealed that 

approximately half of the punctate CTB+ structures were also pNF+ (Figure 4.4 B and D, 

arrowheads).  Remaining CTB+ RGC somas were primarily pNF- and Brn3a+ (Figure 4.4 

B, C and D, solid circles).  Axonal degeneration in experimental ONHs and ONs from the 

90-minute group was pronounced and consistent at all time points (Table 4.2). 

 

4.2.2  Retrograde AT in the ONH Following Elevated IOP 

 Retrograde AT of CTB in RGC axons within the ONH was examined at 3, 7, and 

14 days following CTB application at the SC and elevated IOP.  Thirty minutes of 

elevated IOP did not result in obvious disruption of retrograde AT in the ONH at any of 

the recovery times examined (Figure 4.6 A).  Indeed, filling of intraocular RGC axons 

and their somas suggested that retrograde AT through the ONH was primarily uninhibited 

(Figure 4.6 A).    

Conversely, localized AT disruption, as evidenced by accumulation of CTB in the 

ONH, was evident at all recovery times following the 90-minute insult (Figure 4.6 B, 

arrowheads).  These observations were remarkably consistent across all animals 

examined.  Labelling intensity of accumulated CTB in the ONH was greatest in the 

90min/3d group, and progressively decreased in 90min/7d and 90min/14d groups (Figure 

4.6 B).  The peripapillary region of experimental retinas from the 90min/3d group 

predominantly lacked the layered cellular organisation typically observed in retinal cross-

sections (Figure 4.6 B), and the thickness of experimental retinas was visibly reduced in 

90min/7d and 90min/14d groups (Figure 4.6 B, asterisks).  Subjective evaluation of 
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Figure 4.6 Retrograde AT of CTB in the ONH After 30 or 90 Minutes of Elevated 

IOP.  A) CTB in the ONH at 3, 7, and 14 days following 30 minutes of elevated IOP.  B) 

CTB in the ONH at 3, 7, and 14 days following 90 minutes of elevated IOP.  

Accumulation of CTB was prominent in the ONH (arrowheads) by 3 days following 

elevated IOP, and persisted at the 7-day time point.  Retinal thickness (*) was greatly 

decreased at the 7- and 14-day time points. 
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experimental ONHs in the 90min/14d group suggested a reduction in width compared to 

control ONHs (Figure 4.6 B).  Notably, sparse, CTB-filled RGC somas were observed in 

the peripapillary GCL of some experimental retinas, indicating that AT blockade in some 

RGCs was either incomplete or delayed following elevated IOP. 

 

4.3.3 Retrograde AT in the ON Following Elevated IOP 

 Figures 4.7 and 4.8 show examples of CTB retrograde AT in ONs (control and 

experimental) following either 30 or 90 minutes of elevated IOP, respectively.  Figures 

4.10 A and B show the average differences in fluorescence between control and 

experimental ONs expressed along nerve length.  Both insult durations reduced CTB 

intensity in the ON (Figure 4.9 A and B).  Compared to 30-minute groups, reduction of 

CTB intensity in experimental ONs was greater in 90-minute groups (Figure 4.9 A and 

B).  There was no trend of recovery of ON CTB intensity over time following either 

insult duration (Figure 4.9 A and B).  These observations were confirmed by the results of 

the mixed effects analysis, which are discussed in the following paragraphs.  

 Thirty minutes of elevated IOP caused a significant reduction in the average 

fluorescence intensity of CTB in experimental ONs compared to control ONs (average 

intensity difference = -12 ± 9.44 AU; p < 0.05).  However, no interaction was found 

between the main effects of elevated IOP and recovery time (average intensity per time 

point is depicted in Figure 4.9 C and summarized in Table 4.2).  

 Ninety minutes of elevated IOP caused a significant reduction in the average 

fluorescence intensity of CTB in experimental ONs compared to control ONs (average 

intensity difference = -19 ± 4.36 AU; p < 0.01; Figure 4.9 C; Table 4.2).  As observed in   
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Figure 4.7 CTB Retrograde AT in ONs at 3, 7, and 14 Days Following 30 Minutes of 

Elevated IOP.  Retrogradely transported CTB in longitudinal sections of ONs is 

depicted.  ONs are oriented so that the chiasm is to the left, and the control nerve is the 

upper nerve in each pair, while the experimental nerve is below.  
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Figure 4.8 CTB Retrograde AT in ONs at 3, 7, and 14 Days Following 90 Minutes of 

Elevated IOP.  Retrogradely transported CTB in longitudinal sections of ONs is 

depicted.  ONs are oriented so that the chiasm is to the left, and the control nerve is the 

upper nerve in each pair, while the experimental nerve is below.  
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Figure 4.9 Quantification of CTB AT in the ON at 3, 7, and 14 Days Following 30 

and 90 Minutes of Elevated IOP.  A) Difference in fluorescence intensity between 

control and elevated IOP ONs along the length of the nerve for all recovery times 

following 30 minutes of elevated IOP.  A decrease in transported CTB was evident as 

early as 3 hours following elevated IOP and did not preferentially affect either the 

proximal or distal ON.  B) Difference in fluorescence intensity between control and 

elevated IOP ONs following 90 minutes of elevated IOP.  A pronounced decrease in CTB 

transport was present at 3 days of recovery, which persisted at later time points.  Data are 

represented as a moving average (period = 100).  C) Average difference in fluorescence 

following 30 and 90 minutes of elevated IOP.   
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the 30-minute group, there was no interaction between the main effects of elevated IOP or 

recovery time in the 90-minute group.  

 The mixed effects model also examined the effect of location of measurement along 

the nerve on fluorescence intensity.  This was a method of determining if retrograde AT 

blockade occurred at a particular point along the nerve - perhaps closer to the chiasm or 

closer to the eye.  While both insult durations demonstrated a significant effect of nerve 

length (p < 0.001), the actual average difference in fluorescence intensity from the chiasm 

to the eye in both cases was very small (less than 7 AU).  Furthermore, visual inspection 

of longitudinal transport graphs (Figure 4.9 A and B) did not indicate any trend with 

respect to nerve length.  

 Finally, 30 minutes of elevated IOP caused variable changes in ON fluorescence – 

some animals exhibited reduced fluorescence, some showed no change, and some showed 

slightly higher fluorescence in the injured nerve (Figure 4.10 A).  Contrary to this, 90 

minutes of elevated IOP consistently decreased the average ON fluorescence in all 

animals at all time points (Figure 4.10 B). 
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Figure 4.10 Individual Paired Measurements of Average CTB Intensity in the ON at 

3, 7, and 14 days Following 30 or 90 Minutes of Elevated IOP.  A) Average ON 

intensity values following 30 minutes of elevated IOP.  Thirty minutes of elevated IOP 

did not have a consistent effect on the average fluorescence intensity of CTB in the ON at 

any time point of recovery.  B) Average ON intensity values following 90 minutes of 

elevated IOP.  Ninety minutes of elevated IOP caused a reproducible decrease in average 

CTB fluorescence at all time points, with no recovery over time, indicating a persisting 

disruption of AT over time.  
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4.4  Summary and Key Findings 

The results of the present study, which examined the effects of transient elevated 

IOP on retrograde AT, demonstrate important qualities of retrograde AT function in 

RGCs.  These qualities include the variable sensitivity of retrograde AT to various 

durations of elevated IOP, as well as the spatiotemporal relationship between the 

retrograde AT impairment and the structural degeneration of RGCs at 3, 7, and 14 days 

following elevated IOP.   Furthermore, these experiments further confirm fluorescently 

conjugated CTB as a capable indicator of AT function in studies of RGC damage.   

 

Key findings include:  

1) Retrograde AT impairment in RGCs following elevated IOP can manifest in 

more than one intracellular location. 

2) Two different durations of elevated IOP - 30 and 90 minutes - resulted in 

significant disruptions of retrograde AT of different magnitudes that do not 

recover over time. 

3) The temporal progression of degenerative events in the retina, ONH, and ON 

following elevated IOP varied depending on the severity of IOP insult. 

 

Further discussion regarding fluorescently conjugated CTB and the effect of transiently 

elevated IOP on retrograde AT is included in sections 8.2 and 8.4, respectively. 
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CHAPTER 5 - ANTEROGRADE AT IN RGCS FOLLOWING TRANSIENT 

ELEVATED IOP 

5.1  Rationale, Objective, and Hypotheses 

The experiments described in Chapter 4 examined retrograde AT function in 

RGCs between 3 and 14 days following elevated IOP.  However, many studies report 

impairments of AT in RGCs less than 12 hours following onset of IOP elevation [157, 

225, 283, 285, 305, 306, 330, 331], and some report recovery of AT function following 

IOP normalization within a similar time frame [158, 283, 285, 306].  However, few 

studies have examined AT function following an elevation of IOP exceeding MAP [305], 

and none at times earlier than 24 hours, or through the length of the ON[305].  For the 

present study, it was proposed that anterograde AT tracing, which offers a method of 

application that is easy to temporally coordinate with IOP elevation, would provide a 

useful approach for evaluating AT function at early time points (i.e. hours) of injury. 

The objective of these experiments was to evaluate anterograde AT function at 

early time points – 3, 6, and 24 hours – following transient elevated IOP. Again, two 

durations of elevated IOP, 30 and 90 minutes, were used to compare the time course of 

AT function following both sub-critical (30 minutes) and critical (90 minutes) injury to 

RGCs.  It was hypothesized that 30 minutes of elevated IOP would cause a transient 

disruption in anterograde AT function that would recover over time after the insult, while 

90 minutes of elevated IOP would cause a progressively worsening disruption of 

anterograde AT.  

Parts of this work were included in a recent publication [197] and in abstract form 

[328] [332].  
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5.2  Experimental Design 

Time Course of Anterograde AT of CTB 

 To gain a better understanding of the rate of anterograde AT of CTB in the rat 

visual system, a time course study was first conducted in 2 animals.  Intravitreal 

injections of CTB in both eyes (for detailed procedure, see section 2.2.3) were temporally 

staggered to assess anterograde AT at time points of 3 and 6 hours (n = 1), and 3 and 7 

days (n = 1).  Additionally, 2 rats that were intended for the anterograde CTB study, but 

had died at 1 and 1.5 hours following CTB application, were kept for analysis of CTB 

anterograde AT at earlier time points.  A qualitative analysis of RGC anterograde AT 

labelling in the retina, ONH, and ON was conducted at all time points.  

 

Assessment of Anterograde AT of CTB Following Elevated IOP 

To investigate early changes in AT function following elevated IOP, anterograde 

AT labelling in RGCs was assessed at 3, 6, and 24 hours following elevated IOP.  IOP in 

the experimental eye was raised to 120 mmHg for either 30 or 90 minutes duration (for 

detailed procedure, see section 2.4) immediately following intravitreal injections of CTB 

in both eyes.  There were 6 experimental groups, named according to the duration of 

elevated IOP and the recovery time point – e.g. a rat exposed to 30 minutes of elevated 

IOP and sacrificed at 3 hours post-insult was in the “30min/3h” group.  Rats were 

sacrificed at 3, 6, and 24 hours following cessation of IOP elevation and tissues were 

harvested for histological processing and imaging.  ONHs and ONs were longitudinally 

sectioned and imaged, and whole-mounted retinas were labeled with Brn3a and pNF 

antibodies and imaged according to the procedures described in section 2.8 and 2.9. 
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Measurement of RGC Survival 

RGC survival was assessed at 3, 6, and 24 hours following elevated IOP by 

quantification of Brn3a+ cells in the GCL at 1, 2, and 3 mm of eccentricity from the ONH 

in all four retinal quadrants.  Refer to sections 2.8 and 2.10.1 for detailed procedures. 

 

Sham Controls 

 Two rats underwent a sham procedure for IOP elevation to isolate any effects that 

cannulation of the anterior chamber may have had on AT or RGC survival.  Briefly, rats 

that underwent the sham procedure received identical bilateral intravitreal injections of 

CTB to those animals in the experimental condition.  However, following anterior 

chamber cannulation with the needle attached to the pressure column, IOP was not 

elevated.  The needle was kept in place for 90 minutes duration and then removed, and 

rats were sacrificed after a period of 24 hours.  Retinal, ON, and ONH tissue was 

processed for examination of CTB anterograde AT and Brn3a+ cell quantification in a 

manner identical to that described for experimental rats. 

 

Statistics 

Evaluation of RGC survival by quantification of Brn3a+ cells in the GCL was 

analyzed with paired and independent sample t-tests.  The effects of elevated IOP and 

recovery time on CTB intensity in ONHs were analyzed with ANOVA with post-hoc 

tests, and t-tests.  The effects of elevated IOP and recovery time on CTB intensity in the 

ON were analyzed with mixed effects analysis. 
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Sample Sizes 

Fifty-four rats were used in experiments evaluating anterograde AT following 

transient elevated IOP (N = 4 for the tracer characterization study, N = 50 for the elevated 

IOP study).  In the elevated IOP study, 8 rats were examined at each of 3 time points - 3, 

6, and 24 hours - following either 30 or 90 minutes of elevated IOP (n = 8/group, total N 

= 48).  Two additional rats, sacrificed at 24 hours of recovery, were used in sham 

experiments (N = 2).  Quantification of anterogradely transported CTB in the ONH and 

ON was completed in all rats (N = 50).  Quantification of RGC survival using the Brn3a 

antibody was completed in the majority of rats used in elevated IOP experiments, with 

some exclusions due to poor IHC or tissue quality.  The sample sizes (n) for Brn3a 

quantification in each experimental group are as follows: 30min/3h = 4; 30min/6h = 6; 

30min/24h = 4; 90min/3h = 4; 90min/6h = 6; 90min/6h = 4 (total N = 28). 

 

5.3  Results 

5.3.1  Time Course of Anterograde CTB AT 

AT of CTB was examined at 3 and 6 hours, and 3 and 7 days following 

intravitreal injection.  At 3 hours following CTB injection, uptake of CTB by cells in the 

GCL was primarily isolated to one retinal quadrant, while CTB had spread to all 

quadrants by 6 hours (Figure 5.1 A).  Distribution of CTB across the retina appeared 

uniform at 3 and 7 days following injection (Figure 5.1 B).  Brightly labeled CTB+ axons 

could be seen in the proximal ON only 3 hours following CTB injection, and faint 

labelling was observed at the chiasm (Figure 5.1 C).  At 6 hours, labelling was bright and  
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Figure 5.1 Time Course of CTB Anterograde AT.  A) An intensity map of CTB 

diffusion across the retina from the injection site at 3 and 6 hours following intravitreal 

injection.  At 3 hours, CTB was primarily isolated to the same quadrant as the site of 

injection (*), with faint labelling in adjacent quadrants.  At 6 hours, CTB labelling was 

observed in all quadrants.  B) CTB labelling in retinal whole-mounts at 3 and 7 days 

following intravitreal injection.  Labelling persisted in all quadrants at both time points. 

Scale 100 µm.  C) Anterograde CTB in the ON at 3 and 6 hours, and 3 and 7 days 

following intravitreal injection.  At 3 hours, CTB extended beyond the halfway point 

between the eye and the chiasm (dye front indicated by the arrow), with very little CTB 

visible at the chiasm.  CTB+ fibres in the chiasm were seen at the 6-hour time point, and 

increased in intensity at the 3-day time point.  CTB intensity in the chiasm remained high 

at the 7-day time point. D) Anterograde CTB in the ONH.  CTB labelling of RGC axon 

fibre bundles in the ONH was incomplete at the 3-hour time point.  CTB labelling of axon 

bundles was bright and uniform at 6 hours, and persisted at the 3 and 7-day time points. 

Asterisk in D (*) denotes level of sclera. 
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uniform from the proximal ON to the chiasm, with labelling intensity peaking at 3 days 

and remaining high at 7 days (Figure 5.1 C).  Anterograde AT of CTB in the ONH 

demonstrated a similar pattern, with CTB fluorescence becoming uniform across the 

width of the ONH by 6 hours, peaking in intensity at 3 days (Figure 5.1 D), and 

remaining high at 7 days.   

 

5.3.2  Estimation of the Rate of Anterograde CTB AT 

A noticeable dye front was visible in the ON at the 3-hour time point (Figure 5.1 

C, arrow), however, faint axon fibre profiles were visible as far as the chiasm.  The 

distance from the inner limiting membrane of the retina to the dye front in this animal was 

approximately 8 mm, while the distance to the chiasm was approximately 11 mm.  From 

these measurements, the rate of CTB anterograde transport was estimated to be between 

64-88 mm/day; however, given that tissue beyond the chiasm was not examined, it is 

possible that this is an underestimate. 

 

5.3.3  Quantification of Brn3a+ Cells in the GCL at 3, 6, and 24 Hours Following 

Elevated IOP 

Thirty minutes of elevated IOP had no significant effect on the number of Brn3a+ 

cells in the GCL at any of the time points examined (Table 5.1; Figure 5.2 A).  In 

30min/3h rats, the average densities of Brn3a+ cells measured at eccentricities of 1, 2, 

and 3 mm from the ONH were 571 ± 34.75, 507 ± 50.65, and 391.32 ± 46.53 cells/500  
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Table 5.1 Average ON Fluorescence and RGC Density at 3, 6, and 24 Hours 

 Following Elevated IOP
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Figure 5.2 Brn3a+ Cell Density at 1, 2, and 3 mm of Retinal Eccentricity Following 

30 or 90 Minutes of Elevated IOP.  A) Quantification of Brn3a+ cells in control and 

experimental retinal whole-mounts following 30 minutes of elevated IOP.  The density of 

Brn3a+ cells declined with retinal eccentricity similarly in both control and experimental 

eyes at all time points examined.  B) Quantification of Brn3a+ cells in control and 

experimental retinal whole-mounts following 90 minutes of elevated IOP.  Brn3a+ cell 

density was significantly decreased at all retinal eccentricities at 3, 6, and 24 hours 

following 90 minutes of elevated IOP. * = p < 0.05, ** = p < 0.01, *** = p < 0.001 
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µm2, respectively.  These averages did not change significantly with experimental group 

or recovery time (p > 0.3). 

 Ninety minutes of elevated IOP significantly decreased the density of Brn3a+ 

cells in the GCL at all time points following insult (Table 5.1; Figure 5.2 B). Brn3a+ cell 

density at eccentricities of 1, 2, and 3 mm were decreased relative to control densities by 

46% (p < 0.001), 40% (p < 0.001) and 35% (p < 0.01) in the 90min/3h group; 43% (p < 

0.001), 38% (p < 0.001), and 22% (p < 0.05) in the 90min/6h group; and 34% (p < 0.01), 

31% (p < 0.01), and 25% (p = 0.01) in the 90min/24h group.  

 

5.3.4  Anterograde AT of CTB in the ONH Following Elevated IOP 

Thirty minutes of elevated IOP had no significant effect on the anterograde AT of 

CTB at any of the ONH regions or time points examined (Figures 5.3 A, 5.4).  No 

significant effect of the 30-minute insult was found (p = 0.06, ANOVA), and there was 

no interaction between elevated IOP and recovery time (p = 0.79, ANOVA).  However, 

there was an overall effect of recovery time on anterograde AT (p < 0.01, ANOVA).  

Indeed, the topographical distribution of CTB labelling in the ONH, regardless of 

experimental treatment, changed over time in a predictable trend (Figure 5.4 A, B, and 

C), demonstrating a gradual increase in CTB transport over time.  For example, while 

CTB intensity in the 30min/3h group dropped steeply from the pre-LC region to LC1 and 

LC2 regions, approaching 0 AU in the post-200 and -300 ONH regions (Figure 5.4 A), 

the drop in CTB intensity from Pre-LC to post-200 regions in the 30min/6h group was 

more gradual (Figure 5.4 B), and even more so in the 30min/24h group (Figure 5.4 C).  

Post-hoc analysis confirmed these results, finding a significant difference in CTB  
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Figure 5.3 AT of CTB in the ONH at 3, 6, and 24 Hours Following Either 30 or 90 

Minutes of Elevated IOP.  A) CTB fluorescence in the ONH at 3, 6, and 24 hours 

following 30 minutes of elevated IOP.  There was no meaningful delay of CTB AT 

through the ONH at any of the recovery times examined.  B) CTB fluorescence in the 

ONH at 3, 6, and 24 hours following 90 minutes of elevated IOP.  CTB AT was slowed 

through the ONH beginning at the 3-hour time point, and progressed at the 6- and 24-hour 

time points.  Arrows indicate the advancement of CTB through the ONH.  
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Figure 5.4 Quantification of CTB AT in the ONH at 3, 6, and 24 Hours Following 30 

Minutes of Elevated IOP.  A) CTB intensity in the ONH at 3 hours of recovery.  CTB 

intensity was higher in the pre-LC region, dropping significantly by the LC1 region and 

continuing to decline thereafter.  CTB intensity in the experimental eye was not 

significantly different from that of the control eye.  B) CTB intensity in the ONH at 6 

hours of recovery.  Both control and experimental eyes exhibited noticeably increased 

intensity through the LC1-post 300 regions compared to the same regions at the 3-hour 

time point.  CTB intensity in the experimental eye was not significantly different from 

that of the control eye.  C) CTB intensity in the ONH at 24 hours of recovery.  CTB 

intensity approximated a linear decline from the pre-LC to post-600 regions in both 

control and experimental eyes.  CTB intensity in the experimental eye was not 

significantly different from that of the control eye.  
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Figure 5.5 Quantification of CTB AT in the ONH at 3, 6, and 24 Hours Following 90 

Minutes of Elevated IOP.  A) CTB intensity in the ONH at 3 hours of recovery.  CTB 

intensity was high in the pre-LC region, but dropped significantly by the LC1 region and 

continuing to decline thereafter.  Intensity in the experimental eye following 3 hours of 

recovery was significantly decreased in the post-100, 200, and 300 regions compared to 

control.  B) CTB intensity in the ONH at 6 hours of recovery.  A significant increase in 

CTB intensity in the pre-LC region of experimental ONHs was observed, suggesting a 

buildup of CTB as it enters the ONH.  CTB intensity continued to be elevated in the first 

100 µm of the LC region, but dropped below control levels in subsequent regions.  C) 

CTB intensity in the ONH at 24 hours of recovery.  CTB intensity approximated a linear 

decline from the pre-LC to post-600 regions in both control and experimental eyes.  CTB 

intensity in the experimental eyes was greatly reduced in the majority of ONH regions 

(LC1-Post-400).  * = p < 0.05, ** = p < 0.01 
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intensity between 30min/3h and 30min/24h groups (p < 0.01), and 30min/6h and 

30min/24h groups (p < 0.01). 

Ninety minutes of elevated IOP significantly inhibited anterograde AT of CTB 

through the ONH at all time points examined (Figure 5.3 B, 5.5).  There was a significant 

overall effect of the 90-minute insult on CTB intensity in the ONH (p < 0.01, ANOVA). 

In the 90min/3h group, CTB intensity in experimental ONHs was significantly decreased 

in the post-100, -200, and -300 regions (all p < 0.05; Figure 5.5 A).  In the 90min/6h 

group, elevated IOP resulted in a significant increase in CTB intensity in the pre-LC 

region compared to control levels (p < 0.05) that was accompanied by a decrease in CTB 

labelling in post-100 to -300 regions (ns; Figure 5.5 B).  However, the greatest effect on 

CTB AT in the ONH was visible in the 90min/24h group, where CTB intensity from the 

LC1 to post-400 regions of experimental ONHs was significantly reduced with respect to 

control levels (all p < 0.05; Figure 5.5 C).  Similar to the results of the 30-minute group 

results, CTB intensity in general, regardless of experimental treatment, changed 

significantly across ONH regions (p < 0.01, ANOVA), dropping in intensity from pre-LC 

to post-600 regions, and this distribution of CTB intensity through the ONH changed 

significantly over time (p < 0.01).  

 

5.3.5  Anterograde AT of CTB in the ON Following Elevated IOP 

Thirty minutes of elevated IOP had no significant effect on CTB intensity 

throughout the ON, from the post-laminar region to the chiasm, at all time points 

examined (Table 5.1; Figure 5.6, 5.8 A and C, and 5.9 A).  There was no visible 

difference between the level of CTB intensity in experimental ONs and that of control  



154 

ONs at any time point examined (Figure 5.6).  Although CTB intensity in experimental 

ONs was reduced compared to control at all points along nerve length (Figure 5.8 A), the 

average intensity of experimental ONs was not significantly different from that of control 

ONs.  These findings were true across all time points examined.  However, similar to the 

ONH results, CTB intensity in the ON in general, regardless of experimental treatment, 

showed an overall increase over time, with average intensity values from 30min/6h and 

30min/24h groups both being significantly different from the average CTB intensity 

measured from the 30min/3h group (p < 0.01 and 0.001, respectively).  Examining 

individual pairs of ONs separately further demonstrates the overall increase in intensity 

across time points (Figure 5.9 A, top panel), and the lack of a reproducible effect of 30 

minutes of elevated IOP on CTB intensity in the ON (Figure 5.9 A, bottom panel). 

Ninety minutes of elevated IOP significantly decreased the amount of CTB 

transported into the ON at all time points examined (Table 5.2; Figure 5.7, 5.8 B and C, 

and 5.9 B). In all pairs of ONs examined, CTB intensity in experimental ONs was visibly 

decreased with respect to control levels (Figure 5.7).  Quantification demonstrated a 

decrease in CTB intensity that was consistent at all points of the ON from the post-

laminar region to the chiasm (Figure 5.8 B and C).  Indeed, the overall effect of 90 

minutes of elevated IOP on CTB intensity in the ON was significant (p < 0.001), and 

there was no significant effect of location along the length of the ON, indicating that the 

decrease in CTB intensity was neither greater nearer the eye, nor towards the chiasm.  

Although there was no significant interaction between elevated IOP and recovery time, 

the difference between experimental and control intensity levels increased over time,   
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Figure 5.6 AT of CTB in Longitudinal Sections of ONs at 3, 6, and 24 Hours 

Following 30 Minutes of Elevated IOP.  At 3 hours of recovery, CTB fluorescence was 

faintly visible across the entire length of the ON, including in the chiasm, and increased 

in intensity at 6 and 24 hours following elevated IOP.  There was no perceptible 

difference in CTB AT between control and experimental nerves at any time point 

following insult. 
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Figure 5.7 AT of CTB in the ON at 3, 6, and 24 Hours Following 90 Minutes of 

Elevated IOP.  CTB fluorescence was noticeably decreased in intensity in the 

experimental nerve at the 3-hour time point, and continued to be markedly lower than the 

control nerve at 6 and 24 hours following elevated IOP. 
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Figure 5.8 Quantification of CTB AT in the ON at 3, 6, and 24 Hours Following 

Either 30 or 90 Minutes of Elevated IOP.  A) CTB intensity throughout the control and 

experimental ONs following 30 minutes of elevated IOP.  Intensity was decreased in the 

experimental nerve compared to control nerve at all time points following elevated IOP 

along the entire length of the ON.  There was no recovery of CTB AT over time.  ON 

segments closest to the eye demonstrated a progressive worsening of CTB AT 

dysfunction.  B) CTB intensity was markedly decreased in the experimental nerve 

compared to the control nerve at all time points following 90 minutes of elevated IOP.  

This disruption worsened over time, most noticeably in the proximal ON.  C) Ninety 

minutes of elevated IOP produced a greater decline in average CTB intensity compared to 

30 minutes of elevated IOP at all time points. ** = p < 0.01, *** = p < 0.001, **** = p < 

0.0001 
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Figure 5.9 Individual Paired Measurements of Average CTB Intensity in the ON at 

3, 6, and 24 Hour Following 30 or 90 Minutes of Elevated IOP.  A) Average ON 

intensity values following 30 minutes of elevated IOP. B) Average ON intensity values 

following 90 minutes of elevated IOP.  Top panels: paired measurements of average ON 

intensity.  Each line represents the relationship between control and experimental 

intensity values in an individual rat.  Bottom panels: the same relationships presented as a 

proportion of their control value.    
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from a difference of -28.09 ± 15.60 AU in the 90min/3h group, to a difference of -42.37 ± 

13.50 AU in the 90min/24h group (Table 5.2; Figure 5.8 B and C).  Figure 5.9 B, which 

compares average ON CTB intensities between individual pairs of ONs (top panel) and 

their proportional change in intensity to control levels (bottom panel), further 

demonstrates that, contrary to 30 minutes of elevated IOP, 90 minutes of elevated IOP 

caused a reproducible effect on CTB intensity in the ON.  

 

5.3.6  Anterograde AT of CTB in the ON Following Sham Elevated IOP 

The sham procedure did not cause a significant effect on CTB intensity in either 

proximal or distal regions of the ON at 24 hours of recovery (Figure 5.10 A, B, and C), 

whereas CTB intensity in experimental ONs following 90 minutes of elevated IOP was 

significantly lower than both paired control and sham values (p < 0.01; Figure 5.10 B and 

C).   
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Figure 5.10 CTB Labelling Intensity in the ONH and the Proximal and Distal ON at 

24 Hours Following Sham Elevated IOP.  A) Sampling of CTB fluorescence in 

proximal and distal segments of control and experimental nerves.  B) Cannulation of the 

anterior chamber without elevation of IOP (sham procedure) did not have any effect of 

CTB fluorescence in the proximal or distal ON, whereas 90 minutes of elevated IOP 

caused a marked decrease in intensity in the experimental nerve.  C) Comparison of 

average fluorescence intensity between proximal and distal segments of sham and 

elevated IOP nerves (** = p < 0.01).  D) CTB fluorescence intensity through sequential 

ONH regions in control and sham eyes.  Greyed area indicates the LC region. 
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5.4  Summary and Key Findings 

The results of this study demonstrate the usefulness of CTB as a tracer of AT 

function in RGCs, and also reveal important details regarding the time course of AT 

impairment in the ONH and ON in the hours immediately following transient elevated 

IOP.   

 

Key findings include:  

1) Fluorescently conjugated CTB is a fast and capable tracer of anterograde AT 

in RGCs. 

2) Thirty minutes of elevated IOP did not significantly affect either RGC survival 

or anterograde AT function within 24 hours following insult. 

3) Ninety minutes of elevated IOP had an immediate and significant effect on 

RGC survival and anterograde AT function that progressively worsened over 

time. 

4) The primary site of anterograde AT impairment in RGCs following elevated 

IOP was at, or before, the ONH.   

 

These findings demonstrate that AT function is resilient to mild enough IOP insult; 

however, once AT is disrupted, it does not exhibit reversibility following a more severe 

insult.  These findings are discussed further in section 8.4, 8.7, and 8.8.  Further 

discussion regarding fluorescently conjugated CTB is included in section 8.2. 
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CHAPTER 6 – NF REGULATION IN THE RETINA AND ONH FOLLOWING 

ELEVATED IOP 

6.1  Rationale, Objective, and Hypotheses 

The experiments described in Chapters 4 (retrograde AT) and 5 (anterograde AT) 

demonstrate the effects of transient elevated IOP on retrograde and anterograde AT over 

various recovery times following the insult.  Specifically, such experiments established 

that 90 minutes of elevated IOP results in a progressively worsening disruption of AT 

over time, accompanied by marked structural degeneration in the retina and ONH at later 

time points, whereas 30 minutes of elevated IOP has little effect on AT function and 

axonal structure.  Alterations of key axonal cytoskeletal proteins, have been shown to 

occur within hours of elevating IOP, prior to gross neuronal degeneration [157], and, in 

addition to changes in AT, may also be an early indicator of RGC damage.  While there 

are studies examining the effects of elevated IOP on cytoskeletal proteins [147, 157, 221, 

225, 245, 274, 275, 333], cytoskeletal changes over time following a transient elevation 

of IOP have yet to be investigated.   

The objective of the following experiments and analyses was to examine changes 

in the expression and phosphorylation of NFs in the retina and ONH following acute 

elevated IOP.  It was hypothesized that 30 minutes of elevated IOP would have no effect 

on pNF or nonpNF expression in RGCs, whereas 90 minutes of elevated IOP would cause 

progressively increasing expression of pNF in RGC somas and alterations of the balance 

of pNF and nonpNF in RGCs within the ONH.   

This work was published in abstract form [328, 332]. 
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6.2  Experimental Design 

Animals 

Tissue for the following experiments was obtained from animals used in the 

anterograde AT study (Chapter 5).  

 

pNF Expression in the Retina 

Somal expression of pNF in RGCs, an indicator of axonal damage, was 

investigated at various recovery times following elevated IOP by applying pNF and 

Brn3a antibodies to retinal whole-mounts and then grading sample images (500 x 500 

µm) obtained at 1, 2, and 3 mm of eccentricity according to the percent of the image area 

exhibiting pNF+ somas: 0 = no pNF+ somas; 1 = pNF+ somas in less than 25% of image 

area; 2 =  pNF+ somas in approximately 50% of image area; 3 = pNF+ somas in greater 

than 80% of the image area (detailed procedures in sections 2.8, 2.9, and 2.10.2).   

 

Expression of pNF and nonpNF in the ONH 

 NF expression and phosphorylation in RGC axons was investigated in ONH 

longitudinal sections.  Briefly, two serial ONH sections from each ONH underwent 

fluorescent IHC labelling for either pNF or nonpNF.  These sections were then imaged 

and fluorescence intensity was quantified in nine sequential 100 x 200 µm ONH regions: 

pre-LC, LC1, LC2, and post-100, -200, -300, -400, -500, and -600 (detailed procedures in 

sections 2.8, 2.9, and 2.11). 
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Statistical Analysis  

 Main effects of elevated IOP, recovery time and ONH region on pNF and nonpNF 

labelling intensity in the ONH were analyzed with two-way within-subjects ANOVA 

with post-hoc testing.  Data from 30- and 90-minute animals were included in separate 

models.  Point-by-point differences within and between control and experimental groups 

were assessed by t-test. 

 

Sample Sizes 

 Tissue used in the present experiments was obtained from a total of 50 animals 

(elevated IOP animals: N = 48; sham animals: N = 2).   

In experiments examining the somal expression of pNF in RGCs, animals with 

poor pNF labelling in retinal whole-mounts, in either the control or experimental eye, 

were excluded from analysis (total excluded = 25).  Sample sizes for pNF analysis in 

retinal whole-mounts ranged from 2 to 6 animals per experimental group (N = 23; n per 

group: 30min/3h = 4, 30min/6h = 6, 30min/24 = 2, 90min/3h = 3, 90min/6h = 5, 

90min/24h = 3).   

pNF and nonpNF expression in the ONH was measured and analysed in all 

animals (N = 48; n per group = 8).  ONHs from control and experimental eyes were 

obtained from all animals. 
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6.3  Results 

6.3.1  Expression of pNF in the Retina Following 30 Minutes of Elevated IOP  

Thirty minutes of elevated IOP did not cause any notable accumulation of pNF in 

RGC somas at any of the recovery times examined (Figure 6.1 A, upper panel).  Figure 

6.2 A, B, and C shows the percent of images that exhibited pNF grades from 0-3 at 1, 2, 

and 3 mm of eccentricity in both control and experimental retinas.  Median pNF grades 

for images obtained at 1, 2, and 3 mm of eccentricity in control and experimental retinas 

at each recovery time are shown in Table 6.1.  Images from retinas in the 30-minute 

group were primarily graded as 0, regardless of experimental treatment (control versus 

experimental eye; 3, 6, or 24 hours recovery), although the 30min/3h group and 

experimental retinas of the 30min/24h group demonstrated some grading greater than 0.  

 

6.3.2  Expression of pNF in the Retina Following 90 Minutes of Elevated IOP 

Ninety minutes of elevated IOP caused marked accumulation of pNF in RGC 

somas at all of the recovery time points examined (Figure 6.1 A, lower panel).  Figure 6.3 

A, B, and C shows the percent of images examined which exhibited pNF grades from 0-3 

at 1, 2, and 3 mm of eccentricity in both control and experimental retinas.  The median 

pNF grades for images obtained at 1, 2, and 3 mm of eccentricity in control and 

experimental retinas at each recovery time are shown in Table 6.1.  
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Table 6.1 Median pNF Grades at 1, 2, and 3 mm of Retinal Eccentricity Following 

Elevated IOP  

 

 

 

 

Control Elevated IOP 

Injury Group 

 group 

Recovery 1 mm 2 mm 3 mm 1 mm 2 mm 3 mm 

30 Minutes Elevated IOP 

3 Hours 0 0 0 0 0 0.5 

6 Hours 0 0 0 0 0 0 

24 Hours 0 0 0 0 0 0 

90 Minutes Elevated IOP 

3 Hours 0 0 0 0 2.0 3.0 

6 Hours 0 0 0 0 3.0 3.0 

24 Hours 0 0 0 1.5 2.0 2.0 
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Figure 6.1 Example Images of pNF Labelling in Retinal Whole Mounts Following 

Elevated IOP.  A) Expression of pNF and Brn3a in the retina at 3, 6, and 24 hours 

following either 30 or 90 minutes of elevated IOP, obtained at approximately 2 mm of 

eccentricity from the ONH.  Thirty minutes of elevated IOP did not induce somal pNF 

labelling at any of the time points examined.  Ninety minutes of elevated IOP induced 

somal pNF labelling in Brn3a+ cells in the GCL at all time points (arrows).  B) Somal 

pNF labelling (B1, arrow) in retinas at 24 hours following 90 minutes of elevated IOP 

was accompanied by signs of axonal degeneration in the NFL, including axonal 

varicosities and spheroidal retraction bulbs (B2, arrowheads). 
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Figure 6.2 Somal pNF Grading in Retinal Whole Mounts Following 30 Minutes of 

Elevated IOP.  Grading of somal pNF labelling at 3 hours (A), 6 hours (B), and 24 hours 

(C) following elevated IOP is shown.  Thirty minutes of elevated IOP had mild effects on 

the grade of somal pNF labelling.  Increases in grade, correlating to increased retinal area 

exhibiting somal pNF labelling, were primarily associated with elevated IOP damage and 

larger eccentricities. 
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Figure 6.3 Somal pNF Grading in Retinal Whole Mounts Following 90 Minutes of 

Elevated IOP.  Grading of somal pNF labelling at 3 hours (A), 6 hours (B), and 24 hours 

(C) following elevated IOP is shown.  Ninety minutes of elevated IOP had marked effects 

on somal pNF grading.  Increases in grade, correlating to increased retinal area exhibiting 

somal pNF labelling, were associated with elevated IOP damage and were more 

pronounced as retinal eccentricity increased. 
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6.3.3  pNF and nonpNF Expression in the ONH Following Elevated IOP 

pNF and nonpNF expression was examined in serial longitudinal sections 

obtained from each ONH, and intensity measurements in all ONH regions were 

normalized to the pre-LC values.  Examples of pNF and nonpNF labelling in a control 

ONH are shown in Figure 6.4. 

 

6.3.3.1 Description of nonpNF Labelling Within Control and Experimental ONHs  

6.3.3.1.1 Thirty-Minute IOP Elevation 

The intensity of nonpNF labelling in the 30-minute group varied significantly 

across ONH regions (ANOVA, p < 0.01) at all recovery times and for both control and 

experimental ONHs.  Labelling intensity in control ONHs, relative to the pre-LC region, 

peaked in the post-100 region for the 30min/3h group (+6%), the post-200 region in the 

30min/6h group (+15%), and the LC2 region in the 30min/24h group (+47%), thereafter 

decreasing through more distal ONH regions (Figure 6.5 A, left panel).  In experimental 

ONHs, labelling intensity peaked at the post-100 region for both the 30min/3h group 

(+33%) and the 30min/6h group (+39%), and in the LC2 region for the 30min/24h group 

(+50%; Figure 6.5 A, right panel).   

 

6.3.3.1.2 Ninety-Minute IOP Elevation 

The intensity of nonpNF labelling in the 90-minute group varied significantly 

across ONH regions (ANOVA, p < 0.01) at all recovery times for both control and 

experimental ONHs.  Labelling intensity in control ONHs, relative to the pre-LC values, 

peaked in the LC1 region (+18%) for the 90min/6h group (Figure 6.5 B, left 
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Figure 6.4 Example Images of nonpNF and pNF Labelling in Longitudinal Sections 

of a Control ONH.  Images show the pattern of nonpNF and pNF labelling in the Pre-

LC, LC and Post-LC regions of the ONH of an untreated eye. 
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Figure 6.5 Distribution of nonpNF Labelling in Control and Experimental ONHs at 

3, 6, and 24 Hours Following 30 and 90 Minutes of Elevated IOP.  A) Fluorescence 

intensity of nonpNF labelling in control and experimental ONHs at 3, 6, and 24 hours 

following 30 minutes of elevated IOP. B) Fluorescence intensity of nonpNF labelling in 

control and experimental ONHs at 3, 6, and 24 hours following 90 minutes of elevated 

IOP.  All measurements were normalized to the pre-LC value.  Greyed area indicates the 

LC region. 
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panel).  Labelling intensity in control ONHs in 90min/3h and 90min/24h groups remained 

relatively stable between the pre-LC and LC1 regions (-2% and +1%, respectively), and 

steadily decreased thereafter.  In experimental ONHs, labelling intensity following the 

pre-LC region was relatively stable in the 90min/3h group, with a small peak in the post-

100 region  (+1%; Figure 6.5 B, right panel).  The experimental ONHs of the 90min/6h 

and 90min/24h groups showed peaks in labelling intensity in the LC2 (+14%) and post-

200 (+19%) regions, respectively (Figure 6.5 B, right panel).  

 

6.3.3.2 Comparison of nonpNF Labelling Between Control and Experimental ONHs  

6.3.3.2.1 Thirty-Minute IOP Elevation  

Neither elevated IOP (30 minutes) nor recovery time (3, 6, and 24 hours) had a 

significant overall effect on nonpNF labelling intensity (p = 0.26 and 0.74, respectively; 

ANOVA).  Although not significant, labelling intensity was consistently increased in 

experimental ONHs across all regions compared to control in the 30min/3h group (Figure 

6.6 A).  Similarly, nonpNF intensity was higher in experimental ONHs from the LC1 to 

post-100 regions in the 30min/6h group, and from the LC1 to post-300 regions in the 

30min/24h group (Figure 6.6 B and C).  Percent differences in intensity between the LC 

region of control and experimental ONHs, calculated as an average of LC1 and 2 regions, 

were +25% in the 30min/3h group, +24% in the 30min/6h group, and +19% in the 

30min/24h group. 
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Figure 6.6 Comparison of nonpNF Labelling Intensity Between Control and 

Experimental ONHs at 3, 6, and 24 Hours Following 30 Minutes of Elevated IOP.  

A) Intensity of nonpNF labelling in control (black) and experimental (red) ONHs at 3 

hours of recovery. B) Intensity of nonpNF labelling control (black) and experimental 

(red) ONHs at 6 hours of recovery. C) Intensity of nonpNF labelling in control (black) 

and experimental (red) ONHs at 24 hours of recovery.  All measurements were 

normalized to the pre-LC value.  No significant differences were observed between 

experimental and control ONHs.  Greyed area indicates the LC region. 
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6.3.3.2.2 Ninety-Minute IOP Elevation   

Neither elevated IOP (90 minutes) nor recovery time (3, 6, and 24 hours) had a 

significant overall effect on nonpNF labelling intensity (p = 0.52 and 0.69, respectively; 

ANOVA).  Labelling intensity between control and experimental ONHs was comparable 

in the 90min/3h and 90min/6h groups (Figure 6.7 A and B), however, was consistently 

increased in experimental ONHs compared to control in the 90min/24h group from the 

LC1 to post-600 region (Figure 6.7 C).  Percent differences in intensity between the entire 

LC region of control and experimental ONHs, calculated as an average of the LC1 and 2 

regions, were +3% in the 90min/3h group, -7% in the 90min/6h group, and +15% in the 

90min/24h group.  

 

6.3.3.3 Description of pNF Labelling Intensity Within Control and Experimental 

ONHs  

6.3.3.3.1 Thirty-Minute IOP Elevation   

The intensity of pNF labelling in the 30-minute group varied significantly across 

ONH regions (ANOVA, p < 0.01) at all recovery times for both control and experimental 

ONHs.  Labelling intensity in control ONHs peaked in the LC2 region for the 30min/3h 

group (+12% relative to pre-LC value), the LC2 region in the 30min/6h group (+5%), and 

the LC1 region in the 30min/24h group (+18%), and progressively decreased thereafter 

(Figure 6.8 A, left panel).  Labelling intensity in experimental ONHs of the 30min/3h and 

30min/24h groups was highest in the pre-LC region, and peaked in the post-100 region 

(+4%) for the 30min/6h group (Figure 6.8 A, right panel).   
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6.3.3.3.2 Ninety-Minute IOP Elevation   

The intensity of pNF labelling in the 90-minute group varied significantly across 

ONH regions (ANOVA, p < 0.01) at all recovery times for both control and experimental 

ONHs.  In control ONHs of both the 90min/3h and 90min/6h groups, labelling intensity 

progressively decreased from the pre-LC region through more distal ONH regions.  In the 

90min/24h group, labelling intensity dropped in the LC1 region (-14%), returned to the 

pre-LC value in the post-200 region (+2%), and progressively declined thereafter (Figure 

6.8 B, left panel). In experimental ONHs, labelling intensity in all groups dropped in the 

LC1 region (90min/3h, -25%; 90min/6h, -23%; and 90min/24h, -17%), increased slightly 

in the LC2-post100 regions (90min/3h, -19%; 90min/6h, 14%; and 90min/24h, 7%), and 

progressively decreased thereafter (Figure 6.8 B, right panel).  

 

6.3.3.4 Comparison of pNF Labelling Between Control and Experimental ONHs  

6.3.3.4.1 Thirty-Minute IOP Elevation 

Neither elevated IOP (30 minutes) nor recovery time (3, 6, and 24 hours) had a 

significant overall effect on pNF labelling intensity (p = 0.86 and 0.67, respectively; 

ANOVA).  Although not significant, labelling intensity in experimental ONHs was 

consistently decreased between the LC1 and post-300 regions in the 30min/3h group 

(Figure 6.9 A), and similarly from LC1 to post-200 in the 30min/24h group (Figure 6.9 

C).  Differences between control and experimental labelling intensities were small and 

variable in the 30m/6h group, with the post-400 region being the only region to exceed a 

10% difference between control and experimental values (-14%; Figure 6.9 B).  Percent  
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Figure 6.7 Comparison of nonpNF Labelling Intensity Between Control and 

Experimental ONHs at 3, 6, and 24 Hours Following 90 Minutes of Elevated IOP.  

A) Intensity of nonpNF labelling in control (black) and experimental (red) ONHs at 3 

hours of recovery. B) Intensity of nonpNF labelling control (black) and experimental 

(red) ONHs at 6 hours of recovery. C) Intensity of nonpNF labelling in control (black) 

and experimental (red) ONHs at 24 hours of recovery.  All measurements were 

normalized to the pre-LC value.  Greyed area indicates the LC region. * = p <0.05. 
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Figure 6.8 Distribution of pNF Labelling in Control and Experimental ONHs at 3, 6, 

and 24 Hours Following 30 and 90 Minutes of Elevated IOP.  A) Fluorescence 

intensity of pNF labelling in control and experimental ONHs at 3, 6, and 24 hours 

following 30 minutes of elevated IOP. B) Fluorescence intensity of pNF labelling in 

control and experimental ONHs at 3, 6, and 24 hours following 90 minutes of elevated 

IOP.  All measurements were normalized to the pre-LC value.  Greyed area indicates the 

LC region. 
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Figure 6.9 Comparison of pNF Labelling Intensity Between Control and 

Experimental ONHs at 3, 6, and 24 Hours Following 30 Minutes of Elevated IOP.  

A) Intensity of pNF labelling in control (black) and experimental (red) ONHs at 3 hours 

of recovery. B) Intensity of pNF labelling control (black) and experimental (red) ONHs at 

6 hours of recovery. C) Intensity of pNF labelling in control (black) and experimental 

(red) ONHs at 24 hours of recovery.  All measurements were normalized to the pre-LC 

value.  Greyed area indicates the LC region. 
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differences in intensity between the entire LC region of control and experimental ONHs, 

calculated as the average of LC1 and 2 regions, were -20% in the 30min/3h group, -5% in 

the 30min/6h group, and -19% in the 30min/24h group. 

 

6.3.3.4.2 Ninety-Minute IOP Elevation   

Neither elevated IOP (90 minutes) nor recovery time (3, 6, and 24 hours) had a 

significant overall effect on pNF labelling intensity (p = 0.26 and 0.74, respectively; 

ANOVA).  Although not significant, labelling intensity in experimental ONHs was 

decreased compared to control values from the LC1 to post-500 regions in both the 

90min/3h and 90min/6h groups (LC1 of 90min/3h: p < 0.05; Figure 6.10 A and B).  In the 

90min/24h group, labelling intensity in experimental ONHs was decreased compared to 

control in the post-100, -200 and -400 regions (Figure 6.10 C).  Percent differences in 

intensity between the entire LC region of control and experimental ONHs, calculated as 

the average of LC1 and 2 regions, were -20% in the 90min/3h group, -13% in the 

90min/6h group, and -2% in the 90min/24h group. 

 

6.3.3.5 pNF and nonpNF Labelling in the ONH Following Sham Elevated IOP  

pNF labelling intensity appeared increased in eyes that had undergone a 90-

minute sham procedure, however, this difference was only significant in the post-400 

region of the ONH (p < 0.01; Figure 6.11 A).  There was no discernable difference in 

nonpNF labelling intensity between control and sham ONHs from the LC1 to the post-

200 regions.  NonpNF labelling intensity appeared decreased in the sham ONHs from the  



194 

Figure 6.10 Comparison of pNF Labelling Intensity Between Control and 

Experimental ONHs at 3, 6, and 24 Hours Following 90 Minutes of Elevated IOP.  

A) Intensity of pNF labelling in control (black) and experimental (red) ONHs at 3 hours 

of recovery. B) Intensity of pNF labelling control (black) and experimental (red) ONHs at 

6 hours of recovery. C) Intensity of pNF labelling in control (black) and experimental 

(red) ONHs at 24 hours of recovery.  All measurements were normalized to the pre-LC 

value.  Greyed area indicates the LC region. * = p <0.05. 
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Figure 6.11 pNF and nonpNF Labelling Intensity in the ONH at 24 Hours Following 

Sham Elevated IOP.  A) pNF labelling intensity through sequential ONH regions in 

control and sham eyes. B) pNF labelling intensity through sequential ONH regions in 

control and sham eyes.  Greyed area indicates the LC region.  ** = p <0.01. 
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post-300 to post-600 regions, a difference that was significant in the post-600 region (p < 

0.01; Figure 6.11 B). 

 

6.4  Summary and Key Findings 

These experiments highlight the early effects of a transient elevation of IOP on the 

expression, phosphorylation, and distribution of NFs in RGCs within the retina and ONH.   

 

Key findings include:  

1) Ninety minutes of elevated IOP resulted in immediate damage to the RGC 

axon, as evidenced by the presence of pNF in RGC somas as early as 3 hours 

following elevated IOP, while this sign was absent following 30 minutes of 

elevated IOP. 

2) Although effects on NF phosphorylation in the ONH did not, for the most part, 

attain significance, there was a trend favoring dephosphorylation – i.e. a 

decrease in pNF and increase in nonpNF labelling in experimental ONHs – 

following both mild (30 minute) and severe (90 minute) IOP-induced injuries, 

with little difference between the two durations. 

 

Taken together, these findings suggest that alterations of NF proteins can reflect early 

axonal damage in RGCs.  Further implications of these findings are discussed in sections 

8.4, 8.5 and 8.6. 
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CHAPTER 7 – GLIAL ACTIVATION IN THE RETINA AND ONH FOLLOWING 

ELEVATED IOP 

7.1  Rationale, Objective, and Hypotheses 

As discussed in sections 1.4.4.3 and 1.4.5.4, RGC axonal health and function is 

directly modulated by the actions of surrounding glia in the retina and ON.  From 

previous experiments examining anterograde AT function and NF phosphorylation in 

RGCs following elevated IOP (Chapters 5 and 6), it is evident that a transient elevation of 

IOP has rapid effects on both RGC axonal function and structure.  Glial activation has 

been frequently associated with RGC damage and loss in acute and chronic models of 

elevated IOP [60, 241, 246, 248, 292, 294, 296, 314, 334].  Select studies have examined 

the time course of glial responses following a transient elevation of IOP [60, 241]; 

however, such studies are limited in number and scope.  Furthermore, no studies have 

executed measurements of glial activation in synchrony with measurements of RGC 

survival, AT function, and axonal structure.  This type of integrative approach can 

elucidate the time course of early glial responses following a transient insult to the retina 

and ONH, and how such responses relate to other cellular processes that may contribute 

to RGC death. 

The objective of the following experiments was to investigate how glial activation 

is integrated in the temporal progression of early cellular responses in the retina and ONH 

following a transient elevated IOP.  Two key glial markers – GFAP (expressed in 

astrocytes and activated Müller cells) and Iba1 (in microglia) – were examined for their 

responses at 3, 6, and 24 hours following a transient elevation of IOP for 30- or 90- 

minutes duration.  Parts of this work were published in abstract form [332] 
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7.2  Experimental Design 

Animals 

Tissue for the following experiments was obtained from animals used in the 

anterograde AT study (Chapter 5).   

 

GFAP and Iba1 Expression in the Retina Cross-Sections 

 GFAP and Iba1 protein expression in the retina following elevated IOP was 

examined with IHC (see section 2.8 for detailed procedures).  Cross-sections of the 

peripapillary retina that were labeled with Iba1 and GFAP antibodies were qualitatively 

analysed for changes in number, morphology and distribution of labeled glia through the 

retinal layers (see section 2.10.3 for detailed procedures).  Activated Müller glia were 

identified by the expression of GFAP in radial Müller cell processes, and signs of 

microglial activation included a morphological shift from ramified (quiescent) 

morphology to ameboid (activated) morphology (glial activation is described in greater 

detail in section 1.4.5.4).  

 

Quantifying GFAP Protein in the Retina 

WB was used to investigate GFAP expression in the retina, ONH, and the first 2 

mm of the ON following elevated IOP.  Animals underwent 90 minutes of elevated IOP 

followed by 24 hours of recovery.  Samples from each animal were run in separate gels 

and GFAP levels in the experimental eye were ratiometrically compared to values from 

the contralateral control eye (detailed procedures in section 2.6).   
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GFAP and Iba1 Expression in the ONH 

Both GFAP and Iba1 expression in the ONH were analysed by IHC in 

longitudinal ONH sections.  Briefly, two serial ONH sections from each ONH underwent 

fluorescence IHC labelling for either GFAP or Iba1.  For GFAP labelling, sections were 

imaged and fluorescence intensity was quantified in nine sequential 100 x 200 µm ONH 

regions from the Pre-LC region to 600 µm post- LC: Pre-LC, LC1, LC2, Post-100, -200, -

300, -400, -500, and -600 (detailed procedures in sections 2.8, 2.9, and 2.11).  For Iba1 

labelling, the percent area of each ONH region that exhibited Iba1 labelling was 

calculated and compared between control and experimental ONHs. 

 

Statistical Analysis 

Main effects of elevated IOP, recovery time, and ONH region on GFAP labelling 

intensity and the percent Iba1+ area in the ONH were analyzed by two-way within-

subject ANOVA with post-hoc testing.  Data from 30- and 90-minute groups was 

included in separate models.  Comparisons between control and experimental values in 

WB data and point-by-point differences within and between control and experimental 

ONHs were assessed by t-test. 

 

Sample Sizes 

 Fifty-two animals were used in studies of retinal and ONH glia, which included 

tissue from the 50 animals in the anterograde AT study described in Chapter 5: 48 

animals exposed to elevated IOP (six experimental groups, n = 8/group) as well as two 

sham animals.  Additionally, two animals were used for the WBs of GFAP protein 
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expression in the retina at 24 hours of recovery following 90 minutes of elevated IOP.  

Qualitative analysis of Iba1 and GFAP labelling in the peripapillary retina was conducted 

in all experimental animals (n = 48).  Quantitative analysis of GFAP and Iba1 labelling in 

the ONH was conducted in all experimental animals as well as the two sham animals. 

 

7.3  Results 

7.3.1  Qualitative Analysis of Iba1+ Microglia in the Retina Following Elevated IOP  

Iba1+ microglia in the peripapillary region of control and experimental retinas 

were examined in cross-sections obtained at 3, 6, and 24 hours following elevated IOP.  

The distribution of Iba1+ microglia in control eyes extended from the NFL to the border 

between the IPL and the INL (Figure 7.1).  Microglial somas were observed in the NFL, 

GCL and along the border between the IPL and INL.  Microglial processes primarily 

extended into the IPL, but were present in all layers from the NFL to the INL.  Individual 

microglia often extended processes into more than one layer. The morphology of 

microglia in control retinas was primarily ramified. 

Thirty minutes of elevated IOP had little effect on the number or morphology of 

Iba1+ microglia in the peripapillary retina at 3 and 6 hours of recovery (Figure 7.2 A, top 

and middle panels).  In the 30min/3h group, microglia were similar in morphology 

(ramified) and abundance between control and experimental retinas (Figure 7.2 A, top 

panel).  Fifty percent of the animals in the 30min/6h group exhibited more prominent 

Iba1 labelling in the experimental retina (not shown), however, this was no longer 

observed in the 30min/24h group.  Some animals in the 30min/6h group exhibited  



202 

 

 

 

Figure 7.1 Example of Iba1 Labelling in a Cross-Section of the Peripapillary Retina. 

Iba1+ microglia in control ONHs exhibit a ramified morphology and are primarily 

isolated to the NFL, GCL, IPL, and the inner border of the INL.  Scale 100 µm. 
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ameboid microglia in both control and experimental retinas (not shown).  The presence of 

ameboid microglia was most prominent in the 30min/24h group, where all animals 

exhibited ameboid microglia in both control and experimental retinas (Figure 7.2 A, 

bottom panel).  Ameboid microglia were primarily observed in the NFL, but were 

sometimes found throughout all layers from the NFL to the OPL. 

Ninety minutes of elevated IOP had immediate effects on the distribution and 

morphology of Iba1+ microglia in the peripapillary retina (Figure 7.2 B).  In the 90min/3h 

group, the majority of animals (71%) exhibited more Iba1+ processes extending into the 

IPL in the experimental eye (Figure 7.2 B, top panel), and this was also observed in the 

90min/6h (57%) and 90min/24h groups (86%; Figure 7.2 B, middle and bottom panels). 

In the 90min/24h group, Iba1+ microglia in the experimental retina were markedly 

increased in number and nearly all microglia exhibited a more ameboid morphology - 

some microglia were completely spherical while others exhibited shorter, thicker, and 

less-branched processes (Figure 7.2 B, bottom panel).  In the majority of animals in the 

90min/3h and 90min/6h groups, the distribution of Iba1+ microglia in experimental 

retinas appeared altered, with a greater proportion of microglia observed in the IPL and 

fewer in the NFL and GCL (an example from the 90min/24h group is shown in Figure 7.2 

C).  Ameboid microglia were observed in both control and experimental retinas at all time 

points, however, were more prominent in experimental retinas at 6 and 24 hours (percent 

of animals exhibiting more ameboid microglia in the experimental retina compared to 

control: 90min/3h = 0%; 90min/6h = 71%; and 90min/24h = 86%).  In the control retinas 

of the 90min/24h group, ameboid microglia were primarily isolated to the NFL (Figure 

7.2 D, left panel, arrow), whereas ameboid microglia in experimental retinas were widely 
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Figure 7.2 Iba1 Labelling in Cross-Sections of the Peripapillary Retina at 3, 6, and 

24 Hours Following 30 and 90 Minutes of Elevated IOP.   A) Iba1 labelling in the 

peripapillary retina following 30 minutes of elevated IOP.  Somas and processes of 

ramified Iba1+ microglia were observed in the NFL, GCL, IPL, and INL at 3 and 6 hours 

of recovery.  At 24 hours of recovery, Iba1+ microglia were primarily ameboid in shape 

and isolated to the NFL in both control and experimental eyes.  B) Iba1 labelling in the 

peripapillary retina following 90 minutes of elevated IOP.  Iba1+ labelling in the IPL was 

markedly increased in experimental eyes compared to control eyes at all recovery times.  

Iba1+ microglia became more ameboid in shape at 6 and 24 hours of recovery and were 

primarily distributed in the NFL, GCL, and IPL. C and D: Patterns of Iba1+ labelling 

observed after 90 minutes of elevated IOP.  Iba1+ microglia became more isolated to the 

IPL in experimental eyes conpaed to control eyes in approximately 50% of animals 

examined at 3 and 6 hours of recovery (C).  Many ameboid Iba1+ microglia were 

observed in the ILM and NFL of control eyes (arrow) and throughout all retinal layers 

from the NFL to the ONL (arrow) in 43% of animals examined at 24 hours of recovery 

following 90 minutes of elevated IOP (D).  All scales are 100 µm. 
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distributed, extending from the NFL to the OPL, and sometimes as deep as the OS layer 

(Figure 7.2 D, right panel, arrow).  

 

7.3.2  Qualitative Analysis of GFAP Expression in the Retina Following Elevated 

IOP 

GFAP expression in the peripapillary retina, which is typically isolated to the 

NFL, was primarily unchanged between the control and experimental retinas in the 

30min/3h, 30min/6h, and 30min/24h groups (Figure 7.3 A).  One animal in the 

30min/24h group exhibited GFAP+ fibres spanning the thickness of the experimental 

retina (Figure 7.3 C). 

 Similarly, GFAP expression was primarily unchanged in both control and 

experimental retinas of 90min/3h and 90min/6h groups (Figure 7.3 B).  GFAP expression 

remained primarily unchanged in the experimental retinas of the 90m/24h group, 

however, approximately 57% of animals examined exhibited faint GFAP+ fibres 

spanning the control retina (for examples, see Figure 7.3 B, bottom panels, and D). 

 

7.3.3  Quantitative Analysis of GFAP Expression in the Retina Following Elevated 

IOP 

 WB for GFAP in the retina, ONH and ON at 24 hours following 90 minutes of 

elevated IOP revealed a greater than 7-fold increase (mean ± 2SEM = 7.42 ± 1.91) in 

GFAP expression in the retina, which was significantly different from control levels (p < 

0.05; Figure 7.4 A and B).  GFAP expression in the ONH - tissue isolated from the  
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Figure 7.3 GFAP Labelling in the Peripapillary Retina at 3, 6, and 24 Hours 

Following 30 and 90 Minutes of Elevated IOP.  A) GFAP IHC in cross-sections of the 

peripapillary retina from control and experimental eyes at 3, 6, and 24 hours of recovery 

following 30 minutes of elevated IOP.  GFAP labelling at 3 and 6 hours of recovery was 

isolated to the inner surface of the retina in both control and experimental eyes.  In some 

animals, a marked increase in GFAP labelling extending through all retinal layers was 

observed in both control and experimental eyes.  B) GFAP IHC in cross-sections of the 

peripapillary retina from control and experimental eyes at 3, 6, and 24 hours of recovery 

following 90 minutes of elevated IOP.  GFAP labelling was primarily isolated to the ILM 

and NFL in both control and experimental eyes at 3 and 6 hours of recovery. C) Example 

of GFAP+ fibres observed in the experimental retina of one animal in the 30min/24h 

group.  D) Example of faint GFAP+ fibres observed in some control retinas of the 

90min/24h group.  Scales 100 µm. 
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Figure 7.4 Retinal GFAP Quantification Using WB at 24 Hours Following 90 

Minutes of Elevated IOP.  A) GFAP protein was noticeably increased in the retina of 

experimental eyes compared to controls, while changes in the ONH and ON were less 

pronounced.  B) Quantification of WB gels revealed a greater than 7-fold increase in 

GFAP in experimental retinas, an approximately 2-fold increase in GFAP in experimental 

ONHs and an approximate 15% decrease in GFAP in the remaining ON of experimental 

eyes.  * = p < 0.05. 
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unmyelinated anterior 0.5 mm of the ON – exhibited an approximate 2-fold increase (2.16 

± 1.19), while GFAP in the following 2 mm of ON exhibited a small (15%) but 

significant decrease in expression (0.85 ± 0.01; p < 0.05; Figure 7.4 A and B). 

 

7.3.4  Quantitative Analysis of Iba1 and GFAP Expression in the ONH Following 

Elevated IOP 

Iba1 and GFAP labelling in the ONH (example of labelling in Figure 7.5) was 

quantified through sequential regions of the ONH, extending from the pre-LC region to 

600 µm beyond the LC.   

 

7.3.4.1 Description of Iba1 Labelling Within Control and Experimental ONHs  

7.3.4.1.1 Thirty-Minute IOP Elevation 

In the 30-minute group, the percent Iba1+ area varied significantly across ONH 

regions (ANOVA, p < 0.01) and recovery times (ANOVA, p < 0.01), in both control and 

experimental ONHs (Figure 7.6 A).  Post-hoc testing revealed significant differences in 

the profile of Iba1+ area through the ONH between the 30min/6h and 30min/24h groups 

(p < 0.01) and the 30min/3h and 30min/24h groups (p < 0.01), while 30min/3h and 

30min/6h groups were not significantly different (p = 0.64; Figure 7.6 A).  

Further examination of the distribution of Iba1 labelling through the ONH 

revealed that, in control ONHs, the percent Iba1+ area in the pre-LC region of 30min/6h 

and 30min/24h groups was significantly elevated compared to the 30min/3h group (both p 

< 0.05; Figure 7.6 A, left panel).  Iba1+ area was unchanged in the LC1 and LC2 regions 
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Figure 7.5 Example Images of GFAP and Iba1 Labelling in Longitudinal Sections of 

Control ONHs.  GFAP and Iba1 IHC, shown here in a longitudinal section of a control 

ONH, was used to investigate changes in ONH astrocytes and microglia, respectively, 

following acute elevated IOP.  The intensity of GFAP labelling and the percent Iba1+ 

area were measured in sequential ONH sections from the pre-LC region to 600 µm 

beyond the LC. 
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over time, however, the post-200 to post-600 regions exhibited significantly more Iba1+ 

area in the 30min/3h and 30min/6h groups compared to the 30min/24h group (both p 

<0.05; Figure 7.6 A, left panel).  Iba1+ area in experimental ONHs demonstrated a 

similar pattern of change over time, with the 30min/3h and 30min/6h groups exhibiting 

significantly more Iba1+ area than the 30min/24h group in the post-100 to post-600 

regions (all p < 0.03; Figure 7.6 A, right).  However, unlike the Iba1 labelling in control 

ONHs, the amount of Iba1+ area in LC1 and LC2 region of experimental ONHs was 

significantly greater in the 30min/3h group compared to 30min/6h and 30min/24h groups 

(both p < 0.05; Figure 7.6 A, right).   

 

7.3.4.1.2 Ninety-Minute IOP Elevation  

 In the 90-minute elevated IOP group, the percent of Iba1+ area varied 

significantly across ONH regions (ANOVA, p < 0.01) and recovery times (ANOVA, p < 

0.01) within both control and experimental ONHs (Figure 7.6 B).  Post-hoc testing 

revealed significant differences in the profile of Iba1+ area through the ONH between the 

90min/3h and 90min/6h groups (p < 0.01) and the 90min/3h and 90min/24h groups (p < 

0.01), while the difference between 90min/6h and 90min/24h groups was not significant 

(p = 0.94).  

 Further examination of the distribution of Iba1 Labelling through the ONH 

revealed that, in control ONHs, the percent Iba1+ area from the pre-LC to post-100 

regions did not change significantly over the time points examined (Figure 7.6 B, left 

panel).  However, Iba1+ area from the post-200 to post-400 regions was significantly 

elevated in the 90min/6h and 90min/24h groups compared to the 90min/3h group (p < 
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0.05; Figure 7.6 B, left panel).  Similarly, Iba1+ area in experimental ONHs from the LC1 

to post-100 regions did not change significantly over time (Figure 7.6 B, right panel), 

however, was significantly elevated in the pre-LC and post-300 to post-600 regions of the 

90min/6h group, and in the pre-LC and post-300 regions of the 90min/24h, compared to 

values from corresponding ONH regions in the 90min/3h group (all p ≤ 0.01; Figure 7.6 

B, right panel).  

 

7.3.4.2 Comparison of Iba1 Labelling Between Control and Experimental ONHs  

7.3.4.2.1 Thirty-Minute IOP Elevation 

 Thirty minutes of elevated IOP had no significant main effect on Iba1 labelling in 

the ONH (ANOVA, p = 0.23).  However, although not significant, Iba1+ area was 

elevated compared to control in nearly all ONH regions (pre-LC to post-500; Figure 7.7 

A).  In the 30min/6h group, the percent Iba1+ area was comparable between control and 

experimental ONHs  (Figure 7.7 B).  In the 30min/24h group, the percent Iba1+ area of 

the LC2 region in the experimental ONH was significantly reduced compared to control 

(p < 0.05; Figure 7.7 C).  Notably, Iba1+ area in the pre-LC region of both control and 

experimental ONHs became progressively increased relative to the LC regions over the 

time points examined. 

 

7.3.4.2.2 Ninety-Minute IOP Elevation 

 Ninety minutes of elevated IOP had a significant main effect on Iba1 labelling in 

the ONH (ANOVA; p = 0.01).  Similar to the 30-minute elevated IOP group, Iba1+ area 

in the pre-LC region following 90 minutes of elevated IOP increased over time in both  
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Figure 7.6 Change in the Percent of Iba1+ Area in the ONH Over 3, 6, and 24 Hours 

of Recovery Following 30 or 90 Minutes of Elevated IOP.  A) Quantification of the 

percent Iba1+ area in sequential ONH regions over time following 30 minutes of elevated 

IOP.  B) Quantification of the percent Iba1+ area in sequential ONH regions over time 

following 90 minutes of elevated IOP.  Greyed area indicates the LC region. 
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Figure 7.7 Comparison of the Percent of Iba1+ Area in the ONH Between Control 

and Experimental ONHs at 3, 6, and 24 Hours Following 30 Minutes of Elevated 

IOP. A) Percent Iba1+ area in control and experimental ONHs at 3 hours of recovery.  B) 

Percent Iba1+ area in control and experimental ONHs at 6 hours of recovery.  C) Percent 

Iba1+ area in control and experimental ONHs at 24 hours of recovery.  Greyed area 

indicates the LC region;  * = p < 0.05. 
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control and experimental ONHs, however this effect was more prominent in the 

experimental ONH (Figure 7.8 A, B and C).  Iba1+ area in the 90min/3h and 90min/24h 

groups was not significantly different between control and experimental ONHs across any 

of the ONH regions (Figure 7.8 A and C).  Iba1+ area in the post-400 and post-500 

regions of experimental ONHs in the 90min/6h group was significantly increased 

compared to control levels (both p < 0.01; Figure 7.8 B).   

 

7.3.4.3 Description of GFAP Labelling Within Control and Experimental ONHs  

7.3.4.3.1 Thirty-Minute IOP Elevation 

The intensity of GFAP labelling in the 30-minute group varied significantly across 

ONH regions (ANOVA, p < 0.01) at all recovery times and for both control and 

experimental ONHs (Figure 7.9 A).  Labelling intensity in control ONHs increased 

relative to the pre-LC region, peaking in the LC1 region for all groups (30m/3h group = 

+10%, 30m/6h = +18%, 30m/24h = +7%) and progressively decreased through more 

distal ONH regions (Figure 7.9 A, left panel).  In experimental ONHs, labelling intensity 

peaked in the LC1 region for both the 30m/3h group (+33%) and the 30m/24h group 

(+23%), but was highest in the pre-LC region in the 30m/6h group (Figure 7.9 A, right 

panel).  Although the difference was not significant, GFAP intensity in the 30m/3h group 

was elevated across all experimental ONH regions compared to experimental ONHs of 

30m/6h and 30m/24h groups (Figure 7.9 A, right panel). 
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Figure 7.8 Comparison of the Percent of Iba1+ Area in the ONH Between Control 

and Experimental ONHs at 3, 6, and 24 Hours Following 90 Minutes of Elevated 

IOP. A) Percent Iba1+ area in control and experimental ONHs at 3 hours of recovery.  B) 

Percent Iba1+ area in control and experimental ONHs at 6 hours of recovery.  C) Percent 

Iba1+ area in control and experimental ONHs at 24 hours of recovery.  Greyed area 

indicates the LC region;  ** = p < 0.01. 
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Figure 7.9 Change in GFAP Labelling in the ONH Over 3, 6, and 24 Hours of 

Recovery Following 30 or 90 Minutes of Elevated IOP.  A) Quantification of GFAP 

labelling intensity in sequential ONH regions over time following 30 minutes of elevated 

IOP.  B) Quantification of the GFAP labelling intensity in sequential ONH regions over 

time following 90 minutes of elevated IOP.  Greyed area indicates the LC region; all 

values normalized to the pre-LC value. 
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7.3.4.3.2 Ninety-Minute IOP Elevation 

The intensity of GFAP labelling in the 90-minute group varied significantly across 

ONH regions (ANOVA, p < 0.01) at all recovery times and for both control and 

experimental ONHs (Figure 7.9 B).  Labelling intensity in control ONHs increased 

relative to the pre-LC region, peaking in the LC1 region for all groups (90m/3h group = 

+8%, 90m/6h = +15%, 90m/24h = +10%) and progressively decreased through more 

distal ONH regions (Figure 7.9 B, left panel).  In experimental ONHs, labelling intensity 

peaked in the LC1 region only in the 90m/6h group (+3%), while GFAP intensity was 

greatest in the pre-LC region for the 90m/3h group, and in the post-200 region for the 

90m/24h group (+1%) (Figure 7.9 B, right panel).   

 

7.3.4.4 Comparison of GFAP Labelling Between Control and Experimental ONHs  

7.3.4.4.1 Thirty-Minute IOP Elevation  

There was no significant main effect of 30 minutes of elevated IOP (ANOVA, p = 

0.23) and no significant interaction between recovery time and elevated IOP  (ANOVA, p  

= 0.20) on GFAP labelling intensity.  Although the differences were not significant, 

GFAP labelling intensity was elevated in all experimental ONH regions compared to 

control in the 30m/3h group (Figure 7.10 A).  Contrary to this, GFAP intensity was 

decreased from the LC1 to post-500 regions in the 30m/6h group (Figure 7.10 B).  There 

was little difference between control and experimental intensity values in all ONH 

regions of the 30m/24h group (Figure 7.10 C). 
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 Figure 7.10 Comparison of GFAP Labelling Between Control and Experimental 

ONHs at 3, 6, and 24 Hours Following 30 Minutes of Elevated IOP.  A) GFAP 

labelling intensity in control and experimental ONHs at 3 hours of recovery.  B) GFAP 

labelling intensity in control and experimental ONHs at 6 hours of recovery.  C) GFAP 

labelling intensity in control and experimental ONHs at 24 hours of recovery.  Greyed 

area indicates the LC region; all values normalized to the pre-LC value. 
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7.3.4.4.2 Ninety-Minute IOP Elevation  

There was no significant main effect of 90 minutes of elevated IOP (ANOVA, p = 

0.62) and no significant interaction of recovery time and elevated IOP (ANOVA, p = 

0.67) on GFAP labelling intensity.  However, GFAP intensity was significantly reduced 

in the LC1 and LC2 region in 90m/3h group (both p < 0.05; Figure 7.11 A).  No 

significant differences or notable trends between control and experimental intensity 

values were observed in the 90m/6h and 90m/24h groups (Figure 7.11 B and C). 

 

7.3.5  Iba1 and GFAP Labelling in the ONH Following Sham Elevated IOP 

The percent Iba1+ area in sham-injured ONHs was not significantly different from 

the percent Iba1+ area measured in control ONHs at any of the ONH regions examined 

(Figure 7.12 A).  While GFAP labelling intensity in sham ONHs was not significantly 

different from control values in the LC1 and LC2 regions, GFAP intensity in the 

experimental ONH appeared reduced from the post-200 to the post-600 region (post-200: 

p < 0.01; Figure 7.12 B).   
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Figure 7.11 Comparison of GFAP Labelling Between Control and Experimental 

ONHs at 3, 6, and 24 Hours Following 90 Minutes of Elevated IOP.  A) GFAP 

labelling intensity in control and experimental ONHs at 3 hours of recovery.  B) GFAP 

labelling intensity in control and experimental ONHs at 6 hours of recovery.  C) GFAP 

labelling intensity in control and experimental ONHs at 24 hours of recovery.  Greyed 

area indicates the LC region; all values normalized to the pre-LC value; * = p < 0.05. 
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Figure 7.12 Comparison of Iba1 and GFAP Labelling Between Control and Sham 

ONHs at 24 Hours Following 90 Minutes of Elevated IOP.  A) Percent Iba1+ area in 

control and sham ONHs.  B) GFAP labelling intensity in control and sham ONHs. Greyed 

area indicates the LC region; GFAP values normalized to the pre-LC value; ** = p < 

0.01. 
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7.4  Summary and Key Findings 

These experiments highlight the time course of some of the early responses of 

retinal and ON glia in response to a transient elevated IOP.   

 

Key findings include:   

1) Thirty minutes of elevated IOP had only mild effects on retinal microglia, 

while 90 minutes of elevated IOP caused an immediate microglial response 

that progressed over time. 

2) Apart from an increase in retinal GFAP protein at 24 hours following 90 

minutes of elevated IOP, responses of Müller cells and/or astrocytes were 

either not pronounced, or not readily distinguishable using the methods and 

time points of the present experiments.   

3) Microglia of contralateral retinas and ONHs showed similar, albeit blunted, 

responses to both 30- and 90-minute insults. 

4) The glial response in the retina following transient elevated IOP is different 

from that observed in the ONH.   

 

Together, these findings demonstrate that microglial activation is an early indicator of 

damage to the retina and ONH; however, there is considerable variability in the responses 

of glia in the retina and ONH to a transient elevation of IOP.  Further implications of 

these findings are discussed in Chapter 8.7. 

 

 



231 

CHAPTER 8 – DISCUSSION 

8.1  Overview 

This thesis has provided novel insight into the pathophysiological mechanisms 

underlying RGC loss following acute elevated IOP, and has also advanced current 

knowledge of experimental techniques for evaluating AT function in the rat visual 

system.  While many previous studies have examined functional and structural changes in 

RGCs during prolonged periods of elevated IOP, few have examined their progression 

over a period of recovery following a transient IOP elevation.  The current experiments 

examined functional and structural changes in RGCs and surrounding glia following two 

different durations of IOP elevation, i.e., 30 and 90 minutes, which represent either a sub-

critical or critical insults, respectively.  The purpose of this comparison was to examine 

cellular responses over time in the retina, ONH, and ON that are associated with either 

RGC survival or death following elevated IOP.   

Both RITC and fluorescently conjugated CTB have been previously applied to 

trace AT in the rat visual system.  While RITC is visualized in RGC axonal profiles in the 

ON following anterograde application [157, 195, 198, 225, 335, 336], description of 

retrogradely-transported RITC has been primarily isolated to the intra-retinal 

compartments of RGCs [195, 198, 337, 338].  Qualitative description of retrograde CTB 

AT in RGCs is similarly limited.  The experiments described in Chapter 3 

(“Characterization of RITC and CTB for Tracking AT in RGCs”) are likely to represent 

the first qualitative description of the spatiotemporal labelling qualities of retrogradely 

transported RITC and CTB in the ON.  These experiments, as well as those described for 

anterograde AT of CTB in Chapter 5 (“Anterograde AT in RGCs Following Elevated 
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IOP”), have also provided updated estimations of the transport rates of both RITC and 

CTB.  CTB was selected as the ideal tracer for subsequent investigation of AT function 

(Chapters 4 and 5).  Key findings from the tracer characterization studies are discussed in 

section 8.2. 

The experiments described in Chapter 4 (“Retrograde AT in RGCs at 3, 7, and 14 

Days Following Elevated IOP”) provide important information regarding the onset and 

progression of AT dysfunction in RGCs following exposure to acute elevated IOP.  It was 

demonstrated that retrograde AT disruption in RGCs following 90 minutes of elevated 

IOP can manifest in more than one intracellular location – in addition to AT blockade at 

the ONH, a finding that is strongly supported in previous literature [129, 131], CTB 

transport was significantly reduced throughout the ON of the experimental eye, indicating 

a source of AT dysfunction in the distal RGC axon.  AT disruption in the distal axon was 

also evident following 30 minutes of elevated IOP, although to a lesser extent, while there 

was no evidence of retrograde AT blockade at the ONH.  Retrograde AT disruption 

progressed over time following 90 minutes of elevated IOP, however, neither progressed 

nor recovered following 30 minutes of elevated IOP.  These findings provide clues 

regarding the onset and progression of AT dysfunction in RGCs in response to elevated 

IOP, and the nature of RGC vulnerability and death in general – topics that are discussed 

further in sections 8.4 and 8.8, respectively. 

The experiments described in Chapter 5 (“Anterograde AT in RGCs at 3, 6, and 

24 Hours Following Elevated IOP”) elaborated upon those in Chapter 4 (“Retrograde AT 

in RGCs at 3, 7, and 14 Days Following Elevated IOP”) by examining AT function at 

earlier time points following transient IOP elevation.  Since no transient blockade of 
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retrograde AT was observed from 3 to 14 days following 30 minutes of elevated IOP, it 

was hypothesized that a transient blockade in AT function may occur closer in time to 

IOP elevation (i.e. within 24 hours).  Unexpectedly, the effects of elevated IOP of 

anterograde AT at early time points were similar to those of retrograde AT at later time 

points: 30 minutes of elevated IOP caused a mild disruption of AT that did not progress 

over time, whereas 90 minutes of elevated IOP caused a more pronounced disruption that 

worsened over 24 hours.  Furthermore, these experiments elucidated the spatiotemporal 

patterns of RGC loss within the first 24 hours following elevated IOP.  The implications 

of these findings are discussed in sections 8.4, 8.7 and 8.8. 

Finally, the progression of both AT and cytoskeletal changes in RGCs, as well as 

local changes in retinal and ONH glia, have never been simultaneously investigated over 

time following elevated IOP.  The experiments in Chapters 6 (“NF Regulation in the 

Retina and ONH Following Elevated IOP”) and 7 (“Glial Activation in the Retina and 

ONH Following Elevated IOP) were designed to study the progression of RGC and glial 

pathologies, as well as their capacity for recovery, over a 24-hour period following 

elevated IOP.  Thirty minutes of elevated IOP was found to have little effect on retinal 

NFs and glia.  On the contrary, 90 minutes of elevated IOP resulted in the rapid 

development of NF pathology and microglial activation in the retina.  NFs in the ONH 

displayed a trend towards dephosphorylation following both durations of elevated IOP.  

Additionally, microglial area in the ONH changed over time following 30- and 90- 

minutes of elevated IOP, although the spatiotemporal pattern of microglial changes 

differed between insult duration.  Interestingly, both durations of elevated IOP induced 

changes in microglia in both contralateral and experimental ONHs.  The results from the 
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studies of NFs and glia are discussed in sections 8.5 and 8.6, respectively.  The 

spatiotemporal integration of findings from the AT, NF, and glia studies is discussed in 

section 8.7. 

 

8.2  RITC and CTB as Tracers of AT in the Rat Visual System 

Fluorescent tracers have been, and continue to be, useful agents for examining AT 

function in neurons, and their application has advanced current knowledge regarding the 

pathophysiological effects of elevated IOP on RGCs.  The tracer characterization 

experiments described in Chapter 3 have provided novel information regarding the uptake 

dynamics, transport rates and labelling qualities of RITC and CTB.  The impact of these 

findings, as well as the value of these tracers in the context of their use in the rat visual 

system, is discussed in the following sections. 

 

8.2.1  Factors Affecting the Speed and Uniformity of RITC and CTB Uptake and 

Transport in RGCs 

Following application at the SC, the fluorescence intensity of both RITC and CTB 

in the ON, ONH and retina increased gradually over time, eventually reaching a peak, and 

either plateauing or declining thereafter. Similarly, intensity of anterogradely transported 

CTB in the ON continued to increase until 3 days following application.  Two factors 

likely affecting the speed with which tracers are taken up and transported to RGC somas 

are: 1) the method of surgical application (injection, gelfoam pledget, etc.); and 2) the rate 

and range of diffusion over, or into, the target tissue following application.  Contributing 
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to the uptake dynamics following application at the SC are the quality of surgical 

dissection (when using gelfoam tracer application); the number, speed and angle of 

injections; and the concentration, composition and volume of tracer solution, among 

others factors.  The location, angle, and depth of needle entry and speed of ejection likely 

also play a role in tracer uptake following intravitreal injections, in addition to the volume 

and composition of the tracer solution.   In an effort to reduce intra- and inter-animal 

variability in the present study, care was taken to optimize and maintain consistency of 

these factors.  As such, the gradual increase in fluorescence observed in the ON, ONH 

and retina likely reflects the time taken for the tracer to passively diffuse across the 

application site. Indeed, a previous study in rats reported a similar lag time between the 

application of CTB at the retina and its detection in the ON [206]. 

Some degree of non-uniformity (i.e. certain RGCs filling with tracer before 

others) was seen at early time points in both the RITC and CTB retrograde time course 

experiments; however, CTB labelling, but not RITC labelling, remained non-uniform in 

the retina even at later time points, suggesting that injection of tracer into the SC, as 

opposed to placing a tracer-soaked gelfoam on its surface, may result in less 

homogeneous uptake across the RGC population.  Indeed, Abbott and colleagues [206] 

found good agreement between the degree of CTB diffusion from injection sites in the 

SC, and the amount and uniformity of RGC labelling in the retina.  To remedy this, it may 

be feasible to apply CTB to the SC by way of gelfoam pledget; however, a much larger 

volume of tracer would be needed and, given the relatively high cost of CTB fluorescent 

conjugates, would be a considerably less economical approach than stereotaxic injection.  

Other ways to promote homogeneous labelling of the RGC population with CTB could 
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include increasing the number of injections, or adding an organic solvent, such as 

dimethyl sulfoxide (DMSO), to the tracer solution to facilitate diffusion from the 

injection site(s).  Full field images of the surface of the SC [206] may provide a good 

measure of diffusion and ensure that an absence of tracer in the RGC axon or soma is not 

due to lack of diffusion at the application site.  Following anterograde application, 

dispersion of CTB across the retina from the site of intravitreal injection remained 

incomplete up to 6 hours following application.  Certain adjustments, such as increasing 

needle gauge [339] or changing the type of needle [340] for intravitreal injection may 

improve dispersion of CTB through the vitreous and increase the area of retina exposed to 

the tracer.  

Finally, beyond the aforementioned technical variables impacting tracer uptake 

and transport in RGCs, it may also be possible that RGCs are inherently heterogeneous in 

their uptake efficiency and rate of AT.  Greater surface area of the RGC plasma 

membrane – either at their somas and axons in the eye, or at their terminals in the SC – 

might increase the rate and volume of tracer uptake.  Furthermore, greater numbers of 

microtubules (associated with larger axons [341, 342]) may lead to a higher rate of AT.  

There is indeed variation in the size of RGC somas, dendrites, axons, and terminals.  For 

instance, alpha RGCs have larger diameter somas, dendrites and axons than beta RGCs 

[15].  Additionally, while RGC axons in the ON are, on average, 0.7 µm in diameter, 

regardless of species, some subtypes can exceed 3.5 µm [343].  Akin to their adjoining 

axons, RGC terminal arbours in the SC are also proposed exhibit a range of sizes [343].   
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8.2.2  Rates of RITC and CTB Transport in RGC Axons 

In the present study, retrograde AT of RITC was found to progress at a rate of 

approximately 60 mm/day.  The only other report of the rate of retrograde AT of RITC in 

the ON is in chicken and approximately 5 mm/day [198]), considerably slower than the 

present estimate.  Given that rates of AT within a species can vary significantly with age 

[344], it is likely that such differences also exist between species.  Differences in the rate 

of AT also appear to be tracer specific, as the rate of retrograde AT of CTB from the 

present experiments was much greater than that of RITC, potentially exceeding 200 

mm/day.  Interestingly, the latter estimate is comparable to a previous estimate of 

retrograde CTB AT rate, also in rat, of 136-191 mm/day [206]).  Finally, the estimation of 

the CTB anterograde AT rate in RGCs obtained in the present study (64-88 mm/day) was 

also comparable to a previous study in rat (80-90 mm/day; Abbott et al., 2013).  Updated 

retrograde and anterograde AT rates for RITC and CTB are summarized in Table 8.1. 

The origins of tracer-specific differences in AT rates are unknown; however, they 

could result from differing methods of application (as described above) or differences in 

their tissue permeability and method of uptake.  CTB fluorescent conjugates are water 

soluble and applied to tissue as an aqueous solution, while RITC is hydrophobic and 

requires use of a water-miscible organic solvent (e.g. DMSO) to dissolve into solution.  

Such differing solubility is likely to affect penetration into, and diffusion though, the 

target tissue to reach sites of absorption on the RGC membrane.  Furthermore, while both 

CTB and RITC are known to enter neurons via endocytosis, their specific endocytotic 

mechanisms are different [345].  A combination of the method of tracer application, 

permeability and uptake mechanism likely contributes to the differences in AT rate  
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Table 8.1 Updated Estimations of RITC and CTB AT Rates in the Rat Visual 

Pathway 

 

 Anterograde Retrograde 

RITC 10 mm/day 

(source: Thanos and 

colleagues [195]) 

60 mm/day 

(source: A.Nuschke, 2016) 

CTB 64-90 mm/day 

(source: A.Nuschke, 2016; 

Abbott and colleagues [206]) 

136-200 mm/day 

(source: A.Nuschke, 2016; 

Abbott and colleagues [206]) 
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observed between CTB and RITC, and between many other tracers previously described 

for use in the visual system [194, 206, 285, 346]. 

 

8.2.3  Advantages and Disadvantages of RITC and CTB Tracers 

Compared to RITC, CTB consistently provided brighter and more complete 

labelling in the soma, dendrites, axon and terminals of RGCs.  Following retrograde 

application, RITC was not easily visible in axons within the ON, and while it did fill 

somas and dendrites, the labelling was often incomplete – many soma profiles were only 

partially visible, and only primary dendrites were labeled.  Contrary to this, CTB was 

easily visualized in the axon, soma and dendrites, and appeared to fill all compartments 

completely, allowing superior morphologic characterization and a more inclusive report 

of AT function throughout the RGC.  These results are consistent with previous studies 

describing the quality of axonal tracing with RITC and CTB [195, 201].  Anterograde 

labelling of axons in the ONH and ON with CTB was discernable in a matter of hours 

following intravitreal injection and became brighter over time, allowing evaluation of 

anterograde AT function in RGC axons from the ONH to the chiasm.   

Retrograde application of both RITC and CTB offers the added advantage of 

labelling intact RGC somas that can then be quantified in studies of RGC damage, with 

little to no leaking of the tracer from the tissue post-mortem [198].  Indeed, CTB does fill 

the cytosol of RGC somas and dendrites brightly and completely.  Bright axonal CTB 

labelling could interfere with quantification of RGC somas in the central retina, however 

this can be circumvented through the use of optical sectioning below the level of the NFL 

when imaging [197].  Retrograde identification of RGCs with RITC, on the other hand, 
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often requires co-localization with a nuclear marker for quantification, as filling of the 

cytosol is often incomplete, making it difficult to distinguish some cells from background 

or debris [197].  Unfortunately, application of CTB via intravitreal injection to 

characterize anterograde AT produced intense and non-specific labelling in the retina that 

interfered with visualization of RGC somas and intra-retinal axon structure.  Hence, when 

CTB is applied intravitreally, alternative methods to identify RGCs would be required.  

 

8.2.4  Summary of RITC and CTB Tracer Characterization 

 The characterization studies in this thesis have added support to the value of RITC 

and CTB as fluorescent tracers of AT in the rat visual pathway, and have also highlighted 

some variables that should be considered in their use.  Specifically, it is not only the rate 

of AT of individual tracers that dictates the timing of their progression through the axon, 

but also their uptake dynamics at the site of application.  Because tracers are not 

immediately taken up and transported by the entire RGC population, the time to peak 

fluorescence in the ON following either retrograde or anterograde application can take 

several hours or days.  This lag-time should be considered in AT studies when examining 

early time points, although the internal validity of the results should not be affected as 

long as proper time-matched or paired controls are included for comparison.  Methods to 

optimize tracer dispersion at the application site could improve the timing and uniformity 

of transport throughout the RGC population.  The present time course studies have also 

provided updated estimations of RITC and CTB AT rates in rat RGCs, and represent the 

first qualitative assessment of retrogradely transported RITC and CTB in the ON.  

Finally, while visibility of RITC+ RGC axons in the ON is poor following retrograde 



241 

application, fluorescently conjugated CTB provided bright and easily visualized labelling 

in RGC axons, regardless of transport direction.  For that reason, CTB was determined to 

be the superior tracer for examining AT function in later studies of elevated IOP. 

 

8.3  Considerations Regarding Variation in Animal Models of Elevated IOP 

Considerable knowledge of the mechanisms of pressure-induced RGC death has 

been gained over the past few decades in experimental animal models.  These models, 

introduced in section 1.4.2, induce either acute or chronic elevations of IOP.  Numerous 

methods of induction have been developed, each exhibiting variation from multiple 

sources that can impact study outcomes.  Sources of variation include, but are not limited 

to: the species, strain and age of the animal; the experimental method for IOP elevation; 

and the duration and magnitude of IOP elevation.  This variation across models can be 

considered advantageous as it allows investigators to study a range of RGC responses to 

elevated IOP, as well as the degree to which individual factors contribute to RGC 

survival.  Integrating findings across studies enriches the global understanding of the 

RGC response to elevated IOP; however, investigators should be mindful of inter-study 

variation and censor their interpretations accordingly.  Relevant inter-study differences 

are addressed throughout this thesis, where appropriate.  The purpose of this section is to 

highlight pertinent sources of variation between studies of elevated IOP, and to provide a 

perspective on the spectrum of models and techniques that exist in this field, and that are 

referred to frequently in subsequent discussions. 
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8.3.1  Species Used in Studies of Elevated IOP 

Initial studies of experimentally elevated IOP were conducted in non-human 

primates [330, 347, 348].  It is well established that primates exhibit a high degree of 

genetic homology to humans, and that the study of primate models yields information that 

is highly relevant to human disease [50].  However, primate models also present 

significant challenges – namely high cost and lack of availability [50].  Models of 

experimentally elevated IOP have since been developed in numerous other species, 

including rabbit [349, 350], pig [157, 225, 351], ferret [352], rat [146, 150, 153, 259, 353, 

354] and mouse [146, 148, 355-358].  Each species exhibits unique retinal and ON 

anatomy and physiology that undoubtedly influences how their RGCs are affected by 

elevated IOP [359].  Furthermore, strain differences within species can also be a source of 

significant variation [149, 360].  

 

8.3.2  Species- and Strain-Specific Variation in Retinal Blood Supply and ONH 

Structure 

Because ischemia and mechanical stress are crucial contributors to RGC damage 

secondary to elevated IOP, species- and strain-specific differences in vascular anatomy 

and structure of the retina and ONH are likely to impact the susceptibility RGCs.   

Differences in the position of retinal vessels in the ON as they pass through the 

scleral canal opening – in the centre of the ON in primates, and near the inferior pole in 

rodents – may result in differing topological patterns of RGC loss [359, 361].  Indeed, the 

presence of retinal vessels in the inferior ON, positioned between RGC axons and the ON 
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sheath, was postulated to be the reason for sectorial RGC loss (greater in the superior 

quadrant) in both mouse [361] and rat [259] models of elevated IOP, either by shielding 

axons in the inferior ON from the biomechanical strain of the adjacent sclera, or by 

providing greater local metabolic support [361].  Primates, on the other hand, have been 

shown to exhibit the greatest loss of RGC axons in both the superior and inferior poles of 

the ON [362].  The diversity of the retinal and ONH blood supply between species and 

strains is substantial [359, 363] and should be considered in studies where elevated IOP 

affects retinal and ONH perfusion.  

The structure of the ONH also varies across species and strains.  Humans and non-

human primates exhibit a collagenous and substantially fibrous LC, while the LC 

structure of mice is purely glial.  The rat LC is primarily glial, but can contain varying 

levels of structural fibres, depending on strain [359].  Due to the supportive function of 

the structural LC on passing axon bundles, it is likely that species and strains exhibiting 

different LC structure may be differentially susceptible to mechanical insult at the ONH 

[215, 355, 364].  Finally, the position where RGC axons become myelinated in the ON 

varies with species – in human and non-human primates, RGC axons become myelinated 

immediately posterior to the LC, while those of rats remain unmyelinated for and 

additional 0.5-1 mm [63, 353] posterior.  The onset of myelination in the ON is an 

important anatomical consideration in studies examining AT function in response to 

elevated IOP, as AT blockades have been reported to spatially coincide with the 

unmyelinated zone [63, 130].  Indeed, such an observation was made in the present thesis, 

and is discussed in section 8.4.1. 
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8.3.3  RGC Susceptibility to Damage Varies with Species, Strain, and Age 

Some studies have explicitly investigated the relative susceptibility of RGCs to 

elevated IOP between animals of different species, strains and ages.  Tan and colleagues 

[290] used anterior chamber cannulation to demonstrate that rats aged 2 months did not 

exhibit cell loss in the GCL until IOP was increased to 90 mmHg, whereas rats aged 18 

months showed significant loss at an IOP of 45 mmHg.  Another study found that mice of 

different strains and ages differed in the amount of ocular elongation and RGC damage 

they exhibited in response to elevated IOP [149].  Finally, species- and strain-specific 

differences in the expression of melanin, a pigment molecule produced by melanocytes, 

has been associated with different degrees of damage following retinal insult – 

specifically, pigmented animals appear more resilient to retinal damage [365-368], 

potentially due to melanin’s antioxidant activity [369].  It is clear from these studies that 

the choice of species, strain, and age of animal models can have tangible consequences on 

the susceptibility of RGCs to experimentally elevated IOP. 

 

8.3.4  Variation in Techniques to Elevate IOP 

 Experimental techniques to induce elevated IOP vary widely (previously 

introduced in section 1.4.2), and can be grossly categorized into either chronic or acute in 

duration. 

 Briefly, techniques used to elevate IOP in chronic models include sclerosis of the 

episcleral veins with hypertonic saline [259, 370], laser photocoagulation of the 

trabecular meshwork [260], laser photocoagulation or cauterization of limbal and/or 
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episcleral veins [274, 371, 372], and injection of polystyrene [146] or magnetic [150] 

microbeads into the anterior chamber to block aqueous outflow.  These models produce a 

range (from 5-50 mmHg) and duration (from 3 days to several months) of IOP elevation, 

and exhibit significant variability, even between studies employing the same technique 

[355].  Furthermore, different strains of mice have been shown to exhibit differing 

aqueous outflow facility [373], indicating that any given IOP-elevating technique may 

produce different effects in different mouse strains. 

 Contrary to chronic models, acute IOP elevation by anterior chamber cannulation 

is reproducible and comparable between studies.  Although the severity of the insult, and 

the resulting damage, is often not considered to be physiological in reference to human 

disease, the titratable control offered by this model allows comprehensive investigation of 

the relationship between the degree and duration of IOP elevation and important aspects 

of RGC physiology, such as retinal and ONH perfusion [183], ONH biomechanical strain 

[165, 374, 375], RGC function [154, 312, 376-378], and the degree of RGC loss itself 

[264].  The application of this model in the present study allowed for controlled 

examination of the cascade of events following two distinct, previously characterized, 

severities of IOP-induced injury in RGCs, and to examine these events on a condensed, 

and less variable time line.  

 

8.3.5  Variation in Techniques to Measure IOP 

IOP measurement is a challenge in laboratory animals - many techniques require 

anaesthesia, and many are not suited to smaller eyes.  The most accurate current approach 

to measuring IOP is to sample it directly via a pressure transducer that is connected to a 
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needle placed in the anterior chamber.  However, this approach is invasive and requires 

anaesthesia.  Anaesthetics generally reduce IOP [379, 380], and different combinations of 

anaesthetics can have different influences on IOP [381].  Depending on species and 

strain, applanation tonometry (usually with the Tonopen® tonometer), can be performed 

in conscious animals [382], however, the technique usually requires sedation or general 

anesthesia.  Although some studies have reported reliable measurements in rodents with 

applanation tonometry, the high curvature of the cornea can make it technically 

challenging to obtain reliable readings in smaller animals [355, 382].  Contrary to the 

Tonopen®, the TonoLab® uses rebound tonometry, and has been designed specifically 

for rodents [382].  The TonoLab® achieves accurate and reproducible measurements in 

conscious or lightly sedated rats and mice [355]; however, readings can be influenced by 

corneal thickness [355] and may also be less reliable when IOPs exceed 80 mmHg, as 

observed by Morrison and colleagues [383] and during calibration experiments in the 

present thesis.  In the present thesis, the cannula in the anterior chamber was connected to 

both the pressure column and a pressure transducer, serving a dual purpose of modulating 

hydrostatic pressure and measuring IOP accurately throughout the duration of the 

experiment. 

Because it can be assessed non-invasively, IOP, and its magnitude and duration, is 

often the only reported measure of insult severity in studies of IOP-induced RGC 

dysfunction.  More accurately, however, it is the difference between IOP and MAP (i.e. 

ocular perfusion pressure) and IOP and retrolaminar tissue/ cerebrospinal fluid pressure 

(i.e. the translaminar pressure gradient) that determine ocular perfusion (ischemia) and 

ONH mechanical displacement, respectively [156, 180, 384-386].  Measurement of 
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pressure gradients is necessary to understand the true impact of IOP, especially in mild to 

moderate IOP elevations where small changes in pressure can have significant effects on 

retinal and ONH perfusion [156, 183].  Indeed, the translaminar pressure gradient has 

been suggested to have direct consequences on AT function in the ONH (discussed 

further in section 8.4.3).  Some studies have experimentally manipulated ocular perfusion 

and/or translaminar pressure gradients [305, 320, 330, 387], rather than IOP alone, 

however these studies are the exception.  Without knowing the magnitude of these 

pressure gradients, it can be difficult to reliably compare studies on the basis of IOP 

alone.  Notably, this caveat has less bearing on the results of studies employing acute 

elevated IOP above MAP, such as in the present thesis, as the level of IOP greatly 

outweighs the opposing forces of MAP and the cerebrospinal fluid.  Consequently, 

comparison between studies of acute elevated IOP is more straightforward than between 

studies of chronic elevated IOP. 

 

8.3.6  Variation in Techniques to Assess RGC Loss 

Several techniques for quantifying RGCs are currently available and used in 

studies of elevated IOP.  These techniques range from invasive labelling procedures, such 

as retrograde labelling with a tracer or dye, to in vitro assessments of healthy axon 

profiles or IHC-labeled RGC somas [197].  Each method presents unique advantages and 

limitations [197]; consequently, the choice of technique is likely to influence the 

interpretation of RGC loss in studies of elevated IOP.  Description of all available 

methods of RGC quantification is beyond the scope of this discussion, however a review 
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from our group [197] can be consulted for a comprehensive description of current 

techniques.  

Comparing RGC quantification between Brn3a IHC and retrograde labelling 

methods demonstrates how varying measurements of RGC loss may be obtained 

depending on the method of quantification.  The present study demonstrated around 42% 

loss of RGCs as early as 3 hours following 90 minutes of elevated IOP, as measured with 

Brn3a IHC.  Assuming that Brn3a+ cell density is a reflection of RGC survival, this cell 

loss is far more rapid than other accounts of RGC loss in response to acute elevated IOP 

[264], and more than double the decrease in Brn3a+ cell density observed in the GCL at 2 

days following ON transection in rats [318].  The reason for the rapid RGC loss in the 

present study compared to other studies is not obvious, however, differences between 

methods of RGC quantification may play a role.  In retinal or ON injury, retrograde 

labelling of RGCs requires phagocytic breakdown of the somal membrane for the 

fluorescence signal to be lost, whereas Brn3a protein, a pro-survival transcription factor 

[388], is likely down regulated in damaged RGCs prior to physical loss of the RGC soma 

– a change that is immediately reflected in IHC labelling.  In this way, expression of 

Brn3a may be a more sensitive indicator of viable RGCs than other methods, such as 

retrograde labelling.  The same phenomenon was observed by Nadal-Nicolas and 

colleagues [318], where loss of Brn3a+ cells occurred at a faster rate than Fluorogold 

labeled RGCs following ON transection and crush in rats.   
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8.3.7  Summary of Variation in Animal Models of Elevated IOP 

Integration of findings between studies is vital towards understanding of the 

effects of elevated IOP on RGCs.  However, meaningful inter-study comparison can be 

impaired by variation in the models and techniques employed.  The susceptibility of 

RGCs to elevated IOP can be affected by the species, strain and age of the animal; by 

differences in the vascular and structural anatomy of the retina and ONH; and by the 

technique used to elevate IOP.  Furthermore, quantification of the severity of elevated 

IOP insult can be affected by the methods used to quantify IOP exposure.  Such variations 

are of particular concern when comparing studies of chronic IOP elevation, whereas the 

effects of acute elevated IOP tend to be more reproducible and translatable between 

studies. 

 

 

8.4  AT Dysfunction in Response to Elevated IOP   

RGCs have long axons that possess limited protein transcription capability, 

rendering them particularly reliant on AT for the maintenance of cellular functions.  As 

was introduced in section 1.4.4.3, AT disruption has been observed in numerous 

experimental models of elevated IOP.  Experiments in this thesis have demonstrated 

important aspects of the manifestation and progression of anterograde and retrograde AT 

disruption following elevated IOP; particularly, that unique patterns and magnitudes of 

AT disruption can arise depending on the duration of IOP elevation.  Furthermore, it was 

shown that disruption of AT function does not recover over time following acute elevated 

IOP, regardless of the transport direction or duration of IOP insult.  The following 
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sections discuss the spatiotemporal manifestation and progression of AT disruption 

following 30-and 90-minute elevations of IOP, the relationship between AT function and 

RGC survival, and proposed mechanisms underlying AT disruption in elevated IOP. 

 

8.4.1  Spatiotemporal Progression of AT Disruption Following Elevated IOP 

The spatiotemporal manifestation of AT disruption in RGC axons in response to 

elevated IOP depends on the magnitude and duration of the insult - lower and more 

chronic IOP elevations give rise to mild AT disruption with protracted periods of 

progression, whereas acute and large IOP elevations tend to cause severe AT pathology 

that worsens rapidly over time.  Key differences in the location, degree, and progression 

of AT disruption were found between the two durations of elevated IOP.  

 

8.4.1.1 AT Disruption Following 30 Minutes of Elevated IOP 

Thirty minutes of elevated IOP was hypothesized to cause an early disruption, and 

subsequent recovery, of anterograde AT in the early hours following IOP elevation; 

however, anterograde AT was not significantly impaired in the ONH or ON at any time 

point examined.  These results are in contrast with a previous study in primates, where 30 

minutes of IOP-induced ocular ischemia caused a transient disruption of anterograde AT 

function at the ONH that recovered over 24 hours [305].  Another study using a 30-

minute duration of acute elevated IOP in mice did not find any effects on anterograde AT 

[389]; however, the lower magnitude of IOP (50 mmHg, versus 120 mmHg in the present 

study) and longer duration of recovery (7 days, versus 3, 6 and 24 hours in the present 

study) make comparison to the present study difficult.  The reason for variable effects on 
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AT following 30 minutes of elevated IOP is not obvious.  It is possible that AT in the 

present study was impaired during IOP elevation, but recovered prior to the 3-hour time 

point, or that AT responds differently in different species to elevated IOP.  However, 

inter-animal variability likely also plays a role; indeed, while 90 minutes of elevated IOP 

consistently reduced CTB in the experimental ON, 30 minutes of elevated IOP reduced, 

had no effect, or even increased CTB in the experimental ON.  It is possible that 30 

minutes of elevated IOP approaches a critical point of insult in RGCs, where slight 

variations between animals can sway the outcome one way or another.  Together, these 

findings highlight that 30 minutes of elevated IOP can have variable consequences on AT 

function in RGCs.  

Retrograde AT, examined at 3, 7, and 14 days, was also not visibly impaired at the 

ONH following 30 minutes of elevated IOP; however, there was a small, but significant, 

reduction in CTB transport throughout the experimental ON.  This reduction did not 

appear to progress over time, although significant variation in the data made 

interpretation difficult.  However, it is possible that select axons were critically affected 

by 30 minutes of elevated IOP, causing AT disruption in a small population of RGCs.  

Indeed, Quigley and colleagues [331] suggested that AT in RGCs fails on an axon-by-

axon basis in response to acute elevated IOP, as opposed to all axons exhibiting the same 

degree of partial AT disruption, with the proportion of axons affected being dependent 

upon the severity of IOP-induced injury.  Selective expression IOP-induced AT 

disruption between adjacent axons has been confirmed in other studies in primates and 

mice [305, 390].  Presumably, longer durations of elevated IOP would cause AT failure in 

a greater proportion of axons, which is consistent with findings of the present experiments 
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(discussed in the following section).  The concept of critical injury and selective 

vulnerability in RGCs is discussed further in section 8.8.  

 

8.4.1.2 AT Disruption Following 90 Minutes of Elevated IOP 

Increasing the duration of elevated IOP to 90 minutes had profound effects on AT.  

Anterograde AT of CTB was significantly impaired in both the ONH and ON.  There 

were no signs of localized AT disruption at any point along the ON; however, a 

significant accumulation of CTB in the pre-LC region was observed at 6 hours of 

recovery.  These results suggest that disruption of anterograde AT function in the first 24 

hours following 90 minutes of acute elevated IOP likely originates at or before the 

anterior (nearer the retina) border of the ONH.  A similar finding was reported in a 

previous study in primates, where a rapid build up of transported material was observed at 

the anterior border of the LC only 2 hours following acute elevation of IOP [283]. 

Disruption of CTB uptake at the retina could also result in a reduction in CTB intensity in 

the ONH and ON; however, a difference in the intensity of CTB labelling between 

control and experimental retinas was not observed.  These findings demonstrate that 

anterograde AT in RGCs is blocked at the level of the anterior LC following 90 minutes 

of elevated IOP, and that this blockade persists, and likely progresses, over time.  

Similar to the anterograde AT findings, the intensity of retrogradely transported 

CTB was uniformly reduced in the ON following 90 minutes of elevated IOP, and an 

accumulation of CTB in the ONH was also observed.  The disruption of retrograde AT in 

the ON appeared to progress over time, while progression of AT disruption at the ONH 

was overshadowed by the significant tissue degeneration at that level.  These results 
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highlight a significant structural component to AT disruption at these time points, and 

indicate that retrograde AT disruption can arise both at the ONH and at a site distal to the 

chiasm, perhaps in the optic tract or at RGC terminals in the SC (discussed further in 

section 8.4.1.3).   

 

8.4.1.3 Retrograde AT Disruption Manifests at Two Intracellular Locations 

As a region where densely packed axons are directly exposed to mechanical and 

vascular stress, the ONH is a logical site of AT disruption in response to acute elevated 

IOP.  This is evident in studies of AT function in acute IOP elevation or experimental 

glaucoma, where the ONH has been frequently described as a primary site of anterograde 

and retrograde AT blockade [129-131, 157, 225, 285, 320, 330, 331, 391].  Interestingly, 

the accumulation of retrogradely transported CTB at the ONH in the present experiments 

had a distinct anterior border that, like the site of anterograde AT blockade, corresponded 

to where axons exit the retina and enter the scleral canal opening.  This anterior limit was 

highly reproducible (observed in all 90-minute animals).  A similar spatial pattern of AT 

blockade has been previously described after prolonged IOP elevation in monkeys [285], 

and may be due to increased metabolic demand and biomechanical stress caused by the 

large pressure gradient at that location [215].  Posteriorly, the limit of CTB accumulation 

was less defined, however CTB fluorescence did appear to decrease as the ON widened, 

likely coinciding with the onset of myelination (approximately 1-2 mm behind the sclera 

in rats and immediately posterior to the LC in monkeys and humans; [63]).  Indeed, other 

studies have described a similar inverse relationship between AT accumulation and the 

amount of myelination in the ON [130].  Therefore, it appears that retrograde AT 
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disruption in the ONH following elevated IOP manifests as an accumulation of 

transported material that is topographically limited based on the mechanical and 

physiological constraints of the surrounding tissue. 

Uniform reductions in intensity of retrogradely transported CTB in the ON, 

observed following both 90- and 30-minute elevations of IOP, indicate that a transient 

mechanical and ischemic insult to RGC somas and axons in the retina and ONH can 

result in disruption of AT function in the distal axon or terminal.  The mechanism by 

which this occurs is not well known, however, it is possible that injury of the soma or 

proximal axon initiates an anterograde stress signal that affects distal axonal function, or 

that early disruption of anterograde AT near the eye causes the distal axon to be deprived 

of vital nutrients and organelles.  Indeed, RGCs are shown to increase intracellular Ca2+ 

in response to acute IOP elevation [178, 392] and axonal Ca2+ waves are implicated as 

rapid injury signals between the axon and soma following neuronal injury [393].  

Moreover, early disruption of anterograde AT has been implicated in distal axonopathy in 

a mouse model of elevated IOP [321, 394].  These findings suggest that elevated IOP may 

trigger an anterior signal in RGCs that initiates degenerative processes in the distal axon. 

 

8.4.2  AT Function and RGC Loss in Response to Elevated IOP 

Anterograde and retrograde AT perform vital molecular functions in neurons 

(previously discussed in section 1.3).  Impaired AT has been associated with neuronal 

loss in many human neurodegenerative diseases – a finding reinforced by experimental 

models of CNS injury and disease, including those of elevated IOP [63, 217, 323, 325, 

362, 395].   
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It is well known that elevations of IOP above MAP lead to AT disruption and 

RGC death; however, shorter durations – 30 minutes or less – appear to have no 

significant effects on RGC survival [264, 396].  RGC loss in the present study was not 

significant following 30 minutes of IOP elevation at any of the time points examined (3, 

6, and 24 hours, 7 and 14 days).  Interestingly, many studies have observed significant 

RGC loss and AT disruption following an only slightly longer duration of elevated IOP 

(45 minutes) [264, 396].  These findings associate intact AT function with RGC survival, 

and suggest that RGCs are resilient to mechanical and ischemic insult up to a critical 

point, a concept that is discussed further in section 8.8. 

While disruption of anterograde AT appeared to progress over the first 24 hours 

following 90 minutes of elevated IOP, RGC loss did not.  Despite the lack of progressive 

RGC loss at early time points, Brn3a+ cells were almost completely lost by 7 days 

following 90 minutes of elevated IOP.  This temporal pattern of RGC loss  - an initial, 

acute loss of RGCs followed by a pause and then a secondary wave of loss later on – has 

been reported in other studies of elevated IOP [263, 397] and ON trauma [398, 399], and 

is linked to AT function [397], as well as other forms of accumulated stress [326, 400].  It 

is likely that the RGC loss observed within the first 24 hours in the present study 

represents a primary, traumatic loss of RGCs, while a secondary wave of RGC loss is 

initiated sometime between 24 hours and 7 days following elevated IOP.  WoldeMussie 

and colleagues [401] observed that 36% of RGCs were lost within the first 3 weeks after 

the onset of elevated IOP, and a secondary, slower form of loss was observed months 

later.  Considering that the method they used to elevate IOP – laser photocoagulation of 

the trabecular meshwork – was chronic in nature [401], rather than acute and severe, it is 
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possible that the same phenomenon occurred in the present study, but on a more 

condensed timeline.  

The role of AT in secondary RGC loss is not entirely clear.  While some studies 

have suggested that failure of AT promotes RGC loss [348], another study has 

demonstrated that it is rather the temporary return of AT function that is damaging [326]. 

It is conceivable that both types of AT dysfunction may be present in RGCs in response 

to elevated IOP, but that their temporal onset and respective influence on RGC survival 

varies with the degree and duration of IOP elevation.  Further research is warranted to 

determine the contribution of AT function, or dysfunction, towards the onset and 

progression of secondary RGC loss following elevated IOP. 

 Although AT disruption frequently coincides with RGC loss, as observed in this 

study and others, there are many pathophysiologic mechanisms that may contribute to 

RGC loss in IOP-induced injury.  This is particularly true when an insult involves 

multiple modes of physiological stress, such as the ischemia and mechanical stress that 

occurs during elevated IOP.   Consequently, determining a causal relationship between 

AT dysfunction and RGC loss can be problematic.  However, certain findings – 

improving RGC survival through application of exogenous or virally expressed BDNF 

protein [402], and the observation that functional impairment of AT often precedes 

structural degeneration of the axon or soma [217] – strongly suggest that changes in AT 

function do contribute to RGC loss in response to elevated IOP. 
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8.4.3  Mechanisms Underlying AT Disruption in Response to Elevated IOP 

AT is a complex process that relies on the function and homeostasis of many 

intracellular processes.  Several mechanisms by which mechanical and ischemic stresses 

in the retina, ONH, and ON translate to AT disruption following experimentally elevated 

IOP have been proposed, including traumatic injury to axons, disruption of the axonal 

cytoskeleton, axonal ion imbalance, and ATP deprivation. 

 In primates, stress and strain in the LC in experimentally elevated IOP has been 

proposed to cause local compression of axons, resulting in their structural collapse and a 

physical blockade of AT [403-405].  Indeed, acute axonal stretching, similar to what may 

occur in the retina and ONH during large increases of IOP [165, 374], has been shown to 

physically rupture microtubules [406], disturbing the cytoskeletal scaffold needed for 

anterograde and retrograde AT.  Signs of RGC structural degeneration in the present 

study, i.e., pNF+ somas, and axonal varicosities and retraction bulbs, were visible in the 

retina as early as 3 hours following 90 minutes of elevated IOP, suggesting a traumatic 

mechanism of AT disruption (see section 8.5 for further discussion of IOP-induced NF 

pathology). 

It should be noted that LC structure in rats is fundamentally different from that of 

primates (primarily glial and lacking structural proteins) and likely exhibits different 

biomechanics.  While mechanical stress may play a role in IOP-induced AT disruption, it 

is probable that factors other than the LC are contributing to AT disruption in this region 

in rats.  In agreement with this theory, APP accumulation in the ONH of rats exposed to 

elevated IOP has been shown to be inversely related to the expression of myelin basic 

protein, a marker for oligodendrocytes [130].  The distribution of retrogradely 
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accumulated CTB in the present study was very similar.  The unmyelinated portion of the 

ON may be particularly susceptible to the accumulation of transported organelles and 

vesicles during elevated IOP, however, the underlying reasons remain to be confirmed.  

Possibilities include: 1) that the lack of myelin allows for physical distension of the 

axolemma, affording greater axonal volume and encouraging buildup of AT cargo; 2) the 

energy deficit associated with reduced perfusion has a proportionally greater effect on the 

energetically-expensive unmyelinated ON, or 3) other unique characteristics of the 

unmyelinated ON bestow greater vulnerability. 

Both AT disruption and structural degeneration in the retina and ONH continued 

to worsen up to 7 days following 90 minutes of elevated IOP, suggesting that, beyond 

traumatic structural damage, degenerative intracellular cascades likely contribute to the 

progression of AT dysfunction in IOP-induced RGC injury.  As mentioned in section 

1.4.3, both mechanical and ischemic insult to RGC axons can contribute to an increase in 

intracellular Ca2+.  Activation of Ca2+-dependent proteases and phosphatases have been 

shown to contribute to cytoskeletal breakdown in RGCs in response to elevated IOP [108, 

228, 407, 408], and their activity is associated with impaired AT in a mouse model of 

traumatic axonal injury in the ON [409].  Mechanisms of IOP-induced axonal 

degeneration are discussed further in section 8.5.   

In primates, an increase in the translaminar pressure gradient has been suggested 

to create an anterograde flow of axoplasm that interferes with AT function.  One 

hypothesis is that the intra-axonal flow of axoplasm overcomes the driving force of AT 

[405, 410].  Alternatively, Band and colleagues hypothesized that, rather than physically 

opposing the force of transport [405], pressure-induced intra-axonal flow effectively 
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sweeps away ATP, thereby starving axons of the energy required to fuel AT [411]. 

However, because of the technical difficulty of measuring such a pressure gradient, the 

presence of axoplasmic flow in response to elevated IOP has yet to be confirmed.   

The ONH exhibits a high density of mitochondria to fuel the significant local 

energy demands associated with maintaining signal propagation in unmyelinated axons 

[412].  Although the involvement of the translaminar pressure gradient is uncertain, other 

causes of localized ATP depletion at the ONH are possible.  Both mechanical and 

ischemic insults can induce release of ATP through pannexin channels on the RGC 

membrane [160, 173], depleting intracellular ATP.  Furthermore, ischemia can lead to 

mitochondrial dysfunction in RGCs, reducing their ATP production [413].  Notably, IOP-

induced elevation in intracellular Ca2+ can impair mitochondrial mobility directly by 

interfering with the association between mitochondria and their AT adaptor proteins, 

thereby preventing mitochondria from associating with kinesin [414].  As observed by Lu 

et al. [413], this creates a paradox where AT is reliant on ATP from mitochondria, but 

mitochondria require intact AT to be distributed to areas of high metabolic demand (such 

as the ONH).  With many ATP-depleting mechanisms that are relevant to the types of 

cellular stress observed in the ONH during elevated IOP, it is likely that alterations in 

ATP availability contribute to AT disruption in this injury. 

 

8.4.5  Summary of AT Following Elevated IOP 

The present studies of retrograde and anterograde AT have revealed important 

characteristics of AT function and dysfunction in RGCs following a transient elevation of 

IOP that imposed mechanical and ischemic stress on RGC somas and axons.  While 90 
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minutes of elevated IOP consistently impaired anterograde and retrograde AT in the ON, 

30 minutes of elevated IOP had relatively minor effects – a small, but consistent 

reduction in retrograde AT.  It was hypothesized that this decrease in retrograde AT 

represented the loss or impairment of a subset of selectively vulnerable RGCs that had 

reached a critical level of injury.  The proximity of the 30-minute duration of elevated 

IOP to a critical insult in RGCs was further supported by the inter-animal variability 

observed in the 30-minute group.  Interestingly, while anterograde AT disruption 

following 90 minutes of elevated IOP was initially similar in magnitude to RGC loss, it 

did not follow the same pattern of progression over time.  However, prolonged AT 

blockade, as evidenced by the degree and progression of retrograde AT disruption at later 

time points, was associated with severe RGC loss.  In support of previous literature, the 

location of AT blockade at the ONH was delineated anteriorly by the border of the LC 

nearest the scleral canal opening, and posteriorly by the onset of myelination.  However, 

retrograde AT has the potential to be impaired at two intracellular locations, as 

accumulation of CTB in the ONH occurred in tandem with a uniform decrease in CTB in 

the ON.  Distal disruption of retrograde AT may arise due to an anterograde stress signal 

originating at the primary site of injury – the retina and ONH – or due to a deprivation in 

anterogradely-transported essential materials.  Finally, while AT disruption in the present 

study may have a functional component, significant degenerative histopathology was 

evident from the earliest time point onwards, indicating that structural blockade is likely 

the primary cause of AT dysfunction in this model.   
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8.5  Alterations of NFs in the RGC Soma and Axon Following Elevated IOP 

A pivotal event in neuronal injury is the translation from functional impairment to 

permanent and progressive structural degeneration.  As the most abundant structural 

filament in the axonal cytoskeleton [415], changes in NF protein have long been used to 

study the severity and progression of structural pathology in neuropathies [86, 276, 416-

418] and acute neural injury [268, 409, 419, 420], and have been used for similar 

purposes in studies of RGC injury and loss [3, 110, 147, 157, 221, 222, 225, 235, 245, 

274, 275, 333, 394, 409, 421].  In the present study, NF phosphorylation was altered in 

the ONH and pNF accumulated in RGC somas following elevated IOP.  The following 

sections discuss these results and their meaning, as well as possible mechanisms 

underlying NF modulation and the potential of NFs as markers of neural injury. 

 

8.5.1  IOP-Induced Somal Accumulation of pNF and Axonal Degeneration in the 

Retina 

Abberrant accumulation of pNF in neuronal somas is associated with neurons that 

have lost connections their targets.  This is evident from numerous studies where pNF+ 

somas were observed following nerve transection [220], and in studies of RGC damage, 

where pNF+ somas remain unlabeled following retrograde labelling from the SC [275, 

333].  In the present study, pNF accumulation was evident in RGC somas as early as 3 

hours following 90 minutes of elevated IOP.  The number and distribution of pNF+ 

somas was relatively consistent over the first 24 hours.  At later time points, severe 

degeneration of the GCL was apparent: the density of RGC somas was visibly reduced, 



262 

and the majority of remaining RGCs exhibited beaded, swollen and retracting axons.  In 

contrast, few pNF+ somas were visible following 30 minutes of elevated IOP.  These 

findings were consistent across all time points, and suggest that elevated IOP for 90 

minutes is an acute traumatic injury to the retina that causes rapid structural damage to 

RGC axons, whereas axonal integrity is primarily unaffected by 30 minutes of elevated 

IOP.  

The results from these experiments indicate that the insult associated with acute 

elevated IOP does not appear to affect all RGCs equally.  Somal accumulation of pNF has 

been postulated to be subtype-dependent in other models of RGC injury [222, 422, 423].  

In the present study, RGCs exhibiting pNF+ somas in the retina were detectable soon 

after 90 minutes of elevated IOP, and their proportion remained relatively constant over 

the first 24 hours.  The density of Brn3a+ cells was also relatively constant over the same 

time period.  Assuming that Brn3a+ cell density reflects the number of surviving RGCs, 

this finding suggests that IOP-induced pNF accumulation is exhibited by a subpopulation 

of RGCs that do not die within the first 24 hours following acute elevated IOP.  The 

resilience of RGCs with pNF+ somas was also reported in a study of optic nerve crush 

[222], where the same proportion of pNF+ RGCs was observed at both 2 and 4 weeks 

following injury, whilst the majority of the RGC population was lost a much faster rate.  

Furthermore, the radial distribution of pNF+ RGC somas in the retina also suggests a 

subtype-specific pathology.  In the present study, pNF+ somas became increasingly 

prevalent at greater eccentricities from the optic disc.  It is well documented that alpha 

RGCs are found in greater proportion in the peripheral retina [7].  In line with these 

observations, Silveira and colleagues [423] demonstrated that alpha RGCs were relatively 



263 

resilient to ON transection, whereas beta RGCs, which are more prevalent in the central 

retina, exhibited pyktonic nuclei that degenerated rapidly.  Intrinsically photosensitive 

RGCs (ipRGCs) are also found in greater proportion in the peripheral retina [424] and 

demonstrate exceptional resilience to ON transection [425].  These findings suggest that 

the pNF+ somas observed in the present study represent a subtype of RGCs – possibly 

alpha or ipRGCs – that, despite disconnection from their target, are comparatively 

resistant to degeneration, at least as measured in the present studies.    

 

8.5.2  NF Phosphorylation in the ONH Following Elevated IOP 

Detection of abnormal NF expression is a widely used measure of structural 

damage in studies of neuronal degeneration [3, 222, 423].  Thirty minutes of elevated IOP 

had no significant effects on NF phosphorylation in the ONH, and very few effects were 

observed following 90 minutes of elevated IOP.  However, following both 30-minute and 

90-minute insults there was a general trend of more non-pNF and less pNF in 

experimental ONHs.  This observation is in agreement with a previous study in primates, 

where NF dephosphorylation occurred in proportion with RGC damage in response to 

elevated IOP [221].  Furthermore, non-pNF accumulates in axonal swellings following 

acute stretch injury to the ON [409] and pNF decreases in association with RGC axonal 

degeneration in a transgenic mouse model of glaucoma [333].  Therefore, it is possible 

that NFs in the RGC axon become dephosphorylated in response to elevated IOP.  In the 

case of the 30-minute duration of elevated IOP, this effect may reverse over time – such a 

pattern was not observed in the present data, however, a large variability in the 

observations was noted. 
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8.5.3  Mechanisms Underlying Alteration of NFs in Elevated IOP 

The physiological significance of somal pNF in RGCs is not clear; however, the 

phenomenon of aberrant phosphorylation suggests activation of local protein kinases.  

CDK5 has been known to become deregulated in mouse models of Alzheimer’s disease 

[418] and amyotrophic lateral sclerosis (ALS; [105]), as well as in human Alzheimer 

tissue [418], leading to hyperphosphorylation of tau and NF.  Hyperphosphorylation of 

NF increases NF-NF associations and reduces interaction between NF and kinesin, thus 

impairing NF transport into the axon [113] and promoting somal accumulation.  

Pathological activation of CDK5 has also been reported in studies of RGC axonal 

transection [426], and acute and chronic elevated IOP [232, 233].  Whether this activation 

promotes neuronal survival or death is controversial [427].  For example, while some 

studies have associated CDK5 activity with RGC death [232, 233, 426], CDK5 has also 

been linked to anti-apoptotic pathways [427], and greater numbers of somal pNF 

inclusions were associated with improved longevity in a mouse model of ALS [105].  

Nguyen and colleagues [105] postulated that NF in the soma acted as a phosphorylation 

sink for CDK5, sequestering the ability of the enzyme to hyperphosphorylate other 

important cytoskeletal proteins, such as tau.  Therefore, although pNF+ RGCs are 

associated with early axonal injury, the presence of pNF in RGC somas may, in fact, be 

indicative of neuroprotective processes.  Indeed, pNF+ RGCs have been known to persist 

for months following ON transection, despite the loss of trophic support from their target 

tissue.  It is unclear what role somal pNF plays in RGC injury following 90 minutes of 

elevated IOP; however, it is conceivable that the accumulation of pNF in RGC somas 
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observed in the present experiments represents an action of self-preservation by select 

RGCs.  

Pathological phosphorylation of NF in RGC somas appears to be accompanied by 

a complimentary decrease in phosphorylation in the axon [221, 333].  Notably, 

dephosphorylation of NFs increases their vulnerability to proteolysis by calpain [93, 94, 

420].  A likely suspect in the enzymatic dephosphorylation of NFs in the RGC axon is the 

Ca2+/calmodulin-dependent protein phosphatase calcineurin.  Indeed, calcineurin is 

cleaved and activated in response to elevated IOP, and inhibition of calcineurin promotes 

RGC survival by preventing dephosphorylation, and consequent activation, of pro-

apoptotic intermediates [234].  Furthermore, calpain activity is markedly increased in the 

retina at 4 hours following acute IOP elevation to 110 mmHg for 40 minutes [295].  It is 

possible that a pathophysiological influx of Ca2+ into RGCs in response to the insult 

associated with acute elevated IOP in the present study leads to local activation of calpain 

and calcineurin in the axon, imposing a two-faceted attack on NF structure, where 

activated calcineurin dephosphorylates NFs, following which they become proteolysed by 

calpain.   

Finally, an interesting proposal by Kang and Yu [428] regarding the mechanism 

of axonal degeneration in glaucoma postulates that, in healthy axons, pNF may act as a 

metabolic stockpile for phosphate bonds.  At times of metabolic stress in the axon, 

phosphate molecules on NFs can be harvested to fuel local ATP generation and 

mitochondrial respiration [413]; however, during states of NF dephosphorylation in 

glaucoma, this backup supply of phosphate is compromised and axons become more 

vulnerable to degeneration [428]. 
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8.5.4  NF Expression and Phosphorylation as an Early Marker of Neuronal Injury 

 Changes in NF expression and phosphorylation occur within hours of axonal 

injury in RGCs, and pathological accumulations of pNF in neuronal somas have been 

used as markers of neurodegeneration.  These qualities of NF dynamics in trauma and 

disease suggest the utility of NF as an early indicator of neuronal injury.  Assays to detect 

serum levels of NF phosphoforms are being developed as a measure to detect neural 

injury in many degenerative conditions, including traumatic brain injury [429], stroke 

[430], multiple sclerosis [431, 432], and ALS [432].  Ghonemi and colleagues [429] 

demonstrated that the serum level of pNF was useful both as a diagnostic and prognostic 

measure in traumatic brain injury – increasing levels of serum pNF were negatively 

correlated with level of consciousness, and a threshold level of pNF was able to predict 

death and disability with a high degree of sensitivity and specificity.  Interestingly, 

measures of serum pNF in individuals with Leber’s hereditary optic neuropathy [433], a 

mitochondrial disease that is characterized by the degeneration of the GCL and the ON 

[434], were found to reflect the degree of axonal neurodegeneration in the retina and ON, 

and may be useful to detect subclinical ON degeneration in other forms of optic 

neuropathy [433].  Finally, pNF levels measured directly from the vitreous are elevated in 

patients exhibiting retinal detachment [435].  These findings support the use of serum and 

vitreal pNF concentrations to diagnose and predict degeneration in various forms of RGC 

injury.  However, body fluid concentrations of pNF would provide no information 

regarding the location or morphology of degenerating RGCs.  Development of in vivo 

markers of retinal NFs could allow for longitudinal evaluation of RGC degeneration in 
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experimental models of ON injury and glaucoma, and, in future, could be a method of 

tracking RGC damage and loss in human optic neuropathies.   

 

8.5.4  Summary of IOP-Induced NF Alterations 

 Modulation of the cytoskeleton is an important event in RGC injury, the degree of 

which may determine the fate of the RGC – recovery, or progressive degeneration and 

death.  The experiments in this thesis have demonstrated that changes in somal and 

axonal NFs are acute reactions to RGC trauma induced by elevated IOP.  NF pathology 

was found to be much more severe following the duration of elevated IOP that culminates 

in massive RGC loss (90 minutes), while NF modulation following the recoverable 

duration of elevated IOP (30 minutes) was comparatively mild.  Indeed, the trend of NF 

dephosphorylation in the ONH following 30 minutes of elevated IOP is fundamentally a 

reversible process, as phosphorylation and dephosphorylation of NFs in the axon is a 

typical regulatory process in healthy neurons [113].  However, pNF+ accumulation in the 

neuronal soma, such as that observed following 90 minutes of elevated IOP in the present 

study, is strongly associated with states of neurodegeneration.  Somal accumulation of 

pNF following 90 minutes of elevated IOP appeared to be isolated to a subset of RGCs 

that were acutely injured, but which did not die within the first 24 hours.  The resilience 

and radial distribution of these cells suggests that they may be alpha- or ip-RGCs.  

Measurement of NF phosphoforms in both the blood and vitreous may be a promising 

diagnostic tool for detecting axonal damage in optic neuropathies and acute retinal and 

ON trauma.  Development of a technique to label NFs in vivo may be useful in 

longitudinal tracking of disease progression. 
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8.6  Modulation of Glia in the Retina and ONH Following Elevated IOP 

Retinal and ON glia closely interact with RGCs to modulate signaling activity, 

provide direct metabolic and structural support, and manage the homeostasis of the 

extracellular environment.  Glia in the retina and ONH are known to respond to 

mechanical and ischemic insult that occurs with elevated IOP, and their responses are 

intimately linked to RGC health.  Furthermore, and relevant to the present study, glial 

responses to pathological insult exist on a continuum, depending on the severity of insult 

– in initial stages of activation, glia exhibit responses that are primarily beneficial to RGC 

survival, whereas more severe activation can initiate damaging molecular cascades [58].  

In the experiments described in Chapter 7, markers of glial activation (e.g., GFAP, which 

is known to be upregulated in both astrocytes and Müller cells upon their activation, and 

Iba1, which reveals morphologic changes in activated microglia) were studied in the 

retina and ONH over the first 24 hours following either 30 or 90 minutes of elevated IOP.  

The following sections discuss the spatiotemporal progression of glial activation in the 

retina and ONH following mild and severe IOP-induced injuries, the mechanisms 

underlying glial activation, and the relationship between glial activation and RGC 

survival. 

 

8.6.1  Changes in Retinal Glia Following Elevated IOP 

8.6.1.1 Microglia 

As with AT function and NF expression/ phosphorylation, retinal glia exhibited 

very few changes at early time points following 30 minutes of elevated IOP.  There were 
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no signs of microglial activation in the peripapillary retina at either 3 or 6 hours following 

elevated IOP, and the effects observed at 24 hours of recovery were mild, consisting of an 

accumulation of activated microglia on the inner surface of the retina.  Given the lack of 

impact of this insult on RGC survival [264], these findings were not entirely unexpected.  

Increasing the duration of IOP elevation to 90 minutes, however, caused a rapid increase 

in Iba1+ microglial processes in the IPL, visible as early as 3 hours following the insult, 

which persisted at 6 and 24 hours.  Liu and colleagues [436], using in vivo imaging of 

transgenic mice that express GFP in their microglia, tracked the density of microglia in 

the inner retina following IOP elevations similar to those in the present study: 110 mmHg 

for either 30 or 60 minutes.  At 3 days following IOP elevation, microglial density 

increased by approximately 20% and 45% for the 30- and 60-minute elevations, 

respectively. These findings demonstrate a relationship between insult duration and 

microglial response, similar to what was observed in the present study.  Notably, Liu and 

colleagues [436] demonstrated the largest increase in microglial density at 7 days 

following both insult durations (35% after 30 minutes and 103% after 60 minutes).  It is 

possible that a more remarkable microglial reaction following the 30-minute IOP 

elevation might have been observed in the present study had the temporal analysis been 

extended to 7 days.  Finally, Liu and colleagues also observed that microglial density was 

significantly correlated with the number of surviving RGCs [436].  These findings 

demonstrate that a sub-critical duration of elevated IOP likely causes a mild reaction in 

microglia, whereas a critical duration, which culminates in significant RGC loss, induces 

a prominent microglial response throughout multiple retinal layers.  It is possible that 

tracking microglial density and morphology holds potential as an experimental, and 
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possibly clinical, tool to follow RGC damage and loss in degenerative retinal and ON 

diseases.  

While microglia initially retained a ramified morphology following elevated IOP 

in the present study, they became more ameboid over 24 hours, exhibiting visibly shorter 

and blunter processes, and were observed in deeper retinal layers.  These findings are 

consistent with the spatiotemporal progression of retinal degeneration following IOP-

induced ischemia.  Specifically, RGCs are the first retinal cell type to succumb to IOP-

induced injury in the retina [154, 376].  The increase in microglia in the IPL is likely a 

phagocytic response to the dying back of local RGC processes.  Over time degenerative 

processes continue, evidenced by the pan-retinal degeneration observed in the present 

study, attracting phagocytic microglia into deeper anatomical layers. 

The accumulation of ameboid microglia on the inner surface of the retina in the 

present study was accompanied by a similar, although less pronounced, response in the 

contralateral control eye.  The significance of contralateral glial activation is unknown; 

however, this phenomenon has been demonstrated in many recent studies of chronic IOP 

elevation [245, 251, 288, 291, 437].  Interestingly, ameboid microglia in the contralateral 

normal eye have been shown to be morphologically and phenotypically different from the 

experimental eye with chronic elevated IOP [251].  For example, activated microglia in 

experimental eyes strongly express CD68, a protein in the scavenger-receptor family that 

is a marker of phagocytic microglia and macrophages [438], while microglia in 

contralateral normal eyes demonstrate only weak CD68 labelling [251].  It is likely that 

microglia in experimental eyes exhibit a primarily phagocytic function, while those in 

contralateral normal eyes serve a different purpose. These findings suggest that microglia 
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in the retina are capable of responding to mechanical and ischemic stress in the fellow 

eye.  Further discussion regarding potential mechanisms of contralateral glial activation is 

included in section 8.6.3. 

 

8.6.1.2 Astrocytes and Müller Cells 

Although both astrocytes and Müller cells have been shown to respond to 

ischemic and mechanical stress in the retina [160, 162], the responses of peripapillary 

macroglia in the present study, as demonstrated by GFAP IHC, were primarily 

unremarkable following both insult durations.  There was no remarkable increase in 

GFAP fluorescence in the NFL – the anatomical location of retinal astrocytes – at any 

point following either insult duration.  Some increases in GFAP+ radial processes were 

observed at the 24-hour time point, however these were inconsistent.  For example, at 24 

hours following 30 minutes of elevated IOP, one animal exhibited intensely labeled 

GFAP+ processes that spanned all retinal layers in the experimental eye.  This was 

accompanied by similar, but weaker, labelling in the contralateral retina. Also, at 24 hours 

following 90 minutes of elevated IOP, GFAP+ radial processes were observed in 57% of 

the control retinas.  The lack of GFAP upregulation in Müller cells of the injured eye is 

interesting, as many other studies have reported GFAP+ Müller cells in response to 

elevated IOP [60, 159, 241, 263, 290].  However, it is likely that the time frame of 

investigation in the present study may have been too narrow; indeed, the earliest 

documented observation of GFAP+ Müller cell processes following an acute elevation of 

IOP is at 24 hours [60], with many studies citing a peak in GFAP expression at 3 days or 

later [60, 159, 241, 290], and persisting to 3 and 4 weeks following the insult [60, 263]. 
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Contrary to the IHC observations at the same time point, the level of GFAP 

protein, as assessed by WB, was markedly increased (up to 7-fold) in the experimental 

retina 24 hours following 90 minutes of elevated IOP.  The reason for different findings 

between IHC and WB analysis of GFAP are unknown, however they could be related to 

differences in the scope of the sampling area – IHC investigation was isolated to the 

peripapillary retina, whereas WB analysis was a measure of GFAP protein in whole retina 

lysate.  Furthermore, an increase of GFAP in astrocytes, may not have been noticeable in 

radial sections of the retina.  Differences in the reactivity of the GFAP antibodies used 

and the small sample sizes in each study may have also played a role.    

  

8.6.2  Changes in ONH Glia Following Elevated IOP 

8.6.2.1 Microglia 

Interestingly, in spite of highly contrasting effects on RGC survival, both 

durations of elevated IOP in the present study induced changes in Iba1+ area throughout 

the ONH.  The pattern of change over time was unique following each insult.  After 30 

minutes of elevated IOP, Iba1+ area, measured as the percent area in each ONH region 

that was covered by Iba1 labelling, throughout most of the ONH (LC to 600 µm posterior 

the LC) was initially highest at 3 hours and significantly decreased over 24 hours.  Ninety 

minutes of elevated IOP caused the opposite trend, where Iba1+ area from 100 to 600 µm 

posterior the LC was lowest at 3 hours, and significantly increased over 24 hours.  

Notably, the progression of Iba1+ area in the pre-LC region was the same for both 

durations of elevated IOP, with Iba1+ area being lowest at 3 hours and highest at 24 

hours.  This effect was markedly more pronounced following 90 minutes of elevated IOP.  
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These findings suggest that the spatiotemporal progression of microglial activation 

following elevated IOP is dependent upon both the duration of the insult and the location 

in the tissue.  Furthermore, given the respective effects of 30- and 90-minute IOP 

elevations on RGC survival observed in the present study, it is likely that 30 minutes of 

elevated IOP induces a rapid, but transient activation of ONH microglia, whereas 90 

minutes of elevated IOP results in a delayed, yet sustained, microglial activation.  Indeed, 

following an IOP elevation to 160 mmHg for 60 minutes in rats, significant RGC loss was 

accompanied by an increase in OX-42+ microglia in the ONH that was sustained from 2 

days to 1 week [241]. 

An alternate explanation for the different temporal patterns of microglial 

activation in the ONH between the two durations of insult in the present study is a 

different latency to reperfusion upon cessation of elevated IOP.  Following 30 minutes of 

elevated IOP, reperfusion was fast and seemingly uninhibited, as evidenced by the visible 

return of blood flow to the retina, while following 90 minutes of elevated IOP, the eye 

often exhibited significant edema and structural enlargement.  It is possible that retinal 

vasculature was damaged and that complete reperfusion was slower following 90 minutes 

of elevated IOP.  This is significant, as microglia are suggested to enter into a static state 

during acute ischemia, only beginning their transformation to an activated phenotype after 

reperfusion is complete [439].  If reperfusion following the 90-minute IOP elevation was 

delayed, it is conceivable that the onset of microglial activation would also be, as was 

observed in the present results. 

 Surprisingly, the contralateral ONHs for both durations of insult also showed 

significant changes in Iba1+ area, the spatiotemporal pattern of which was strikingly 
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similar to the posterior ONH regions in the experimental ONHs: microglial area 

decreased over time following 30 minutes of elevated IOP, and increased over time 

following 90 minutes of elevated IOP.  However, there were no signs of microglial 

change in the LC region of control eyes following either duration of elevation.  These 

findings suggest that damage to the experimental eye may induce a signal of injury that is 

capable of activating microglia in the contralateral tissue (discussed further in section 

8.6.3).  Finally, the relatively greater change in Iba1+ area in the posterior regions of the 

ONH compared to the LC – the site of primary dysfunction and degeneration following 

elevated IOP, as supported by the AT results in the present study, and others [130] – is 

puzzling.  Interestingly, another study has documented a similar pattern of microglial 

proliferation throughout the regions of the ONH following sclerosis of the episcleral veins 

via hypertonic saline [61].  Compared to the unmyelinated LC region of the ONH, 

Ebneter and colleagues [61] observed greater microglial activity beginning at the 

transition zone of the retrobulbar ON, where RGC axons become myelinated.  This was 

regionally correlated with greater degenerative axonal pathology, as shown through NF 

labelling.  The reason for these regional differences is not obvious, however, it is possible 

that traumatic damage to axons at the LC region during elevated IOP would result in 

anterograde degeneration of the distal axon segment, and the consequential recruitment of 

phagocytic microglia.   

 

8.6.2.2 Astrocytes 

 Astrocyte activation in the ONH, as observed with GFAP IHC, was not 

remarkably increased after both durations of elevated IOP.  Furthermore, although WB 
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analysis revealed a 2-fold increase in overall GFAP protein in the ONH of the 

experimental eye at 24 hours following 90 minutes of elevated IOP, this effect was not 

statistically significant.  There is a high degree of discrepancy in the literature regarding 

GFAP expression in ONH astrocytes following elevated IOP, with some studies reporting 

upregulation of GFAP [243], and others a downregulation [292, 440, 441] or no change 

[248].  It is possible that astrocytes are highly sensitive to small differences in the 

method, duration and magnitude of IOP elevation, and that their responses vary in time 

depending on such details, leading to different observations amongst studies.   

 

8.6.3  Mechanisms of IOP-Induced Glial Activation and its Influence on RGC 

Survival 

The mechanisms by which retinal glia become activated in response to elevated 

IOP are complex [4], and a full review on this topic is beyond the scope of this thesis.  

This section highlights some relevant mechanisms of glial activation and glial influence 

on RGC survival. 

 The pathological release of ATP from retinal neurons and glia in response to 

mechanical and ischemic stress has significant implications for RGC survival.  However, 

in addition to purinergic modulation of RGCs, retinal glia also express purinergic 

receptors, and their activation can have significant effects on microglial behavior 

following traumatic injury. Haynes and colleagues [442] showed that microglia in the 

hippocampus extended their processes and moved towards a source of ATP.  This 

motility was found to be dependent on the purinergic metabotropic receptor P2Y12, as 

microglia lacking this receptor did not translocate towards the source of ATP.  
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Furthermore, as activated microglia became more ameboid in shape, their expression of 

P2Y12 was attenuated.  Notably, P2Y receptors are expressed in the retina [443, 444].  

These findings highlight ATP as a crucial signaling pathway in pathological microglial 

responses, both inducing microglial activation and acting as a chemoattractant to draw 

distant microglia to sites of tissue damage.  ATP has also been shown to activate retinal 

macroglia in response to optic nerve injury [445], leading to significant dysfunction in 

their maintenance of extracellular homeostasis. 

An unexpected result in the present study was the activation of glia in the 

contralateral retina and ONH following unilateral elevation of IOP.  There was a rapid 

increase in retinal microglia over 24 hours on the inner surface of the retina, and the 

spatiotemporal changes in ONH microglia were similar in both the experimental and 

contralateral normal eyes.  Furthermore, GFAP+ Müller cell processes were observed in 

the contralateral retinas of some animals, more frequently so following the 90 minutes of 

elevated IOP, at the 24-hour time point.  This phenomenon has been observed in studies 

of unilateral optic nerve injury [446] and chronic elevated IOP [245, 251, 288, 291, 437, 

447].  Comparatively fewer studies have demonstrated changes in contralateral glia 

following IOP-induced ischemia.  Kerr and colleagues [289] demonstrated hypertrophy 

and increased GFAP labelling in astrocytes and Müller cells of the contralateral retina 

following IOP elevation to 120 mmHg for 60 minutes, which was accompanied by an 

increase in the expression of the gap junction channel protein connexin 43, as early as 4 

hours following the insult.  The mechanism by which glia in the contralateral eye respond 

to injury in the fellow eye is not well understood; however, both systemic and trans-

synaptic influences have been suggested.  It is conceivable that an injury-induced 
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elevation in diffusible inflammatory factors may stimulate glia in the contralateral eye 

through the circulation; indeed, Kanamori and colleagues [288] suggested that 

immunological alterations caused by retinal or ON injury may increase production of 

serum autoantibodies.  Glial activation as a side effect of trans-synaptic degenerative 

signaling has also been proposed as a mechanism in the contralateral normal eye in 

response to unilateral IOP elevation in the experimental eye [448].  In support of this, 

results from a recent study by Sapienza and colleagues [291] demonstrated that 

contralateral glial activation was related to the interconnectivity between the left and right 

SC.  Such trans-synaptic conveyance of degenerative signals between fellow eyes may 

also occur through a subset of RGCs that extend retino-retinal projections [449, 450]. 

Finally, while glial activation following damage to the retina and ON is often associated 

with damaging molecular signaling events, glial activation in the contralateral eye may 

represent an attempt at neuroprotection [451].  Indeed, glial activation in the contralateral 

normal eye has been shown to exhibit features unique from the glial activation observed 

in the ipsilateral experimental eye [245, 447].   

Activated retinal and ON glia can influence RGC function and survival through a 

variety of signaling pathways.  A well-studied example is the upregulated production and 

release of pro-inflammatory substances such as IL-6, TNF-α, and nitric oxide (NO) [162, 

185, 186, 452, 453].  While IL-6 release from microglial cells in response to intraocular 

pressure has been shown to have protective effects on RGCs [451], TNF-α released from 

astrocytes and microglia induces RGC apoptosis via caspase activation [453].  In a study 

by Tezel and Wax [453], retinal glial cells that were co-cultured with RGCs were found 

to secrete TNF-α and NO in response to simulated ischemia, and disruption of TNF-α and 
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NO signaling reduced RGC loss by 66% and 55%, respectively.  Furthermore, 

upregulation of NO synthetase has been observed in glaucomatous ONHs [454].  Finally, 

astrocytes in the retina and ON are highly interconnected by gap junctions, allowing them 

to spatially buffer neurotoxic substances, neurotransmitters and metabolites, thereby 

protecting RGCs from damage and supporting their function [455].  In response to IOP-

induced ischemia, activated astrocytes upregulate their expression of connexin 43 [289], 

likely influencing the permeability and interconnectivity of the astrocyte syncytium; 

however, whether such changes are beneficial [456] or detrimental [457] to RGC survival 

remains to be determined [240].   These findings indicate that glial physiology in the 

retina and ONH is affected by elevated IOP, and that activated glia participate in 

numerous signaling pathways to affect RGC survival.  In the present study, it is possible 

that these changes in glial physiology and signaling behaviour may have played a role in 

the progression of RGC axonal dysfunction and structural degeneration, and eventually 

loss of RGCs.   

 

8.6.5  Summary of Glial Responses to Elevated IOP 

Studies of molecular markers of glial activation in the present study have 

demonstrated the spatiotemporal progression of glial responses in the retina and ONH 

following two severities of acute elevated IOP.  Thirty minutes of elevated IOP, which 

had no significant effect on RGC survival, was shown to have no effect on retinal 

microglia at 3 and 6 hours, but resulted in a mild increase in the number of microglia on 

the surface of the retina at 24 hours of recovery.  Conversely, 90 minutes of elevated IOP, 

which caused catastrophic RGC loss, resulted in a massive and immediate upregulation in 
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microglial processes in the IPL, and subsequently the significant presence of ameboid 

microglia in all retinal layers.  These findings demonstrated that the degree of microglial 

activation in the retina approximates the amount of RGC damage during injury, a quality 

that supports the application of microglial tracking as a method to evaluate progressive 

RGC degeneration in injury and disease.  The responses of ONH microglia appear to also 

be specific to the severity of injury, as Iba1+ area was initially high after 30 minutes of 

elevated IOP and decreased over time, while showing the opposite pattern of progression 

following 90 minutes of elevated IOP.  However, due to similar observations in the 

contralateral ONHs, further experiments with additional naïve controls are needed to 

allow for further interpretation of these findings (see section 8.9 for further discussion).  

There was no remarkable activation in retinal or ONH astrocytes in the first 24 hours 

following either insult, however some limitations of the present experiments warrants 

further study into this topic.   In addition to the contralateral microglial responses 

observed in the ONH, Müller cells in the contralateral retina were also activated in some 

animals following acute elevated IOP.  Contralateral glial activation, reported in previous 

studies, may arise through long distance signaling of diffusible inflammatory factors, or 

via trans-synaptic stress signaling during neurodegeneration.  Future experiments 

comparing the active molecular pathways between contralateral and ipsilateral glial 

activation may help to differentiate between pro-survival and pro-apoptotic glial signaling 

in elevated IOP.    
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8.7  Time Course of Retinal, ONH, and ON Pathology Following Elevated IOP 

Understanding the etiology of elevated IOP-induced RGC dysfunction and loss 

requires identification of the underlying cellular events and determination of their 

sequence in time.  This section integrates the findings from current experiments with 

relevant findings from the literature to compose theoretical timelines of functional and 

structural events associated with RGC loss following sub-critical (RGCs recover from 

transient dysfunction) and critical (RGC damage is severe and loss is progressive) acute 

elevations of IOP.  The variability between injury models in studies of elevated IOP is 

substantial, making it difficult to arrive at a universal definition of what constitutes either 

a recoverable or severe and permanent insult.  For example, while a moderate elevation of 

IOP to 50 mmHg for 2 hours has been shown to be a recoverable injury [306], increasing 

the magnitude of IOP to a level above MAP for the same duration results in the loss of 

approximately 75% of RGCs by 5 days following the insult [264].   For IOP elevations 

above MAP in rats, the longest duration of insult that does not result in significant RGC 

loss is between 30 and 45 minutes, as 30-minute IOP elevations are consistently reported 

to not cause RGC loss [264, 396], whereas the results of 45-minute IOP elevations are 

mixed [264, 296, 396].  Using these guidelines, and assessments of RGC survival within 

each study, the findings included in this integrative analysis were grouped into either the 

sub-critical or critical injury categories. 
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8.7.1  Early Events During IOP Elevation 

Regardless of the ultimate duration of acute elevated IOP, the initial physiologic 

responses to IOP-induced mechanical and metabolic stress are presumably universal.  

Indeed, when IOP is raised above MAP, retinal function, as measured by the 

electroretinogram (ERG), is extinguished within 10 minutes [154].  This is accompanied 

by the initiation of multiple signalling pathways, a large number of which converge on 

the product of elevated cytosolic Ca2+ in RGCs (described in section 1.4.3).  Presumably, 

as elevated IOP is prolonged, homeostatic mechanisms for regulating intracellular Ca2+ 

will fail to compensate for the large influx of Ca2+ [458].  When intracellular Ca2+ 

exceeds a critical concentration for a threshold amount time, RGC death occurs ([160]; 

critical threshold discussed further in section 8.8).  However, return of IOP to baseline 

levels prior to this threshold allows for a full functional recovery [154, 281, 459]. 

From the present experiments, it is apparent that return of IOP to baseline after 

only 30 minutes of elevated IOP avoids both severe axonal trauma and the initiation of 

potentially critical signaling pathways in the majority of RGCs, as evidenced by the lack 

of significant structural damage and RGC loss assessed over multiple time points 

following elevated IOP.  In contrast, extending the duration of IOP elevation to 90 

minutes results in activation of kinases and phosphatases, as suggested by changes in NF 

phosphorylation, AT disruption, and severe progressive structural degeneration of RGC 

axons.  The following sections discuss the timeline of molecular events following 

recoverable or severe and permanent acute IOP-induced injury. 
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8.7.2  Progression of Events Following a Sub-Critical IOP-Induced Injury to RGCs 

During acute elevated IOP, RGC axons exhibit mild to moderate dysfunction – 

impaired AT leads to accumulation of transported organelles in RGC axons [281, 305], 

and signs of early degenerative changes, such as swollen axons and mitochondria [305] 

are evident in the ONH.  Depending on the magnitude of IOP elevation, axonal pathology 

is accompanied by the loss of RGC-specific, or all, components of the ERG [154].  

Should the magnitude and duration of IOP elevation remain relatively mild, these changes 

begin to recover immediately following return of IOP to baseline.  

Components of the ERG that had been depressed during IOP elevation have been 

shown to recover within minutes upon return to baseline IOP, and nearly complete 

functional recovery has been observed following 1 hour [154].  Return of AT has been 

shown to occur on a similar timeline [305].  Radius and Anderson [305] demonstrated 

that accumulated organelles visible in the LC of monkeys following 30 minutes of IOP 

elevation had dissipated by 1 hour.  The results of the present experiments support this 

timeline, as there were no significant signs of anterograde AT disruption at 3 hours 

following IOP elevation.   

As early as 3 hours following elevated IOP, there was a shift from phosphorylated 

to dephosphorylated NF in the RGC axon (see Section 6.3.3), particularly in the region of 

the LC, a primary site of axonal stress in this injury model [130, 285, 331].  Although the 

effects of elevated IOP on expression of NF phosphoforms did not attain statistical 

significance, it is possible that sub-critical elevations of IOP initiate localized and 

transient activation of NF regulatory phosphatases.  Changes in NF expression and 

phosphorylation have been shown to occur prior to AT disruption following 3 hours of 
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continuous elevated IOP at 45 mmHg in pigs [157].  However, a longer duration of the 

same IOP elevation in rats was shown to have no lasting effects on AT [158].  Given 

these findings, it is feasible that, like AT, early changes in NF expression and 

phosphorylation that manifest within the first few hours following elevated IOP may be 

reversed over time.  The present study did not reveal any significant progression of NF 

dephosphorylation at the examined time points, however, it is possible that other 

combinations of IOP elevation and duration could demonstrate reversibility. 

Beginning as early as 24 hours following the insult, retinal microglia exhibit a 

delayed response to sub-critical IOP elevation.  In the present study, the number of 

microglia in the NFL and adjacent the inner limiting membrane was visibly increased at 

24 hours following 30 minutes of elevated IOP.  Liu and colleagues [436] made a similar 

observation, where the density of microglia in the inner retina of mice, as measured by in 

vivo confocal imaging, was increased by 35% from baseline, and microglial morphology 

had become predominantly ameboid, by 1 week following 30 minutes of elevated IOP 

above MAP.  By 4 weeks of recovery, microglial density had been reduced to only 15% 

above baseline, and microglial morphology had returned to a ramified form.  It is possible 

that a transient pattern of microglial activation would have been observed in the present 

study had examinations been extended to later time points.  The purpose of transiently 

activated microglia is unknown.  It is possible that microglia were initially recruited to, or 

induced to proliferate in, the retina in response to IOP-induced ATP release and other 

molecular stress signals [460], but the lack of structural degeneration did not encourage a 

pro-inflammatory phenotype or necessitate further microglial action.  Indeed, following 

focal cerebral ischemia in mice, local microglia and infiltrating macrophages initially 
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assume a “healthy” neuroprotective phenotype, characterized by reduced expression of 

pro-inflammatory cytokines and identified by the markers arginase-1 and CD206, but can 

transition to a detrimental pro-inflammatory phenotype in response to ischemic and 

degenerating neurons [461, 462].  Further research is warranted to identify the functional 

phenotypes of activated microglia in the retina and ONH following sub-critical IOP-

induced injury.   

There are few signs of IOP-induced damage or dysfunction beyond 1-2 weeks of 

recovery following sub-critical IOP elevations.  Abbott and colleagues [158] 

demonstrated no impairment of anterograde or retrograde AT at either 1 or 2 weeks 

following an IOP elevation of 50 mmHg for 8 hours in rats, nor was there any increase in 

microglial density.  The present studies demonstrated a significant disruption in 

retrograde AT between 3 and 14 days following elevated IOP, however, the effect was 

small and did not change over time.  As discussed in section 8.4, it is possible that 

retrograde AT function was reduced or lost in a population of selectively vulnerable 

RGCs (see section 8.8 for further discussion).  The concomitant lack of detectable 

anterograde AT disruption at early time points following 30 minutes of elevated IOP in 

the current study suggests that dysfunction of retrograde AT was driven by a mechanism 

other than anterograde deprivation.  Notably, retrograde AT has been shown to be more 

vulnerable than anterograde AT, with AT dysfunction progressing distally-to-proximally 

in two models of chronic elevated IOP [463].  Finally, Li and colleagues performed an in 

vivo longitudinal assessment of RGC dendrite morphology over time following various 

durations of acute elevated IOP and found no morphologic changes in RGC dendrites at 

any time point from 1 day, to as long as 2 months following elevated IOP [266]. 
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Taken together, these findings demonstrate that changes in RGC AT function and 

axonal and dendritic structure are relatively mild following sub-critical elevations of IOP, 

predominantly reversed within hours following return to baseline IOP, and rarely 

observed beyond 2 weeks of recovery.  Furthermore, delayed reactions of nearby 

microglia beginning between 24 hours and 1 week following elevated IOP appear to be 

transient, and are not associated with further RGC damage.  

 

8.7.3  Progression of Events Following a Critical IOP-Induced Injury to RGCs 

 Significant RGC loss was observed as early as 3 hours following 90 minutes of 

elevated IOP in the current study, reflecting either a traumatic and immediate loss of 

RGCs (i.e. significant structural damage), or a rapid down-regulation of Brn3a expression 

in RGCs under stress.  This finding compliments the pattern of ERG recovery upon 

reperfusion, where functional recovery, especially of RGC-specific components, is 

delayed and incomplete following IOP elevations severe enough to cause RGC loss [228, 

377].  Together, these findings demonstrate that an acute elevation of IOP that exceeds a 

critical threshold of injury can result in rapid cell loss and functional impairment in the 

retina (Figure 8.1 A). 
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Figure 8.1 Time Course of Degenerative Pathology in the Visual Pathway Following 

90 Minutes of Elevated IOP to 120 mmHg. Mechanical and ischemic stress due to 

elevated IOP leads to rapid and progressive functional and structural pathology in the 

retinal, ONH and ON.  A) Within 24 hours of elevated IOP, acute trauma to the retina 

results in damage and loss of RGCs, activation of microglia, and the initiation of an 

anterograde stress signal.  At the ONH, AT becomes impaired at the anterior LC, local 

microglia increase in number and enzymatic processes begin to alter the cytoskeleton.  B) 

In the following 1-3 days, Müller cells in the retina are activated and their glutamate 

regulation is impaired, while astrocytes become activated in the SC.  Structural 

degeneration progresses at all levels of the visual pathway and a both anterograde and 

retrograde AT continues to be impaired.  C) At 7 days and beyond, all retinal layers have 

significantly degenerated.  Severe degeneration of RGC axons leads to a reduction in ON 

volume. 
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Signs of RGC axonal trauma are also evident immediately following severe 

elevated IOP (Figure 8.1 A).  In the current study, RGCs exhibited somal accumulation of 

pNF beginning at 3 hours following elevated IOP, suggesting rapid traumatic and/or 

enzymatic axonal transection.  Both calpain activity and total retinal Ca2+ has been shown 

to be significantly elevated as early as 4 hours following acute elevated IOP [228].  Over-

activation of NMDA channels in response to a peak in retinal glutamate, demonstrated to 

occur 1-2 hours following transient elevated IOP above MAP [151, 464] may contribute 

to these early changes in retinal Ca2+.  Early calpain activity in the retina and ONH may 

lead to proteolysis of the RGC axonal cytoskeleton, effectively transecting axons, thereby 

initiating aberrant accumulation of pNF in the soma.  Calpain-dependent proteolysis may 

be facilitated by simultaneous IOP-induced phosphatase activation, leading to 

dephosphorylation of axonal NFs, although a comprehensive timeline of phosphatase 

activity following acute elevated IOP remains to be established.  Finally, aberrant 

phosphorylation of NF in the soma is executed through the activity of local protein 

kinases, such as CDK5.  In agreement with the presence of pNF+ somas at the 3-hour 

time point in the present study, conversion of the CDK5 regulator p35 to its deregulated 

version p25, which is associated with prolonged activation and mislocation of CDK5, was 

markedly apparent at 4 hours following 60 minutes of acute elevated IOP above MAP in 

another study [228].  Therefore, in addition to rapid RGC loss and functional decline, 

mechanical trauma and Ca2+-dependent enzymatic degradation lead to significant RGC 

axonal damage within hours following a critical elevation of IOP (Figure 8.1 A).  

Given the early structural pathology observed in RGC axons in this model, it is 

not surprising that AT is rapidly affected by acute elevated IOP. AT disruption is 
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observed in the ONH during the actual period of IOP elevation [131, 157, 225, 305, 391], 

and, while it appears to recover upon return to baseline IOP after sub-critical IOP 

elevation [158, 305], AT disruption following sufficiently high IOP for a longer time 

period that exceeds a critical threshold does not appear to exhibit any recovery.  It is 

likely that both the structural axonal damage and degeneration, as well as early Ca2+ 

deregulation [228, 465] and ATP deprivation [174, 177-179] during and following 

elevated IOP contributes to early, and persisting, AT disruption (Figure 8.1 A and B).   

While retrograde AT function in the proximal RGC axon, e.g. in the retina and 

ONH, has been shown to be rapidly impaired by acute elevated IOP [285], it is likely that 

AT dysfunction in the distal axon, as observed at later time points in the current study, is 

a product of insult and dysfunction in the proximal axon, and therefore occurs subsequent 

to proximal dysfunction.  In addition to failure of anterograde AT, early initiation of an 

anterograde, Ca2+- mediated stress signal may cause critical stress to the distal axon, 

leading to subsequent failure, or alteration of retrograde AT (Figure 8.1 A, B).  Indeed, 

the current study demonstrated a significant disruption of retrograde AT as early as 3 days 

following elevated IOP.  

 Many studies have demonstrated glial activation in the visual pathway in response 

to acute elevated IOP at 24 hours of recovery and later following return of IOP to baseline 

[60, 241, 248].  Although upregulation of GFAP in Müller cell radial processes in 

response to elevated IOP was not consistently observed in the present study, other studies 

have demonstrated an upregulation of Müller cell GFAP expression beginning between 

24 hours and 3 days following acute elevated IOP in rats (Figure 8.1 B; [60, 241, 466]).  

Müller cell activation at 3 days following acute elevated IOP has been associated with 
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impaired buffering of K+ [466].  Impaired buffering of K+ and other retinal substances by 

Müller cells [238] may in turn alter the homeostatic balance of the extracellular 

environment, furthering damage and degeneration of RGCs and other retinal neurons 

following acute elevated IOP.  Astrocyte activation in the ONH, as indicated by increased 

GFAP expression, has been observed beginning at 2 days following elevated IOP [241], 

and in distal RGC targets, i.e. the LGN and SC, beginning at 3 days ([60]; Figure 8.1 B).  

However, the effect of elevated IOP on ONH astrocytes is unclear.  On the other hand, 

studies of microglial activation following critical IOP-induced injury demonstrate 

increased microglial density and a transition to predominantly ameboid morphology in 

the inner retina of rats and mice beginning between 3 and 7 days following acute elevated 

IOP ([290, 467]; Figure 8.1 B and C).  Increased microglial processes in the inner retina 

were observed as early as 3 hours following 90 minutes of elevated IOP in the current 

study, demonstrating that microglia can be activated very shortly following IOP elevation 

(Figure 8.1 A).  Investigation of microglial activation at time points within the first 24 

hours following elevated IOP in the literature is lacking; however, microglial activation in 

response to focal cerebral ischemia exhibits a similar time of onset (3.5 hours) [468].  

Activated retinal microglia in the current study were primarily ameboid in morphology by 

24 hours of recovery.  The proportion of Iba1+ area in ONH regions increased from 3 to 6 

hours of recovery, and remained elevated at 24 hours (Figure 8.1 A).  Due to the 

significant degeneration in the retina, ONH, and ON observed following a critical 

elevation of IOP (Figure 8.1 A, B and C), it is likely that microglia assume a pro-

inflammatory and phagocytic phenotype.  Furthermore, given their importance in clearing 

cellular debris, activated microglia likely remain present in the retina, ONH and ON 
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throughout the duration of the degenerative process (Figure 8.1 C).  Indeed, an increase in 

activated Iba1+/ED1+ microglia was correlated with RGC axonal degeneration in the 

retina, ONH, ON, and optic tract over 6 weeks following induction of elevated IOP in the 

rat [61]. 

In the current study, RGC loss following elevated IOP for 90 minutes remained 

relatively constant over 3, 6, and 24 hours of recovery (between 30 and 40%); however, 

there was a significant drop in RGC survival by 7 days (98% loss) of recovery.  RGC loss 

in the first 6 hours following IOP-induced retinal ischemia has been shown to be 

primarily necrotic [469], whereas apoptotic cascades are activated between 4 and 24 

hours following reperfusion [469-472], and apoptotic RGC loss can continue for weeks to 

months [264, 471, 473].  This pattern of primary and secondary RGC loss is also present 

in other models of retinal ischemia [395].  

 As the injury progresses, degeneration in all retinal layers, the RGC projection 

(ON and optic tract), and RGC target tissues becomes more prominent (Figure 8.1 B and 

C).  In the current study the layered cellular appearance of the retina was lost by as early 

as 3 days following elevated IOP, and the majority of the cellular volume was lost 

between 7 and 14 days.  Individual axon bundle morphology was no longer visible in the 

ONH by 7 days, and the width of ONHs was visibly reduced by 14 days.  The brightness 

of accumulated CTB at the ONH was reduced over 7 and 14 days, which, due to the 

apparent structural degeneration, is likely due to a loss of tissue, accompanied by 

microglial phagocytosis, rather than a dissipation of the accumulated label.  These 

findings are in agreement with previous studies, where atrophy of the optic tract was 

apparent by 3 days following elevated IOP, demonstrating a reduction in cross-sectional 
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area by approximately 10%, progressing to 50% by 14 days [60].  Neurons in RGC target 

structures, such as the LGN and SC, exhibit reduced soma size and increased density 

beginning approximately 3 days to 1 week following elevated IOP [60].  Degeneration of 

the RGC soma, axon, and dendrites continues for months following cessation of elevated 

IOP [266].  

 

8.7.3  Summary of Time Course of IOP-Induced Pathology 

Integrating findings from the current study with those of previous research helps 

to elucidate a time course of many crucial events in the progression of retinal and ONH 

injury following both sub-critical and critical degrees of elevated IOP.  Furthermore, a 

comparison of changes in retinal, ONH, and ON structure and function between sub-

critical and critical IOP-induced injuries highlights processes and pathways that are 

unique to each injury severity, and in turn provides a greater understanding of pro-

survival and pro-degenerative events following transient elevation of IOP.  Table 8.2 

compares key events following sub-critical and critical elevations of IOP.  

Elevated IOP rapidly initiates a multitude of pathological pathways, many of which 

culminate in elevated intracellular Ca2+ in RGCs.  Retinal function is also acutely 

inhibited.  However, when IOP elevation does not exceed a critical level of insult, these 

dysfunctions and imbalances can be regulated and potentially reversed.  While some RGC 

axons exhibit long lasting AT dysfunction following even mild IOP insult, accumulation 

of transported organelles at the ONH and functional inhibition of the retina are 

predominantly resolved shortly after return of IOP to baseline.  Other transient responses, 

including delayed activation and recruitment and/or proliferation of retinal  
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Table 8.2 Comparison of Sub-Critical and Critical Elevated IOP-Induced Injury 

 

Sub-Critical/ Recoverable Injury Critical/ Permanent Injury 

 
• Complete recovery from transient 

inhibition of retinal function during 
IOP elevation 

 
• No significant RGC loss 

 
 

• Recovery of mild AT blockade and 
structural degeneration at the ONH 
upon return of IOP to baseline 

 
 

• NF dephosphorylation at the ONH  
 

 
• No significant structural degeneration 

over time in the retina or ONH 
 
 

• Retrograde AT dysfunction in the 
distal axon of some RGCs   

 
 

• Transient activation of microglia 

 
• Recovery of retinal function is 

incomplete or absent 
 

• Primary RGC loss by necrosis, 
secondary loss by apoptosis  

 
 

• Acute traumatic axonal transection in 
the retina and ONH, secondary axonal 
transection and degeneration from 
over activation of phosphatases and 
proteases  

 
 

• NF dephosphorylation at the ONH  
 
 

• Wallerian-like/ anterograde 
degeneration from the ONH 

 
 

• Anterograde and Retrograde AT 
dysfunction – anterograde AT 
blocked at the ONH, retrograde AT  
at the ONH and in the distal axon. 

 
 

• Aberrant expression of pNF in somas 
of transected, but persisting RGCs 

 
• No structural or functional recovery 

 
• Progressive atrophy throughout the 

ON, optic tract and target structures 
 
 

• Sustained activation of microglia 
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microglia, appear to be resolved by 4 weeks after elevated IOP, and no significant RGC 

loss is observed.   

Alternately, increased IOP exposure, either through a greater magnitude or longer 

duration of IOP elevation, can lead to increased trauma and prolonged homeostatic 

imbalance and metabolic deficiency that can exceed a critical threshold of insult, resulting 

in permanent and progressive RGC dysfunction, degeneration, and loss.  A marked 

increase in RGC membrane Ca2+ permeability through both direct and indirect 

mechanisms likely contribute to the rapid, and likely necrotic, initial loss of RGCs that 

occurs within hours of a critical IOP elevation.  It is possible that the RGCs that are 

initially lost represent a subgroup that exhibits greater susceptibility to elevated IOP 

insult.  Subsequent activation of apoptotic cascades and Ca2+-dependent protein 

phosphatases, kinases and proteases leads to progressive degeneration and aberrant 

expression of cytoskeletal proteins throughout the RGC soma, dendrites, and axon.  This 

is accompanied by sustained activation of microglia.   

 

8.8  Factors Underlying the Vulnerability of RGCs to Injury 

Selective loss of neuronal subsets is observed throughout many forms of 

neurodegeneration [474].  The factors and pathways that influence whether a neuron 

survives or dies in response to stress are complex and not fully understood.  RGCs show 

resilience and recovery following relatively mild insults, suggesting a critical threshold of 

damage.  Variability of the critical threshold throughout neuronal populations generates 

selective vulnerability.  Many findings of the current research are likely a reflection of 

selective vulnerability to acute elevated IOP within the RGC population, including rapid 
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loss of Brn3a expression in a proportion of RGCs; expression of pNF in a proportion of 

RGC somas, which was more prevalent in the peripheral retina; and an incomplete 

blockade of anterograde and retrograde AT.  The following sections discuss the concept 

of a critical threshold and what events might underlie a ‘tipping point’ in neuronal injury, 

as well as examples and mechanisms of vulnerability within the RGC population. 

 

8.8.1  Critical Threshold 

The critical threshold of damage in RGCs can be defined as the point at which the 

amount of cellular dysfunction in response to cumulative stress is no longer compatible 

with survival [303]. In modeling the transition from reversible dysfunction to irreversible 

degeneration, Porciatti and Ventura [303] proposed that single RGCs initially employ 

auto-regulatory mechanisms, to maintain normal function while exposed to sub-critical 

stress.  However, with continued stress, auto-regulation fails, and the cell switches to 

survival mechanisms. Without relief, survival mechanisms become progressively less 

effective at maintaining function until a point of critical dysfunction is reached, after 

which apoptosis is initiated and irreversible degeneration proceeds.  Notably, the critical 

threshold for irreversible damage, sometimes referred to as the ‘point of no return’ [475], 

has been shown to vary across the RGC population [476-478].  Such studies of selective 

vulnerability and critical thresholds are invaluable, as they provide clues regarding the 

origin of differential responses to injury, potentially enabling more accurate prognosis 

and treatment of degeneration due to injury or disease. 

The precipitating event(s) that mark the transition of RGC injury from a state of 

reversibility to permanence are not fully understood.  It is possible that the onset of AT 
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failure could mark a degenerative turn in RGC pathophysiology.  However, the earliest 

documented onset of AT failure in response to acute elevated IOP is 30 minutes following 

onset [305] – a duration of IOP-induced ischemia that is not associated with significant 

RGC loss [264, 305].  Furthermore, the observation that AT blockade can be reversed in 

some cases [281, 285, 305, 306] demonstrates a quality of impermanence that does not 

support AT failure as an ultimate predictor of RGC death; however, the associated 

pathology of AT failure, such as the loss of neurotrophic supply, has been suggested to 

stimulate a series of signaling events that leads towards apoptosis [479].  Nickells [475] 

has suggested that activation of BAX protein on mitochondria and the subsequent release 

of cytochrome C, an initiator of the intrinsic pathway of apoptosis [480], marks the point 

of no return in IOP-induced RGC death.  Similarly, Boehning et al. (2003) suggested that 

release of cytochrome C may be the precipitating factor that pushes a cell into a state of 

Ca2+ dysregulation and subsequent demise, as cytochrome C has been shown to bind to 

the inositol triphosphate (IP3) receptor on the sarcoplasmic reticulum and block 

autoregulation of Ca2+-induced Ca2+ release.  It should be noted that the aforementioned 

critical events are relevant to RGC death by apoptosis, whereas IOP elevations above 

MAP are likely to be accompanied by some degree of axonal trauma, after which necrosis 

is also likely to occur. 

 Saxena and Caroni [474] proposed that vulnerable neurons enter a state of 

mounting dysfunction, where hyperexcitability leads to Ca2+ dysfunction and 

accumulation of misfolded proteins, causing further stress and perpetuating the cycle of 

damage.  RGCs exhibit a spectrum of vulnerability to elevated IOP, the range of which 

shifts with the severity of the insult.  Figure 8.2 illustrates the relationship between  
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Figure 8.2 Latency to Reach a Critical Threshold of Injury in RGCs During 

Different Severities of IOP Elevation.  RGCs accumulate IOP-related damage at 

different rates, depending on the severity of elevated IOP.  When an RGC has met its 

injury threshold, damage is permanent and fatal.  In acute elevated IOP above MAP, a 

combination of mechanical and ischemic stress causes RGCs to rapidly approach their 

critical injury threshold.  RGCs exposed to acute elevated IOP below MAP approach their 

critical threshold at a slower rate, spending more time in the critical zone where reversible 

IOP-induced alterations of RGC physiology are at risk of becoming permanent.  RGCs 

exposed to chronic, low-level elevations of IOP accrue damage at a markedly slower rate, 

possibly never reaching their threshold of critical injury. 
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accumulating stress and dysfunction in RGC populations during varying severities of 

elevated IOP.  RGCs in each injury model reach their critical threshold for dysfunction 

over a range of time (cumulative stress).  During early stages of injury, when 

autoregulation is intact and normal function is maintained, the impact of variation in 

vulnerability is not significant.  As stress accumulates, variations in intrinsic responses 

will become more significant, causing the most vulnerable RGCs to reach the critical 

threshold for dysfunction at a faster rate than more resistant RGCs.  The range between 

vulnerable and resistant RGCs will theoretically expand with more mild injuries, as the 

time to critical dysfunction is increased.  With mild stress, some RGCs may never reach 

the critical threshold.  Should therapeutic interventions be employed prior to the point of 

critical dysfunction, recovery is possible.  While the linear relationships between stress 

and dysfunction illustrated in this model are an oversimplification, they are useful in 

demonstrating the dynamic range of RGC susceptibility to differing severity of insults.  

This spectrum of vulnerability is something that should be considered in studies of 

disease and injury progression, and is also relatable to other forms of neurodegeneration. 

 

8.8.2  Variations in Vulnerability Within the RGC Population 

Selective loss of subsets of neurons is a hallmark of many neurodegenerative 

diseases [474].  Evidence for selective vulnerability of RGC subtypes first arose in the 

late 1980’s in studies of experimental and human glaucoma [481, 482] and continues to 

be a common topic of investigation in studies of RGC dysfunction and loss [275, 278, 

423, 476-478, 483-485].  The relative susceptibility of RGCs to stress is likely a product 

of heterogeneity in both extrinsic and intrinsic influences (see Table 8.3).   
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Table 8.3 Extrinsic and Intrinsic Influences on RGC Selective Vulnerability 

 

Extrinsic Factors Intrinsic Factors 

 
• Proximity to compromised vascular 

supply [163, 486] 

• Position in the ON (peripheral vs. 

central) [163] 

• Position in axon bundles [163]  

• Presence or absence of glial support 

[216, 278] 

 
• Ca2+ dynamics in response to injury 

[485, 487, 488] 

• Ca2+ buffering capacity [478, 489-492] 

• Expression of excitatory and inhibitory 

receptors [477] 

• Metabolic expense of the neuron [484] 

• Expression of anti-apoptotic genes 

[493] 

• NF content of the neuron [478, 483] 
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 Differential susceptibility of RGCs to elevated IOP was first acknowledged in 

studies of experimental glaucoma in non-human primates, where large RGCs were shown 

to exhibit greater vulnerability than small RGCs [476, 481, 482].  Quigley and colleagues 

[481] attributed this finding to both the position of large axon fibres in the ON – a higher 

density of large fibres in areas where greatest damage was observed – as well as an 

inherent susceptibility to chronically elevated IOP.  However, although other 

investigators have reproduced this finding [477, 494], there is no consensus on size-

related vulnerability to elevated IOP in RGCs, as other studies have shown equal loss of 

small and large RGCs [495] and even greater susceptibility of small RGCs [484, 496].  

Interestingly, small and large RGCs appear to be genetically distinct in many pathways 

important for survival, such as cell adhesion, synaptic transmission, and ion transport, 

among others [497].  Further research is needed to determine the impact of genetic 

variability on the susceptibility of RGCs to stress. 

 Despite the uncertainty of size-related vulnerability, selective dysfunction and loss 

of RGCs is a consistent phenomenon in IOP-induced insults.  AT function in RGCs 

appears to drop off on an axon-by-axon basis in response to elevated IOP [283, 331, 362, 

498].  Quigley and Anderson [283] observed an incomplete block of anterograde AT in 

owl monkeys in response to acute elevated IOP.  Concurrent EM analysis revealed that, 

rather than an incomplete block in all axons, there were some axons that exhibited 

accumulation of transported organelles, while adjacent axons appeared normal.  Selective 

AT blockade has since been observed in other studies of elevated IOP in non-human 

primates [330, 331, 362], mice [274], and rats [217].  In the present study, retrograde and 

anterograde AT blockade in response to elevated IOP was incomplete.  It is possible that 
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AT function was lost in selectively vulnerable RGCs, whereas more resistant RGCs 

maintained AT function, accounting for the reduction, but not elimination, of CTB AT. 

 An obvious extrinsic influence on RGC survival during elevated IOP is the 

topographical heterogeneity in exposure to vascular and biomechanical insult in the retina 

and ONH.  As noted in section 8.3.2, species-specific variation in vascular anatomy at the 

ONH is associated with different topographical patterns of RGC.  Similarly, RGC axons 

in the periphery of the ON have been suggested to experience proportionally more 

biomechanical strain than those in the middle of the ON [217, 481].  Position-dependent 

vulnerability was further demonstrated by Quigley and colleagues [163] as axons in the 

centre of individual axon bundles were proposed to experience greater vascular 

insufficiency, whereas those in the periphery experienced greater biomechanical strain.  

Specifically, greater AT blockade and structural deformities were observed in peripheral 

axons in 47% of bundles, while the remaining bundles exhibited a uniform distribution of 

pathology [163].  Notably, acute elevation of IOP above MAP provides a considerably 

different insult to RGCs than chronic, low levels of elevated IOP, and this is reflected in 

the differing patterns of topographical RGC loss in the retina: chronic elevated IOP often 

causes progressive RGC loss beginning in the periphery [141, 478, 481], while acute 

elevated IOP, as observed in the present experiments, does not [499].  Finally, survival of 

RGC axons in the ONH is tightly linked with the functions of local astrocytes [237].  It is 

possible that, should ONH astrocytes experience localized IOP-induced stress, they could 

in turn exhibit localized dysfunction, causing further stress to neighbouring axons. 

 Intracellular Ca2+ dynamics appear to have a determining influence on whether 

neurons survive or die in response to acute stress.  Spinal neurons that recover normal 
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cytosolic Ca2+ levels within 1 to 2 hours following a mechanical injury-induced Ca2+ 

spike have been shown to be protected from later degeneration, and this critical window 

of reversal likely extends beyond 4 hours following injury [487].  A similar phenomenon 

is observed in cultured RGCs, where a transient exposure to glutamate can induce a 

recoverable spike in intracellular Ca2+ in some RGCs, where as others exhibit a prolonged 

loss of Ca2+ homeostasis, termed ‘delayed Ca2+ deregulation’, even after glutamate 

washout [485].  RGCs exhibiting Ca2+ deregulation died, while those that recovered 

baseline Ca2+ concentrations were spared [485].  As glutamate dysregulation has been 

implicated in retinal pathology following acute elevated IOP above MAP [151], it is 

plausible that differential Ca2+ dynamics had a role in the selective functional and 

structural pathology observed in the present experiments. 

 Interestingly, the NF content of RGCs appears to impact their vulnerability to 

elevated IOP.  Vickers and colleagues [478] described proportionally greater loss of 

RGCs in the monkey retina that had exhibited strong non-phosphorylated NF expression 

in their somas.  Further analysis revealed a dichotomous pattern of NF expression that 

appeared subtype-specific – large RGCs in the periphery were more likely to exhibit 

strong NF labelling and were more susceptible to damage, whereas a population of 

smaller RGCs in the central retina exhibited weaker NF expression and were less 

susceptible to damage [478].  In agreement with those findings, somal expression of non-

phosphorylated NF has been associated with greater dendritic atrophy in a mouse model 

of chronic elevated IOP [483].  Furthermore, NF expression has been closely linked to 

RGC survival following elevated IOP in other studies of elevated IOP [274, 275] and 

RGC axonal injury [423].  In the present experiments, somal accumulation of pNF 
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appeared to occur in a subset of resistant RGCs, however, only after injury.  From these 

findings it is clear that NF expression is associated in some way with the survival of 

RGCs in response to stress, however, the mechanism(s) and meaning behind this 

phenomenon remain to be elucidated.  

 Numerous studies have demonstrated that, in comparison to other RGC subtypes, 

melanopsin-expressing RGCs are more resilient to various retinal and optic nerve insults 

in rodents [425, 500-504], and in different forms of optic neuropathy in humans [41, 43, 

505, 506].  Interestingly, Rovere and colleagues [502] demonstrated that melanopsin 

expression in ipRGCs is rapidly downregulated in response to stress but returns over time 

in surviving ipRGCs, suggesting that melanopsin expression alone may not always be an 

accurate reflection of ipRGC viability.  The mechanism underlying the robustness of 

ipRGCs remains to be defined, but may be related to the selective expression of phospho-

Akt [507] and/or pituitary adenylate cyclase-activating polypeptide [508], which have 

both been shown to promote the neuronal survival [507-509]. 

 In addition to structural phenotype-associated vulnerability in RGCs, there is also 

evidence that physiological subtypes of RGCs exhibit differential susceptibility to IOP-

induced damage.  Physiologically identified Y-cells in the cat retina, which are 

morphologically large RGCs, have been shown to be less functionally susceptible to acute 

elevated IOP than X-cells [510, 511], contradicting initial reports of the relative 

vulnerability of large RGCs [476, 481, 511].  ON-RGCs have been reported to be more 

susceptible to elevated IOP-induced dendritic shrinkage[483, 510] and functional changes 

[478]; however, OFF-transient RGCs were fastest to exhibit structural and functional 

decline in a similar study [261].  The mechanisms behind differential vulnerability of 
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RGC physiological subtypes remain to be described.  It is possible that differential effects 

of elevated IOP on retinal neurons upstream of RGCs in the ON and OFF pathways may 

play a role [510]. 

Finally, differential expression of excitatory and inhibitory receptors in RGC 

subtypes may predispose vulnerability to some insults [512].  Acute elevated IOP has 

been shown to disrupt homeostatic maintenance of extracellular ions [151, 294], creating 

an altered retinal environment and impacting RGC physiology.  Osborne and colleagues 

[133] suggested that differing susceptibility to IOP-induced insult in RGCs may be a 

reflection of their receptor profile, i.e. an RGC expressing a given number of excitatory 

receptors may be more susceptible to an excitotoxic environment than an RGC expressing 

the same excitatory receptors in addition to inhibitory receptors.  Some studies have 

indeed reported cell-type variation in the expression of excitatory and inhibitory receptors 

in RGCs [513, 514].  Moreover, the temporal progression of RGC loss in response to 

chronic elevated IOP in rats varies depending on the type of glutamate receptor expressed 

[477], and large RGCs have exhibited greater susceptibility to kainate than to NMDA, 

while the opposite was observed in smaller RGCs [515].  

 

8.9  Limitations 

8.9.1  Sample Size 

The most notable limitation in the present studies, and one that is common to 

many in animal research, was that of a small sample size.  The greatest factor influencing 

sample size was the complexity of the experimental design.  A two-by-three factorial 
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design (two insult severities and three recovery time points) was used in both retrograde 

and anterograde AT studies.  Time course experiments such as these are valuable for 

elucidating the progression of pathological responses; however, they are also time-

consuming and labour intensive, making the inclusion of many animals in each group 

difficult.  As variation was a persistent issue in the present data, larger samples sizes 

would likely have been beneficial. 

 

8.9.2  Tracer Uptake Dynamics 

The time course of tracer uptake should be considered when examining AT 

function. AT function along the ON was analyzed by calculating the difference between 

control and experimental CTB intensity.  Consequently, an increasing difference in CTB 

intensity between control and experimental ONs may have reflected either a true, 

progressive impairment of AT, or that CTB intensity in the control nerve was increasing, 

while AT disruption in the experimental nerve remained constant.  Indeed, the amount of 

CTB in the control ONH and ON appeared to be increasing over 3, 6, and 24 hours 

following elevated IOP.  Therefore, although it is clear that AT was disrupted following 

elevated IOP, the rate of progression of AT disruption over the first 24 hours after 

elevated IOP may have been impacted by the compressed time scale.  Similarly, it is 

possible that the AT disruption inferred from the measured difference in intensity 

between experimental and control ONs may be a persistent underestimation. 
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8.9.3  Sources of Error in Fluorescence Quantification 

IHC was used to examine changes in RGC function, structure, and survival, as 

well as glial activation in the retina and ONH following elevated IOP.  Brn3a+ and Iba1+ 

cells, which were automatically traced in ImageJ, were quantified by number and area, 

respectively; consequently, Brn3a and Iba1 analyses were not dependent on the intensity 

IHC labelling.  The same was true for manually identified pNF+ somas in whole-mounted 

retinas.  However, GFAP, pNF, and nonpNF labelling in the ONH was quantified based 

on fluorescence intensity.  Both IHC and quantitative fluorescence are vulnerable to 

sources of error.  Numerous variables can affect IHC labelling, including antibody 

specificity; variations in concentration, blocking procedure, and incubation time; and 

other factors which influence antibody exposure and tissue permeability.  Furthermore, 

quantitative fluorescence can be affected by variations in imaging conditions.  For these 

reasons, significant measures were taken to ensure minimal procedural variability 

between experiments, appropriate controls were included when necessary, and control 

and experimental ONHs and ONs were imaged under identical conditions.  Additionally, 

GFAP, pNF and nonpNF labelling intensity was normalized to the pre-LC value within 

each section to eliminate artifactual variation in labelling intensity between control and 

experimental tissue.  However, while internal normalization preserved the relative 

changes in labelling distribution within each ONH section, the relative differences 

between control and experimental intensity may have been altered by the assumption that 

the pre-LC intensity values were equal.  CTB fluorescence was not subject to the 

limitations of IHC and therefore did not require the same internal normalization, however 
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control and experimental ONs were imaged in the same image frame, and all CTB ONHs 

were imaged under the same excitation parameters.  

 

8.9.4  Phospho-Specific Antibodies 

NF phosphorylation in the ONH was examined by comparing labelling intensity 

between pNF and nonpNF.  In immunological investigation of phosphorylation, it is 

valuable to test antibodies for their phosphoform specificity.  Pre-treatment of tissue with 

alkaline phosphatase causes global protein dephosphorylation, which should abolish 

labelling from antibodies specific to phosphorylated epitopes and may increase labelling 

from antibodies specific to dephosphorylated epitopes.  The absence of these tests was a 

weakness in the present experiments; however, the specificity of 2F11 (for pNF) and 

SMI-32 (for nonpNF) antibodies has been previously confirmed [416, 516, 517].  The 

presence of pNF+ RGC somas in severely injured retinas, and not in healthy retinas, was 

also supportive of its efficacy at detecting NF in its phosphorylated form. 

 

8.9.5  CTB and Inflammation 

CTB was injected either intravitreally or into the SC in all animals in the AT 

experiments, however the effect of CTB itself on retinal and ON physiology was not 

evaluated.  It is possible that the contralateral increase in microglia observed in the 

anterograde AT experiments was an inflammatory reaction to the CTB tracer, rather than 

a contralateral effect of elevated IOP.  Information regarding the immune tolerance of 

CTB in rats is lacking, however, some studies have noted potent immunomodulary effects 
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of CTB in cell culture [518-520].  In future studies using CTB, including a control group 

where one eye receives CTB application and the other remains naïve may be beneficial.    

 

8.10  Conclusions and Future Directions 

This work has provided insight into the sub-cellular responses of RGCs and 

surrounding glia to acute IOP-induced stress, and how such responses relate 

spatiotemporally following sub-critical (30-minute) and critical (90-minute) durations of 

elevated IOP.  Additionally, tracer characterization experiments provided new knowledge 

regarding the use of RITC and fluorescently conjugated CTB in the rat visual pathways.  

RGCs were shown not to exhibit transient dysfunction following 30 minutes of elevated 

IOP, while dysfunction and degeneration following 90 minutes of elevated IOP was 

progressive and permanent.  These findings implied that RGCs rapidly attain a level of 

critical injury in response to elevated IOP above MAP, with a preceding window of 

dysfunction being either short or absent.  The response of retinal microglia was 

commensurate with the severity of IOP insult and degree of RGC damage, and was 

spatially related to regions of significant RGC degeneration (e.g. the IPL), prompting the 

suggestion that microglial activation might be a useful indicator of the degree of RGC 

damage in future studies of RGC pathology.  Furthermore, microglial activation in ONH 

regions posterior to the LC showed contrasting patterns of spatiotemporal progression, 

depending on the duration of elevated IOP.  Retinal and ONH GFAP expression was 

primarily unaffected by elevated IOP.  Reference to previous studies [60] indicated that 

this was likely an issue of timing, as most reports of GFAP elevation have occurred 

beyond 24 hours following elevated IOP insult.  Integration of the present findings with 
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those of previous studies suggested that RGC dysfunction and structural damage is 

recovered in hours and transient microglial activation is resolved in weeks following a 

subcritical elevation of IOP.  Conversely, a critical elevation of IOP causes rapid (within 

24 hours) degenerative cascades in the proximal axon and soma of RGCs, involving AT 

dysfunction, cytoskeletal degeneration, and microglial activation.  This is followed by 

dysfunction and degeneration in the distal axon, as well as changes in Müller cells and 

astrocytes throughout the RGC projection between 1 and 3 days following the insult, and 

severe RGC loss and axonal atrophy by 7 days.  Selective loss of some RGCs 

immediately following the critical insult, as well as somal pNF expression in some RGCs 

and not others, suggested heterogeneity of vulnerability to acute elevated IOP across the 

RGC population that may be sub-type specific.  Finally, contralateral activation of retinal 

and ONH microglia suggests that elevated IOP in one eye can cause pathological 

responses in the fellow eye, which has been supported in previous studies [245, 251].  

Further details and ideas for future studies are presented in the following paragraphs. 

The characterization studies of CTB and RITC in this thesis have improved 

practical knowledge regarding their utility in rat RGCs, as well as other AT-dependent 

neurons.  The time course studies provided updated estimations of CTB and RITC 

transport rates that will enable the accuracy of their use in future studies of AT.  

Qualitative assessments of CTB in the retina, ONH, and ON confirmed CTB tracing as a 

suitable method of assessing anterograde and retrograde AT function in RGCs, with 

advantages over RITC, and a reliable method of obtaining bright and complete labelling 

throughout all RGC compartments in morphological studies.  
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The ONH was confirmed as a major site of AT blockade following elevated IOP. 

In primate studies of elevated IOP, AT blockade has been hypothesized to coincide with 

the structural LC [283, 362, 521].  However, as discussed above, accumulation of 

transported material in rats is more closely associated with the unmyelinated region of the 

retrobulbar ON [130].  This suggests a unique vulnerability of this region to AT 

disruption, and warrants further investigation into the causative mechanisms.  Few studies 

have focused on the unique physiology and pathophysiology of the unmyelinated ONH; 

however, Fu and Sretavan [522] have demonstrated that glutamatergic presynaptic 

machinery accumulates specifically in the unmyelinated region of the ONH in mice 

exposed to elevated IOP, and that this is accompanied by localized glutamate release, 

which could in turn exacerbate regional dysfunction.  Further characterization of the 

mechanisms underlying the vulnerability of the unmyelinated ONH is indicated, and may 

facilitate the development of treatments to fortify this region and protect RGC axons 

during or following acute or chronic IOP elevations.  Experiments examining AT 

function and blockade in various conditions of myelination may also be useful.   

The present findings also suggest that AT function in the distal RGC axon can be 

concurrently affected by acute IOP-induced stress to the proximal axon and soma.  This 

raises the possibility that acute elevated IOP initiates an anterograde damage signal that is 

capable of rapidly disrupting retrograde AT function in the distal axon.  Such a signal 

could represent either the propagation of a wave of ion disruption, such as a Na+ or 

Ca2+[393], or a change in, or disruption of, anterograde AT that negatively impacts the 

initiation of retrograde AT [321, 463].  Anterograde stress signalling may also play a role 

in the response of the contralateral eye to elevated IOP, as microglia in the contralateral 
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eye and ONH showed signs of activation by 24 hours following elevated IOP in the 

fellow eye.  It is possible that IOP-induced stress signals may be conveyed trans-

synaptically at target structures [60], or via the retino-retinal projection [449, 450].  

Experimentally interfering with anterograde communication at different locations in the 

RGC projection, and at different times, during or following elevated IOP – perhaps by 

inhibition of Na+ influx, and therefore consequent Ca2+ waves, with tetrodotoxin [523], by 

inhibiting the reversal of the Na+/Ca2+ exchanger [524, 525], by blocking IP3-gated Ca2+ 

channels [393], or by localized application of lidocaine to interfere with transport [526] – 

may help to clarify the origin of the contralateral response. 

 The primary goal of the this thesis was to examine how RGCs and surrounding 

glia in the retina, ONH, and ON respond over time following a transient elevation of IOP, 

with the hypothesis that there would be some initial, acute dysfunction, followed by a 

pattern of recovery over time.  However, there was little evidence of any reversible AT 

disruption, neurofilament changes, or glial activation following the 30-minute insult, 

despite its proximity to a critical duration of injury (e.g. 45 minutes [396]).  In fact, AT, 

NF, and glial pathologies were primarily absent following the 30-minute insult, while all 

were present as early as 3 hours following the 90-minute insult.  These findings suggest 

that RGCs rapidly transition from a functional state to permanent dysfunction and 

degeneration over a narrow time window once the duration of elevated IOP becomes 

critical.  Notably, reversible changes in AT function and axonal structure have been 

primarily reported following elevations of IOP that do not cause global ischemia [285, 

305, 306], suggesting that the involvement of reduced or blocked perfusion in elevated 

IOP may shorten or eliminate the critical window of dysfunction that has been 
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hypothesized to precede irreversible structural degeneration in IOP-induced RGC death 

[303].  Further investigation is needed to identify the spatiotemporal onset of critical 

events that are associated with the determination of death in RGCs.  Such studies may 

benefit from employing a magnitude of IOP elevation just below the MAP to allow 

pathological events to expand temporally, facilitating the determination of their respective 

temporal onsets with more accuracy.  Once a critical point, or window, is characterized, 

focused comparative studies of gene and protein expression, as well as signalling 

pathways before, during, and after the critical point could help to reveal cellular events 

essential to the transition from reversible dysfunction to structural degeneration.   

Expression of NF and microglial markers in the present studies appeared to be 

associated with the degree of structural degeneration in the tissue.  It was suggested that 

these markers could be used as in vivo indicators of RGC damage in experimental studies, 

with possible translatability for tracking human diseases of RGC death.  Indeed, in vivo 

imaging of GFP-labelled microglia in mouse retina has demonstrated that the degree of 

microgliosis is negatively correlated with the density of surviving RGCs following optic 

nerve crush and acute elevated IOP [436].  Although in vivo labels of NFs remain to be 

developed, serum pNF shows promise as a non-invasive indicator of retinal and ON 

damage [433].  It will be interesting to determine whether serum levels of pNF can 

accurately predict the degree of RGC damage in various models of elevated IOP, and if it 

also holds prognostic value in glaucomatous disease. 

The time span over which a given population of RGCs succumbs to IOP-induced 

stress depends on both the severity IOP insult, measured by the duration and magnitude 

of elevated IOP, as well as the range of vulnerability throughout the RGC population.  
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Selective vulnerability of RGCs was apparent in the current study, indicated by the rapid 

loss of select RGCs, and aberrant expression of pNF in the somas of others.  Further 

investigation of selectively vulnerable RGC populations will help to identify unique 

features that are associated with either vulnerability or robustness, and may help in the 

development of new neuroprotective strategies, as well as our understanding of RGC-

related disease progression.  Recent publications have begun to address this [477, 527, 

528]. 

 Overall, this thesis has demonstrated how RGCs recover following a transient 

elevation of IOP above MAP, and how the responses of RGCs and glia are different 

depending on the duration of IOP elevation.  Comparing the observations of RGC 

function and structure between the 30-minute and 90-minute insults, two conclusions can 

be drawn regarding the resiliency of RGCs to acute elevated IOP: 1) that RGCs exhibit 

impressive resiliency to sub-critical elevated IOP, and 2) that once a critical duration of 

elevated IOP is reached, RGC dysfunction and degeneration is rapid and inherently 

irreversible.  These findings highlight the importance of identifying critical events in 

RGC injury, and the cumulative stresses that lead to them, for the purpose of developing 

methods of preventing or reversing RGC damage in injury and disease.  
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