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Summary 

Glaucoma is the leading cause of irreversible blindness worldwide. It is characterised by 

progressive degeneration and loss of retinal ganglion cells (RGCs) and their axons. Despite ocular 

hypertension (OHT) being the major and only treatable risk factor, increasing evidences suggest 

that nicotinamide adenine dinucleotide (NAD+) age related decline may exacerbate neuronal 

vulnerability to glaucomatous damage. 

NAD+ is an important metabolite, central to neuronal health and energy metabolism. RGCs due 

to their compartmentalised structure and function are among the most energy consuming 

neurons of the central nervous system (CNS), and rely on mitochondria to fulfil their energy 

requirements. Reduced NAD+ bioavailability has an impact on mitochondrial functions, affecting 

mitochondrial ability to produce ATP, increasing at the same time oxidative stress and 

inflammatory reactions. This leads to an altered cellular homeostasis which influences RGCs 

degeneration.  

Here we show that nicotinamide adenine mononucleotide (NAM) supplementation, a precursor 

of NAD+, can mitigate RGC dendritic atrophy in ex vivo retinal explants and in vivo following 

induction of unilateral OHT. NAM enrichment maintained RGCs cellular homeostasis, restoring 

energy metabolism and cellular antioxidant capacity, which were lost in untreated OHT models. 

Proof of concept experiments explored whether overexpression of NMNAT2, the rate limiting 

enzyme of the salvage pathway, could enhance RGCs survival.  

These findings suggest that supporting energy metabolism can reduce RGCs vulnerability to 

glaucomatous damage. Preserving RGC integrity is pivotal to visual functions, and considering 

the ongoing nicotinamide trials, these data further confirm the significant neuroprotection that 

can be achieved with NAD+-related therapies.   
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1 Introduction 

1.1 The retina 

Despite its external location, due to its embryological origin, the retina is part of the central 

nervous system (CNS). Consistent with its neural identity, the retina comprises complex neural 

networks that convert electrical activity and action potentials into visual information that travel 

through the optic nerve to the designated brain areas (lateral geniculate nucleus (LGN), superior 

colliculus (SC) and visual cortex) (Armstrong and Cubbidge, 2019, Gregg et al., 2013).  

Five distinct classes of neurons populate the retina: photoreceptors, horizontal cells, bipolar 

cells, amacrine cells and retinal ganglion cells (RGCs). Somas and processes of these neurons are 

structurally organised in five layers. The cell bodies are located in the outer nuclear layer (ONL), 

inner nuclear layer (INL) and ganglion cell layer (GCL), while the processes and synapses sit in 

the outer plexiform layer (OPL) and inner plexiform layer (IPL) (Dowling, 1987). Along with the 

neuronal population, glial cells – Müller cells, astrocytes and microglia – provide metabolic, 

structural and functional support to the neuronal retina (Fig. 1.1) (Karlstetter et al., 2015, Pfeiffer 

et al., 2016). 

Each retinal cell has a specific function, which contributes to the transfer of visual information 

from the eye to the brain.   

The retinal pigment epithelium (RPE) is formed by a single layer of retinal pigment epithelial cells 

which absorb the light and participate in photoreceptor outer segment homeostasis (Boulton 

and Dayhaw-Barker, 2001). The photoreceptors, rods and cones, modulate the first step in the 

conversion of light stimuli into electrical signals, which are then further processed by horizontal 

cells. Horizontal cells modulate and integrate the output photoreceptors signal. Bipolar cells, the 

main retina interneurons, form the main pathway from photoreceptors to retinal ganglion cells 

(Grünert, 2009). Bipolar cells synapse with amacrine cells within and below the ganglion cell 

layer to create a signalling loop between bipolar cells and retinal ganglion cells and bipolar cells 

and photoreceptors (Dowling, 2015).  

Finally retinal ganglion cells summate information from the outer retina within the inner 

plexiform layer. If the change in membrane potential is sufficient, they will generate an action 

potential for transmission to visual centres within the CNS.   
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RGC degeneration and loss underpin vision loss in  glaucoma, one of the commonest causes 

globally of vision loss. Their protection and repair is the subject of this thesis.     

 

Figure 1. 1. Schematic retinal structure. 

1.2 Retinal ganglion cells 

1.2.1 Structure and function 

RGCs are the output neurons of the retina and their main function is to process and convey 

visual information to the visual centres of the brain. There are approximately 1.2 millions RGCs 

in the human retina (Kim et al., 2021), and around 82,800 to 89,200 in the rat depending on 

strain and pigment (Salinas-Navarro et al., 2009), with both human and rodent RGCs distributed 

within the retina following a central-peripheral gradient (Sernagor et al., 2001). In the human 

retina, the RGC layer is more than one RGC thick, forming the macula, an area of high RGC 

density to manage the outputs from the centrally located fovea.  

RGC cell bodies lie in the GCL, while their broad and intricate dendritic trees extend their 

branches in the IPL where they form synapses. RGCs excitation is glutaminergic while the lateral 

inhibitory pathway depends on GABA and the release of glycine from amacrine cells (Kolb H., 

1995). Unlike any other CNS neuron, RGCs receive synaptic inputs on the actual dendrite shaft, 
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with a Gaussian distribution of synaptic connections which determines the RGC receptive field 

(Marshak, 2009).  

RGCs axons form the retinal nerve fibre layer lying on the inner retina; they exit the retina at the 

optic disc. Then these axons, when they travel trough the lamina cribrosa, bundle together to 

form the optic nerve and become myelinated (Boiko et al., 2003).  

1.2.1.1 Subtypes 

RGCs are classified according to morphology, gene expression, spacing and physiological 

properties. Following these parameters at least 30 different subtypes have been classified based 

on their morphology (Sanes and Masland, 2015) and many more based on their transcriptomic 

profile (Huang et al., 2022).  
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Figure 1. 2. Rat RGCs classification based on dendritic morphology. From (Sun et al., 2002a) 

One of the most basic RGCs classification is as ON, OFF or ON/OFF. ON and OFF characterization 

is not only functional, based on the synaptic connection with ON and OFF bipolar cells 

respectively, but it also based on the morphology of the dendritic arbour. ON RGCs spread their 

dendrites in the sublamina b of the IPL, while OFF in the deeper sublamina a. ON/OFF RGCs are 

bistratified, with one layer of dendrites branching in each lamina (Fig. 1.3). Some authors suggest 
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that due to their high energy demand ON RGCs are more susceptible to damage (Sanes and 

Masland, 2015), but this is controversial and is still debated (VanderWall et al., 2020).   

 

Figure 1. 3. RGC classification based on dendritic arborization depth in the IPL.  

Although the variation in RGC dendritic configuration would suggest a random distribution of 

cell types (Fig. 1.2), RGCs dendritic trees are organised so that each type tiles with cells of the 

same class to cover the retina. This process is part of RGCs development and their spatial 

distribution become stable once they mature (Parrish et al., 2007, Koleske, 2013, Jan and Jan, 

2010, Lin et al., 2020). The way in which RGCs spread their dendrites is defined by the relation 

with their neighbouring cell (Wässle et al., 1981). The tiling can be space filling and slightly 

overlapping or space filling and self avoiding, all as a function of the distance with the adjacent 

cells in order to ensure the best coverage (Fig. 1.4 a-d) (Reese and Keeley, 2015).   

a b c d

 

Figure 1. 4. Principle of retinal mosaic. a) Example of dendritic tiling; b) space filling and overlapping tiling; 

c) space filling and self avoiding tiling; d) graphical representation of dendritic field coverage modulated 

by a combination of b) and c).  From (Reese and Keeley, 2015) 
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1.2.2 Energy metabolism 

RGCs possess an active metabolism which renders them vulnerable to energy insufficiency. In 

addition to that, their compartmentalised structure into dendrites, soma and axon, with 

different functions and locations along the retinal layers, makes these neurons energetically 

more complex. The variation in energy requirements within a cell is reflected by the uneven 

mitochondrial distribution which reflects the energy demand of each component (Liu and 

Prokosch, 2021).   

1.2.2.1 Dendrites 

RGC dendrites, located in the IPL, are the site where input signals are collected and integrated 

before an action potential can be initiated at the axon hillock (Yu et al., 2013). This process 

imposes a high energy demand on the RGC and makes them as major consumers of ATP (Casson 

et al., 2021). Although the IPL has a low oxygen tension, the oxygen consumption rate is very 

high because RGCs dendrites rely almost exclusively on oxidative phosphorylation (OXPHOS) for 

the generation of ATP (Chidlow et al., 2019). However, when oxygen supply is very limited ATP 

can be also generated via anaerobic glycolysis (Viegas and Neuhauss, 2021).   

1.2.2.2 Soma 

RGC somas sit in the GCL and are the place where all RGC organelles, including mitochondria, 

are synthesised (Yu et al., 2013). In contrast to dendrites, RGC somas have a relative low oxygen 

consumption (Yu and Cringle, 2001), but this low oxidative profile may sound contradicting 

considering the large amount of mitochondrial proteins and histochemical evidence of 

cytochrome c oxidase activity (Yu et al., 2013, Casson et al., 2021). RGCs can use more than one 

substrate to fulfil their energy requirements. Although glucose is the preferred fuel source, 

pyruvate and lactate can be used as well. That strategic flexibility is what guarantees RGCs to 

remain viable under different condition, and preserves intact functions even in adverse 

circumstances. If that adaptability would not be possible that would have devastating effects on 

the entire cell (Munemasa and Kitaoka, 2012, Casson et al., 2021, Country, 2017).  

1.2.2.3 Axons 

RGCs axons connect the eye to the brain and comprise 80% of an RGC by volume (Curcio and 

Allen, 1990). RGCs axons have a location-based myelin distribution which defines their energy 

requirements, with unmyelinated intraocular portion and myelinated fibres when they exit the 
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lamina cribrosa. The absence of myelin, and the consequent lack of saltatory conduction, places 

the axon confined in the intraocular portion (NFL and ONH) in high energetic need (Ito and Di 

Polo, 2017). Indeed, mitochondria density is higher in that portion in order to maintain a stable 

membrane potential (Neishabouri and Faisal, 2011). In contrast, when the axons exit the lamina 

cribrosa they become myelinated and competent of saltatory conduction, whose speed is a 

direct function of fibre diameter, myelin thickness, and internode distance (Cragg and Thomas, 

1957, Brill et al., 1977, Waxman, 1980). This acquired “electrical efficiency” drastically reduces 

the energy demand, as the decreased cytochrome c oxidase levels have confirmed (Kageyama 

and Wong-Riley, 1984).  

1.2.3 Vulnerability  

RGCs as a result of their high energy requirements, lives on a metabolic knife edge. This 

metabolic challenge is aggravated by RGCs compartmentalised energy needs. In a physiological 

state, mitochondria can keep up with RGCs ATP requirements but, with aging and increased 

production of reactive oxidative species (ROS), RGCs become more vulnerable and prone to 

damage (Baltan et al., 2010). For this reason, moderate alterations to the cellular environment 

can degrade RGC viability. For example, the elevation of eye pressure (ocular hypertension, OHT) 

can compromise RGC health, even at low levels of elevation. OHT is one of the major risk factor 

for developing glaucoma (Smith, 1879, Coleman and Miglior, 2008), and the inducible glaucoma 

related factor in this project, therefore it will be extensively discussed throughout this 

dissertation.  

1.3 Glaucoma 

1.3.1 Aetiology 

Glaucoma defines a group of optic neuropathies characterised by the progressive and selective 

loss of RGCs and their axons which ultimately leads to vision loss (Weinreb et al., 2014). 

Glaucoma remains the leading cause of irreversible blindness worldwide, estimated to affect 

around 80 million people, which is expected to increase to 111.8 million by 2040 (Tham et al., 

2014). Glaucomatous optic neuropathies are generally associated with increased intraocular 

pressure (IOP), referred as OHT, where the IOP raises above the normal range 11 – 21 mmHg 

(Hollows and Graham, 1966). Glaucomatous damage can also progress in the absence of OHT, 

with IOP in the normal range, which in that case is referred as normal tension glaucoma (NTG) 

(Jonas et al., 2017). Besides NTG, glaucomas can be divided into two main categories which 
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modify the aqueous humor outflow pathway depending on the morphology of the anterior 

chamber angle, open angle glaucoma (OAG) and angle closure glaucoma (ACG). In OAG aqueous 

outflow is reduced due to and increase in resistance at the level of the trabecular meshwork. In 

contrast, in ACG the drainage pathway at the iridocorneal angle is blocked by the peripheral iris 

preventing aqueous outflow (Weinreb et al., 2014). Glaucomas are also classified as primary, 

secondary or congenital  depending on the triggering cause.  

1.3.2 Mechanisms of RGCs degeneration 

RGC degeneration is central to all forms of glaucoma. Detrimental changes to these cells lead to 

visual field loss, NFL thinning (axon loss), usually expressed as an increased disc:cup ratio, which 

are the characteristic clinical features to define the pathology (Quigley, 2011). It has been well 

established that prior apoptosis RGCs undergo through a period of intense remodelling which 

tremendously affects RGC dendrites, soma volume and axon diameter (Morgan, 2012, Weber et 

al., 1998, Morgan et al., 2006, Morgan, 2002). However, the underlying causes that contribute 

to progressive RGCs degeneration and ultimately lead to cell death have not been completely 

clarified yet. Mitochondrial dysfunctions, oxidative stress, inflammation, neurotrophic factors 

deprivation along with bioenergetic insufficiency have been proposed as contributing factors, 

showing similarities with other age related neurodegenerative diseases (Chan et al., 2021). In 

line with this assumption, multiple studies have been carried out to understand these processes 

(discussed in the upcoming sections), which aim to improve our understanding of the pathology 

that will hopefully define new therapeutic strategies. 

1.3.2.1 Mitochondrial dysfunctions and oxidative stress 

Mitochondria are central to RGC function and survival. These organelles are the principal source 

of cellular ATP through oxidative phosphorylation (OXPHOS) and key players in the apoptosis 

pathway (Kroemer et al., 1998, Green and Reed, 1998, Kong et al., 2009), two main biological 

events that influence RGCs fate. With aging mitochondria ATP production rate decreases, and 

considering the late age onset of glaucoma and RGCs energy requirement this “energy crisis” 

has been shown to negatively impact RGCs functions (Tribble et al., 2021c, Almasieh et al., 2012). 

However, functional perturbation of mitochondria homeostasis is also highly dependent on 

mitochondrial dynamics – fusion/fission, mitophagy and biogenesis (Ju et al., 2022). Optic 

Atrophy Type 1 (OPA1) and dynamin-related protein 1 (DRP1) – both members of the dynamin-

related GTPases family – respectively regulate mitochondria fusion and fission. Indeed, 

mutations of those genes have been associated with optic neuropathies which both lead to RGCs 
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death (Liao et al., 2017, Williams et al., 2010, Kim et al., 2015). Mitophagy and mitochondrial 

biogenesis, which complete the dynamic life cycle of mitochondria, together define what is 

commonly called mitochondrial turnover, ensuring that damaged mitochondria are degraded 

and replaced  to maintain mitochondrial homeostasis. However, the molecular machinery that 

controls these processes is extremely complex, and with the detrimental effect of age the 

chances to accumulate mutations in the genes that control these mechanisms increase (e.g. 

PINK1, Parkin – mitophagy; PGC-1α, AMPK – mitochondrial biogenesis) (Muench et al., 2021, Ma 

et al., 2020, Jornayvaz and Shulman, 2010). 

While mitochondria are regarded as the “powerhouse”, the downside of their support is the 

generation of reactive oxygen species (ROS). ROS production in excess of a cell’s antioxidant 

capacity generates oxidative stress. Surprisingly, mitochondrial DNA (mtDNA) it is very 

vulnerable to ROS damage. The effect of this damage is significant since mtDNA codes for the 

13 proteins which comprise the enzymatic complexes of the ETC (Anderson et al., 1981)(with 

the exception of complex II which is encoded by nuclear DNA (nDNA)). Both mitochondrial 

respiration and mtDNA are located in the mitochondrial matrix and collocate with the site of 

ROS generation (Nissanka and Moraes, 2018). mtDNA, by contrast with nuclear DNA, is not 

protected by  chromatin packing; it exists as circular genome which is vulnerable to oxidative 

damage (Nass and Nass, 1963). In non-pathological conditions, this cycle of damage is 

moderated by mitochondrial quality control mechanisms, which are Parkin-independent (e.g. 

BNIP3, NIX), and promote the autophagic clearance of damaged mitochondria, especially when 

the damage is due to ROS accumulation (Ni et al., 2015, Pickles et al., 2018). In both OHT and NT 

glaucoma, cellular senescence and mechanical stress at the level of the ONH contribute to 

oxidative stress and perturbation of mitochondrial dynamics (Lee et al., 2011). As a 

consequence, damaged mitochondrial are not cleared, ROS production – mainly due to complex 

I and III deficits – increases, and ATP production drops, which all contribute to the opening of 

the mitochondrial transition pore with cytoplasmic cytochrome c release and the initiation of 

the intrinsic apoptotic pathway (Redza-Dutordoir and Averill-Bates, 2016, Elmore, 2007, Qu et 

al., 2010).   

1.3.2.2 Inflammation 

Whether or not RGCs degeneration is a direct or indirect consequence of age-related 

inflammation (Fulop et al., 2021, Franceschi et al., 2018, Fulop et al., 2017), acute or chronic 

neuroinflammatory processes are starting to be seen as key players in the glaucomatous 
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degenerative mechanisms (Mac Nair and Nickells, 2015). Functional and structural changes in 

retinal glial cells (astrocytes, Müller cells and microglia) have been identified in a range of 

glaucoma models and in human tissue samples (Melik Parsadaniantz et al., 2020). For instance, 

in the DBA/2J mouse model, a widely used model of congenital glaucoma of pigment dispersion 

age-related OHT, Müller glia activation was detected before clear signs of OHT and RGCs changes 

(Inman and Horner, 2007). Likewise could be said for astrocyte reactivity (Soto and Howell, 

2014). However, the issue is not glial activation but the level of this activation and the interaction 

with the surrounding cells. Moderate activation plays a substantial role in maintaining RGCs and 

retina homeostasis, achieved by nerve growth factor and antioxidant release, and scavenging 

functions (Bringmann et al., 2009). By contrast, overactivation brings with it the release of 

several detrimental effectors as tumour necrosis factor alpha (TNFα), interleukin-1 (IL-1) and 

RGCs activation of cell death receptors (Melik Parsadaniantz et al., 2020). As well as Müller glia, 

microglia has been found activated in both human and animal model of glaucoma, but if this 

activation is protective or detrimental is still unclear (Williams et al., 2017d, Vecino et al., 2016).  

Microglia, in both the developing and mature CNS and retina, maintains normal cellular 

homeostasis by clearing cellular debris from the GCL and INL (Bodeutsch and Thanos, 2000). In 

normal conditions, quiescent microglia releases several anti-inflammatory and neurotrophic 

factors as tumour necrosis factor beta (TNFβ), brain derived neurotrophic factor (BDNF), glial 

cell-line derived neurotrophic factor (GDNF), and ciliary neurotrophic factor (CNTF) which 

promote and regulate RGC survival (Langmann, 2007, Tezel, 2021). Resident microglia senses 

changes that can potentially damage RGCs, like oxidative stress, and as a consequence, 

proliferates and moves to the potential site of injury. Although this “inflammatory” response 

can be beneficial, if the toxic cellular environment is not normalised, persistent microglia 

activation can exacerbate RGCs neurodegenerative process (Rashid et al., 2019). The analysis of 

microglia from patients with glaucoma have shown the expression of several toll like receptors 

(TLRs; TLR2, TLR4 and TLR7) which activate innate immunity, along with TNFα and IL-6 which 

promote inflammation and lead to RGCs apoptosis (Ramirez et al., 2017). 

1.3.2.3 Neurotrophic support deprivation 

The contextualisation of the factors that damage RGC structure rests on the appreciation that 

the axon comprises 80% of an RGC by volume.  Axonal transport deficits, especially retrograde 

transport, are one of the characteristics of glaucomatous pathology, which purportedly lead to 

neurotrophic factors deprivation (Claes et al., 2019). Whether or not this is one of the triggering 
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mechanisms, the purpose of neurotrophic factors is to sustain and promote neuronal survival in 

stressful circumstances (e.g. aging, disease, OHT insults). 

It is important to understand that neurotrophic support plays different roles depending on the  

stage of neuronal development. In development, the withdrawal of neurotrophic support will 

results in the rapid onset of apoptosis; surgical removal of SC and dLGN in newly born rodents, 

the recipient brain areas for RGC afferents, results in a severe loss of RGCs (Harvey and 

Robertson, 1992). By contrast, when the same ablation is performed during adulthood, the loss 

of RGCs it is delayed,  appearing months after the initial lesion, consistent with the prolonged 

time-frame of RGCs degeneration in glaucoma (Pearson and Thompson, 1993). One factor which 

may account for this delayed degeneration is that the release of neurotrophic factors, such as 

BDNF from RGCs, increases immediately after damage and could temporarily compensate for 

the lack of retrograde support (Almasieh et al., 2012). 

RGCs possess receptors for nerve growth factor (NGF), BDNF, neurotrophin-3 (NT-3) and 

neurotrophin-4/5 (NT-4/5) as for CNTF and GDNF (Almasieh et al., 2012, Claes et al., 2019), and 

interestingly treatment with NGF and BDNF have shown to increase RGCs survival rate (Weber 

et al., 2010, Binley et al., 2016, Lambiase et al., 2009). The role of these factors in the protection 

of retinal ganglion cells is complex. For example, the experimental overexpression of CNTF, 

normally secreted by Müller glia, has been shown to be more effective on axonal injury repair 

rather than RGC distal projections in the inner retina (Leaver et al., 2006). Although retinal cells 

can provide a certain amount of neurotrophins, these compartmentalised effects may suggest 

that retinal secreted neurotrophic molecules can only provide a temporary neuroprotection 

which with protracted degenerative insults fail due to death of the secreting cells. However, 

with axonal transport deficits, “neurotrophic fuel” from the brain stem cannot reach the insulted 

area, thus RGCs progress to cell death.    

1.3.3 Current therapeutic strategies and possible therapeutic approaches 

Although advances in understanding the pathophysiology of glaucoma have clearly defined that 

it is a multifactorial condition, to date available treatments only target IOP. Clinical therapies for 

glaucoma management include topical medications and surgical procedures. Non invasive 

strategies as IOP lowering eye drops (i.e. prostaglandin analogues, β-blockers, carbonic 

anhydrase inhibitors, adrenergic agonists, cholinergic agonists), act by either reducing the 

outflow resistance or decreasing the aqueous formation, and even among normotensive 

patients seem to delay the disease progression (Cvenkel and Kolko, 2020, Hoyng and Kitazawa, 
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2002). When these first line of treatments fail, more invasive procedures such as laser 

trabeculoplasty, trabeculectomy, and drainage implants are required to limit the progression to 

complete visual loss (Conlon et al., 2017, Marquis and Whitson, 2005). However, when the 

disease diagnosis is confirmed around 30% to 50% of RGCs have already been lost. Therefore 

even if the available treatment can slow down the disease progression, none can neither halt, 

reverse or prevent the underlying disease mechanisms (Weinreb et al., 2014).  

The lack of comprehensive treatments with the burden of an aging population has supported 

the search for treatments that act independently of treatments to reduce IOP. The new 

translational approaches aim to tackle the disease from a neuroprotective perspective in which 

they reduce RGCs death by interfering with the triggering mechanisms at the level of dendrite, 

soma and axon (Naik et al., 2020). In this context, a number of recent studies have identified 

nicotinamide adenine dinucleotide (NAD) as a very promising molecule for the protection of 

RGCs integrity and viability. NAD based treatments target the preservation of mitochondrial 

function and axonal transport (Williams et al., 2017b). Due to these characteristics, ongoing 

clinical trials are already testing NAD precursors, alone or in combination with IOP lowering 

drugs, to verify the feasibility as neuroprotective agent of this molecule (Hui et al., 2020, De 

Moraes et al., 2022, NCT05275738, 2022, NCT05405868, 2022). Although nicotinamide has 

already reached the human experimental phase, a deeper insight into this molecule’s function 

and effect is required to understand the wide spectrum of action against RGC degeneration.    

1.4 Nicotinamide adenine dinucleotide 

Nicotinamide (NAD+) was first described in 1906 as product of yeast fermentation (Harden et al., 

1906a, Harden et al., 1906b). Then, in 1937 when Joseph Goldberg identified deficiency in 

vitamin B, the common name of nicotinic acid and a precursor of NAD+, as the cause of pellagra 

the importance of NAD+ metabolism in health and disease emerged (Morabia, 2008). Besides a 

severe epidermic photosensitivity, pellagra is also characterised by extended CNS deficits 

(Brown, 2010, Hegyi et al., 2004), which have risen a growing interest around the link between 

NAD+ and CNS functions and aging.  

To understand this link and the potential relationship between NAD+ and RGCs neuroprotection, 

in the next paragraphs we will address in details NAD+ metabolism and its biological functions. 
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1.4.1 NAD+ metabolism 

NAD+ is an important cofactor in vital reactions which regulate the mammalian physiology, and 

being a major component in both bioenergetic and signalling pathways its homeostatic levels 

are kept under control with a highly regulated balance between biosynthesis and consumption.   

1.4.1.1 NAD+ biosynthesis 

NAD+ biosynthesis has three major routes (Fig 1.5 a): the de novo or kynurenine biosynthetic 

pathway (from tryptophan (trp)), the Preiss-Handler pathway (from nicotinic acid (NA)), and the 

salvage pathway (from nicotinamide adenine mononucleotide (NAM) or nicotinamide riboside 

(NR) outside the CNS (Fletcher et al., 2017))(Yang and Sauve, 2016). The de novo NAD+ 

biosynthesis begins with the essential amino acid trp which is enzymatically degraded into 

kynurenine, after with eight further enzymatic reactions result in NAD+ (Castro-Portuguez and 

Sutphin, 2020). The Preiss-Handler is a three step NAD+ biosynthesis pathway which starts with 

the phosphoribosylation of NA and culminates with the amidation of nicotinic acid adenine 

dinucleotide into NAD+ (Preiss and Handler, 1958a, Preiss and Handler, 1958b). Although those 

two pathways may seem sufficient to guarantee enough NAD+ bioavailability, 80% of cellular 

NAD+ comes from the salvage pathway. This pathway maintains NAD+ homeostasis through the 

action of nicotinamide phosphoribosyl transferase (NAMPT), which converts NAM into 

nicotinamide mononucleotide (NMN), and nicotinamide mononucleotide adenylyl transferase 

(NMNATs) which aminates NMN into NAD+. When the NAD+ precursor is NR, the latter is firstly 

converted to NMN by nicotinamide riboside kinase 1 and 2 (NRK 1, NRK2) and then by NMNATs 

in NAD+ (Cimaglia et al., 2020, Canto et al., 2015). The rate limiting step in NAD+ biosynthesis is 

the one catalysed by NMNAT isoforms (NMNAT1, NMNAT2 and NMNAT3). These have different 

cellular localisations, which have differential effects on the cellular bioenergetic depending on 

the paralogue involved in NAD+ biosynthesis (Felicitas Berger, 2005). NMNAT1 and NMNAT3 are 

ubiquitously expressed, but in the mammalian system NMNAT1 is predominantly nuclear while 

NMNAT3 is mitochondrial. NMNAT2 is confined to the neurons, where localises to the Golgi and 

the cytosolic compartments (Covarrubias et al., 2020). Moreover, NMNAT2 plays a fundamental 

role in axon development and survival (Gilley and Coleman, 2010, Gilley et al., 2018) and its 

depletion has been associated with Wallerian degeneration (Funakoshi and Araki, 2021, Loreto 

et al., 2019). 
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Figure 1. 5. NAD+ biosynthesis and metabolism. a) NAD+ biosynthetic pathways. NAD+ is biosynthesised 

by three main routes: the kynurenine or de novo pathway from tryptophan, the Preiss-Handler pathway 

from nicotinic acid, and the salvage pathway. b) NAD +metabolism in different subcellular compartments. 

Mitochondrial, cytoplasmic and nuclear NAD+ metabolism is regulated by subcellular NAD+ consuming 

enzymes and redox reactions.  From (Covarrubias et al., 2020) 

1.4.1.2  NAD+ consumption  

The impact of NAD+ to mammalian physiology is given by the end-use of this molecule through 

different pathways. This can either be to generate energy or as “signalling executive” that 

defines cell fate.  

1.4.1.2.1 NAD+ in energy metabolism 

Cytosolic and mitochondrial NAD+ pools contribute to the maintenance of normal energy levels 

via glycolytic and tricarboxylic acid (TCA) metabolic pathways (Fig. 1.5 b). In the cytoplasm, two 



15 
 

molecules of NAD+ are required to convert glucose into pyruvate, which provide a net of two 

NADH molecules (reduced form of NAD+) that are then transported into the mitochondria either 

with the malate-aspartate shuttle or the glyceraldehyde-3-phosphate shuttle. In the 

mitochondria, NADH from the glycolysis and the TCA cycle is passed to the ETC and oxidised by 

complex I. The two electrons (e-) gained by this transformation conveys to complex II, complex 

III, cytochrome c and complex IV. This flux of electrons along the complexes, generated from 

NADH, creates a proton gradient which then enables the F0F1-ATP synthase (complex V), 

generating ATP while pumping the protons back into the mitochondrial matrix (Xie et al., 2020, 

Canto et al., 2015). 

It is important to note that the use of NAD+ to maintain cellular energy homeostasis results in a 

net expenditure of NAD+ for the production of ATP. 

1.4.1.2.2 NAD+-dependent signalling pathways 

NAD+ is the substrate of key signalling pathways that modulate neuronal development, 

neuroprotection, cell senescence, mitochondrial homeostasis, inflammation and even DNA 

repair (Katsyuba and Auwerx, 2018, Katsyuba et al., 2020). The molecules that are capable to 

execute all these functions are: sirtuins (SIRTs), poly ADP-ribose polymerases (PARPs), cluster of 

differentiation 38 (CD38), also known as cyclic ADP ribose hydrolase, and sterile alpha and 

toll/interleukin-1 receptor [TIR] motif containing 1 (SARM1). These four classes of enzymes are 

important in maintaining NAD+ since NAM which is generated as a by-product of their reactions 

is then reconverted in NAD+ through the salvage pathway.  

Situins 

Sirtuins are a family of seven (SIRT1-SIRT7) NAD+ consuming enzymes with different subcellular 

localisation (SIRT1 nucleus and cytosol, SIRT2 only cytosol, SIRT3 and SIRT4 mitochondrial 

specific, SIRT5 mitochondria and cytosol, SIRT6 nucleus and SIRT7 nucleolus). Nuclear SIRT1 and 

SIRT6 seem to regulate genome stability and  life span (interacting with p53 apoptotic pathway), 

while mitochondrial SIRT3 and SIRT4 can prevent cell death maintaining NAD+ mitochondria 

pools following stress responses (Finkel et al., 2009). Another key role of sirtuins activity has 

been discovered following experimental caloric restriction, where SIRT1 and SIRT3 promoted 

mitochondrial turnover and mitophagy (Lombard et al., 2011). In the CNS, SIRT1 is involved in 

neurite and axon development, and modulates dendritic arborisation (Gao et al., 2010).  
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PARPs 

The PARPs family comprises seventeen proteins, 3 of which (PARP1, PARP2 and PARP3), have 

been characterised with respect to the NAD+-dependent role (Lautrup et al., 2019, Covarrubias 

et al., 2020). PARPs consume NAD+ to initiate the signalling cascade that culminates in DNA 

repair (Javle and Curtin, 2011). NAD+-PARPs mediated DNA repair is one of the main NAD+-

consuming mechanism in aging, and it has been shown to really compromise NAD+ homeostasis. 

As a consequence, PARPs overactivation during aging has been shown to promote NAD+-

dependent neuronal loss and to be the root of several neurodegenerative diseases (Fang et al., 

2016). 

CD38 

CD38 is a transmembrane glycoprotein which has both receptor and enzyme mediated functions 

(Malavasi et al., 2008). Its enzyme functions are all NAD+ mediated and are particularly relevant 

to the brain physiology, since CD38 is predominantly expressed in neurons, astrocytes and 

microglia (Yamada et al., 1997). The importance of CD38 as one of the NAD+ consuming enzymes 

came from aging and inflammation studies where CD38 knockout mice demonstrated less age-

related brain ischemic damage and mitochondrial dysfunction (Camacho-Pereira et al., 2016, 

Guerreiro et al., 2020). It has been hypothesised that NAD+-age dependent decline, especially in 

pathological conditions may be due to CD38 overactivation (Li and Wu, 2021). However, further 

studies are needed to completely clarify the NAD+-dependent activity of this enzyme.  

SARM1 

The link between SARM1 activity and NAD+ levels was revealed in studies of Wallerian axonal 

degeneration (Waller, 1850). SARM1 is a multidomain protein with a N-terminal autoinhibitory 

Armadillo/HEAT motif (ARM) domain followed by a C-terminal catalytic TIR domain (Chuang and 

Bargmann, 2005). SARM1 has a NAD+ hydrolase function (Osterloh et al., 2012), which is 

confined to the TIR domain which determines the active state of the protein. SARM1 activity is 

regulated downstream by NMNAT2, which catalyses the conversion of NMN into NAD+ 

(Bratkowski et al., 2020). Since SARM1 is active in pathological settings, especially in the absence 

of axonal NMNAT2, it has been suggested that low rates of NAD+ synthesis rather than the 

absolute NAD+ level per se trigger SARM1 activation (Figley and DiAntonio, 2020, Figley et al., 

2021). Indeed, the by-products of SARM1 NAD+-hydrolase activity are NAM and ADP-ribose 

(ADPR) and cyclic ADPR (cADPR), with the latter found only in degenerating axons (Sasaki et al., 
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2020). It has therefore been suggested that  SARM1 can be regarded as a NAD+ sensor, activated 

by low NMN:NAD ratios (Jiang et al., 2020). 

1.4.2 NAD+ in brain aging and neurodegenerative diseases 

There is a substantial evidence that NAD+ declines with age in vertebrates and invertebrates 

(Fang et al., 2014, Mills et al., 2016, Stein and Imai, 2014). Whether this reflects decreased 

biosynthesis or increased consumption is still unclear (McReynolds et al., 2020, McReynolds et 

al., 2021). However, all experimental conditions that have attempted to increase life or health 

span of an organism (e.g. by calorie restriction, exercise, glucose deprivation) have reported 

conditional increases in NAD+, while the opposite was found in aging and senescence studies 

(Verdin, 2015). This physiological link has been further clarified by evidence that decline in NAD+ 

is highly involved in governing the ten hallmarks of brain aging (i.e. mitochondrial dysfunction, 

oxidative damage, impaired waste disposal, compromised stress response, inflammation, 

impaired neurogenesis, telomerase activity, disrupted DNA repair, dysfunctional neuronal 

network and calcium dysregulation) (Fang et al., 2017, Lautrup et al., 2019). NAD+ bioavailability 

is significantly reduced by NAD+ catabolic pathways increased activity during aging. That 

pathological vicious cycle leads an aberrant disease state where NAD+ insufficiency severely 

compromise cellular health and homeostasis.  

Age related neurodegenerative diseases (NDs) such as Alzheimer’s disease (AD), Parkinson’s 

disease (PD), amyotrophic lateral sclerosis (ALS) and glaucoma are accompanied by decreased 

NAD+ levels (Hikosaka et al., 2021, Cunnane et al., 2020, Blaszczyk, 2020). Experimental 

evidences have shown that NAD+ metabolic manipulation, either by silencing NAD+-dependent 

enzymes expression or by dietary enrichment with NAD+ precursors, can improve neuronal 

functions by restoring mitochondrial functions, inflammatory responses and ROS defensive 

strategies (Strømland et al., 2021, Campbell, 2022).  

The cross cutting role of NAD+ in a range of pathways, especially in regards of mitochondrial 

functions, has come from the Deletor mouse which carries a mtDNA replicative helicase 

mutation (Khan et al., 2014), and has been studied as a model of mitochondrial myopathy. Daily 

oral administration of NR to these mice was sufficient to restore mitochondrial turnover, and to 

prevent mtDNA deletion. In addition to that, Khan et al. reported that mitochondrial integrity 

was maintained by an enhanced mitochondrial unfolded protein response (UPRmt), which 

promotes cell survival, mitochondrial recovery and biogenesis (Shpilka and Haynes, 2018, van 

de Ven et al., 2017). NAD+ can also act as a very powerful anti-inflammatory molecule. This effect 
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appears to be achieved through PARP1 and SIRT1 mutual conditioning (Chung and Joe, 2014). 

PARP-1 promotes inflammatory responses by positively regulating the pro-inflammatory NF-kB 

transcription factors, that on the contrary can be suppressed by SIRT1 activation (Kauppinen et 

al., 2013, Pazzaglia and Pioli, 2019). Thus, impaired NAD+ homeostasis induces a cascade of 

detrimental effects which can compromise cellular viability.     

1.4.3 NAD+ and retinal diseases 

The retina is one of the most energy consuming tissues. NAD+-related impairments have been 

described in many retinal pathologies (Jadeja et al., 2020). Leber congenital amaurosis 9 (LCA9) 

was one of the first to link pathology with impaired energy maintenance. LCA9 is caused by a 

mutations in NMNAT1 which results in complete vision loss (Sasaki et al., 2015, Falk et al., 2012). 

Impaired NAD+ metabolism has been also associated with accelerated loss of rods and cones (Lin 

et al., 2016). RPE cells are also critically dependent on NAD+ for their metabolic support. The 

restoration of NAD+ homeostasis in mouse models of AMD reduced light induced RPE damage 

arising from ROS and inflammation (Bai and Sheline, 2013, Sheline et al., 2010, Fisher and 

Ferrington, 2018, Zhu et al., 2016, Bergen, 2017). 

1.4.3.1 NAD+ and glaucoma 

The view that NAD+-related optic nerve damage may be an important component in glaucoma 

arose from Williams et al.’s report that retinal NAD+ declined with age in the DBA/2J mouse 

model of glaucoma (Williams et al., 2017b). RNA sequencing of RGCs at different time points 

(pre OHT, 4months old; early glaucoma (OHT without neuronal damage), 9 months old) 

indicated abnormalities in mitochondrial functions that increased with age. These observations 

emphasised the importance of mitochondrial degeneration in RGC loss in glaucoma. A metabolic 

analysis of DBA/2J/control matched for age up to 12 months indicated a progressive decline of 

NAD+ / NAD+-related metabolites, and scavenger species such as oxidised and reduced 

glutathione (Williams et al., 2017b). Although RGCs can meet their energy requirements by 

switching to β-fatty acid oxidation this only aggravated the oxidative state of the cell and 

increased the risk of DNA damage. Collectively these changes caused NAD+ depletion which 

impaired RGCs homeostasis, increasing the risk of apoptosis cell death. Critically, NAM 

administration in DBA/2J significantly reduced ON degeneration (further confirmed in (Williams 

et al., 2018)), prevented RGCs loss and NFL thinning, and preserved visual functions as assessed 

by pattern electroretinogram – PERG), all hallmarks features of glaucomatous damage. NAM 

treatment normalised  also PARP1 activity, indication that the restoration of  NAD+ metabolism 
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could effectively protect against DBA/2J optic nerve degeneration. Williams et al. also 

demonstrated that Nmnat1 gene therapy either alone or in combination with NAM conferred 

significant RGC protection (and the preservation of RGC axons) in the DBA2J model. Nmnat1 is 

of interest because of its role in slow Wallerian degeneration mutation (Wlds), an in-frame fusion 

of the N-terminal E4 ubiquitin ligase Ube4b that incorporates full length Nmnt1 and delays axon 

degeneration (Conforti et al., 2007).  

Further support for the importance of NAD in RGC metabolism has come from human studies. 

Reynier et al. analysed plasma from POAG patients to determine the relationship between 

systemic NAD+ levels and glaucomatous damage. Although the study is small (54 patients) they 

demonstrated a negative correlation between systemic NAD+ levels and glaucoma damage, 

consistent with observations in the mouse (Kouassi Nzoughet et al., 2019). Clinical studies of 

NAD+ supplementation in glaucoma patients suggests a role for the remediation of NAD deficits 

as a treatment for glaucoma. Hui et al. demonstrated that NAM supplementation (1.5g day for 

6 weeks plus 3g day for other 6 weeks) improved visual function in 23% of the patients (Hui et 

al., 2020). A number of studies have since been registered to evaluate the effect of NAM 

treatments in larger patients cohorts (NCT05275738, SW – NAM; NCT05405868, UK – NAM; 

NCT05695027, US – NAM + pyruvate; NCT03797469, US – Vit B3). While the proliferation of 

clinical studies is encouraging it is unclear if the appropriate therapeutic levels of NAM are being 

targeted or indeed will be achieved. To date the functional benefits are marginal and have only 

been reported in small studies. Further work is needed to determine the appropriate dose of 

NAM to achieve the greatest preservation of RGC structure and function. Without definitive data 

on the best dose levels, clinical studies that report marginal benefits risk the termination of work 

on NAM therapies that might, at the correct dose be very effective. 

1.4.4 NAD+ precursor and safety 

While NAD+-mediated neuroprotection can only be achieved through NAD+-precursor 

supplementation, selection of the best precursor of choice can be challenging. NA, NR or NAM 

will each increase NAD+ levels (Martens et al., 2018, Khan et al., 2014, Mehmel et al., 2020, 

Bogan and Brenner, 2008, Braidy et al., 2019), but their effects on NAD+ levels need to be 

considered with respect to the desired treatment target since the distribution of NAD+ 

synthesising enzymes varies considerably between tissues. For the conversion to NAD+, NA must 

first be converted by nicotinic acid phosphoribosyl transferase (NAPRT) into nicotinic acid 

mononucleotide (NaMN), and then by NMNATs (that can recognise both NMN and NaMN as 
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substrates (Rongvaux et al., 2003)) into NAD+. Since NAPRT is predominantly expressed in the 

liver, kidney and intestine but in the brain (Bogan and Brenner, 2008, Mori et al., 2014), NA is a 

poor candidate for the treatment of neurodegeneration. Indeed, the very high doses needed to 

reach therapeutically useful levels of  NAD+ for CNS treatment incurred  side effects that 

adversely affected drug compliance (Knip et al., 2000).  

The use of NR is also influenced by the target organ of interest (Fletcher et al., 2017, Ratajczak 

et al., 2016). NR is one of the precursors in the NAD+ salvage pathway that do not necessarily 

need to be converted to NAM to form NMN, since this can occur in a  NRK- dependent pathway 

in which is converted to NAM by purine nucleoside phosphorylase. NRK has two isoforms, NRK 

1 and NRK2. NRK1 is ubiquitously expressed while NRK2 is mainly expressed in the liver, skeletal 

muscle and heart (Katsyuba and Auwerx, 2018). The utility of NR for the treatment of 

neurodegeneration has been questioned following experimental studies using this precursor 

which failed to demonstrated any meaningful benefits (Brakedal et al., 2022, Mehmel et al., 

2020). Even so, in vitro and invertebrate studies have reported some benefits with NR 

(Schondorf et al., 2018, Veenhuis et al., 2021), suggesting that CNS effects might be species or 

phenotype-specific (e.g. NRK1 or NRK2 are only minimally expressed in RGCs (Williams et al., 

2017c)).   

By contrast, NAMPT, the first enzyme of the NAM salvage pathway, is neuron specific (Zhang et 

al., 2010, Lundt and Ding, 2021), and can provide a sustained increase in neuronal NAD+ levels. 

NAM is also the major in vivo NAD+ precursor in mammals and a physiological inhibitor of NAD+ 

catabolic enzymes (Magni et al., 2008, Magni et al., 2009).  

While these considerations suggest that NAM would be the most appropriate choice for the 

protection of CNS neurons such as RGCs, they do not address the safety of long term NAM 

consumption. A large body of toxicology and therapeutic studies suggest that NAM consumption 

is clinically safe. The UK expert group on vitamins and minerals (EVM) and the European 

commission scientific committee on food (EU SCF) have set guidance values for vitamin B3 

supplementation from 500mg to 900mg a day for a healthy adult population (Poljsak and 

Milisav, 2018). However, there has been some confusions over the terminology used to describe 

vitamin B3 supplementation. Both niacin, the common name for nicotinic acid, and NAM are 

considered under the umbrella of vitamin B3. However, when vitamin B3 has been introduced to 

the market as healthy supplement the molecule branded as B3 was nicotinic acid, therefore the 
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guidance values were based upon NA and not on NAM, which is the active form of NA and 

chemically different from the latter (Fig. 1.6). 

NA NAM

NAD+

a b

c

 

Figure 1. 6. Chemical structure of NA, NAM and NAD+. Modified from PubChem. 

Toxicology studies have determined NAM LD50 (lethal dose in 50% of the test animal) at 2.5 g/kg 

(oral administration) and 2.05 g/kg (intraperitoneal injections), that would equate in humans at 

a daily dose 150g and 120g respectively (Hwang and Song, 2020). Clinical studies have reported 

minimal adverse effects (e.g. headache and dizziness) at doses over 18 g a day; these doses are 

considerably higher than the 3 g/day suggested for CNS treatment (Hwang and Song, 2020). 

Therefore, it can be concluded that NAM administration is safe and can be used in long term 

therapies. The only adjustment that can be conceived to improved patients compliance in case 

of high doses is to design a sustained release NAM supplement, since the available formulation 
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contain max 500 mg/tablet, and a hypothetical dose of 9 g/day would require 18 tablets which 

would not be taken regularly by any patient.      

1.5 Experimental models of glaucoma 

Animal models, even if they cannot replicate each pathological aspect, offer a valid method to 

mirror some of the damage seen in humans and potentially uncover the underlying molecular 

mechanism. A single animal model will never be able to reproduce all the aspect of this 

multifactorial neurodegenerative disease, but with knowledge of each model strength and 

limitation, they can help to gain new insight into the condition and support the development of 

new therapeutic strategies.  

Many species have been used for the development of experimental models of glaucoma, such 

as primates, cats, dogs, pig, rabbits and rodents. Of these, rodents have retained their popularity 

as experimental animal due to the relatively similar human physiological aspects, eye structure, 

and the multiple techniques available for genetic manipulation (Johnson and Tomarev, 2010). 

Broadly, the available experimental models can be grouped in two categories: non-hypertensive 

and hypertensive models.  

1.5.1 Non-hypertensive models 

1.5.1.1 Genetic models 

Some genetic normotensive models have been proposed to recapitulate RGCs loss independent 

of the increase in IOP. The optineurin E50K overexpressing mice (E50Ktg) were developed based 

on the identifications of mutations in optineurin in a family with NT glaucoma (OPTN E50K). By 

the age of 16 months these mice have already lost 25% of RGCs. A major drawback of this model 

was the conspicuous loss of other retinal neurons along with ONL and INL thinning, which is not 

observed in glaucoma patients (Fernandes et al., 2015). However, when this mutation was 

inserted in a BAC transgenic mouse expressing human OPTN E50K (BAC-hOPTNE50K), RGCs loss 

was similar to human NT glaucoma, with preservation of other retinal neurons (Fernandes et al., 

2015).  

Other models that recapitulate NT glaucoma RGCs loss have deficits in glutamate transporters 

GLAST or EAAC1 function. Although there are no hereditary studies that suggest any implication 

of genetic disfunction of glutamate regulation in human NT glaucoma, GLAST and EAAC1 

deficient mice show different levels of RGCs degeneration (GLAST 50% RGCs loss by 8 months; 
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EAAC1 RGCs degeneration already at 8 weeks old), as well as ON cupping and axonal 

degeneration (Harada et al., 2007). 

1.5.1.2 Optic nerve crush 

Murine models of optic nerve crush (ONC) are a valuable tool to study RGCs progressive loss 

following traumatic injury to the ON. This is experimentally achieved with a surgical controlled, 

spatially discrete, compression (just for few seconds) of the optic nerve, that damages the axons 

without severing them and leads to axon-driven RGCs death (Tang et al., 2011). According to the 

mechanisms of compartmentalised RGCs degeneration, this method offers the opportunity to 

study the details of axonal transport failure and degeneration in a predictable way, even though 

does not reflect the clinical pathogenesis of glaucoma. 

1.5.1.3 Retinal explants 

Axotomised retinal explants, for the same principle of ONC without the need of sophisticated 

surgical skills, enable the study of progressive RGCs degeneration in a predictable way (Murali 

et al., 2019). Following ON transection, retinas can be removed immediately after death and 

cultured in a controlled environment for several days. While this model only shares the selective 

degeneration of RGCs with glaucoma, it is straightforward and allows preliminary therapeutic 

screening of neuroprotective agents (Pattamatta et al., 2016, Bull et al., 2011).  

1.5.2 Hypertensive models 

Since elevated IOP remains the principal clinical determinant of glaucoma, animal model of 

ocular hypertension have been used to provide an approximation of retinal and optic nerve 

changes in clinical glaucoma. Genetic and inducible OHT murine models are the most used in 

glaucoma research and by far are the one that have given the most useful insights to understand 

this pathology.  

1.5.2.1 Genetic models 

The DBA/2J mouse model is the most widely used genetic animal model of congenital ocular 

hypertension. These mice develop OHT by the age of 8 months, at 10 months significant optic 

nerve damage, and by 12 months severe glaucomatous damage, and most importantly their RGC 

loss is IOP dependent (Libby et al., 2005). Their IOP elevation is subsequent to a congenital iris 

disease (recessive mutation in glycosylated nonmetastatic melanoma protein b, Gpnmb, and 
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tyrosinase related protein 1, Tyrp 1 (Anderson et al., 2002)) with pigment dispersion which 

deposits in the ocular drainage structures obstructing the outflow pathway. It is important to 

note that not all DBA/2J mice developed elevated IOP and glaucoma-like damage and that 

studies require large animal numbers to provide meaningful data. As a result the model is 

expensive since animals need to be maintained for 12 months for the generation of typical optic 

nerve damage. 

The CYP1B1 deficient mice are modelled over a gene responsible for congenital glaucoma which 

encodes for cytochrome P450, family 1 , subfamily b, polypeptide 1. These mice develop 

abnormalities in their aqueous outflow pathway similar to the one observed in ACG (Ishikawa et 

al., 2015).  

Then, there are two models available which tend to mimic OAG. One with a mutation on the 

alpha-1 subunit of collagen type 1, which leads to progressive RGCs loss induced by OHT without 

sever structural changes in the drainage pathway. And, the myocilin Tyr423His mutated mice 

that show severe glaucoma with RGCs and axon loss (Ishikawa et al., 2015). 

1.5.2.2 Inducible models 

Inducible models of OHT try to reproduce ACG with either acute or chronic and progressive IOP 

increase depending on the procedure.  

1.5.2.2.1 Laser photocoagulation  

Laser photocoagulation of the trabecular meshwork obstructs the outflow of the aqueous 

humor leading to IOP increase. When properly executed, this method can produce IOPs above 

30 mmHg, but it requires fine equipment and high standard surgical skills which make it difficult 

to be perform in all research settings (Biswas and Wan, 2019). 

1.5.2.2.2 Episcleral vein cauterisation  

Episcleral vein cauterisation was reported in 1995 as a less invasive method to induce OHT 

compared to photocoagulation (Shareef et al., 1995). Episcleral veins are cauterised using 

handheld devices until is observed a large venous swelling, which creates a marked IOP increase 

due to increased outflow resistance. Although effective, this method produced a rapid elevation 

IOP that decreased a week after the procedure, therefore it is more appropriate for 
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experimental designs which focus on early mechanism of RGC degeneration (Biswas and Wan, 

2019). 

1.5.2.2.3 Hypertonic saline injection 

Sclerosis of the episcleral veins by hypertonic saline injections it is probably one of the most 

accurate and precise model to induce chronic IOP elevation, and it is generally referred as the 

Morrison model (Morrison et al., 2008). Although extremely effective this procedure is 

technically challenging. The proper execution demands a delicate cannulation of the episcleral 

veins, that in mice and rats are almost invisibles. Unless this technique is performed by a very 

experienced surgeon it is not the most accessible option, despite having the highest OHT-

induction rate among all the other animal models of glaucoma  (Morgan and Tribble, 2015). 

1.5.2.2.4 Microbead models 

Another alternative method to reliably increase IOP is through the injection of microparticles, 

which accumulate in the trabecular meshwork and obstruct the outflow pathway. Microbead 

models of glaucoma have a long history of experimental application and through all these years 

many refinements have been made to the beads materials and injection technique in order to 

be tailored to the specific animal model and study (Claes et al., 2021, Ito et al., 2016, Morgan 

and Tribble, 2015, Sappington et al., 2010, Samsel et al., 2011). Several materials have been used 

to produce injectable microbeads, such as polyurethane, latex, polymethylmethacrylate as 

polystyrene, which are characterised by different specific material properties that suit the 

different study designs (Rho et al., 2014, Morgan and Tribble, 2015).  

If the animal strain is appropriately chosen (Cone et al., 2012, Claes and Moons, 2022, Eastlake 

et al., 2021) and the injections correctly executed, this model can mimic a chronic model of 

glaucoma with moderate IOP elevation and give reliable readouts.  

1.6 Hypothesis and Aim 

Progressive RGCs dysfunction and atrophy is now accepted as a critical prelude to cell loss in 

glaucoma, and a phase that may present a therapeutic window for the prevention of RGC loss 

and their potential recovery (Morgan, 2012). The majority of studies to date have focussed on 

RGC loss rather than structural changes that can provide a very sensitive marker of pathological 

progression (Tribble et al., 2019).  
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Mitochondria have been shown to have a clear role in the mediation of the damaging effect of 

glaucoma (Tribble et al., 2021c), and it has been shown that increasing levels of NAM and genetic 

overexpression of Nmnat1 can profoundly mitigate RGC degeneration (Williams et al., 2018, 

Williams et al., 2017b).  

Considering the ongoing clinical trials, a comprehensive understanding of NAM efficacy is 

paramount. This study will focus on sensitive and early metabolic and structural RGC changes 

following the induction of unilateral ocular hypertension in rats (Tribble et al., 2021b), alone and 

in combination with NAM dietary enrichment, but also using gene therapy to overexpress 

NMNAT2 (the human gene of the neuronal specific NAD+ salvage pathway rate limiting enzyme). 

In order to investigate the feasibility of NAM-mediated neuroprotective strategies in glaucoma 

the following issues will be addressed: 

a) Safety and tolerance of NAM administration in wild type Brown Norway rats established 

in relation to Brown Norway baseline parameters (chapter 4). 

b) Proof of concept of NAM-mediated RGCs neuroprotection in axotomised mice retinal 

explants (chapter 5). 

c) NAM-mediated RGCs neuroprotection in unilateral hypertensive model of glaucoma 

following two therapeutic regimes: prophylactic and intervention (chapter 6). 

d) Metabolic changes following NAM treatments (chapter 7). 

e) Effect of hNMNAT2 overexpression on RGCs neuroprotection (chapter 8).  
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2 Materials and methods 

2.1 Animals 

The use of animals in this study was approved by the Cardiff University Ethical Review Board, 

and all the experiments performed in accordance with the Home Office Animals Act 1986 

(Scientific Procedures) under licences PLL PB89BF24D and PIL I73025511. All animals were 

housed at Cardiff University licensed facility on a 12-hour light/dark cycle (6 am – 6 pm), at a 

room temperature of 20-24° C, and humidity of 55%. All animals had access to food and water 

ad libitum.  

2.1.1 Animal strains and husbandry 

2.1.1.1 C57BL/6J mice 

12 weeks old male C57BL/6J mice were purchased from Charles River Laboratories, housed 2-5 

mice per cage, and habituated for one week before being used for experiments. All mice were 

used for retinal explants and were not exposed to any treatment of procedure prior their 

experimental use. All the animals were culled by cervical dislocation (schedule 1) and tissue 

sample (eyes) were collected upon death. 

2.1.1.2 Brown Norway rats (BN/RijHsd) 

Male Brown Norway rats were purchased in a UK licensed establishment (ENVIGO) at different 

ages in order to be ready for experimental purposes at 16 weeks old.  They were pair housed in 

environmentally enriched cages, and habituated and handled for at least 2 weeks prior any 

procedure. All the rats were trained for unrestrained intraocular pressure measurements and 

had regular check-ups (e.g. weight, responsiveness to stimuli). To maintain the rats’ wellbeing 

they were handled without any training or experimental purpose and had plenty of play time 

(e.g. rat friendly hard plastic balls). At the end of the experimental period the rats were culled 

by increasing CO2 concentrations confirmed by cervical dislocation (schedule 1). Samples were 

collected upon death and either processed immediately afterwards (retinas) or stored at -80° C 

(optic nerves) until analysis. 

According to the project design the rats were divided into different experimental groups (Table 

2.1), each group had a specific diet to meet the experimental requirements (NAM enriched diet). 

To avoid any dietary confounder among the groups, the control groups during the experimental 
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period were switched to sugary water (H2O plus commercial caster sugar) which was used to 

mask NAM bitterness in the treated groups.  

Due to the precise timing of the experimental setting, and the age of the animals when they 

were purchased, the experimenter was not blind to any of the parameters for the grouping for 

the entire project.  

Strai
n 

Group 
Procedur

e 
Treatment 

Treatmen
t delivery 

Treatme
nt 

duration 

End 
poin

t 
Diet1 

BN 
C.sham (NT 

control) 
/ / / /  

RM3 
(P); 
SDS 
diet 

BN 

G.sham 
(unilateral 
glaucoma 
control) 

Induction 
of OHT 

/ / / 
4 w 

after 
OHT 

RM3 
(P); 
SDS 
diet 

BN C.LNAM (NT) / 
NAM low 
dose, 200 

mg/day/kg 

Normal 
drinking 

water 
4 weeks 

4 w 
after 
NA
M 

RM3 
(P); 
SDS 
diet 

BN C.HNAM (NT) / 
NAM high 
dose, 600 

mg/day/kg 

Normal 
drinking 
water + 

food 

4 weeks 

4 w 
after 
NA
M 

RM3 
(P) + 
9380 
ppm 
NAM 

(P) 
25kGy
; SDS 
diet 

BN 
G.LNAMproph 

(unilateral 
glaucoma) 

Induction 
of OHT 

NAM low 
dose 

prophylacti
c 

treatment, 
200 

mg/day/kg 

Normal 
drinking 

water 
6 weeks 

4 w 
after 
OHT 

RM3 
(P); 
SDS 
diet 

BN 
G.HNAMproph 

(unilateral 
glaucoma) 

Induction 
of OHT 

NAM high 
dose 

prophylacti
c 

treatment, 
600 

mg/day/kg 

Normal 
drinking 
water + 

food 

6 weeks 
4 w 

after 
OHT 

RM3 
(P) + 
9380 
ppm 
NAM 

(P) 
25kGy

 
1 Diet was customised by SDS for this project specific experimental purposes. NAM (Apollo Scientific ltd) 
was shipped to the manufacturer and irradiated in their RM3 (P) diet.  
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; SDS 
diet 

BN 

G.LNAMint 
(unilateral 
glaucoma) 

 

Induction 
of OHT 

NAM low 
dose 

interventio
n 

treatment, 
200 

mg/day/kg 

Normal 
drinking 

water 
25 days 

4 w 
after 
OHT 

RM3 
(P); 
SDS 
diet 

BN 
G.HNAMint 
(unilateral 
glaucoma) 

Induction 
of OHT 

NAM high 
dose 

interventio
n 

treatment, 
600 

mg/day/kg 

Normal 
drinking 
water + 

food 

25 days 
4 w 

after 
OHT 

RM3 
(P) + 
9380 
ppm 
NAM 

(P) 
25kGy
; SDS 
diet 

BN 

T.NT.AAVNMNA
T2 (unilateral 

overexpression 
of hNMNAT2) 

Intravitre
al 

injection 
of AAV-

hNMNAT
2 

Gene 
therapy 

with AAV-
hNMNAT2 

Intravitre
al 

injection 
3 weeks 

3 w 
after 

IVI 

RM3 
(P); 
SDS 
diet 

BN 

T.G.AAVNMNAT
2 (unilateral 

overexpression 
of hNMNAT2 
followed by 
unilateral 
glaucoma) 

Intravitre
al 

injection 
of AAV-

hNMNAT
2; 

induction 
of OHT 

Gene 
therapy 

with AAV-
hNMNAT2 

Intravitre
al 

injection 

3 weeks 
prior OHT 

4 w 
after 
OHT 

RM3 
(P); 
SDS 
diet 

 

Table 2. 1. Experimental groups with corresponding experimental procedures and treatments. Male 

Brown Norway were divided into ten experimental group. C.sham and G.sham were used as positive and 

negative controls. Each NAM group had a specific diet according to the experimental purpose. 

Overexpression of hNMNAT2 was used to promote the production on NAD+.     

2.2 Induction and monitoring of ocular hypertension 

Ocular hypertension was induced with intracameral magnetic microbead injection in the left eye 

with the contralateral eye used as internal control. Intracameral magnetic microbead injections 

were adapted from Tribble et al. protocol (Tribble et al., 2021b), with the adjustments described 

in detail in chapter 3. Induction and maintenance of OHT was checked every other day after the 

injection until the animal was culled. Baseline IOP measurements were taken prior the injection 

and/or treatment on all the animals. 
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2.2.1 Intraocular pressure measurement 

IOP measurements for experimental purposes were taken on awake not anesthetised rats 

trained with positive reinforcement for unrestrained IOP recordings. IOP was measured with a 

rebound tonometer calibrated for rat eye (Morrison et al., 2009) (Tonolab, Icare). Five complete 

IOP recordings were taken for each eye. Each complete recording consisted of six single 

measurements automatically averaged by the Tonolab to a final reading. The Tonoprobe was 

positioned 1 to 2 mm from the eye with a 90° angle between the cornea apex and the tonometer 

handle. IOP checks were performed every other day always between 7 and 9 am to avoid any 

effects of the circadian rhythm.  

2.2.2 Induction of ocular hypertension 

Unilateral ocular hypertension was inducted using a paramagnetic bead model. Rats were 

anaesthetised with 5% isoflurane (Piramal Healthcare UK Ltd)/ 2L O2/min and kept at 2.5% 

throughout the procedure. The contralateral eye (NT) was protected from dryness by Viscotears 

gel (Bausch & Lomb) while the ipsilateral eye (HT) furtherly numbed with 0.4% Oxyburprocaine 

eye drops (Bausch & Lomb). Magnetic microbeads injectable solution (Dynabeads™ M-450 

Epoxy; Thermo Fisher Scientific) was prepared was 1x Hank’s Balanced solution (HBSS -CaCl2, -

MgCl2, -phenol red; Gibco) to reach a final concentration of ≈2.7 x 106 beads/µl (240 mg/ml). 8-

10 μl of bead solution was slowly injected (100 µl NanoFil Hamilton syringe, World Precision 

Instruments; 33G tribevelled needle, World Precision Instruments) into the anterior chamber. 

During the injection beads were directed to the iridocorneal angle with a hand held magnet to 

block the aqueous humor outflow. Once the needle was removed 0.5% Chloramphenicol eye 

drops (Bausch & Lomb) were applied to minimise the risk of infection.  

2.3 Induction of hNMNAT2 overexpression  

Over expression of human nicotinamide nucleotide adenylyltransferase 2 (hNMNAT2) was 

induced by intravitreal injections of 3 µl of 2.2x1011 gc/ml AAV2 CMV-eGFP-T2A-CMV-NMNAT2 

(AVV-216829, Vector Biolabs). Rats were anaesthetised as described above. The contralateral 

eye (NT.AAVnull) was protected from dryness by viscotears gel (Bausch & Lomb) while the 

ipsilateral eye (HT) furtherly numbed with 0.4% Oxyburprocaine eye drops (Bausch & Lomb). To 

have a clear view of the optic nerve head few drops of 1% Tropicamide (Bausch & Lomb) were 

applied to the eye to dilate the pupil. Once the pupil was dilated Viscotears and a cover slip were 

applied to the cornea to allow a direct visualisation of the optic nerve head and vasculature. The 
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viral vector was intravitreally injected pointing the needle toward the ONH (10 µl NanoFil 

Hamilton syringe, World Precision Instruments; 35G tribevelled needle, World Precision 

Instruments). The needle was kept in place for at least 10-30 seconds and then slowly 

withdrawn. Once the needle was removed 0.5% Chloramphenicol eye drops (Bausch & Lomb) 

were applied to minimise the risk of infection. 

2.4 Tissue harvest and dissection 

2.4.1 Retinas 

Mice (for retina axotomy explant models) and rats were euthanised as described in section 

2.1.1.1 and 2.1.1.2. Once death was confirmed eyes were immediately enucleated and the 

cornea marked with a hand-held cauteriser to maintain orientation during dissection. The eyes 

were immediately transferred into Hank’s Balanced Salt Solution (Gibco™, Fisher Scientific). 

Under a dissecting microscope, each eye was dissected with Pierce Notched Forceps (Duckworth 

& Kent ltd) and straight Vannas Scissors (Duckworth & Kent ltd). A 26G needle was used to 

puncture the globe at limbus and afterwards cut along the ora serrata, allowing the removal of 

the cornea, lens and vitreous. The retina was then detached from the sclera and choroid, cutting 

the optic nerve at the optic nerve head to separate it entirely. If some vitreous was still attached 

it was gently removed with the forceps. Thereafter, four cuts were made to the retina to allow 

the tissue to be flat mounted with the GCL upward and used for experiments.  

2.4.2 Optic nerves 

Rat optic nerves for metabolomics analysis were collected immediately after culling. Brains were 

removed and optic nerves dissected and separated at the chiasm in NT (right eye) and HT (left 

eye). The samples were weighted and snap froze with liquid nitrogen. The tissue was stored at -

80° C and shipped in dry ice to the Swedish Metabolomics Centre for sample processing.   

Group Sample size Treatment 

G.sham NT = 6; HT = 6 / 

G.HNAMint NT = 6; HT = 6 
Intervention; NAM 600 

mg/day/kg 

G.HNAMproph NT = 6; HT = 6 
Prophylactic; NAM 600 

mg/day/kg 
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Table 2. 2. Optic nerves sample groups. Optic nerves were collected from G.sham, G.HNAMint and 

G.HNAMproph as RGC enriched tissue for metabolomic analysis.  

2.5 Retina axotomy explant model 

The axotomy explant model was used to screen the effect of nicotinamide on RGC prior in vivo 

experiments. This model was performed with slight modifications from previously established 

protocols (Binley et al., 2016, Bull et al., 2011). The dissected retinas were flat mounted, with 

the GCL upward, on a cell culture insert (Millicell 0.4 µm pore; Merck). The retinas were kept in 

culture (37° C, 5% CO2) for 72h in a six well plate and fed by culturing media (Neurobasal®-A, 

Gibco™), 1.5 ml/well, supplemented with 2mM L-glutamine (GlutaMAX™, Gibco™), 2% B27 

(Gibco™), 1% N2 ( Gibco™) and 1% penicillin/streptomycin (Gibco™). Half of the media volume 

was changed every other day. For the NAM groups (NAM, Apollo Scientific ltd; molecular weight: 

122.12 g/mol) the culturing media was further supplemented with either 100 mM NAM (low 

NAM; LNAM) or 500 mM NAM (high NAM; HNAM). After 72h the retinas were removed from 

culture, transferred to a microscope slide and processed.     

Strain Group Culturing period Treatment 

C57BL/6J E.0DEV.sham / / 

C57BL/6J E.3DEV.sham 72h Culturing media 

C57BL/6J E.3DEV.LNAM 72h 
Culturing media supplemented with 

[100 mM] NAM 

C57BL/6J E.3DEV.HNAM 72h 
Culturing media supplemented with 

[500 mM] NAM 
 

Table 2. 3. Mouse retinal explant experimental groups. Retinas from C57BL/6J have been divided into 

four experimental groups. E.0DEV.sham and E.3DEV. sham have been used as positive and negative 

controls. NAM neurotrophic support has been tested with media supplemented with two different NAM 

concentrations, 100mM LNAM and 500mM HNAM. DEV = days ex vivo.  

2.6 Analysis of RGC dendritic structure 

Analysis of RGCs morphology was the core of this project. Neuronal labelling typically relies on 

the expression of fluorescent markers. However, not all markers are reliable when used to 

investigate degeneration, since they are dependent on cells’ viability. In contrast, Diolistics is a 

very efficient method that does not depend on the status of the cell (Honig and Hume, 1986), 
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and consists of ballistic delivery of fluorescent dyes with random cell labelling where the dyes 

have diffused (Gan et al., 2000, Sherazee and Alvarez, 2013). Using multiple dyes has several 

advantages, i.e. higher cellular yield that can be achieved increasing the chance of hitting RGCs 

with different dyes. Labelled cells can be visualised separating the channels once the tissue 

sample are analysed at the confocal. That allows a clear visualisation of RGC morphology 

reducing the probability of two overlapping cells being labelled by the same dye. Labelled RGCs 

are then semi automatically reconstructed and Sholl analysis performed (Binley et al., 2014). 

2.6.1 DiOlistics bullet preparation 

80 mg of tungsten particles (Ø ≈ 1.7 μm M-25 Tungsten, Bio-rad; Ø ≤ 1µm Tungsten, Alfa Aesar 

– Thermo Fisher), 2 mg of 1,1’-Dioctadecyl-3,3,3’3’-Tetramethylindocarbocyanine Perchlorate 

(DiI; D282, Invitrogen™) and 4 mg of 3,3’- Dioctadecyloxacarbocyanine Perchlorate (DiO; D275, 

Invitrogen™) or 1 mg of 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine, 4-

Chlorobenzenesulfonate Salt (DiD; D7757, Invitrogen™) were weighted into separate 1.5 ml 

Eppendorf tubes. Under a fume hood, 400μl of methylene chloride were added to each dye and 

the tungsten particles evenly divided in two equal parts onto two glass slides. The tungsten 

particles were then finely grinded with a razor blade. Afterward, few drops of the dissolved dyes 

were added to each pile (DiI to one and DiO or DiD to the other). After each addition, the 

particles with dyes were left to dry for 3-5 min and then grinded again to avoid any clumps. This 

process was repeated until all 400 µl were used. Once all the solution was incorporated, the two 

piles of tungsten coated were mixed together and funnelled into the interior surface of Tefzel 

tubing (≈ 30cm; Bio-rad). The coated tubing was stored protected from light until use. Prior 

DiOlistics Gene Gun (Helios® Gene Gun; 1652432, Bio-Rad) shooting the coated tubing was cut 

into ≈ 12 mm bullets (bullet dyes combination were DiI/DiO- or DiI/DiD).  

2.6.2 DiOlistics labelling 

Retinas, dissected as described in section 2.4.1, were transferred to a microscope slide with the 

GCL upward, flattened out, and HBSS completely removed. DiOlistics bullets were then fired 

(mouse retinas, 100-110 psi; rat retinas, 120-140 psi) with a Helios® Gene Gun 5 cm from the 

retina surface through a polyethylene terephthalate membrane (3 µm pore size; Falcon cell 

culture inserts, Falcon 353092 – Fisher Scientific; gun barrel, 3cm height; cell culture insert, 2cm 

height) to help disperse tungsten particle and prevent clamping (Fig. 2.1). Once shot, 

Neurobasal-A media was added to the slides and the retinas transferred to an incubator for 30 

min (37° C) to let the dye diffuse. After the diffusion the retinas were checked under a 
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fluorescence microscope to verify the labelling. In case of a poor labelling the retinas were re-

shot and re-incubated for other 30 min. After incubation, Neurobasal-A was removed and the 

retinas fixed in 4% paraformaldehyde (PFA, Sigma-Aldrich; 30 min, mouse retinas; 1h, rat 

retinas). After fixation, samples were washed with 1 M phosphate buffered saline (10% 10x PBS 

– Gibco™ –  diluted in UltraPure water, 7.4 pH), nuclei labelled (Hoesch 33442, 1:1000 in PBS; 

15 min) and washed again (3 times with PBS). Samples were then mounted with FluoroSave 

(Millipore) mounting media, coverslipped and dried at room temperature for 1h and stored at 

4° C until they were taken for confocal imaging.  

However, the stain produced by this DiOlistic method will leak significantly after 48h, making 

the samples unusable. Therefore, all confocal imaging must be taken around the clock within 

this time.  

a b

 

Figure 2. 1. Diolistics labelling. a) A bullet containing a mixture of tungsten coated particles (DiO/DiI or 

DiI/DiD) is shot with a Helios® gene gun. b) Shot particles hit the flat mounted retina and randomly label 

RGCs. Scale bar 600 µm. 

2.6.3 Confocal microscopy 

Images of individual RGC arbours were acquired with a Leica SP8 lightning confocal microscope 

(Leica; 20X magnification, 0.455 μm/pixel, 1 μm z-thickness) for mouse retinas, with a Zeiss LSM 

780 confocal microscope ( Carl Zeiss; 20X magnification, 0.345 μm/pixel, 1 μm z-thickness) for 

rat retinas. RGCs were identified by their location in the GCL, the presence of an axon projecting 

to the optic nerve, and a dendritic tree extending in the IPL. If these features were not present 

the cell was not included for analysis as there could be a high risk of including other retina cell 
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phenotypes. Bistratified RGCs were also excluded. The entire cell was imaged, including the axon 

and the full dendritic tree (tile size 1024 x 1024), using a separate channel for each dye (Fig. 2.2).  

Hoesch 33442

DiO

DiI

DiD

a

b

c

d

 

Figure 2. 2. Excitation and emission ranges for DiOlistics labelling. a) Hoechst 33442; ex. 352 nm, em. 

445nm. b) DiO; ex. 487 nm, em 501 nm. c) DiI; ex. 551 nm, em. 565nm. d) DiD; ex. 648 nm, em. 670nm. 

Dashed line, excitation wavelength. Solid line, emission wavelength.   
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2.6.4 Retinal ganglion cell reconstruction 

All imaged RGCs were reconstructed using the filament tracer module on Imaris software 

(Version 9.3.1, Bitplane). Once the image was selected the z-stack was reduced to include only 

the IPL (Fig. 2.3 a,b). A region of interest (ROI) was demarcated around the dendritic field and 

automatically traced to reconstruct the dendritic arbour (Fig. 2.3 c,d). The dendrites that were 

missed or erroneously included were either manually traced or erased. Once the arbour was 

accurately reconstructed the convex hull was calculated to determine the dendritic field area 

(Fig. 2.3 e,f). All parameters were then exported for data analysis with Sholl intervals set at 10 

µm.  

a b c

d e f

 

Figure 2. 3. Imaris reconstruction of labelled RGC. a) A RGC, identified by the presence of an axon (yellow 

arrow). b) Z-stacks at the IPL. c) Selection of a region of interest (ROI) which includes the entire dendritic 

tree. d) Automatic selection of the soma with reconstruction of the dendritic arbour. e) Reconstructed 

RGC dendritic tree with manual correction of missing/extra branches. f) Automatic computation of the 

dendritic field area.    

2.6.5 Sholl analysis 

Dendritic architecture is generally assessed by Sholl analysis (Sholl, 1953), which is a standard 

measure of dendritic complexity as function of the distance from the cell body, and quantifies 

dendrites intersecting at concentric rings at set intervals from the soma (10 µm). A shift in the 

Sholl curve typically determines a changes in the overall dendritic complexity (Fig. 2.4).  

As a general rule for Diolistic labelling, RGCs from a given experimental groups are combined, 

and then mean number of dendritic intersections plotted at each interval. Due to the different 
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dendritic arbour morphology among RGC subtypes, Sholl profile of individual cells might be quite 

variable, but when averaged together a typical adult rat Sholl have a peak of ≈ 30 dendritic 

intersection at around 80 µm from the soma. After that point the curve generally declines with 

the final dendritic branches positioned around 350 µm from the soma. Given the variability in 

RGCs size and the associated standard deviation (SD) between cells, standard error of the mean 

(SEM) is used to simplify the visual understanding of the graphs.   
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Figure 2. 4. Example of Sholl analysis. a) Quantification of dendrites intersecting concentric rings at 10 

µm intervals from the cell body. b) Mean value of dendritic intersections at each intervals are plotted in 

function to the distance from the soma. A left shift in the curve describes loss of dendritic complexity. 

Dashed lines indicate the branching index. 

Besides the Sholl profile other parameters can be assessed from the Imaris files, which will 

provide additional information on the RGCs morphology: 

Area under the curve 

This measure represents the area under the Sholl curve and gives an overall measure of dendritic 

complexity, allowing the comparison of different curves through a single numerical value. 

Max Sholl or maximum number of intersections 

This value represents the maximum number of dendritic intersection at any point of the Sholl 

curve, indicating the highest number of complexity, likely at the Sholl peak. 

Total dendritic length  

The sum of all branches within the dendritic tree measured in µm. 
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Branching level 

This index represents a comparison of dendritic branches based on their branching level (e.g. 

primary, 1°; secondary, 2°; tertiary, 3°; quaternary, 4°). 

RGCs field area 

Area of the dendritic field measured in µm2. 

2.6.6 Nuclear count 

A minimum of 24 random quadrants (1024 x 1024) from a tiled image of each retina were 

analysed on Imaris. GCL nuclei were identified automatically using the spot tool (5.5/6.5 μm 

diameter) and the density normalised to nuclei/mm2. Average distance between neighbouring 

cell was automatically calculated by the software.  

2.7 Metabolomics 

Optic nerves for metabolomics analysis were collected as described in section 2.4.2 and the 

tissue shipped to the Swedish Metabolomics centre for sample processing. 200 µl of the 90:10 

MeOH:H2O was added to each frozen sample on dry ice, acid washed glass-beads (425-600 μm, 

Sigma Aldrich) were added to constitute 50% v/v of the MeOH:H2O solution and samples were 

disrupted by shaking at 30 Hz for 2 minutes (Mixer Mill MM400, Retsch) using pre-chilled holding 

blocks (4°C). Following cell disruption samples were centrifuged at 4°C (14.000 RPM for 15 

seconds). To obtain a 60:40 ratio of MeOH:H2O, 100 µl of H2O was added to the samples followed 

by shaking at 30 Hz for 15 seconds (Mixer Mill MM400, Retsch) using pre-chilled holding blocks. 

Samples were centrifuged at 4°C  (14.000 RPM, 15 seconds) and the supernatant transferred 

into LC-MS vials (Thermo Fisher) and immediately analysed. 10 µl were injected into an Agilent 

1290 UPLC-system connected to an Agilent 6546 Q-TOF mass spectrometer with an Agilent Jet 

Stream electrospray ionization (ESI) source. Data was collected in negative ionization mode with 

ESI settings: Gas temperature 150°C, drying gas flow 16 L/min, nebulizer pressure 35 psi, sheet 

gas temperature 350°C, sheet gas flow 11, Vcap 4000, nozzle voltage 300 V, Fragmentor 380, 

Skimmer1 45 V and OctapoleRFPeak 750 V. Metabolites were separated using HILIC HPLC 

column (iHILIC-Fusion(+), 100x2.1 mm, 3.5 µM, 100 Å, Hilicon AB). HILIC elution solvents were 

(A) H2O, 50 mM ammonium formate and  (B) 90:10 Acetonitrile:[50 mM ammonium formate in 

H2O]. Chromatographic separation was achieved using the following linear gradient (flow rate 
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0.4 mL/min), min 0: 90% B; min 4: 85% B, min 5: 70% B, min 7: 55% B, min 10: 20% B, min 10.01: 

90% B, min 15: 90%. Fifty-four low molecular weight metabolites verified with standards were 

detected. Metabolites were quantified as area under the curve of the mass spectrometry peak. 

Although internal standard data for AMP showed a fairly stable intensity, which suggested that 

data normalization was not required, all the data were normalized to tissue weight. Metabolic 

data were analysed using MetaboAnalyst (version 4.0(Chong et al., 2018, Chong et al., 2019, Xia 

and Wishart, 2011) and 5.0 (Pang et al., 2021, Pang et al., 2022)). Groups were compared by 

two-sample t-test with adjusted p value and cut-off of 0.05 considered significant. Principal 

component analysis was calculated using Pareto scaling to reduce the magnitude impact (van 

den Berg et al., 2006). Pathway analysis was performed in MetaboAnalyst using the Rattus 

norvegicus KEGG library. 

2.8 Statistical analysis 

Statistical analysis was performed on GraphPad Prism (version 9). Data from traced RGCs were 

used to plot the Sholl analysis showing number of dendritic intersections (y) against the distance 

from the soma at 10 µm intervals (x). Data are showed as mean value ± SEM. For all the other 

data, data are displayed as individual values with box and whiskers plots indicating 1st quartile, 

median and 3rd quartile (box), and minimum and maximum value (whiskers). For branching 

analysis, data are shown as individual value plus mean ± SD. Normality of data sets was tested 

using Shapiro-Wilk test. To compare two groups t-test or Mann-Whitney U test were used when 

appropriate. To compare three or more groups one-way ANOVA or Kruskal-Wallis, followed by 

Tukey post-hoc, Bonferroni or uncorrected Dunn’s test were performed when appropriate. For 

the branching analysis, two-way ANOVA followed by uncorrected Fisher’s LSD test. Results are 

denoted as follows: Ns = p > 0.05, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. 

Statistical analysis was performed for the following groups with the following sample size (N, 

retinas; n, RGCs):  

Group N n 

E.0DEV.sham 10 75 

E.3DEV.sham 12 47 

E.3DEV.LNAM 12 53 
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E.3DEV.HNAM 12 62 

C.sham 22 182 

G.sham NT = 12; HT = 12 NT = 66; HT = 83 

C.LNAM 12 115 

C.HNAM 12 113 

G.LNAMproph NT = 6; HT = 6 NT = 40; HT = 54 

G.HNAMproph NT = 12; HT = 12 NT = 102; HT = 136 

G.LNAMint NT = 6; HT = 6 NT = 62; HT = 79 

G.HNAMint NT = 12; HT = 12 NT = 107; HT = 104 

T.AAVNMNAT2 NT.null = 6; NT.AAVNMNAT2 = 6 NT.null = 34; NT.NMNAT2 = 43 

T.G.AAVNMNAT2 NT.null = 6; HT.AAVNMNAT2 = 6 NT.null = 42; HT.NMNAT2 = 41 

Table 2. 4. Experimental groups sample size.  

2.9 Normalisation parameters of the AUC of IOP profiles 

To identify experimental IOP changes, post baseline IOP AUC was normalised to baseline IOP 

AUC using as normalising factor the number of IOP baseline recording, in order to have 

comparable AUCs between the different experimental stages.  

2.10 Power analysis 

Power calculations were performed on G*Power (version 3.1) (Faul et al., 2007). A priori power 

calculations were performed to decide the minimum sample size (Chow, 2007), estimating a 40 

% AUC difference between the control and disease group (based on pilot data from the same 

model).  Using G*Power the following sample sizes were calculated based on Wilcoxon-Mann-

Whitney test of the means of two groups, with an α value of 0.05 and power value (1 – β) of 

0.90. Mean AUC ± SD of control group and OHT glaucoma (based on preliminary trials) were 

estimated at 4151.86 ± 2120.55 for the control, and 2552.53 ± 1201.65 for OHT glaucoma (Table 

2.5).  
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Effect size Recommended RGC per group 

0.9 29 

0.8 36 

0.7 46 

0.6 63 

0.5 90 

Table 2. 5. Power calculations determining suggested RGC sample size based on estimated effect size.  

Once all the experiments were concluded post hoc power calculation were performed to verify 

the goodness of the data. The actual effect size for each group was evaluated comparing the 

mean AUC ± SD and sample size of the positive and negative control group with the experimental 

group of interest (E.0DEV.sham and E.3DEV.sham for the explant experiments; C.sham  and 

G.NT/HT.sham for the in vivo experiments; Table 2.6).  

Group Effect size (positive control) Effect size (negative control) 

E.3DEV.sham 1.28 / 

E.3DEV.LNAM 0.17 1.12 

E.3DEV.HNAM 0.19 1.07 

G.NT.sham 0.90 / 

G.HT.sham 1.21 / 

C.LNAM 0.02 / 

C.HNAM 0.34 / 

G.NT.LNAMproph 0.01 0.73 

G.HT.LNAMproph 0.47 1.17 

G.NT.HNAMproph 0.41 0.94 
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G.HT.HNAMproph 0.39 1.26 

G.NT.LNAMint 0.01 0.61 

G.HT.LNAMint 0.34 0.50 

G.NT.HNAMint 0.11 0.51 

G.HT.HNAMint 0.16 1.05 

T.NT.AAVnull 0.01 / 

T.NT.AAVNMNAT2 0.13 / 

T.G.NT.AAVnull 0.66 0.15 

T.G.HT.AAVNMNAT2 0.25 1.19 

Table 2. 6. Post hoc power calculation.  
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3 Brown Norway rats, characterization of baseline parameters and 

optimisation of inducible model of unilateral ocular hypertension  

3.1 Overview 

Our understanding of glaucomatous pathophysiology comes from the experimental models that 

have been developed over the years (chapter 1, insights on different glaucoma models)(Pang 

and Clark, 2020). Despite the different pathological features (e.g. ocular normotensive 

glaucoma, ocular hypertensive glaucoma) all lead to the progressive loss of retinal ganglion cells 

and the degeneration of the optic nerve. Since elevated intraocular pressure is highly associated 

with the disease and to date the only treatable factor, most of the in vivo models try to 

reproduce chronic IOP elevation (Biswas and Wan, 2019).  

However, accurate assessment of glaucomatous-related changes, especially in inducible models 

of ocular hypertensions, depends on a robust experimental model and reliable and highly 

reproducible data. These factors are paramount for the choice of induction and assessment 

techniques, along with the intended species and strain. Hence, after a careful examination, it 

has been decided to perform experimental procedures on Brown Norway rats. 

The Brown Norway (BN) rat (Rattus Norvegicus), even though it has Asiatic origins (Zeng et al., 

2018), has become a popular species for modelling eye disease: principally by virtue of 

reasonably sized eye that responds well to manipulation. The utility of the model was further 

enhanced by the availability of a full genome sequence, raising the possibility of useful genetic 

models of eye disease (Gibbs et al., 2004).  

In vision science most of the studies of inducible models of glaucoma are conducted on Brown 

Norway. There are several reasons why it is the strain of choice; one is certainly its visual acuity 

(Prusky et al., 2002) and above all because its physiological and structural parameters (e.g. intra 

ocular pressure (Morrison et al., 2009), retinal ganglion cells (Sun et al., 2002a, Sanes and 

Masland, 2015)) are well characterised. However, BN social behaviour (e.g. docile, easy to train) 

is also a determining factor since all inducible model of glaucoma require profuse handling and 

interaction (Schweinfurth, 2020). 

Elevated intraocular pressure has been induced on BNs with the obstruction the aqueous 

outflow pathway. This can be experimentally obtained either with the sclerosis of episcleral 

vessel through hypertonic saline injections (Morrison et al., 2008) or through injection of 
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substances that mechanically block the outflow pathway (Johnson and Tomarev, 2010). 

Intracameral injections of microbeads are included in this last category, and can be made of 

latex microspheres (Urcola et al., 2006), polystyrene beads (Smedowski et al., 2014) and 

polystyrene ferromagnetic microbeads (Samsel et al., 2011, Tribble et al., 2021b). Although all 

microbead injections can induce ocular hypertension, each microbead has its own 

characteristics that need to be taken into account depending on the injection technique 

(Morgan and Tribble, 2015).  

For the purpose of inducing moderate and controlled chronic IOP elevation Dynabeads® M-450 

Epoxy microbeads (chapter 2 and appendix) were the best choice. Those are polystyrene epoxy 

coated microbeads with a diameter of 4.5 µm, that can be easily injected in the anterior chamber 

with a self healing tunnel injection which does not require a high degree of manual dexterity.  

Although aqueous humor dynamics and response to IOP elevation have been well characterised 

in BNs (Ficarrotta et al., 2018, Eastlake et al., 2021), to perform the experiments with a high level 

of reproducibility all the experimental standard operating procedures have been optimised to 

increase the level of consistency and the reliability of the chosen model. 

Characterization of baseline parameters, development and optimisation techniques for in vivo 

induction of ocular hypertension through intracameral injections of magnetic microbead 

particles will be discussed in the following sections.             

3.2 Characterization of baseline parameters  

3.2.1 Experimental setup 

To obtain reproducible and reliable results, male Brown Norway rats – bought from a UK licensed 

establishment (Envigo UK) – have been extensively handled and trained only by one researcher. 

All the non surgical procedures have been refined in order to minimise animal discomfort and 

to avoid any restraining methods. Positive reinforcement and play time introduced to improve 

animal welfare and habituate the animal to regular IOP monitoring.  

After culling, dissection techniques have been improved to reduce the dissection time to avoid 

retinal ganglion cells damage, and for DiOlistic delivery of tungsten coated fluorescent particles 

optimised for rat flat mounted retinas explants.  
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Since our work is mainly based on morphological analysis of retinal ganglion cells, Imaris 

parameters have been optimised to reliably reconstruct rat RGC dendritic arbours.  

Readouts from these animals will constitute the normotensive control data (C.NT) throughout 

all the project and will be referred as control normotensive sham (C.NT.sham), sham due to the 

addition of caster sugar in the water during the experimental period, in this dissertation.  

 

C.sham

 

Figure 3. 1. Experimental workflow Brown Norway normotensive rats, C.sham.  

3.2.2 Results 

3.2.2.1  Animal welfare and training techniques 

In order to provide the best living conditions, the laboratory rats once arrived from the licensed 

establishment were kept away from any training and experimental procedures for ten days. In 

these days of adaptation they were familiarised with the handler and the environment (e.g. 

procedure room, surgery room and recovery room). Exposing them to the different smells and 

noises, without experimental purpose, helped to reduce their vigilance and to improve the trust 

towards the handler. With constant supervision they were allowed to move freely outside the 

cage, alone or in pairs, and that developed a further bond with the researcher that was seen as 

a safe person to be around.  

After this adaptation period, the rats entered their training period. Positive reinforcement (e.g. 

muesli, watermelon, nuts) was used to teach them to get accustomed to the situations they 

could have faced during the experiment (e.g.  walk and sit on the handler’s arm for IOP checks, 

held in certain ways for injections). They did not show any sign of distress during the training 

(e.g. apathy, weight loss, overgrooming, scruffy coat), but to confirm that their behaviour was 

reflecting their health their weight was constantly checked (Fig. 3.2). Indeed, it was not observed 
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anything different from a normal growing curve for rats of their age ( 10 - 12 week during 

training). Once all their training skills were impeccable (e.g. sitting on the handler arm, sit still 

without restraining methods in place), normal handling with few practice sessions were 

performed just prior the experiment. 
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Figure 3. 2. Monitoring rat health through their weight gain during training. Intensive training did not 

affect Brown Norway wellbeing as shown by their growth curve (line mean value; shaded area ± SD) and 

a representative picture of one of the animal in training.  

As part of the training, all rats received regular IOP checks. IOP recordings are a valuable way to 

detect retinal ganglion cells distress, and an important readout of this investigation. The 

common way to measure IOP in rodents in with a rebound tonometer; each single measurement 

is averaged on five single recordings that once are filed let the tonometer beep. That sound 

agitated the rats which tried to avoid what they perceived as danger. That initial reaction forced 

the introduction of a restraining method while measuring their pressure (Fig. 3.3 a). However, 

these animals were all normotensive and when their IOP recordings were tracked over time, 

their IOPs were too high to be their normal readout (Fig. 3.3 c). Some of their IOPs were above 

25 mmHg, which is considered ocular hypertension and it was quite suspicious for wild type rats. 

Not convinced about these IOP readouts, they were taught to associate snack time with IOP 

readings. Even though it took some time to get them used to it, it was possible to train them to 

have their IOPs measured while they were freely nibbling on the handler arm (Fig. 3.3 b). That 

approach changed drastically the IOP redouts, which decreased by more than a half, with 

minimal standard deviation, compared to the restrained values (Fig. 3.3 d). 

Considering the results obtained, this new technique was used throughout all the project for all 

the experimental groups.  
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Figure 3. 3. Restraining method influences intra ocular pressure measurment. a) Gentle restrained IOP 

measurment. b) Unrestrained IOP measurment. c) Restrained IOP profile. d) Unrestrained IOP profile. Line 

mean value; shaded area ± SD. Cartoon created with Biorender.com. 

3.2.2.2 Intraocular pressure and retinal ganglion cells dendritic baseline parameters 

All the rats classified as C.NT.sham constituted the control group, whose parameters have been 

used to establish the positive or negative outcome of all the following experiments. Considering 

their touchstone role, all the baseline parameters were evaluated and the staining techniques 

optimised for the  tissues sample and the material stock available (tungsten particles Ø ≈ 1.7 µm 

versus tungsten particles Ø ≤  1µm).  

3.2.2.2.1 IOP baseline parameters 

Baseline IOPs were the first parameter that was observed as hallmark for normotension. The 

IOP recordings were prolonged to 5 weeks, with the purpose to have matching readouts for the 

upcoming experiments of 4 weeks induced ocular hypertension. However, that was the first time 

rats IOPs were monitored for a prolonged period of time and the effect on their health was 

unknown. Taking into account this unknown variable their weight was monitored at the same 

time they had their IOPs checked. As expected from their behavioural pattern, these frequent 

recordings did not negatively affect their growth curve (Fig. 3.4 a), and with this new measuring 

technique all the IOPs were at a normal normotensive level (Fig. 3.4 b-c; single rat IOPs are 

included in the appendix). 
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Figure 3. 4. Experimental assessment of unrestrained Brown Norway rats IOP profiles and the effect of 

repetitive recordings on their growth curve. a) Weight check-ups for the 5 weeks experimental period. 

Line mean value, shaded area ± SD (N = 11). b) Unrestrained IOP profiles measured with a hand held 

tonometer over a period of 5 weeks. Line mean value, shaded area ± SD (N = 11). c)  Area under the Sholl 

IOP curve. Box and whisker plot with individual values; whiskers, min and max value; box plot, 1st quartile, 

median and 3rd quartile. Kruskal-Wallis test followed by uncorrected Dunn’s test; ns = non significant. Exp. 

sham AUC IOP has been normalised to baseline following:  𝑥(𝑛𝑜𝑟𝑚. 𝑓𝑎𝑐𝑡𝑜𝑟) =
𝛴 𝑒𝑥𝑝.𝑠ℎ𝑎𝑚 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑠

𝛴 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑠
 .  

3.2.2.2.2 RGC dendritic baseline parameters  

Having established that all the animals were normotensive, to complete the evaluation of all the 

baseline parameters required for the project, RGCs structural parameters needed to be 

classified. RGCs dendritic arbours were Diolistically labelled with tungsten DiI -DiO coated 

fluorescent particles. That technique strongly relies on the lipophilic dye carrier, which can 

either be gold or tungsten. For our specific purpose tungsten is the most cost effective, but in 

the middle of the experiment the tungsten recommended by the Helios® gene gun manufacturer 

ran out of stock. Recommended tungsten particles had a diameter of ≈ 1.7 µm while the new 

stock comprised tungsten particles of less than Ø 1µm. To address whether this new tungsten 

could have changed the readouts of RGCs morphological analysis, data from two different 

C.NT.sham groups, one labelled with ≈ 1.7 µm tungsten particles and the other with ≤ 1µm 

(Fig.3.5 a-d), were compared. Although both Sholl and area under the Sholl curve (AUC) did not 

show any significant difference between the two groups, to obtain the same level of labelling 

with the smaller particles the shooting pressure was increased to 120/140 psi, while the 1.7 µm 

particles were shot at 110/120 psi. Having established that the change in particles diameter did 

not alter the outcome of the readouts, the data collected from both group were combined and 

processed to analyse baseline RGCs parameters.  
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Figure 3. 5. Change in diameter of tungsten particles did not altered retinal ganglion cells morphological 

parameters. a, b) DiOlistically labelled RGC with corresponding Imaris reconstruction. C.NT.sham tungsten 

Ø ≈ 1.7 µm, . C.NT.sham tungsten Ø ≤ 1 µm. c) Sholl analysis of reconstructed RGCs. d) Area under the 

Sholl curve. Box and whisker plot with individual values; whiskers, min and max value; box plot, 1st 

quartile, median and 3rd quartile.  Mann-Whitney test; ns = non significant. Scale bar 70µ  

Analysis of dendritic parameters showed a normal Sholl curve, with a peak around 80 µm from 

the soma centre (Fig. 3.6 a). The area under the Sholl curve (AUC), with the individual values for 

each RGC traced, revealed the heterogeneity of the samples (mean ± SD, 4151.87 ± 2120.55; Fig. 

3.6 b) , which confirmed the random DiOlistic labelling with no size-bias, further confirmed by 

the analysis of the field size (mean ± SD, 160982.05  ± 83949.21; Fig. 3.6 f). Both max Sholl (mean 

± SD, 37.10 ± 14.56; Fig. 3.6 c) and dendritic length (mean ± SD, 6121.01 ± 3123.40; Fig. 3.6 d) 

reflected the different level of complexity and neurite extension, with a hierarchical gain of 

complexity (Fig. 3.6 e), which was expected from wild type RGCs. In addition, the average 

distance between cells and the GCL nuclei count provided an estimate measure of which kind of 

cellular disposition should be expected to be found in a rat retina in normal physiological 

condition (Fig. 3.6 g,h).  
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RGCs were classified also according to their dendritic extension in the IPL as ON-centre 

(dendrites terminating in the sublamina b) and Off-centre (dendrites terminating in the 

sublamina a). Based on this sub-classification no differences were observed  between ON- and 

OFF-centre (Fig. 3.6 i-j). 

Rat RGC DiOlistic labelling and classification are among the main expertise of the James Morgan 

group. Thus, it was possible to compare these parameters with previous classified RGC, and it 

was established that C.NT.sham morphologic patterns were equal to other wild type.    

Based on the results obtained C.NT.sham was elected as positive control for the project. 
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Figure 3. 6. Retinal ganglion cells morphological profile of normotensive Brown Norway rats. a) Sholl 

analysis of reconstructed RGCs. Line represents mean value at each interval, shaded area ± SEM.  b) Area 

under the Sholl curve. c) Maximum number of dendrites intersections at the Sholl peak. d) Total length of 

all dendrites. e) Number of dendrites at each branching level proximal to the soma. Individual value ± SD. 

f) RGCs field size. g) Average distance between neighbouring cells. h) Ganglion cell layer nuclei count. i) 

Sholl analysis based on RGCs receptive field. j) Area under the Sholl curve of RGCs ON- and OFF-centre. 
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Box and whisker plot with individual values; whiskers, min and max value; box plot, 1st quartile, median 

and 3rd quartile.  Mann-Whitney test; ns = non significant.     

3.3 Development and optimisation of inducible unilateral model of ocular 

hypertension 

3.3.1 Experimental setup 

With all the baseline parameters available, and improved training techniques that guarantee the 

consistency of IOP recordings, three independent batches of Brown Norway were used to induce 

unilateral ocular hypertension and explore the effect of OHT on retinal ganglion cells (data from 

the first training batch are not included in the dissertation). 

All animals were handled and trained as described in section 3.2 and their IOPs regularly checked 

with the same technique used for C.sham. 

Self healing tunnel injections and microbead spreading technique were optimised in order to 

obtain a chronic moderate pressure increase for four weeks with just one injection.  

Retina dissection techniques, labelling and morphological analysis performed as described in 

chapter 2 and in section 3.2.   

Readouts from these animals will constitute the unilateral hypertensive glaucoma control data 

throughout all the project, and will be referred as glaucoma sham (G.sham) in this dissertation 

(sham due to the addition of caster sugar in the drinking water).  

G.sham

 

Figure 3. 7. Experimental workflow for in vivo model of induced unilateral ocular hypertension G.sham.  
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3.3.2 Results 

3.3.2.1 Refinement of the injection technique 

Microbead injections (MBI) when properly performed can induce chronic intraocular pressure 

increase. To properly occlude the trabecular meshwork also the concentration of the bead 

contained in the injectable solution has to be taken into account. Taking in consideration other 

successful studies performed by the Morgan and Williams groups where Dynabeads® M450 

epoxy were used, for this model it was used a concentration of ≈ 2.7 x 106 beads/µl (injected 

volume 6-10 µl) to obtain a chronic moderate IOP increase.  

The induction of ocular hypertension requires the complete coverage of the iridocorneal angle. 

However, when 6-7 µl of microbead solution was injected in a single shot with a 33G needle, 

with the beads spread along the iridocorneal angle, after needle was withdrawn (Fig. 3.8 a I-II) 

some of the beads moved towards the iris instead of remaining in the iridocorneal angle (Fig. 

3.9 a). Although that injection technique raised the IOP, after two weeks the IOP was almost 

back to a normotensive state. Therefore, in order to maintain a sustained IOP increase for 

another two weeks a second injection was performed (Fig. 3.9 c). 

To avoid the need of a second injection, the injection procedure was modified. The injection 

volume was increased from 6-7 to 8-10 µl keeping unmodified the Dynabeads® concentration. 

The self healing tunnel injection technique was kept the same, but the injection pace changed. 

The injection was slow and controlled, 2-2.5 µl/min/quadrant were displaced while injecting 

(Fig. 3.8 b). For the first and second quadrant the beads were displaced clockwise (9-12 o’clock 

first quadrant, 12-3 o’clock second quadrant), while the third and fourth quadrant anticlockwise 

(9-6 o’clock third quadrant, 6-3 o’clock fourth quadrant). Once all the beads were in place the 

33G needle was withdrawn with no bead solution outflow (Fig. 3.9 b). This approach produced 

a sustained IOP elevation over a period of four weeks, with no need of further injections (Fig. 

3.9 d). Procedure time, from the induction of anaesthesia to the needle removal, was typical 25-

30 minutes which ensured a rapid recovery from the anaesthetic.   
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a.I II b

c

 

Figure 3. 8. Schematic representation of microbead injection techniques. a-I) Fast injection with 

microbead complete release, followed by -II) microbead displacing along the iridocorneal angle. b) Slow 

and controlled injection with simultaneous bead dispersion along the iridocorneal angle. c) Aqueous 

humor outflow pathway edited from (Crawley et al., 2012). Cartoon created with Biorender.com. 

To understand whether or not the second microbead injection compromised the overall IOP 

profile, the area under the curve of the IOP profiles from both samples was analysed (Fig. 3.9 e). 

No significant difference was found between the two AUC IOPs (G.HT.sham 2MBI vs G.HT.sham 

1MBI >0.9999), therefore the animals that received 2 MBIs were included in the G.sham group 

for RGCs morphological analysis. 
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Figure 3. 9. Effect of different injection techniques on Brown Norway IOP profile. a) Representative 

picture of post fast intracameral microbeads injection. b) Representative picture of post slow and 

controlled intracameral microbeads injection. c) Injection technique illustrated in (a) required a second 

microbead injection to prolong a moderate IOP elevation for four weeks, as shown in the IOP profile. d) 

One microbead injection as illustrated in (b) was sufficient to produce a moderate IOP elevation for four 

week, as shown in the IOP profile. e) Area under the curve of IOP profile. Line mean value of complete set 

of IOP recording shaded area ± SD. Box and whisker plot; bottom whisker minimum value; box blot 1st 

quartile, median and 3rd quartile; upper whisker maximum value; dots single values. Mann-Whitney test; 

ns= non significant.  
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3.3.2.2 Baseline glaucoma IOP profiles 

Ocular hypertension was induced unilaterally in 11 Brown Norway rats. The IOP was measured 

every other day, one week prior the induction and four weeks after (Fig. 3.10 a; Appendix A.2). 

All the rats had a sustained elevated IOP for all the experimental period, confirming the 

successful induction of chronic ocular hypertension. The peak IOP did not exceed 30 mmHg in 

any animals The post MBI AUC (Fig. 3.10 b) highlighted the significant difference between 

G.NT.sham and G.HT.sham (p = <0.0001), that proved the accurate induction of a chronic in vivo 

model of OHT glaucoma.   
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Figure 3. 10. Intraocular pressure profile unilateral model of OHT glaucoma.  a) G.sham group IOP profile. 

Line mean value of complete IOP recordings ; shaded area ± SD. b) Area under the IOP curve. Box and 

whisker plot. Whiskers, minimum and maximum value; plot, 1st quartile, median and 3rd quartile. Dots, 

single rat value. Ordinary one-way ANOVA followed by Tukey’s post hoc test; **** = p < 0.0001, ns = non 

significant, p = > 0.05. Post-MBI AUC IOP has been normalised to pre-MBI AUC IOP following:  

𝑥(𝑛𝑜𝑟𝑚. 𝑓𝑎𝑐𝑡𝑜𝑟) =
𝛴 𝑝𝑜𝑠𝑡 𝑀𝐵𝐼 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑠

𝛴 𝑝𝑟𝑒 𝑀𝐵𝐼 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑠
.  

3.3.2.3 Ocular hypertension induces retinal ganglion cells dendritic atrophy 

A standard in vivo model of chronic hypertensive glaucoma, in order to mirror the 

pathophysiological features of the disease, should display retinal ganglion cell dendritic atrophy 

and at least 30% cell loss (McKinnon et al., 2009). To identify whether this model was accurately 

reproducing the disease parameters, the morphology of DiOlistically labelled RGCs was analysed 

and compared with the normotensive positive control C.NT.sham. 
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Analysing the Sholl profile of the group a profound left shift of the curve was observed, which 

represents the loss of dendritic arbours complexity (Fig. 3.11 c). A significant observation was 

that this trend was affecting both contralateral (G.NT.sham) and ipsilateral (G.HT.sham) eye, 

suggesting a contralateral effect of the pressure rise. In detail, based on the mean AUC of each 

group (C.NTsham 4151.87 ± 2120.55 SD; G.NT.sham 3140 ± 1048.18 SD; G.HT.sham 2552.53 ± 

1201.66 SD) G.NT.sham displayed a 25% AUC decrease (p =  0.0027) and G.HT.sham 40% AUC 

reduction (p = <0.0001) compared to the control (Fig. 3.11 d). This extensive atrophy affected 

all the other parameters related to RGC dendritic architecture. The maximum number of 

intersection at the Sholl peak decreased 19% in the G.NT.sham group (p = 0.0009) and 23% in 

the G.HT.sham (p = <0.0001) compared to the C.sham, while there was just a 5% decrease in the 

G.HT.sham compared to the contralateral eye (p = 0.3079; Fig. 3.11 e). Similarly, the total length 

of the dendrites steadily decreased in each group compared to the control (26% G.NT.sham, p = 

0.0011; 40% G.HT.sham, p = <0.0001; Fig. 3.11 f). Considering these parameters, the dendritic 

field area reduction (G.NT.sham 19%, p = 0.0468; G.HT.sham 40%, p = <0.0001; Fig. 3.11 h) and 

the dendrites distribution at each branching level (Fig. 3.11 g) goes beyond peripheral dendritic 

pruning, but reflects the dendritic reshaping that precedes RGCs cell loss.    

At a cellular level, the average distance between cells in the G.sham decreased (Fig. 3.11 i), as 

well as the cellular density at the GCL (G.NT.sham, p = 0.0039; G.HT.sham p =  0.0054; Fig. 3.11 

j), indicating OHT-induced RGC loss.  

As expected, RGCs ON-centre were less affected than the OFF-centre. Although the level of 

damage was less prominent among the ON-centre, G.HT.sham.ON still lost 37% in overall 

complexity compared to the matched G.sham control. The effect on the OFF-centre was greater, 

with 36% reduction in the G.NT.sham.OFF and 43% in the G.HT.sham.OFF (Fig. 3.11 k-m). 
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Figure 3. 11. Retinal ganglion cells morphological profile following induction of unilateral ocular 

hypertension. a, b) DiOlistically labelled RGCs with corresponding Imaris reconstruction. Scale bar 70 µm, 

image pixel size 2048 x 2048. c) Sholl analysis of all reconstructed RGCs. Line mean value at each interval; 

shaded area ± SEM. d) area under the Sholl curve (AUC). e) Maximum number of total dendritic 

intersections at the Sholl peak. f) Total dendrites length. g) Number of the dendrites at proximal soma 

branches. Individual values ± SD. h) Dendritic field area. i) Average distance between neighbouring cells 

at the GCL. j) Nuclei count at the GCL. k, l) Sholl Analysis of reconstructed RGCs according to their receptive 



58 
 

field. m) Area under the Sholl curve of RGCs divided according to their receptive field. Box and whiskers 

plot with individual values. Whiskers, minimum and maximum value; box plot, 1st quartile, median and 3rd 

quartile; dots, individual value. Kruskal-Wallis test followed by uncorrected Dunn’s test. Ns = non 

significant. Ns = p > 0.05; * = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001. 

3.4 Discussion 

Most of the scientific literature reports pressure around 20 mmHg as normotensive rat IOP 

parameter, but all the experimental recording were taken either on restrained or anaesthetised 

animals (Urcola et al., 2006, Eastlake et al., 2021, Jia et al., 2000, Tribble et al., 2021b, Tribble et 

al., 2021a). Although restraining methods and anaesthesia might be time-convenient, those 

technique introduce a pressure bias which affects both normotensive and hypertensive 

parameters. The introduction of training and positive reinforcement to acquaint the animals to 

unrestrained IOP measurements decreased by half the IOP and minimised the SD, in contrast to 

what has been commonly reported for Brown Norway rats (Morrison et al., 2009). This 

refinement strategy was humane-oriented, focusing on the animal wellbeing, which reduced the 

stress at the minimum. It has to be said that this method is time consuming and, if it not carefully 

planned in advance, can interfere with the tight deadlines each research has to respect (Smith 

and Lilley, 2019). To dedicate enough time to train each animal without interfering with the 

research plan, a maximum of six animals was in experiment simultaneously, while the others 

were in training (von Kortzfleisch et al., 2020). Splitting the experimental group in “mini-

population” guaranteed the reproducibility of the data, which could also be tested with 

independent experiments.  

These robust baseline parameters, and established training techniques, laid strong foundation 

for a reliable investigation of RGC OHT-related changes. With average C.sham IOPs of 10.05 

mmHg ± 1.44 SD, and G.NT.sham of 11.08 mmHg ± 1.10 SD and G.HT.sham of 22.52 mmHg ± 

3.41 SD, it was established that the pressure rise obtained with the refined injection technique, 

that ensured the complete and stable coverage of the iridocorneal angle, was moderate and 

sufficient to mimic chronic hypertensive glaucomatous damage. Although experimental 

pressure above 30 mmHg produce RGCs damage, this magnitude of pressure increase can also 

induce uveitic RGC damage (Baneke et al., 2016, Cunningham and Zierhut, 2017), which is 

different and more severe that normal glaucomatous OHT and introduces a confounder in the 

analysis (Lewkowicz et al., 2015, Din et al., 2014, Baneke et al., 2016).   
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Without any apparent inflammatory confounder, this model of moderate chronic OHT produced 

a dendritic remodelling that was not affecting only the terminal branches but also the proximal 

dendrites, which is a hallmark of extensive degeneration (Tribble et al., 2014). When these 

characteristics are combined with cell loss they meet the clinical criteria of end point 

glaucomatous pathology.     

The choice of having a naïve control instead of using the contralateral not injected eye as 

normotensive control might be in conflict with a “reduction principle”.  However, that choice 

unveiled a conspicuous contralateral effect that would not have been detected otherwise. 

Published works suggest that ipsilateral OHT may activate microglia responses in the 

contralateral eye (Ramírez et al., 2015, Ramírez et al., 2010, Tribble et al., 2021a), which 

supports the contralateral damage detected in G.NT.sham. In light of that, if the contralateral 

eye would have been used as control, the degree of dendritic atrophy in the ipsilateral eye would 

have been underestimated. In addition, this observation is highly relevant in the clinical practice 

because supports topical IOP management on both eyes, even in the absence of clinically 

established OHT.   

To have a wider overview, an electroretinogram for each rat should have been included to 

determine the degree of visual loss (Wilsey and Fortune, 2016).  Although it could have been 

informative, it was outside the scope of the project, and already well documented in the same 

Brown Norway microbead model of glaucoma, showing a major impairment of retinal ganglion 

cell functions (Eastlake et al., 2021). 

In summary, it can be said that the refinements on both C.sham and G.sham helped to produce 

a reliable model that can be reproduced over time, redefining the classical murine IOP 

parameters without stress and restraining confounders. The new injection technique 

guaranteed a sustained moderate OHT over a period of 4 weeks, reproducing the typical feature 

of ocular hypertensive-induced degeneration, including different degree of RGC atrophy among 

ON- and OFF-centre RGCs (Della Santina and Ou, 2017). Which might be the causes of this 

neurodegeneration and whether can be either prevented or reversed will be subject of 

discussion in the next chapters.  
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4 Effect of long term nicotinamide adenine mononucleotide 

administration on normotensive Brown Norway rats 

4.1 Overview   

The success and feasibility for any NAD+-related treatment for retinal ganglion cells 

neuroprotection depends on the baseline effect that every NAD+ precursor has on wild type 

animals at doses that exceed those advised for nicotinamide-based dietary supplements (Hwang 

and Song, 2020). Retinal ganglion cells can be extremely sensitive to energy variations (Ito and 

Di Polo, 2017, Liu and Prokosch, 2021) and that can have repercussions on the dendritic 

architecture, thence on the neural circuitry. 

NAD+ precursors have been used to improve several aspects of retinal metabolism (Hui et al., 

2020, Williams et al., 2017b), but we do not know the effects of long term administration of 

NAM on dendritic architecture in healthy RGCs. To address this issue, normotensive naïve rats 

have been provided with a NAM enriched diet for four weeks. The intraocular pressure was 

checked to determine whether NAM affected the normal IOP profile, and immediately post-

mortem, dissected retinas were labelled by gene gun delivery of lipophilic dyes (DiOlistic 

labelling). The RGCs dendritic morphology of randomly labelled RGCs was analysed to determine 

if NAD adversely affected normal RGC parameters.  

4.1.1 Experimental setup 

In order to identify the safety and tolerance of long-term NAM administration, two groups of 

naïve Brown Norway rats (six rats per groups) were exposed for four weeks to NAM enriched 

diet at two different concentrations (low dose – LNAM – 200 mg/day/kg; high dose – HNAM – 

600 mg/day/kg; refer to chapter 2 for a detailed description). Rats IOPs were monitored every 

other day to exclude any potential secondary effect on IOP profile and therefore classify all rats 

as normotensive. At the end of the four weeks, the rats were culled by increasing CO2 

concentrations, eyes were promptly enucleated post mortem, and retinas immediately 

dissected. Flat mounted retinas, with the RGCL oriented upward, were labelled using DiOlistics 

and nuclei stained post fixation. Treatment efficacy and sustainability was evaluated as a 

function of dendritic complexity compared to age-matched controls.  
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a

b

C.LNAM

C.HNAM

 

Figure 4. 1. Experimental workflow NAM-treated normotensive Brown Norway rats. a) Low dose NAM 

treatment (LNAM, 200 mg/day/kg). b) High dose NAM treatment (HNAM, 600 mg/day/kg). Rats were 

continuously exposed to NAM enriched diet for four weeks. Colour coded according to the experimental 

groups presented in the results section.  

4.2 Results  

4.2.1 Nicotinamide adenine mononucleotide does not affect intraocular pressure 

Intraocular pressure measurement is the first approach to identify any potential detrimental 

change that might affect RGC viability. IOPs were monitored for all the experimental period and 

no changes were detected from the baseline recording, as shown by the single rat and group 

IOP profiles, but just some insignificant variation due to the rat behaviour during the recordings 

(Appendix fig. 2; Fig. 4.2).    

Both groups maintained their normotensive state indicating that NAM was not interfering with 

the mechanism that regulate intraocular pressure. Thus, it was hypothesised that if any change 

would have been detected in the dendritic structure that would not have been related to any 

pressure change.  
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Figure 4. 2. IOP pressure profile of normotensive NAM-treated Brown Norway rats. a) I, C.NT.LNAM 

group IOP profile. II, area under the IOP profile curve. b) I, C.NT.HNAM group IOP profile. II, area under 

the IOP profile curve. For the IOP profiles, line represents mean value of complete set of recordings, 

shaded area ± SD. For the AUC, box and whisker plot represents minimum value, 1st quartile, median, 3rd 

quartile and maximum value. Each dot represents the values included in the statistical analysis. Ordinary 

one-way ANOVA followed by Tukey’s post hoc test; ns = non significant.  Post-NAM AUC IOP has been 

normalised to pre-NAM AUC IOP following:  𝑥(𝑛𝑜𝑟𝑚. 𝑓𝑎𝑐𝑡𝑜𝑟) =
𝛴 𝑝𝑜𝑠𝑡 𝑁𝐴𝑀 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑠

𝛴 𝑝𝑟𝑒 𝑁𝐴𝑀 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑠
. 

4.2.2 Nicotinamide adenine mononucleotide promotes dendritic plasticity in adult 

normotensive rats 

To evaluate any change in RGC dendritic morphology with NAM treatment, DiOlistically labelled 

RGCs were individually reconstructed and dendritic structural parameters analysed. RGCs from 

the NAM normotensive groups were morphologically more complex than their age-matched 

control (Fig. 4.3 a,b I-III). Scholl analysis revealed a dose-dependent higher level of complexity 

in the NAM groups mainly gathered between 50 – 150 μm from the soma centre (Fig 4.3 c). The 

area under the sholl curve (AUC), which is a simplified measure of average dendritic complexity, 
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did not show any overall significant change between the C.LNAM and C.sham (p = 0.0915), while 

in the C.HNAM there was a significant overall increase in complexity compared to the low dose 

(p = 0.0417) and the sham (p = <0.0001. Mean AUC ± SD; C.sham, 4151.87 ± 2120.55; C.LNAM, 

4607.61 ± 2182.84; C.HNAM, 5579.29 ± 3138.43; Fig. 4.3 d). However, when the parameters that 

contributed to the dendritic complexity were analysed individually, the peak in the C.LNAM sholl 

curve was significant in terms of maximum number of intersections compared to C.sham (p = 

0.0021; Fig. 4.3 e). In spite of these changes in dendritic complexity, dendritic field area was 

unaffected (Fig. 4.3 h), even though variations in the total dendritic length were observed among 

the groups (Fig. 4.3 f). The changes in the shape of the Sholl plot indicated that the change in 

complexity occurred closers to the cell soma and was not affecting the complexity of the 

peripheral dendrites. In the C.HNAM, the gain in complexity was greatest in the primary 

branches, whereas the number of primary branches of the C.LNAM dendritic trees were similar 

to the C.sham, suggesting a dose-dependent effect for all the dendritic structural parameters 

(Fig. 4.3 g).  

In both the LNAM and HNAM group the RGC counts were similar, with no evidence of clustered 

cell loss – which is a sign of cell distress and low cell viability –  suggesting that NAM treatment 

did not have an adverse effect on RGC structure (Fig 4.3 i, j). In a further sub analysis of RGCs 

according to the depth of stratification in the IPL, both ON and OFF centre RGCs demonstrated 

a similar increase in dendritic complexity in proximal dendrites (Fig. 4.3 k-m). These observation 

confirmed the safety of high doses of NAM for RGC protection and the lack of any interaction 

with IOP. 
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Figure 4. 3. Retinal ganglion cells morphological profile of NAM-treated Brown Norway normotensive 

rats. a, b) DiOlistically labelled RGCs with corresponding Imaris reconstruction. Scale bar 70 µm, image 

pixel size 2048 x 2048. c) Sholl analysis of all reconstructed RGCs. Line mean value at each interval; shaded 

area ± SEM. d) area under the Sholl curve (AUC). e) Maximum number of total dendritic intersetions at 

the Sholl peak. f) Total dendrites length. g) Number of the dendrites at proximal soma branches. Individual 

values ± SD. h) Dentritic field area. i) Average distance between neighbouting cells at the GCL. j) Nuclei 

count at the GCL. k, l) Sholl Analysis of reconstructed RGCs according to their receptive field. m) Area 
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under the Sholl curve of RGCs divided according to their receptive field. Box and whiskers plot with 

individual values. Whiskers, minimum and maximum value; box plot, 1st quartile, median and 3rd quartile; 

dots, individual values. Kruskal-Wallis test followed by uncorred Dunn’s test. Ns = non significant, p > 0.05; 

* = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001. 

4.3 Discussion 

Retinal ganglion cells have been extensively studied and classified for many years (Sun et al., 

2002a, Sun et al., 2002b, Sanes and Masland, 2015), and their changes during development and 

disease meticulously described (Sernagor et al., 2001, Kim et al., 2021, Tribble et al., 2014). In 

the absence of an external insult, such as the loss of adjacent cells, studies have not 

demonstrated any innate plasticity in the adult RGCs. The increase in dendritic complexity in 

proximal dendrites is an unexpected finding. It is important to note that the receptive field area 

did not increase in size consistent with the tendency for RGCs to tile and limit receptive field 

area depending on interactions with adjacent cells.  

While the role of NAD+ precursors in the treatment of metabolic impairments in the 

pathophysiology of glaucoma has generated considerable interest (Williams et al., 2017c, 

Cimaglia et al., 2020), the doses used in preliminary clinical evaluation2 are below those used in 

experimental models (Hui et al., 2020, De Moraes et al., 2022). NAM is a direct inhibitor of Rho-

associated protein kinases (ROCKs; ROCK1 and ROCK2) (Meng et al., 2018). Inhibition of these 

kinases have been found to promote dendritic and synaptic plasticity (Swanger et al., 2015, Koch 

et al., 2018) which might explain the increase in dendritic complexity in the NAM groups. ROCKs 

inhibitors have also been developed to reduce intraocular pressure in glaucoma (Goldhagen et 

al., 2012), so these collective effects would be beneficial for RGCs.  

In summary, the increase in proximal dendritic complexity found in the NAM groups 

demonstrated that prolonged administration of high doses of NAM does not compromise RGCs 

viability, that would have otherwise shown sign of dendritic retraction (Tao and Rolls, 2011). The 

preservation of dendritic tiling ensures that NAM does not interact with predetermined pathway 

that regulates the retinal mosaic (Reese and Keeley, 2015).   

 
2 Clinical trial NAM dose in use 1.5g and 3g a day. Human equivalent dose (HED) for Low NAM 2.3g/day; 
HED High NAM 6.8g/day.  
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5 Nicotinamide adenine mononucleotide retinal ganglion cells 

neuroprotection in mouse retinal explant model  

5.1 Overview 

Accurate assessment of retinal ganglion cells neuroprotection can only be achieved in 

experimental conditions that mimic disease features. Mouse retinal explants offer this 

advantage with a well defined injury (i.e. axotomy), which allows the precise timing of the insult 

without being costly and time consuming as an in vivo model (Gancharova et al., 2013).  

Retinal explants are commonly used to evaluate retinal ganglion cells viability under the effect 

of different neuroprotective agents or stressors (Pattamatta et al., 2016, Binley et al., 2016), and 

has helped to gain new insights into retinal degenerative mechanisms (Schnichels et al., 2021, 

Schnichels et al., 2019, Murali et al., 2019).  

Although NAM safety and tolerance was validated in vivo, prior to test whether or not NAM 

could provide sufficient neurotrophic support in in vivo ocular hypertension, retinal explants 

offered the perfect middle ground to test NAM efficacy to protect RGCs in degenerative-trigger 

conditions.  

5.1.1 Experimental setup  

To explore whether NAM could have been a suitable neuroprotective agent, this hypothesis was 

tested using mouse retinal explants (Fig. 5.1).  

Three experimental groups were established: 

1. Control (labelled as E.0DEV.sham; 0 days ex vivo), where the dissected retinas were 

immediately processed without culturing time (DiOlistic labelling within 5 minutes of 

enucleation). 

2. Disease (labelled as E.3DEV.sham; 3 days ex vivo), where the dissected retinas were 

cultured for 72 hr with normal culturing media 

3. Disease + NAM (labelled as E.3DEV.NAM; 3 days ex vivo), where the dissected retinas 

were cultured for 72 hr with culturing media supplemented with nicotinamide at two 

different concentrations, calculated based on NAM neuroprotective effect achieved in 

the DBA/2J (2D) nicotinamide trial (Williams et al., 2017b) 

a. 100mM NAM (LNAM) 



67 
 

b. 500mM NAM (HNAM) 

Retinal labelling and RGCs morphological analysis were performed as described in chapter 2.  

 

 

Figure 5. 1. Retinal explant experimental workflow.  

5.2 Results 

5.2.1 NAM supplemented culturing media mitigates ex vivo RGCs degeneration 

Sholl analysis of Diolistically labelled RGCs revealed a severe dendritic atrophy within the 

untreated cultured retinas (E.3DEV.sham) compared to the control group (E.0DEV.sham; Fig. 5.2 

c). In contrast, NAM supplemented media mitigated RGCs atrophy to the point that no 

differences could be observed between NAM groups (E.3DEV.LNAM and E.3DEV.HNAM) and 

E.0DEV.sham Sholl profiles (Fig. 5.2 c). The Sholl AUC, which represents a measure of overall 

dendritic complexity, highlighted the marked reduced complexity of E.3DEV.sham RGCs (mean 

± SD; E.0DEV.sham 2133.87 ± 897.68; E.3DEV.sham 1121.70 ± 653.61, p = <0.0001; Fig. 5.2 d), 

while no significant differences could be found in the NAM groups (E.3DEV.LNAM 1983.39 ± 

869.19, p = 0.3739; E.3DEV.HNAM 1958.71 ± 882.37, p = 0.2268; Fig. 5.2 d). The number of 

dendritic intersections in the E.3DEV.sham was reduced compared to E.0DEV.sham (p = 

<0.0001), identified as max Sholl (Fig. 5.2 e), which was expected considering the profound left 

shift in the Sholl curve. By contrast, the treated groups did not show any reduction at the Sholl 
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peak (E.3DEV.LNAM, p = 0.5663; E.3DEV.HNAM, p = 0.5920; Fig. 5.2 e) nor in  overall dendritic 

length (E.3DEV.LNAM, p = 0.3958; E.3DEV.HNAM, p = 0.2712; Fig. 5.2 f). This level of dendritic 

preservation in both high and low NAM treated retinas was evident from the preservation of 

primary dendritic branches, confirming that RGCs from treated cultures did not show any sign 

of degeneration, while the level of complexity of the untreated groups was steadily decreasing 

at each branch level (Fig. 5.2 g). Although NAM treatment was effective in preserving dendritic 

complexity in a stressful environment, it did not always preserve the dendritic field area. Some 

reduction in the dendritic field area was observed within the HNAM group, with almost 18% loss 

compared to E.0DEV.sham (E.0DEV.sham 87601.18 ± 38233.58; E.3DEV.HNAM 72412.45 ± 

38361.56, p = 0.0076; Fig. 5.2 h), while no significant difference was address between 

E.0DEV.sham and E.3DEV.LNAM (80528.25 ± 42311.47, p = 0.1619). Even though E.3DEV.HNAM 

showed a reduced field area compared to the control, this reduction was not severe as the 44% 

field area loss observed in the untreated group E.3DEV.sham (49534.8 ± 29812.48; Fig 5.2 h).   

Although RGCs morphology was preserved with NAM enriched media, nuclear counts were 

reduced in all the cultured groups (mean ± SD; E.0DEV.sham 3606.08 ± 766.84;  E.3DEV.sham 

2233.66 ± 991.33, p = <0.0001; E.3DEV.LNAM 2997.92 ± 943.70, p = 0.0002; E.3DEV.HNAM 2098 

± 476.47, p = <0.0001; Fig. 5.2 j). As expected, the average distance between  neighbouring cells 

was increased (Fig. 5.2 i). To note, the tissue structure of the cultured retinas was less compact 

than the E.0DEV.sham non-cultured retina.  

A sub analysis of RGCs determined if ON and OFF centred retinal ganglion cells were selectively 

affected based on the analysis of changes in the inner (ON) and outer (OFF) sublamina 

distribution of dendrites. Overall, all groups OFF-centre RGCs were less complex. However, only 

E.3DEV.sham displayed a left shift in the Sholl curve in both sub-classes (Fig. 5.2 k-l), with a 

significant loss of dendritic complexity (Fig. 5.2 m), while no significant differences were 

observed between E.0DEV.sham and the treated groups E.3DEV.LNAM and E.3DEV.HNAM (Fig. 

5.2.k-m).    
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Figure 5. 2. Axotomised retinal ganglion cells morphological profile following 72h culture with NAM 

supplemented media. a, b) DiOlistically labelled RGCs with corresponding Imaris reconstruction. Scale bar 

50 µm, image pixel size 1024 x 1024. c) Sholl analysis of all reconstructed RGCs. Line mean value at each 

interval; shaded area ± SEM. d) Area under the Sholl curve (AUC). e) Maximum number of total dendritic 

intersections at the Sholl peak. f) Total dendrites length. g) Number of the dendrites at proximal soma 

branches. Individual values ± SD. h) Dendritic field area. i) Average distance between neighbouring cells 

at the GCL. j) Nuclei count at the GCL. k, l) Sholl Analysis of reconstructed RGCs according to their receptive 

field. m) Area under the Sholl curve of RGCs divided according to their receptive field. Box and whiskers 

plot with individual values. Whiskers, minimum and maximum value; box plot, 1st quartile, median and 3rd 

quartile; dots, individual value. Kruskal-Wallis test followed by uncorrected Dunn’s test. Ns = non 

significant, p > 0.05; * = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001. DEV = days ex vivo. 
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5.3 Discussion 

Retinal organotypic cultures are a valuable intermediate model to study progressive 

degeneration and neuroprotection in a controlled environment prior to proceed to in vivo 

studies (Muller et al., 2017). The degeneration of RGCs starts within a  few hours after axotomy, 

with sign of apoptosis already 1 day ex vivo (Johnson et al., 2016, Manabe et al., 2002). In light 

of this, 3 days ex vivo endpoint were a good timeframe to measure any potential NAM 

neuroprotective effect (Binley et al., 2016). Indeed, E.3DEV.sham RGCs lost 48% of dendritic 

complexity in 72h, while E.3DEV.LNAM less than 7% and E.3DEV.HNAM around 8%, 

demonstrating that NAM could protect RGCs from dendritic atrophy.  

Although RGC dendritic morphology was maintained following NAM treatment, cell loss 

proceeded in all cultured retinas, surprisingly with a greater degree of cell loss in retinas treated 

with high dose NAM (E.3DEV.sham 39%; E.3DEV.LNAM 17%; E.3DEV.HNAM 42%). According to 

Beckers et. al. 2019 report (Beckers et al., 2019), dendritic shrinkage (in zebrafish) may be an 

adaptive response to promote axon regrowth, with dendritic regeneration occurring only after 

axonal reinnervation. Whether this counteractive interplay takes place in the mammalians CNS 

is still unknown (Beckers and Moons, 2019), but if that would be possible, in axotomised retinal 

ganglion cells that mechanism would be brought to the extreme. Hence preventing RGCs 

dendritic atrophy might potentially promote RGCs death. 

A second hypothesis could be that even though NAM supported RGCs structural preservation at 

the applied concentrations, those doses might have been sufficient only for a fraction of the 

entire RGC population, and thus the ones lacking this support progressively dying (Alarautalahti 

et al., 2019).  

Considering these results, and the hypothetical potential trade-off between dendritic 

degeneration and cell survival in RGC degenerative-prone contexts, NAM effect on RGCs 

connectome was considered worth to be investigated in the BN OHT microbead model of 

glaucoma.  
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6 In vivo prophylactic and intervention nicotinamide adenine 

mononucleotide treatment rescues retinal ganglion cells from 

hypertensive-induced dendritic atrophy 

6.1 Overview 

Data on the potential effects of nicotinamide treatment on normotensive rats (chapter 4) and 

retinal explant model (chapter 5), were informative for the design of a study to determine the 

effect of NAM treatment for RGC protection in glaucoma.  

Although some neuroprotective effects have already been addressed using the retinal explants, 

an in vivo model reproduces the more complex physiology seen with clinical glaucoma.  

The use of NAM dietary enrichment in models of glaucoma is not new. It has been tested on 

DBA/2J (D2) mice, and as neuroprotective agent for early neurodegenerative changes in BN 

model of OHT (Williams et al., 2017c, Williams et al., 2018, Williams et al., 2017b, Tribble et al., 

2021c). Although, NAM-derived RGCs neuroprotection was explored in these models, either by 

the selective RGC marker RNA-binding protein with multiple splicing (RBPMS) or by RNA 

sequencing, the absence of cell loss does not confirm the absence of RGC degeneration. There 

is a pressing need to determine whether RGC structure and function can be restored in 

glaucoma.   

RGCs undergo a prolonged phase off shrinkage and remodelling prior to cell death (Morgan, 

2012), suggesting that they provide a candidate population that can be treated to restore vision 

in glaucoma.  

Conscious of the effect that NAM supplementation had on retinal explants, there was the need  

to explore in vivo whether RGCs atrophy could be prevented in our standardised model of 

unilateral glaucoma. The experiments were designed with a translational approach, adapting 

the treatments to the most frequent clinical scenarios. The standard paradigm for the evaluation 

of neuroprotective treatment was adopted, with the administration of NAM prior to the onset 

of glaucoma, but the protective effects of NAM given after the induction of ocular hypertension 

were also evaluated.  

In this chapter the effect of NAM treatment will be described in both scenarios and the 

experimental groups will be referred as G.NAMproph for NAM prophylactic (Low, LNAMproph 



72 
 

and High, HNAMproph according to the dose), and G.NAMint for NAM intervention (Low, 

LNAMint and High, HNAMint as above).       

6.1.1 Experimental setup 

To evaluate whether NAM treatment was preserving RGCs integrity through increasing NAD+ 

reservoir (Fig. 6.1), this hypothesis was tested in unilateral hypertensive model of glaucoma.  

 

Figure 6. 1. NAD salvage pathway. Increase in NAM, a precursor of NAD, would automatically increase 

NAD biosynthesis. In a disease context, altering the production of NAD through the salvage pathway may 

compensate for the increase in NAD consumption or NAD decrease due to age.   

The model was induced as explained in chapter 3 and the induction of ocular hypertension 

assessed with the same technique applied throughout all the project.  

The rats were divided in two main experimental groups (Fig. 6.2 a-d):  

1) NAM prophylactic treatment (Table 6.1), where the animals were exposed to NAM 

enriched diet 2 weeks before the induction of ocular hypertension until the end of the 

experiment, at the following doses: 

a. Low NAM, 200 mg/day/kg (G.LNAMproph), with NAM dissolved in drinking 

water 

b. High NAM, 600 mg/day/kg (G.HNAMproph), with NAM dissolved in drinking 

water and irradiated by the manufacturer in custom-made rat food.  
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Group NAM dose Contralateral (NT) Ipsilateral (HT) 

G.LNAMproph 200 mg/day/kg G.NT.LNAMproph G.HT.LNAMproph 

G.HNAMproph 600 mg/day/kg G.NT.HNAMproph G.HT.HNAMproph 

Table 6. 1. NAM prophylactic group nomenclature. 

2) NAM intervention treatment (Table 6.2), where the animals were exposed to NAM 

enriched diet 3 days after the induction of ocular hypertension (timed to match IOP 

peak) until the end of the experiments, at the following doses: 

c. Low NAM, 200 mg/day/kg (G.LNAMint), with NAM dissolved in drinking water 

d. High NAM, 600 mg/day/kg (G.HNAMint), with NAM dissolved in drinking water 

and irradiated in customised rat food 

Group NAM dose Contralateral (NT) Ipsilateral (HT) 

G.LNAMint 200 mg/day/kg G.NT.LNAMint G.HT.LNAMint 

G.HNAMint 600 mg/day/kg G.NT.HNAMint G.HT.HNAMint 

Table 6. 2. NAM intervention group nomenclature.  

Retinal labelling and morphological analysis of RGCs were performed as previously described. In 

order to estimate NAM neurotrophic support, all the data collected were compared with the 

positive control C.sham (normotensive untreated group) and the negative control G.sham 

(unilateral ocular hypertension with no treatment) .  
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a
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Figure 6. 2. Prophylactic and interventional NAM treatment experimental workflow. Prophylactic 

treatment, prophylactic treatment was started 2 weeks prior the induction of unilateral ocular 

hypertension; a) Prophylactic low NAM dose (G.LNAMproph, 200 mg/day/kg), b) Prophylactic high NAM 

dose (G.HNAMproph, 600 mg/day/kg). Intervention treatment, intervention treatment was started 3 days 

post induction of unilateral hypertension; c) Intervention low NAM dose (G.LNAMint, 200 mg/day/kg), d) 

Intervention high NAM dose (G.HNAMint, 600 mg/day/kg).   
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6.2 Results  

6.2.1 NAM prophylactic treatment 

6.2.1.1 IOP profile of NAM prophylactic experimental groups  

Ocular hypertension was induced on 18 Brown Norway rats treated with NAM at low or high 

dose two weeks prior to the injection of microbeads. Although NAM has not been shown to 

affect IOP, BN baseline measurements were recorded a week before NAM treatment and during 

the experimental period. Six rat were treated with 200 mg/day/kg NAM (LNAMint) and the other 

twelve with 600 mg/day/kg (HNAMint)3. As shown from their IOP profile (Fig 6.3), NAM did not 

affect intraocular pressure. A chronic and stable increase IOP elevation was maintained in all 

rats for four weeks (Appendix A.4.1, A.4.2). 

The refinement described in chapter 3 allowed the reliable induction of sustained increase in 

IOP in 100% of BNs, with a significant post MBI difference between the contralateral and the 

ipsilateral eye (Fig. 6.3 a, b II).   

 

 

 
3  The group size was based on preliminary experiments (data not shown in the thesis) performed to 
identify the best dose response.  
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Figure 6. 3. Intraocular pressure profile of prophylactic NAM treated rats with unilateral model of OHT 

glaucoma.  a, I) G.LNAMproph group IOP profile; II) Area under the IOP curve. b, I) G.HNAMproph group 

IOP profile; II) Area under the IOP curve. Line mean value of complete IOP recordings ; shaded area ± SD. 

Box and whisker plot. Whiskers, minimum and maximum value; plot, 1st quartile, median and 3rd quartile. 

Dots, single rat value. Ordinary one-way ANOVA followed by Tukey’s post hoc test; **** = p < 0.0001, ns 

= non significant, p = > 0.05. NAM pre-MBI AUC IOP has been normalised to pre-NAM pre-MBI AUC IOP 

following: 𝑥(𝑛𝑜𝑟𝑚. 𝑓𝑎𝑐𝑡𝑜𝑟) =
𝛴 𝑁𝐴𝑀 𝑝𝑟𝑒 𝑀𝐵𝐼 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑠

𝛴 𝑝𝑟𝑒 𝑁𝐴𝑀 𝑝𝑟𝑒 𝑀𝐵𝐼 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑠
 . NAM post-MBI IOP AUC has been normalised 

to pre-NAM pre-MBI AUC IOP following:  𝑥(𝑛𝑜𝑟𝑚. 𝑓𝑎𝑐𝑡𝑜𝑟) =
𝛴 𝑁𝐴𝑀 𝑝𝑜𝑠𝑡 𝑀𝐵𝐼 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑠

𝛴 𝑝𝑟𝑒 𝑁𝐴𝑀 𝑝𝑟𝑒 𝑀𝐵𝐼 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑠
.  

6.2.1.2 Analysis of retinal ganglion cells morphology  

The NAM enriched diet was provided for six weeks for the prophylactic group. RGC G.NAMproph 

parameters were compared with the positive control C.sham (control normotensive) and with 

the negative control G.sham (untreated unilateral ocular hypertension).  



77 
 

6.2.1.2.1 Low NAM promotes variable degrees of RGCs plasticity following ocular hypertension  

It was first determined whether a prophylactic treatment with low dose of NAM would have 

energetically prepared and supported RGCs capability to react to OHT insult. Sholl analysis of 

DiOlistically labelled RGCs showed significant preservation of RGCs dendritic morphology (Fig. 

6.4 a-b), highlighted by the Sholl curve (Fig. 6.4 c). The Sholl curve showed a greater dendritic 

density in ipsilateral RGCs (G.HT.LNAMproph) compared to the contralateral RGCs. These 

changes are summarised with a simplified mathematical representation through the analysis of 

the AUC, which represents the architectural complexity with a defined number for each RGC 

analysed. The AUC showed a considerable increase in the G.HT.LNAMproph group, in contrast, 

no differences were observed between G.NT.LNAMproph and C.sham (G.NT.LNAM proph 

4679.00 ± 2766.46 SD, p = 0.3504; G.HT.LNAMproph 5476.30 ± 3300.76, p = 0.0068; Fig. 6.4 d). 

The number of dendritic intersections at the Sholl peak increased from ≈ 37 in C.sham to ≈ 44 in 

G.NT.LNAMproph and ≈ 50 in G.HT.HNAMproph (C.sham 37 ± 15 SD ; G.NT.LNAMproph 44 ± 21 

SD, p = 0.1186; G.HT.LNAMproph 50 ± 23 SD, p = 0.0005; Fig. 6.4 e), as well as the total length 

of dendrites (C.sham 6121.01 ± 3123.40 SD; G.NT.LNAMproph 6843.51 ± 3901.76 SD, p = 0.3583; 

G.HT.LNAMproph 8055.35 ± 4733.64 SD, p = 0.0062; Fig. 6.4 f). Although the increase in neuritic 

complexity was concentrated between 70 µm and 120µm from the soma, this change did not 

have any statistical effect on primary branches compared to C.sham (1° G.NT.LNAMproph p = 

0.5628, G.HT.LNAMproph p = 0.1630; 2° G.NT.LNAMproph p = 0.9384, G.HT.LNAMproph p = 

0.0689; 3° G.NT.LNAMproph p = 0.9877, G.HT.LNAMproph p = 0.1058; 4° G.NT.LNAMproph p = 

0.5660, G.HT.LNAMproph p = 0.0558; Fig. 6.4 g), nor influenced the dendritic tiling increasing 

the dendritic field area (Fig. 6.4 h).  

At the GCL, a reduced distance was observed between neighbouring cells and increased cellular 

density in the treated G.LNAM.proph group (fig. 6.4 i, j). To note, cell count at the GCL was 

performed counting  Hoechst+ nuclei. RPBMS staining cannot be performed together with 

DiOlistics, thus another group of rats would have been required to address RGC specific cell 

count, and this would have been beyond the budget allocated for the project.   

An analysis of the dendritic arborisation according to depth within the IPL did not demonstrate 

any selective effects of OHT induced damage on ON or OFF RGCs (Fig. 6.4 k-m). However, 

G.NT.LNAMproph.OFF sample size was very low (n = 6) and it cannot ensure a fair representation 

of the treatment effect observed in this class.   
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When compared with the control group C.sham, the low NAM prophylactic treatment offered a 

discrete neuroprotection from the detrimental effects of OHT. However, to comprehend the 

magnitude of neuroprotection offered by LNAMproph, the results obtained in G.LNAMproph 

were compared with the untreated ocular hypertensive model G.sham.  

Comparison of ocular hypertensive models, with and without treatment, demonstrated a big 

difference in the Sholl curves (Fig. 6.5 c), which was reflected in the significant difference 

between the AUCs, with 49% increase in G.NT.LNAMproph and 114% increase in 

G.HT.LNAMproph compared to the corresponding untreated condition (G.NT.LNAMproph, p = 

0.0272; G.HT.LNAMproph, p = <0.0001; Fig. 6.5 d). A statistically significant increase was 

observed in the treated group in the max Sholl and in the total length of dendrites (max sholl, 

G.NT.LNAMproph, p = 0.0023; G.HT.LNAMproph, p = <0.0001; Fig. 6.5 e. Total dendritic length, 

G.NT.LNAMproph, p = 0.0215; G.HT.LNAMproph, p = <0.0001; Fig. 6.5 f). Similarly, the primary 

branches did not show atrophic changes, with a consistent increase in complexity at all 

eccentricities (Fig. 6.5 g). However, no change was observed in the G.NT.LNAMproph RGC area 

compared to the G.sham matching condition, suggesting some predetermined boundaries 

between RGCs dendritic extensions (tiling). In contrast, the field area of G.HT.LNAMproph 

increased compared to G.HT.sham (Fig. 6.5. h). 

At the GCL a reduced distance within neighbouring cells was still observed in the 

G.NT.LNAMproph compared to the untreated counterpart, while any significant difference was 

addressed within the HT groups (Fig. 6.5 i). Still at the GCL, it was reported an increased cellular 

density confirming the absence of cell loss (Fig. 6.5 j).  

Furthermore, sub-analysis of RGCs classification confirmed that both ON and OFF were equally 

protected, showing a higher level of complexity compared to the untreated sub-category (Fig. 

6.5 k-m).  
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Figure 6. 4. Retinal ganglion cells morphological profile following low dose NAM prophylactic treatment 

compared to untreated normotensive rats. a, b) DiOlistically labelled RGCs with corresponding Imaris 

reconstruction. Scale bar 70 µm, image pixel size 2048 x 2048. c) Sholl analysis of all reconstructed RGCs. 

Line mean value at each interval; shaded area ± SEM. d) Area under the Sholl curve (AUC). e) Maximum 

number of total dendritic intersections at the Sholl peak. f) Total dendrites length. g) Number of the 

dendrites at proximal soma branches; individual values ± SD. h) Dendritic field area. i) Average distance 

between neighbouring cells at the GCL. j) Nuclei count at the GCL. k, l) Sholl Analysis of reconstructed 
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RGCs according to their receptive field. m) Area under the Sholl curve of RGCs divided according to their 

receptive field. Box and whiskers plot with individual values. Whiskers, minimum and maximum value; 

box plot, 1st quartile, median and 3rd quartile; dots, individual values. Kruskal-Wallis test followed by 

uncorrected Dunn’s test. Ns = non significant, p > 0.05; * = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = 

p < 0.0001.  
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Figure 6. 5. Retinal ganglion cells morphological profile following low NAM prophylactic treatment 

compared to untreated unilateral OHT glaucoma. a, b) DiOlistically labelled RGCs with corresponding 

Imaris reconstruction. Scale bar 70 µm, image pixel size 2048 x 2048. c) Sholl analysis of all reconstructed 

RGCs. Line mean value at each interval; shaded area ± SEM. d) Area under the Sholl curve (AUC). e) 

Maximum number of total dendritic intersections at the Sholl peak. f) Total dendrites length. g) Number 



81 
 

of the dendrites at proximal soma branches. Individual values ± SD. h) Dendritic field area. i) Average 

distance between neighbouring cells at the GCL. j) Nuclei count at the GCL. k, l) Sholl Analysis of 

reconstructed RGCs according to their receptive field. m) Area under the Sholl curve of RGCs divided 

according to their receptive field. Box and whiskers plot with individual values. Whiskers, minimum and 

maximum value; box plot, 1st quartile, median and 3rd quartile; dots, individual value. Kruskal-Wallis test 

followed by uncorrected Dunn’s test. Ns = non significant, p > 0.05; * = p < 0.05; ** = p < 0.01; *** = p < 

0.001; **** = p < 0.0001. 

6.2.1.2.2 High NAM dose induces the same level of RGCs plasticity in both eyes 

To determine if the effects of NAM were dose dependent, a higher NAM dose was tested 

following the same prophylactic therapeutic regime. Comparison between C.sham and 

G.HNAMproph revealed a consistent response to the treatment in both contralateral and 

ipsilateral eyes, with the same Sholl profile and equal increased complexity in G.NT.HNAMproph 

and G.HT.HNAMproph (Fig. 6.6 c). A peak of 25% AUC increase was measured compared to the 

untreated normotensive control C.sham (G.NT.HNAMproph 25%, G.HT.HNAMproph 22%), 

suggesting that NAM was triggering RGCs plasticity (AUCs; G.NT.HNAMproph 5211.65 ± 2909.40 

SD, p = 0.0067; G.HT.HNAMproph 5093.01 ± 2580.34 SD, p = 0.0010; Fig 6.6 d). As consequence 

of this greater neuritic complexity, an increase in the number of dendritic intersections at the 

Sholl peak and in the total dendritic length were observed (G.NT.HNAMproph, p = 0.0006; 

G.HT.HNAMproph, p = 0.0001; Fig. 6.6 e. G.NT.HNAMproph, p = 0.0199; G.HT.HNAMproph, p = 

0.0046; Fig. 6.6 f). The increase in dendritic complexity was confined between 40 µm and 170 

µm from the soma indicating a higher number of primary dendrites (Fig. 6.6 g). In spite of the 

increase in the complexity of the dendritic trees, the total dendritic field area did not change 

(Fig. 6.6 h).  

High dose NAM preserved a normal cellular disposition at the GCL (C.sham 10.35 ± 0.70 SD; 

G.NT.HNAMproph 10.16 ± 0.59 SD, p = 0.0317; G.HT.HNAMproph, 10.22 ± 0.48 SD, p = 0.0405; 

Fig. 6.6 i), which in the absence of cell loss (Fig. 6.6 j) might indicate that this dose can effectively 

counteract the pathological cascade triggered by OHT. 

Even though RGCs sub-analysis addressed a different response to the treatment depending on 

the dendritic sub-lamina disposition (ON and OFF RGCs; Fig. 6.6 k-m), overall, high NAM 

prophylactic produced a more homogeneous response in both ipsilateral and contralateral 

RGCs. Indeed, when the readouts were compared with G.sham there was a statistically highly  

significant difference between the two groups. 
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Improvements in the Sholl profile were observed from the beginning of the Sholl curve (Fig. 6.7 

c), with a consequent positive effect on the overall complexity (G.NT.HNAMproph, p = <0.0001; 

G.HT.HNAMproph, p = <0.0001; Fig. 6.7 d). As it could be expected looking at the Sholl curve, 

which shows the number of neurites intersection as a function of the distance from the soma, 

the number of dendritic intersection at the Sholl peak increased as well (G.NT.sham 30.06 ± 8.24 

SD, G.NT.HNAMproph 46.77 ± 22.23 SD, p = <0.0001; G.HT.sham 28.55 ± 10.22 SD, 

G.HT.HNAMproph 45.31 ± 20.06, p = <0.000; Fig. 6.7 e). In view of the marked dendritic atrophy 

in the G.sham eyes, which drastically affected RGCs architecture, it was no surprise that 

G.HNAMproph RGCs showed a progressive gain in complexity from the primary branches (Fig. 

6.7 g). G.HNAMproph RGCs did not display signs of atrophy nor shrinkage, which was manifested 

by the significant increase of RGCs dendritic field area compared to G.sham (G.NT.HNAMproph, 

169003.68 ± 84702.82, p = 0.0094; G.HT.HNAMproph, 176159.02 ± 80784.70, p = <0.0001; Fig. 

6.7 h).    

Although the overall distance between neighbouring cells was found to not be statistically 

significant (G.NT.sham, 10.14 ± 0.78, G.NT.HNAMproph, 10.16 ± 0.59, p = 0.8545; G.HT.sham, 

10.03 ± 0.83, G.HT.HNAMproph, 10.22 ± 0.48, p = 0.1037), the individual values from 

G.HNAMproph group were closer to the values included within the 3rd quartile of the G.sham 

group (Fig. 6.7 i). In contrast, the cell density at the GCL was significantly higher in the treated 

group (based on group mean value, G.NT.HNAMproph 14% increase compared to G.NT.sham, 

G.HT.HNAMproph 13% increase compared to G.HT.sham; Fig.6.7 j). 

Analysis of RGCs dendritic architecture according to their IPL lamination detected a greater 

complexity among OFF-centre RGCs from both ipsilateral and contralateral eyes compared to 

the untreated counterpart (Fig. 6.7 k-m).     



83 
 

0 50 100 150 200 250 300 350

0

10

20

30

40

50

Sholl analysis

Distance from the soma (m)

N
u

m
b

er
 o

f 
in

te
rs

et
io

n
s

C.NT.sham n182

G.NT.HNAMproph n102

G.HT.HNAMproph n136

C.NT.
sham

G.NT.
HNAM
proph

G.HT.
HNAM
proph

0

5000

10000

15000

20000

AUC

Sh
o

ll 
A

U
C

✱✱

✱✱

ns

C.NT.
sham

G.NT.
HNAM
proph

G.HT.
HNAM
proph

0

50

100

150

Max sholl

N
u

m
b

er
 o

f 
in

te
rs

et
io

n
s

✱✱✱

✱✱✱

ns

1° 2° 3° 4°

0

20

40

60

80

Branching

Branch level

N
u

m
b

er
 o

f 
d

en
d

ri
te

s

C.NT.sham

G.NT.HNAMproph

G.HT.HNAMproph

ns

ns

ns

ns

✱✱

ns

✱

✱✱✱

ns

✱✱

✱✱✱

ns

C.NT.
sham

G.NT.
HNAM
proph

G.HT.
HNAM
proph

0

10000

20000

30000

Total dendritic length

D
en

d
ri

ti
c 

le
n

gt
h

 (


m
) ✱

✱✱

ns

C.NT.
sham

G.NT.
HNAM
proph

G.HT.
HNAM
proph

0

2×105

4×105

6×105

8×105

RGC field area

Fi
el

d
 a

re
a 

(μ
m

2
) ns

ns

ns

C.NT.sham G.NT.HNAMproph G.HT.HNAMproph

C.NT.
sham

G.NT.
HNAM
proph.

G.HT.
HNAM
proph.

0

2000

4000

6000

GCL nuclei count

H
o

ec
h

st
+  n

u
cl

ei
 /

 m
m

2

✱✱✱✱

✱✱✱✱

ns

C.NT.
sham

G.NT.
HNAM
proph.

G.HT.
HNAM
proph.

5

10

15

Average distance neighbouring cell

A
ve

ra
ge

 d
is

ta
n

ce
 (

μ
m

)

✱

✱

ns

0 50 100 150 200 250 300 350

0

10

20

30

40

50

Sholl analysis ON

Distance from the soma (m)

N
u

m
b

er
 o

f 
in

te
rs

et
io

n
s

C.NT.sham.ON n124

G.NT.HNAMproph.ON n61

G.HT.HNAMproph.ON n81

0 50 100 150 200 250 300 350

0

10

20

30

40

50

Sholl analysis OFF

Distance from the soma (m)

N
u

m
b

er
 o

f 
in

te
rs

et
io

n
s

C.NT.sham.OFF n58

G.NT.HNAMproph.OFF n41

G.HT.HNAMproph.OFF n55

C.NT.
sham.

ON

G.NT.
HNAM
proph.

ON

G.HT.
HNAM
proph.

ON

C.NT.
sham.
OFF

G.NT.
HNAM
proph.
OFF

G.HT.
HNAM
proph.
OFF

0

5000

10000

15000

20000

AUC ON/OFF

Sh
o

ll 
A

U
C

ns

✱✱

ns

ns

ns

ns

a
I II III

b I II III

c d e f

g h i j

k l m

 

Figure 6. 6. Retinal ganglion cells morphological profile following high dose NAM prophylactic 

treatment compared to untreated normotensive rats. a, b) DiOlistically labelled RGCs with corresponding 

Imaris reconstruction. Scale bar 70 µm, image pixel size 2048 x 2048. c) Sholl analysis of all reconstructed 

RGCs. Line mean value at each interval; shaded area ± SEM. d) Area under the Sholl curve (AUC). e) 

Maximum number of total dendritic intersections at the Sholl peak. f) Total dendrites length. g) Number 

of the dendrites at proximal soma branches; individual values ± SD. h) Dendritic field area. i) Average 

distance between neighbouring cells at the GCL. j) Nuclei count at the GCL. k, l) Sholl Analysis of 
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reconstructed RGCs according to their receptive field. m) Area under the Sholl curve of RGCs divided 

according to their receptive field. Box and whiskers plot with individual values. Whiskers, minimum and 

maximum value; box plot, 1st quartile, median and 3rd quartile; dots, individual value. Kruskal-Wallis test 

followed by uncorrected Dunn’s test. Ns = non significant, p > 0.05; * = p < 0.05; ** = p < 0.01; *** = p < 

0.001; **** = p < 0.0001. 
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Figure 6. 7. Retinal ganglion cells morphological profile following high NAM prophylactic treatment 

compared to untreated unilateral OHT glaucoma. a, b) DiOlistically labelled RGCs with corresponding 

Imaris reconstruction. Scale bar 70 µm, image pixel size 2048 x 2048. c) Sholl analysis of all reconstructed 

RGCs. Line mean value at each interval; shaded area ± SEM. d) area under the Sholl curve (AUC). e) 
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Maximum number of total dendritic intersections at the Sholl peak. f) Total dendrites length. g) Number 

of the dendrites at proximal soma branches. Individual values ± SD. h) Dendritic field area. i) Average 

distance between neighbouring cells at the GCL. j) Nuclei count at the GCL. k, l) Sholl Analysis of 

reconstructed RGCs according to their receptive field. m) Area under the Sholl curve of RGCs divided 

according their receptive field. Box and whiskers plot with individual values. Whiskers, minimum and 

maximum value; box plot, 1st quartile, median and 3rd quartile; dots, individual value. Kruskal-Wallis test 

followed by uncorrected Dunn’s test. Ns = non significant, p > 0.05; * = p < 0.05; ** = p < 0.01; *** = p < 

0.001; **** = p < 0.0001. 

6.2.2 NAM intervention treatment 

6.2.2.1 IOP profiles of NAM intervention experimental groups  

To assess whether or not NAM treatment was protecting RGCs from glaucomatous damage even 

following the induction of OHT, OHT was induced in 18 Brown Norway rats4 and the animals 

exposed to the NAM intervention treatment 3 days post OHT induction. Even in that case, NAM 

did not interfere with IOP (Fig. 6.8 a, b), and all the rats with one single microbead injection had 

a sustained IOP increase for all the experimental period (Appendix A.4.1, 4.2). After the 

injections, six rat were fed with 200 mg/day/kg NAM (LNAMint) and the other twelve with 600 

mg/day/kg (HNAMint).  

 
4 The group size was based on preliminary experiments (data not shown in the thesis) performed to 
identify the best dose response. 
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Figure 6. 8. Intraocular pressure profile of NAM intervention treated rats with unilateral model of OHT 

glaucoma.  a, I) G.LNAMint group IOP profile; II) Area under the IOP curve. b, I) G.HNAMint group IOP 

profile; II) Area under the IOP curve. Line mean value of complete IOP recordings ; shaded area ± SD. Box 

and whisker plot. Whiskers, minimum and maximum value; plot, 1st quartile, median and 3rd quartile. 

Dots, single rat value. Ordinary one-way ANOVA followed by Tukey’s post hoc test; **** = p < 0.0001, ns 

= non significant, p = > 0.05. Post-MBI AUC IOP has been normalised to pre-MBI AUC IOP following: 

𝑥(𝑛𝑜𝑟𝑚. 𝑓𝑎𝑐𝑡𝑜𝑟) =
𝛴 𝑝𝑜𝑠𝑡 𝑀𝐵𝐼 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑠

𝛴 𝑝𝑟𝑒 𝑀𝐵𝐼 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑠
 .  

6.2.2.2 Analysis of retinal ganglion cells morphology 

The classification of C.sham and G.sham RGCs allowed an accurate comparison with a robust 

positive and negative control. NAM intervention treatment was tested on models with existing 

ocular hypertension, thus when RGC G.NAMint parameters will be compared with the positive 

control C.sham, any non significant difference between the groups has to be read as a positive 

result (Fig. 6.9 G.LNAMint; Fig. 6.11 G.HNAMint). In contrast, when G.NAMint RGCs parameters 
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will be compared with the negative control G.sham, statistically significant results represent a 

positive change (Fig. 6.10 G.LNAMint; Fig.6.12 G.HNAMint).    

6.2.2.2.1 Low NAM dose reduces RGCs atrophy following ocular hypertension 

Sholl analysis of RGCs from contralateral (NT) and ipsilateral (HT) eyes demonstrated that the 

neurotrophic support given by LNAMint restored normal dendritic parameters. The benefit was 

greatest in the contralateral normotensive eye (G.NT.LNAMint), while minimised the atrophy of 

ipisilateral RGCs (G.HT.LNAMint), when compared to the positive control C.sham (Fig. 6.9 c). The 

area under Sholl curve (AUC) did not show any significant difference between C.sham (AUC 

4151.87 ± 2120.55 SD) and G.NT.LNAMint (AUC 4172.42 ± 2124.87 SD; p = 0.9815), while 

dendritic atrophy in the G.HT.LNAMint could not be completely prevented (AUC 3408.21 ± 

2145.56 SD; p = 0.0016; Fig. 6.9 d). However, this dendritic retraction was more severe at the 

periphery, considering that the primary branches were minimally affected (Fig. 6.9 g) and the 

total number of dendritic intersections at the Sholl peak did not change significantly as well (Fig. 

6.9 e). Indeed, that was confirmed by the analysis of the total dendritic length and the dendritic 

field area, where it was observed a reduction in the G.HT.LNAMint (Fig. 6.9 f, p = 0.0033; Fig. 6.9 

h, p = 0.0015), but no significant changes in the contralateral G.NT.LNAMint.  

Analysis at the GCL did not reveal any sign of cell clustering, as a prelude of poor cell viability, 

nor cell loss (Fig. 6.9 i, j).  

Similarly, when RGCs structural responses were analysed according to their receptive field, it 

could not be noticed any significant difference with the untreated RGC group. G.HT.LNAMint 

was still the only group showing a left shift in the Sholl curve, in both ON and OFF RGCs. Sub-

classes Sholl analysis showed that the dendritic remodelling was more extensive in the ON-

centre RGCs (Fig. 6.9 k-m).  

Overall, considering that the comparison was between two different physiological conditions, 

and the fact that all G.LNAMint parameters were similar to C.sham suggests that even at a low 

dose nicotinamide might partially protect RGCs from glaucomatous damage.   

Indeed, when G.LNAMint was compared with G.sham a general positive change was observed. 

The left shift in the Sholl curve of G.LNAMint was less pronounced than in  G.sham (Fig. 6.10 c), 

and it was observed an overall increased complexity in both contralateral and ipsilateral (AUC 

G.NT.LNAMint 4172.42 ± 2124.87 SD, G.NT.sham 3140.00 ± 1048.18 SD, p = 0.0139; AUC 
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G.HT.LNAMint 3408.21 ± 2145.56 SD, G.HT.sham 2552.53 ± 1201.66, p = 0.0032; Fig. 6.10 d). 

Although, Sholl related sub-analysis revealed a slight improvement in several dendritic structural 

categories (max Sholl, total dendritic length and dendritic field area; Fig. 6.10 e, f and g), analysis 

of the proximal branches revealed that G.HT.LNAMint was still showing sign of dendritic atrophy 

with no significant changes compared to G.HT.sham (1° p = 0.7198, 2° p = 0.6179, 3° p = 0.5841, 

4° p = 0.1216; Fig. 6.10 g). Despite these atrophic signs, the nuclear count at the GCL highlighted 

a higher density of Hoechst positive cells (Fig. 6.10 j).  

To further extend the observation to ON and OFF centre RGCs, analysis of these RGC classes 

were performed as well. No significant differences were observed between treated and 

untreated ON-RGCs, while G.HT.LNAMint.OFF showed an increased complexity compared the 

OHT untreated RGC group (Fig. 6.10 k-m).      
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Figure 6. 9. Retinal ganglion cells morphological profile following induction of unilateral ocular 

hypertension and low NAM intervention treatment compared to untreated normotensive retinal 

ganglion cells. a, b) DiOlistically labelled RGCs with corresponding Imaris reconstruction. Scale bar 70 µm, 

image pixel size 2048 x 2048. c) Sholl analysis of all reconstructed RGCs. Line mean value at each interval; 

shaded area ± SEM. d) Area under the Sholl curve (AUC). e) Maximum number of total dendritic 

intersections at the Sholl peak. f) Total dendrites length. g) Number of the dendrites at proximal soma 

branches. Individual values ± SD. h) Dendritic field area. i) Average distance between neighbouring cells 

at the GCL. j) Nuclei count at the GCL. k, l) Sholl Analysis of reconstructed RGCs according to their receptive 
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field. m) Area under the Sholl curve of RGCs divided according to their receptive field. Box and whiskers 

plot with individual values. Whiskers, minimum and maximum value; box plot, 1st quartile, median and 3rd 

quartile; dots, individual value. Kruskal-Wallis test followed by uncorrected Dunn’s test. Ns = non 

significant, p > 0.05; * = p < 0.05; ** = p < 0.01; *** = p < 0.001. 
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Figure 6. 10. Retinal ganglion cells morphological profile following induction of unilateral ocular 

hypertension and low dose NAM intervention compared to untreated unilateral OHT retinal ganglion 

cells profile. a, b) DiOlistically labelled RGCs with corresponding Imaris reconstruction. Scale bar 70 µm, 

image pixel size 2048 x 2048. c) Sholl analysis of all reconstructed RGCs. Line mean value at each interval; 

shaded area ± SEM. d) Area under the Sholl curve (AUC). e) Maximum number of total dendritic 

intersections at the Sholl peak. f) Total dendrites length. g) Number of the dendrites at proximal soma 
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branches. Individual values ± SD. h) Dendritic field area. i) Average distance between neighbouring cells 

at the GCL. j) Nuclei count at the GCL. k, l) Sholl Analysis of reconstructed RGCs according to their receptive 

field. m) Area under the Sholl curve of RGCs divided according to their receptive field. Box and whiskers 

plot with individual values. Whiskers, minimum and maximum value; box plot, 1st quartile, median and 3rd 

quartile; dots, individual value. Kruskal-Wallis test followed by uncorrected Dunn’s test. Ns = non 

significant, p > 0.05; * = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001. 

6.2.2.2.2 High dose of NAM prevents RGCs atrophy following induced ocular hypertension 

Sholl analysis revealed a strong RGC preservation following ocular hypertension, without any 

sign of left shift in the Sholl curve (Fig. 6.11 c). Statistically, no significant difference was detected 

between C.sham and both NT and HT G.HNAMint groups. G.NT.HNAMint and G.HT.HNAMint 

showed the same overall dendritic complexity (AUC; G.NT.HNAMint 4480.19 ± 2335.14 SD, p = 

0.3103; G.HT.HNAMint 4519.04 ± 2335.14 SD, p = 0.2855; Fig. 6.11 d), characterised by an 

increased number of dendritic intersection between 50 µm and 100 µm from the soma 

(G.NT.HNAMint, p = 0.0012; G.HT.HNAMint, p = 0.0158; Fig. 6.11 e). Consistently with the AUC 

and max Sholl, the effect of HNAMint re-established normal readouts in the total dendritic 

length and primary branches (Fig. 6.11 f, g). The mean values for the total dendrites length were 

comparable between the groups, with no significant differences among them (C.sham 6121.012; 

G.NT.HNAMint 6491.50, p = 0.4206; G.HT.HNAMint 6615.721, p = 0.3576). The same tendency 

was observed within the proximal branches, with a mean of ≈ 4 in the 1° branches of each group, 

≈ 8 in the 2°, ≈ 14 in the 3°, and ≈ 20 in the 4°. Considering that all the other parameters were 

unchanged in respect to C.sham, a reduction in G.NT.HNAMint dendritic field area was an 

unexpected observation. No changes were found between C.sham (160982.05 ± 83949.21 SD) 

and G.HT.HNAMint (148044.12 ± 71140.21 SD; p = 0.2909) and between G.HT.HNAMint and 

G.NT.HNAMint (134161.33 ±  71623.96 SD; p =  0.1658; Fig. 6.11 h). Although, no significant 

difference was addressed between the ipsilateral and contralateral RGCs field area, the 

individual RGCs value of G.HT.HNAMint were close to the values included between the median 

and the 3rd quartile of the C.sham, while the RGCs individual values of G.NT.HNAMint were 

similar to the min and the 1st quartile values of C.sham, which may explain the statistical 

difference (C.sham vs G.NT.HNAMint p = 0.0085).  

High NAM intervention was found to be effective not only in regard to the dendritic arbour 

preservation but also at the GCL. No reduced distance between neighbouring cells (Fig 6.11 i) 

nor cell loss were observed in the treated groups (C.sham 3112.31 ± 392.82 SD; G.NT.HNAMint 

3162.82 ± 362.13 SD, p = 0.3700; G.HT.HNAMint 3090.05 ± 359.32, p = 0.6267; Fig. 6.11 j).  
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Finally, it was investigated whether or not high dose NAM was exerting the same 

neuroprotective effect independently of RGCs dendrites laminar depth. Based on ON- and OFF-

centre sub-categorisation no significant differences were observed between contralateral and 

ipsilateral ON and OFF RGCs. In either case their Sholl had the same distribution and no overall 

difference in their dendritic complexity (Fig. 6.11 k-m).    

These results indicate a profound dose dependent neurotrophic support of nicotinamide, which 

could mitigate OHT-derived dendritic atrophy. Indeed when G.HNAMint readouts were 

compared with G.sham NAM neuroprotective effect was striking.  

An increased neuritic complexity was observed at each Sholl interval (Fig. 6.12 c), which was 

further confirmed by the AUC, which addressed a significant change in the dendritic tree overall 

complexity (G.NT.HNAM int, 42% increase, p = 0.0009; G.HT.HNAMint, 77% increase, p = 

<0.0001; Fig. 6.12 d). As a consequence of this big change, all the parameters showed a switch 

towards a non-atrophic state, which was well represented by the branching analysis. According 

to this classification, the two groups G.sham and G.HNAMint were clearly drifting apart, with 

signs of RGCs atrophy in G.sham and recovery in G.HNAMint. The only exception was the 

comparison between G.HT.sham and G.HT.HNAMint at the 1° branches that did not reach a 

threshold of statistical significance (p = 0.0685, with a difference between means of 0.3). All the 

other comparisons were statistically relevant, with a significant difference between the groups 

(1° G.NT.HNAMint, p = <0.0001; 2° G.NT.HNAMint p = <0.0001, G.HT.HNAMint p = 0.0088; 3° 

G.NT.HNAMint, p = <0.0001, G.HT.HNAMint p = 0.0008; 4° G.NT.HNAMint p = <0.0001, 

G.HT.HNAMint p = <0.0001; Fig. 6.12 h). Similarly, the dendritic field area of the ipsilateral 

G.HT.HNAMint showed sign of dendritic preservation with intact dendritic tree coverage (p = 

<0.0001). In contrast, the RGCs field area from the contralateral retina did not reach a statistical 

significant threshold (p = 0.8565), with very similar mean values (G.NT.sham 130311.10 ± 

54383.97; G.NT.HNAMint 134161.33 ± 71623.96; Fig. 6.12 h).  

As evidence of this effective neuroprotective environment promoted by NAM high dose, 

improvements in both cell distribution and density at the GCL were detected as well. A more 

defined cell distribution was observed, with cells located on average within 10.31 to 10.42 µm 

from their neighbouring cell (G.NT.HNAMint, p = 0.0304; G.HT.HNAMint, p = 0.0130; Fig. 6.12 i), 

and normal cell density per mm2 (G.NT.sham 2926.46 ± 342.48 SD, G.NT.HNAMint 3162.82 ± 

362.13 SD, p = 0.0004; G.HT.sham  2967.84 ± 537.96 SD, G.HT.HNAMint 3090.05 ± 359.32 SD, p 

= 0.0202; Fig. 6.12 j).  
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As it was expected from the previous comparison with C.sham, even when the labelled RGCs 

were divided in two main groups according to their IPL depth, both groups of either ipsilateral 

or contralateral resulted protected from OHT (Fig. 6.12 k-m).   
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Figure 6. 11. Retinal ganglion cells morphological profile following induction of unilateral ocular 

hypertension with complementary high dose NAM intervention treatment compared to untreated 

normotensive retinal ganglion cells. a, b) DiOlistically labelled RGCs with corresponding Imaris 

reconstruction. Scale bar 70 µm, image pixel size 2048 x 2048. c) Sholl analysis of all reconstructed RGCs. 



94 
 

Line mean value at each interval; shaded area ± SEM. d) Area under the Sholl curve (AUC). e) Maximum 

number of total dendritic intersections at the Sholl peak. f) Total dendrites length. g) Number of the 

dendrites at proximal soma branches. Individual values ± SD. h) Dendritic field area. i) Average distance 

between neighbouring cells at the GCL. j) Nuclei count at the GCL. k, l) Sholl Analysis of reconstructed 

RGCs according to their receptive field. m) Area under the Sholl curve of RGCs divided according their 

receptive field. Box and whiskers plot with individual values. Whiskers, minimum and maximum value; 

box plot, 1st quartile, median and 3rd quartile; dots, individual value. Kruskal-Wallis test followed by 

uncorrected Dunn’s test. Ns = non significant, p > 0.05; * = p < 0.05; ** = p < 0.01.  

 

Figure 6. 12. Retinal ganglion cells morphological profile following induction of unilateral ocular 

hypertension with complementary high dose NAM intervention treatment compared to untreated 
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unilateral OHT retinal ganglion cells profile. a, b) DiOlistically labelled RGCs with corresponding Imaris 

reconstruction. Scale bar 70 µm, image pixel size 2048 x 2048. c) Sholl analysis of all reconstructed RGCs. 

Line mean value at each interval; shaded area ± SEM. d) Area under the Sholl curve (AUC). e) Maximum 

number of total dendritic intersections at the Sholl peak. f) Total dendrites length. g) Number of the 

dendrites at proximal soma branches. Individual values ± SD. h) Dendritic field area. i) Average distance 

between neighbouring cells at the GCL. j) Nuclei count at the GCL. k, l) Sholl Analysis of reconstructed 

RGCs according to their receptive field. m) Area under the Sholl curve of RGCs divided according to their 

receptive field. Box and whiskers plot with individual values. Whiskers, minimum and maximum value; 

box plot, 1st quartile, median and 3rd quartile; dots, individual value. Kruskal-Wallis test followed by 

uncorrected Dunn’s test. Ns = non significant, p > 0.05; * = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = 

p < 0.0001.  

6.3 Discussion 

The results obtained from both NAM prophylactic and intervention, suggest that nicotinamide 

can mitigate the insults caused by OHT in a dose-dependent fashion. Structural RGC preservation 

might suggest that they were functionally preserved as well (Koleske, 2013, Cuntz et al., 2013). 

However, functional RGC preservation without ERG data can only be supposed and indicates a 

limitation of the study. A complete investigation would have ideally required a parallel project 

with functional analysis (ERG) to match the morphological assessment and likely RBPMS cell 

count to confirm targeted RGCs neuroprotection. Even though treated RGCs displayed 

morphological preservation with a tendency towards a more complex architecture, which may 

suggest a plastic predisposition of the RGCs exposed to the treatment, this hypothesis can only 

be confirmed following changes over time of the same dendritic structure (e.g. two photon 

microscopy (Benninger and Piston, 2013)). Even if that readout would have been very 

informative, it would have required the establishment of a genetically modified rat with 

fluorescent tagged RGCs and the optimisation of a diagnostic protocol for RGCs detection, which 

per se is another project.  

Although it is difficult to divide the concept of glaucoma degeneration from OHT, especially in 

experimental models, NAM recovery strategy was designed without a IOP management 

component (i.e. IOP drops), treating the pathology as a neurodegenerative disease with an 

energy deficit component. The prophylactic and intervention NAM treatments reinforce the 

evidence that RGCs have the capacity to recover if metabolically supported throughout a period 

of stress (Crowston et al., 2017, De Moraes et al., 2022, Caprioli, 2013). However, RGCs as all 

neurons can exist only in three states: “healthy, damaged or dead”. Once the ultimate endpoint 

is reached (i.e. extended dendritic atrophy up to the primary branches, over 50% cell loss) there 
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is little that can be done. Therefore, the only effective options are given by either prolonging the 

healthy status or mitigate the damage. In these trials, prophylactic and intervention targeted 

those two scenarios.  

The prophylactic treatment prevented the morphological disease outbreak, providing to the 

system enough NAD+ reservoir to tackle OHT related damage (Ventura and Porciatti, 2005, 

Porciatti and Ventura, 2012). With the intervention it was provided the energy to fight (Petriti 

et al., 2021). However, in such complex disease as glaucoma, NAD+ consumption is increased 

also by other factors that can contribute to worsen RGC damage (e.g. SARM1) (Figley et al., 2021, 

Essuman et al., 2017, Bratkowski et al., 2020) and that may explain why the low NAM was not 

effective to same extent of high NAM. One of the common feature between the treated groups 

was the increased complexity of the analysed RGCs. Some studies suggest that IOP damage may 

promote plasticity in the surviving RGCs with concurrent increase of the dendritic field in order 

to compensate for the OHT induced dendritic retraction (Ahmed et al., 2001, Kalesnykas et al., 

2012). Although no dendritic outgrow was detected over the normal and predetermined  

dendritic area (Reese and Keeley, 2015), that may explain the more complex architecture of the 

OFF-centre RGCs. If OFF RGCs are more prone to damage (Della Santina et al., 2013, Della Santina 

and Ou, 2017, Ou et al., 2016, El-Danaf and Huberman, 2015), it can be assumed that what was 

observed might have been their response to recovery.  

With these premisses, the line between NAM promoted neuroprotection or neurorescue is quite 

uncertain and a conclusive statement would require a further understanding of NAM triggered 

mechanism underlying this RGC relief.    

 

  



97 
 

7 Nicotinamide adenine mononucleotide-related metabolic changes 

7.1 Overview 

In the previous chapter it was shown that NAM offers a robust neurotrophic support to RGCs, 

especially at the highest dose tested. Considering that no IOP management was used together 

with NAM treatment, this neuroprotection might have been achieved through changes in NAM 

metabolism. 

Tribble et al. demonstrated that OHT, even at the earliest stages (3 days after induction),  

disrupts the main energy-providing pathways (i. e. glycolysis, TCA, OXPHOS) in tissue enriched 

for RGCs, which was prevented with NAM supplementation (Tribble et al., 2021c).   

To verify that hypothesis in the BN rat model of chronic ocular hypertension, optic nerves from 

G.sham, G.HNAMint and G.HNAMproph were analysed at the endpoint of the experimental OHT 

(4 weeks). The optic nerve is a bundle of RGC’s axons, therefore each metabolic change related 

to the optic nerves directly influences RGCs metabolism.  

7.1.1 Experimental setup 

To evaluate whether any metabolic shift could be detected after NAM treatment, low molecular 

weight metabolic analysis5 were performed on optic nerves from three different experimental 

groups: G.sham (untreated unilateral glaucoma), G.HNAMproph and G.HNAMint (unilateral 

glaucoma treated with high dose NAM prior OHT induction, prophylactic, and post OHT 

induction, intervention). Optic nerves were collected immediately after culling and snap frozen 

in order to avoid any metabolite deterioration.  

The collected optic nerves were shipped to the Metabolomic Swedish Centre for sample 

processing. Afterwards, all the raw data were normalised to the sample weight and centred with 

pareto scaling (scales data by dividing each variable by the square root of standard deviation so 

that each variable has variance equal to 1), and finally analysed with MetaboAnalyst (Chong et 

al., 2018, Pang et al., 2021) for a detailed understanding on the samples metabolic profiles and 

pathway analysis (Rattus norvegicus KEGG library).  

  

 
5 Low molecular weight metabolomics analyse changes in small organic molecules (50-1500 Da) which are 
involved in biological processes as a substrate or product.    
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Figure 7. 1. Optic nerves experimental processing. Immediately after culling optic nerves were separated 

at the optic chiasm in NT ( from the contralateral eye) and HT (from the ipsilateral eye). Samples were 

weighted and immediately frozen with liquid nitrogen. All the samples were stored at –80° C until 

processed for metabolomic analysis.   

7.2 Results 

7.2.1 How does nicotinamide treatment influence optic nerves metabolic profile? 

It was first investigated whether there were any metabolic differences among the OHT and NT 

samples within the three groups. Principal component analysis (PCA) separated G.sham in two 

discrete groups, with no overlap between NT and HT with PC1 describing the biggest part of the 

variation (83.7 %) and PC2 contributing only for a minimal part (12.4 %). Glycerophosphocholine, 

arginine and leucine were the main components (loading factors) to determine PC1 (Fig. 7.2 a). 

In contrast, no separation could be found in any of the two treated groups. In both NAM treated 

groups PC1 was determining the group characterisation, with NAM in both cases as the highest 
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loading factor (81.6 %, G.HNAMproph; 90.4 %, G.HNAMint; Fig. 7.2 b, c). The volcano plots6 

showed that NT and HT samples from the NAM treated groups were metabolically similar and 

no statistical relevant changes were found in the metabolites abundance within the same group 

(Fig. 7.2 e, f), whereas G.HT.sham had a different metabolic finger print compared to G.NT.sham, 

with eight upregulated metabolites ( e.g. glucose-6-phosphate (G6P), glyceraldehyde-3-

phosphate (G3P), arachidonic acid (AA), glicerophosphocholine (GPC), methionine (Met)) and 

two significantly downregulated (i.e. phosphoenolpyruvate (PEP), 5-aminolevulinic acid (5-ALA); 

Fig. 7.2 d). 
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Figure 7. 2. Optic nerves metabolic profile. Principal component analysis describing a) G.sham group, b) 

G.HNAMproph group and c) G.HNAMint group. Volcano plot for HT vs NT revealed for d) G.sham a 

significant upregulation of eight metabolites (red dots), and a significant downregulation (blue dots) of 

two metabolites, while for e) G.HNAMproph and f) G.HNAMint no significant metabolites changes were 

observed between HT and NT. Significant fold change ˃ ± 2. 5-ALA: 5-aminolevulinic acid; AA: arachidonic 

acid; ADMA: asymmetric dimethylarginine; DHAP: dihydroxyacetone phosphate; F6P: Fructose-6-

phosphate; G3P: glyceraldehyde-3-phosphate; GPC: glycerophosphocholine; G6P: glucose-6-phosphate; 

Met: methionine; O-PE: O- phosphoethanolamine; PEP: phosphoenolpyruvate.  

Pathway analysis revealed that OHT in the untreated animals significantly increased the 

biochemical activity of the pathways related to arachidonic acid and phenylalanine metabolism, 

 
6 Volcano plots display the statistical significant difference relative to the magnitude of change for every 
single metabolite in the comparison. The y axis represents base -2 log fold-change, while the significance 
shown through the negative base -10 log. All the data points above 1 on the x axis are considered 
significant. The data point below 0 on the y axis represent down regulated metabolites, while the ones 
above 0 the upregulated metabolites.  
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as well as amino acids biosynthesis. The impact of nicotinate and nicotinamide metabolism was 

lower compared to the other pathways. Pathway disruptions reflected the changes observed in 

G.sham volcano plot. Prediction of the disrupted metabolites in the pathways evidenced severe 

decrease of NAD+, nicotinamide-D-ribonucleotide and L-aspartate especially in the G.HT.sham 

optic nerves.  In addition to that, chronic OHT influenced other pathway which included 

downstream molecules involved in ATP biosynthesis and oxidative stress (Fig. 7.3 a). In contrast, 

when NAM treatment was involved the metabolic scenario was completely reversed. Pathway 

analysis from G.HNAMproph detected an upregulation of the nicotinate and nicotinamide 

pathway with higher NAD+ biosynthesis, higher levels of 2-oxoglutarate, L-glutamate and L-

aspartate, which are all part of the arginine biosynthesis pathway and connected with the other 

upregulated pathways (Fig. 7.3 b).  In G.HNAMint, pathway analysis revealed an upregulation of 

the alanine, aspartate and glutamate metabolism together with D-glutamine and D-glutamate 

metabolism and arginine biosynthesises, which indeed share some of the same downstream 

molecules that were predicted to have the highest metabolic change (L-aspartate, L-glutamate). 

In regard to the nicotinamide pathway, even if the treatment duration was shorter compared to 

the prophylactic, the projected metabolic response was more prominent in the intervention 

compared to the prophylactic, with changes in both NAM and NAD+, suggesting a very efficient 

NAM metabolism (Fig 7.3 c).  

These results pointed out that the treated samples were energetically more efficient. In fact, 

pathway analysis reported improvements in both glycolysis and TCA cycle along with the 

pentose phosphate pathway, which were disrupted in the G.sham (Appendix A.8 for a complete 

pathway list, from the most to the least affected).  
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Figure 7. 3. Pathway analysis (KEGG). Metabolites change due to OHT resulted in greater pathway 

changes in a) G.sham and improvements in the same pathways after NAM treatment in both b) 

G.HNAMproph and c) G.HNAMint. Red, orange and yellow dots: from high to low impact.    
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Overall, each treated group was metabolically homogeneous (Fig. 7.2 b, c  and e, f) and 

energetically competent, but the most interesting findings came when NT and HT untreated 

samples were compared with the corresponding treated conditions (Fig. 7.4).  

PCA separated almost completely G.NT.sham/G.NT.HNAMproph and 

G.NT.sham/G.NT.HNAMint in two discrete groups, with just a minimal overlap. In both cases 

was PC1 to determine the division, which was arginine for G.NT.sham/G.NT.HNAMproph (Fig. 

7.4 a) and nicotinamide for G.NT.sham/G.NT.HNAMint (Fig.7.4 b). Although G.NT.sham and 

G.NT.HNAMproph had no overlap in the PCA, only one metabolite was found statistically 

relevant. It was obsereved that glutathione disulfide (GSSG), the oxidised form of glutathione 

(GSH), was downregulated in the G.NT.HNAMproph while salvage pathway metabolites were 

slightly upregulated but not enough to be statistically significant (Fig. 7.4 c). In contrast, in 

G.NT.HNAMint a significant upregulation of NAM and GSH was observed compared to 

G.NT.sham. At the same time, glutathione disulfide, glyceraldeyde-3-phosphate and 

dihydroxyacetone phosphate were downregulated (Fig. 7.4 d). A downregulation of two 

intermediates in the glycolytic pathways may be justified by an adequate amount of ATP in cell. 

Considering that glucose-6-phosphate and fructose-6-phosphate were significantly upregulated 

in G.HT.sham (Fig. 7.2 d), that could have been a coping mechanism to the keep up with the 

energetic demand in the absence of an efficient oxidative phosphorylation in the mitochondria. 

Principal component analysis of G.HT.sham/G.HT.HNAMproph (Fig. 7.4 e) and 

G.HT.sham/G.HT.HNAMint (Fig. 7.4 f) highlighted the metabolic separation between the OHT 

treated and untreated samples. PCA for G.HT.sham/G.HT.HNAMproph evidenced the metabolic 

diversity of the two groups with PC1 influencing the metabolic division by 64.8 % (nicotinamide) 

and PC2 by 25.5 % (glycerophosphocholine, Fig. 7.4 e). In this case the metabolic separation was 

greater than in the NT counterpart. Eight metabolites were significantly downregulated in 

G.HT.HNAMproph and among those the greatest difference was found in NMN. In contrast, 

NAM and NAD+ were significantly upregulated along with other metabolites (Fig. 7.4 g). Similarly, 

PCA for G.HT.sham/G.HT.HNAMint revealed even a stronger dichotomy of the groups, still  with 

nicotinamide and glycerophosphocholine determining the division as PC1 and PC2 respectively 

(Fig. 7.4 f). At a single metabolite level (Fig. 7.4 h), nine molecules were downregulated with 

NMN among them, but more importantly two fundamental molecules of the salvage pathway 

were upregulated (NAM and NAD+), suggesting that the pathway was efficient and there was 

enough free NAD+ to allosterically inhibit SARM1.  
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At the same time, in both G.HT.HNAMproph and G.HT.HNAMint, a further downregulation of 

the downstream molecules of the glycolytic pathway and GSSG reduction was observed, which 

may indicate a good ATP reservoir and reduced oxidative stress.  

These results not only confirmed that nicotinamide can cross the blood brain barrier and be 

effective in CNS, but also that the samples were metabolically different, which was the 

determinant of NAM-derived neuroprotection.     
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Figure 7. 4. Effect of NAM treatment of optic nerves metabolome. Principal component analysis defined 

a complete metabolic separation for both contralateral a) G.NT.HNAMproph and b) G.NT.HNAMint 

compared to G.NTsham. At a single metabolite level c) G.NT.HNAMproph had just one downregulated 

metabolite compared to the untreated counterpart, while d) G.NT.HNAMint had three downregulated 

and two upregulated metabolites. Similarly, the ipsilateral groups showed a well defined metabolic 

separation with both e) G.HT.HNAMproph and f) G.HT.HNAMint forming two discrete groups with no 
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overlap with the untreated counterpart. In this case we found that in g) G.HT.HNAMproph there were 

four upregulated metabolites and seven downregulated metabolites. Likewise, h) G.HT.HNAMint had 

three upregulated metabolites and eight downregulated metabolites. Significant fold change ˃ ± 2. 3-MH: 

3-methylhistidine; 5-ALA: 5-ALA: 5-aminolevulinic acid; ADMA: asymmetric dimethylarginine; DHAP: 

dihydroxyacetone phosphate; F6P: Fructose-6-phosphate; G3P: glyceraldehyde-3-phosphate; GPC: 

glycerophosphocholine; G6P: glucose-6-phosphate; GSH: glutathione; GSSG: glutathione disulfide; Met: 

methionine; NAM: nicotinamide adenine mononucleotide; NAD: nicotinamide adenine dinucleotide; 

NAG: N-acetylglutamate; NMN: nicotinamide mononucleotide; O-PE: O- phosphoethanolamine; PEP: 

phosphoenolpyruvate.   

7.2.2 Changes in NAM salvage pathway 

Analysing the metabolites relative abundance normalised to sample weight (m/z = intensity of 

mass spectrum), in the G.sham an overall disruption of the salvage pathway was observed (Fig 

7.5 a-d I). It was found that NMN was significantly upregulated only in G.HT.sham and that its 

conversion to NAD+ by NMNAT1/2 was downregulated. A rise in NMN is a clear sign of 

degeneration and that may explain the profound atrophy found in the untreated RGCs (chapter 

3). In contrast, in both G.HNAMproph and G.HNAMint each step of the pathway was quite 

homogeneous (Fig. 7.5 a-d II-III). Despite a balanced NAM metabolism, it was surprising to find 

that NAM relative content was higher in G.HNAMint (Fig. 7.5 a III) even though the treatment 

duration was shorter than in G.HNAMproph.  

Although the resources were not enough to analyse optic nerves from all experimental animals, 

these results suggest with a good level of confidence that the underlying RGCs neuroprotective 

mechanisms were connected to NAM metabolic support, and likely to SARM1 inhibition, which 

is highly influenced by NMN:NAD ratio (Fig. 7.6).  
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Figure 7. 5. Nicotinamide salvage pathway. Salvage pathway metabolites intensity normalised to the 

sample weight for the different experimental groups. a) NAM; b) NMN; c) NAD+; d) NADH. Box and whisker 

plot with indiidual values. Whiskers, min and max values. Box plot; 1st quartile, median and 3rd quartile. 

ns = non significant, p > 0.05; * = p < 0.05; ** = p < 0.01.   
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Figure 7. 6. NNM:NAD ratio. Compared to the treated samples, G.HT.sham was the only group showing 

a molecular shift that could promote SARM1 activation. This mechanism was rescued with NAM 

supplementation.  

7.2.3 Optic nerves oxidative stress and inflammation related metabolites 

Besides NAD+ impaired metabolism, oxidative stress and inflammation influence the outcome 

of OHT related damage. With metabolic analysis, it could be possible to measure the relative 

abundance of reduced and oxidised form of glutathione, as well as arachidonic acid (Fig. 7.7 a, 



106 
 

b), which are known as ROS scavenging and inflammatory molecules respectively. GSH to GSSG 

ratio was significantly higher in the treated groups (Fig. 7.7 a), suggesting a better antioxidant 

capacity and less oxidative stress. In contrast, arachidonic acid abundance was significantly 

higher in G.HT.sham group, while no changes could be detected in G.HNAMproph and 

G.HNAMint, where the metabolite load was almost constant in both NT and HT samples (Fig. 7.7 

b).  

These data indicate a specific group metabolic finger print, with G.sham characterised by a 

reduced antioxidant capacity and inflammation in the ipsilateral optic nerves, while the opposite 

observation can be made for the treated groups.   
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Figure 7. 7. Optic nerve oxidative and inflammatory state. a) GSH:GSSG ratio measures the cellular 

antioxidant capacity, while the inflammatory state is suggested by b) arachidonic acid sample abundance. 

Box and whisker plot with indiidual values. Whiskers, min and max values. Box plot; 1st quartile, median 

and 3rd quartile. Ns = non significant, p > 0.05; * = p < 0.05; ** = p < 0.01. 

7.3 Discussion 

Brain energy rescue is emerging as one of the most efficient therapeutic concept for age-related 

neurodegenerative diseases (ANDs) (Mattson and Arumugam, 2018), and glaucoma is among 

them. Considering that NAD+ decreases with age and is furtherly reduced in pathological 

contexts (McReynolds et al., 2020, Blaszczyk, 2020, McReynolds et al., 2021), this reduction may 

render neurons vulnerable to damage. This assumption appears to be realistic in glaucoma. 

Williams and Tribble have shown that NAD+ was depleted in murine models of glaucoma and 
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that OHT was exacerbating mitochondrial and metabolic disfunctions in their cohorts (Williams 

et al., 2017c, Tribble et al., 2021c).  

In this model it was not assessed whether NAM treatment was directly preventing mitochondrial 

dysfunction, but it was possible to identify metabolic changes which would have affected 

mitochondria either directly or indirectly. CNS metabolism is extremely complex and in our 

treated samples it was possible to identify changes that were beyond the salvage pathway.  

At first glance, G.sham group metabolic changes were not related to any NAD+ precursors but 

mainly to G6P, 5-ALA and GPC (Fig. 7.2 a, d). These three molecules, which per se do not seem 

to have any connection, may, on the contrary, identify a particular metabolic state in which the 

neurons sit at. ATP is the biological energy currency and  can be produced by a number of distinct 

cellular processes via four main pathways: glycolysis, TCA cycle, OXPHOS and beta-oxidation 

(Bonora et al., 2012). The primary energy source is glucose which is catabolised to produce ATP 

by glycolysis, TCA cycle and OXPHOS, three connected pathway collectively identified as cellular 

respiration.  Cellular respiration gives a net of 38 molecules of ATP per molecule of glucose, with 

just 2 of them produced outside the mitochondria during glycolysis (cytoplasm). Some of the 

catabolic steps in the glycolytic pathway requires ATP, while others NAD+. The reduction of 

glucose into glucose-6-phosphate (G6P) and fructose-6-phosphate (F6P) requires ATP and the 

conversion of glycerldeide3-phosphate (G3P) into 1,3biphosphoglycerate requires NAD+ (Nelson 

et al., 2008). However, if all the ATP and NAD+ molecules available are consumed during the first 

steps of the pathway or to execute other functions, the molecule of glucose that entered in the 

loop cannot be further catabolised into pyruvate. This picture describes the condition that was 

observed in G.HT.sham, with a significant increase in G6P, F6P and G3P and a reduction in 

phosphoenolpyruvate (PEP). Thus, overall this might indicate an ongoing energetic imbalance 

and likely a desperate attempt to produce at least few molecules of ATP, which failed because 

the pathway never progressed to the “yielding-energy” phase. In addition to that, 5-

aminolevulinic acid (5-ALA; heme amino acid precursor synthesised from glycine and succinyl-

CoA in mitochondria), which was found reduced in G.HT.sham and increased in the treated 

samples, plays an important part in aerobic metabolism and ROS inhibition (Matsuo et al., 2020). 

Therefore this decrease may confirm energetic deficits and mitochondria related oxidative 

stress in our model of glaucoma.  

However, that picture only described what could have happened in the untreated sample, and 

thus gave an incomplete overview of all the changes. A detailed characterisation came only 
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when the untreated samples were compared with their treated counterpart. Starting from the 

contralateral samples, a significant decrease was observed in GSSG in both G.NT.HNAMproph 

and G.NT.HNAMint. Glutathione (GSH) is one of the most important scavenger molecules for 

ROS in the brain. When GSH reacts with radicals it is oxidised into glutathione disulfide (GSSG) 

by glutathione peroxidase (GPx) and recycled back by glutathione reductase (GR) (Dringen et al., 

2000). Therefore, a downregulation of GSSG or upregulation of GSH – with a balanced GSH:GSSG 

ratio (1.5:1) –  indicates a good clearance of ROS (Owen and Butterfield, 2010), suggesting that 

the untreated contralateral samples might have altered free radicals clearance pathway and 

thus are exposed to oxidative stress. Then, when the ipsilateral treated samples were compared 

with the untreated G.HT.sham, it was immediately observed a downregulation of the molecules 

that were previously found upregulated (i.e. G6P, F6P and G3P) and an upregulation of the 

respective G.sham downregulated molecules (i.e. PEP and 5-ALA), suggesting the restoration of 

a normal cellular homeostasis. In addition, in both G.HT.HNAMproph and G.HT.HNAMint it was 

detected NMN downregulation and NAM upregulation, and significant NAD+ upregulation, 

which was greater in G.HT.HNAMint.  

NAM, NMN and NAD+ in the context of glaucoma are three very important molecules in regard 

of Wallerian degeneration. Wallerian degeneration refers to the axonal degenerative 

pathological process led by SARM1 (Sterile alpha and Toll/interleukin-1 receptor [TIR] motif-

containing 1), NMN, NAD+ and NMNAT2 (Hopkins et al., 2021). SARM1 besides being one of the 

main NAD+-cleaving enzymes, according to the metabolic environment can switch between two 

states, an autoinhibitory state driven by Armadillo/HEAT motif (ARM) domain and an active state 

triggered by the TIR domain (Bratkowski et al., 2020). When an axon is injured (in this context 

due to OHT) the axonal transport is compromised as well, and since most of the molecules 

required for axon maintenance are synthesized in the cell body, as for NMNAT2, that alters the 

balance between NMN and NAD+ that keeps SARM1 pro-degenerative function silent (Figley and 

DiAntonio, 2020, Funakoshi and Araki, 2021). In the absence of NMNAT2, NMN cannot be 

converted into NAD+, therefore the balance shifts in favour of NMN which binds to the TIR 

domain and promotes the active state of SARM1 (SARM1TIR) (Figley et al., 2021, Essuman et al., 

2017). In contrast, when enough NAD+ is present the ARM domain is not truncated and SARM1 

is kept in its inactive state (SARM1ARM) (Bratkowski et al., 2020, Jiang et al., 2020, Gerdts et al., 

2016, Angeletti et al., 2022).  

Looking back at the profound RGCs atrophy and cell loss found in G.sham, if those observations 

are combined with the metabolic change in G.sham salvage pathway (Fig. 8.5 b and c I), it can 
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be supposed that OHT triggered RGCs degeneration in all RGC compartments (dendrites, axon, 

soma) and that NAM treatment was protecting RGCs in toto. Also, G.HT.sham samples were the 

only one expressing glycerophosphocholine upregulation, which has been identified as a sign of 

neuronal membrane breakdown as a consequence of the neurodegenerative process (Klein, 

2000), hence the ultimate proof of cell death (Fricker et al., 2018, Pemberton et al., 2021, 

Gorman, 2008). In addition to that, a significant reduction of arachidonic acid (AA) was also 

observed in the treated sample. This polyunsaturated fatty acid can both trigger inflammatory 

or non-inflammatory reaction depending on its by-products (Das, 2018). If AA metabolites are 

prostaglandins, thromboxanes or leukotrienes, those will lead to an inflammatory reaction. In 

contrast, if AA metabolites are resolvins, protectins or maresins the outcome would be anti-

inflammatory. Generally is the balance between these metabolites which determines the 

inflammatory reaction, but it is also true that ROS have modulatory influence on the catabolising 

enzymes of AA metabolism and may influence the direction of the pathway (Das, 2021, Wang et 

al., 2021). Thus, it can be supposed that in this case AA might have enabled inflammatory 

pathways, taking into account all the differences seen by far, as well as the GSH:GSSG ratio 

coupled with AA increase in G.HT.sham (Fig. 7.7 a and b). 

These results suggest that NAM treatment can promote either directly or indirectly a pro-

survival state via different mechanisms, each of which might be repaired/enhanced/suppressed 

by modulating NAD+ and its precursors. NAM-derived neuro-energetic boost provides the 

resources to keep intact mitochondrial functions, ATP production and ROS defence, which will 

be beneficial for both axon and dendritic protection (Tribble et al., 2019, Williams et al., 2017b, 

Baltan et al., 2010, Chrysostomou et al., 2013, Tribble et al., 2021c). For the axonal compartment 

NAD+ increase mitigates SARM1 activation and therefore preserves the axons, and likely the 

connections to dorsal lateral geniculate nucleus and superior colliculus (Sasaki and Milbrandt, 

2010, Wang and He, 2009, Risner et al., 2021, Williams et al., 2017a). In addition to that, it was 

also identified that NAM-metabolic boost restored arginine metabolism that was depleted in 

G.sham (Fig. 7.2 d; Fig. 7.3 a). Recent findings suggest that arginine methylation, which results 

in the formation of asymmetric dimethylarginine (ADMA), symmetric dimethylarginine (SDMA) 

and monomethylated arginine (MMA), represent an important regulatory mechanism in regards 

of dendritic plasticity and actin cytoskeletal components (Qualmann and Kessels, 2021). Axonal 

transport relies on actin filaments (Morgan, 2004) and when is interrupted the transfer of 

information and metabolic material from the retina to the brain (and vice versa) cannot be 

fulfilled (Nuschke et al., 2015, Kevenaar and Hoogenraad, 2015). Therefore, it can be supposed 

that restoring arginine metabolism might have contributed to maintain axon integrity in the 
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treated groups and might have been one of the underlying mechanism responsible of RGCs 

dendritic plasticity.  

Overall, it can be said that metabolic changes might be the pivot around which RGC survival 

revolved. This analysis gives a preliminary understanding on the underling pathological changes 

that can be encountered in the context of experimental glaucoma. However, due to the disease 

complexity and the metabolic entanglement, further research will be required to elucidate each 

mechanism involved.      
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8 Effect of nicotinamide mononucleotide adenine transferase 2 

gene therapy on retinal ganglion cell neuroprotection in an in 

vivo inducible model of glaucoma     

8.1 Overview   

So far all the possible options to achieve neuroprotection through NAM dietary enrichment have 

been tested. All these aimed to increase NAD+ bioavailability. However, another way to ideally 

achieve the same outcome would be to overexpress NMNAT2, one of the rate limiting enzyme 

in the salvage pathway, that catalyses the conversion of NMN into NAD+.  

Humans have three paralogues of NMNAT; NMNAT1 mainly expressed in the nucleus, NMNAT3 

predominantly expressed in the mitochondria and NMNAT2 cytoplasmic and exclusively 

expressed in neurons (Brazill et al., 2017). According to different studies, NMNATs, specifically 

NMNAT1 and NMNAT2, appear to be master regulators of neuronal survival (Tang, 2019).  

In the context of glaucoma, mice overexpressing NMNAT1 were found to be protected from 

glaucomatous induced RGC and axon damage (Zhu et al., 2013), while mice genetically depleted 

of NMNAT2 were more prone to develop glaucomatous related injury (Williams et al., 2022).  

Confident of the neuroprotective effect achieved boosting nicotinamide metabolism through 

NAM administration, the same paradigm was tested through genetic viral overexpression of 

hNMNAT2, which is highly expressed in RGCs. The experiments were designed to explore if the 

overexpression of the rate limiting enzyme in the salvage pathway could have provided a 

protective effect in our model of glaucoma.  

In this chapter it will be described the effect of unilateral AVV-hNMNAT2 intravitreal injections 

in two context. The first, in normotensive animals (T.NT.AAVNMNAT2) in order to evaluate 

whether or not the intravitreal injection alone would have produced any unexpected change in 

RGC morphology. The second, in unilateral hypertensive animals (T.G.AAVNMNAT2) in order to 

examine any effect on RGCs integrity.  
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8.1.1 Experimental setup 

To evaluate whether hNMNAT2 was preserving RGCs integrity, ideally increasing NAD+ reservoir 

(Fig. 8.1), intravitreal injections of AAV-NMNAT2 were performed on normotensive and 

unilateral hypertensive rats.  

 

Figure 8. 1. NAD salvage pathway. Increase the expression of NMNAT2, one of the rate limiting enzymes 

in the salvage pathway, should automatically increase NAD biosynthesis. In a disease context, altering the 

production of NAD through the salvage pathway may compensate for the increase in NAD consumption 

or NAD decrease due to age.   

Overexpression of hNMNAT2 was induced through intravitreal injection of an AVV carrier (AAV2 

CMV-eGFP-T2A-CMV-NMNAT2, Vector Biolab; 3 µl of 2.2x1011 gc/ml unilaterally, left eye). A 

minimum of three weeks were kept between any further procedure to allow the complete 

expression of the gene and monitor any inflammatory reaction that could have risen from the 

viral injections. For the hypertensive group, glaucoma was induced as described in chapter 3.  

IOP of both groups were monitored constantly throughout the experimental period, and only 

the rats showing appropriate IOP profiles were included in the analysis. 

The rats were divided in two main experimental groups (Fig. 8.2):  

1. NMNAT2 unilateral gene therapy on normotensive rats, where the animals were 

exposed to unilateral NMNAT2 overexpression for a period of 3 weeks. This group will 



113 
 

be referred as T.NT.NMNAT2 (contralateral, T.NT.AAVnull; ipsilateral 

T.NT.AAVNMNAT2). 

2. NMNAT2 unilateral gene therapy on hypertensive rats, where the animals were exposed 

to unilateral NMNAT2 overexpression for a period of 3 weeks, followed by induction of 

OHT in the same intravitreally injected eye. As for all the others HT groups OHT was 

maintained over a period of 4 weeks. This group will be referred as T.G.AAVNMNAT2 

(contralateral, T.G.NT.AAVnull; ipsilateral, (T.G.HT.AAVNMNAT2).  

Retinal labelling and morphological analysis of RGCs were performed as previously described, 

with DiOlistics bullets containing a mixture of DiI and DiD to avoid any wavelength overlap with 

the viral GFP tag.  

To estimate NMNAT2-derived neuroprotective effect, all the data collected were compared with 

the positive control C.sham and the negative control G.sham (only for T.G.AVVNMNAT2).  

T.NT.AAVNMNAT2

T.G.AAVNMNAT2

a

b

 

Figure 8. 2. Viral-mediated overexpression of hNMNAT2 experimental workflow. a) Viral-mediated 

overexpression of hNMNAT2 in normotensive rats. b) Viral-mediated overexpression of hNMNAT2 

followed by induction of unilateral OHT.  
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8.2 Results 

8.2.1 AVV-mediated hNMNAT2 overexpression in normotensive rats 

8.2.1.1 IOP profiles following intravitreal injection with AAV-hNMNAT2 

Intravitreal injections in few cases can increase IOP and potentially cause RGCs damage (de Vries 

et al., 2020). To understand whether or not AAV-NMNAT2 intravitreal injections were causing 

any change in the animals IOP profiles, all the animals were monitored pre and post injections 

and their IOP checked every other day.   

IOP readouts showed normal IOP profiles after intravitreal injections (IVI; Fig. 8.3 I, II; single 

animal IOP recording Appendix A.6). This result confirmed that IVIs were not introducing a 

confounder in the analysis, as dendritic atrophy due to IOP increase, hence it was possible to 

proceed with RGCs morphological analysis.   
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Figure 8. 3. Intraocular pressure profile of normotensive rats unilaterally injected with AAV-NMNAT2. I) 

T.NT.AAVNMNAT2 group IOP profile; II) Area under the IOP curve. Line mean value of complete IOP 

recordings ; shaded area ± SD. Box and whisker plot. Whiskers, minimum and maximum value; plot, 1st 

quartile, median and 3rd quartile. Dots, single rat value. Ordinary one-way ANOVA followed by Tukey’s 

post hoc test; ns = non significant, p = > 0.05. Post-IVI AUC IOP has been normalised to pre-IVI AUC IOP 

following: 𝑥(𝑛𝑜𝑟𝑚. 𝑓𝑎𝑐𝑡𝑜𝑟) =
𝛴 𝑝𝑜𝑠𝑡 𝐼𝑉𝐼 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑠

𝛴 𝑝𝑟𝑒 𝐼𝑉𝐼 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑠
 . 

8.2.1.2 Effect of hNMNAT2 gene therapy on normotensive RGCs morphology 

Sholl analysis of DiOlistically labelled RGCs showed that AAV-NMNAT2 injections did not alter 

Sholl profiles of RGCs of both contralateral and ipsilateral injected eyes compared to C.sham 
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(Fig. 8.4 c). Although no significant differences were observed within the three Sholl curves, in 

T.NT.AAVnull the initial Sholl intervals displayed a slightly increased complexity compared to the 

injected eye and C.sham. However, no difference could be observed in the Sholl AUC (mean ± 

SD; T.NT.AAVnull 4122.94 ± 2399.13, p = 0.5334; T.NT.AAVNMNAT2 3896.43 ± 1707.83, p = 

0.6576; Fig. 8.4 d) neither within the max number of dendritic intersections between the groups 

(C.sham ≈ 37 ± 15; T.NT.AAVnull ≈ 41 ± 15, p = 0.1876; T.NT.AAVNMNAT2 ≈ 36 ± 13, p = 0.8007; 

Fig. 8.4 e). Similarly, no significant differences were addressed in the total neurites length (Fig. 

8.4 f). At a single branch level, no significant differences were observed between the groups, 

except for a slight statistically significant decrease within the tertiary branches of T.NT.AAVnull 

compared to the normotensive untreated control (p = 0.0374; Fig. 8.4 g). Although no relevant 

changes were addressed as overall dendritic complexity among the groups, analysis of the 

dendritic field area revealed a reduction of the dendritic spatial coverage of T.NT.AAVnull, while 

no differences were observed between T.NT.AAVNMNAT2 and C.sham (mean ± SD; C.sham 

160982.05 ± 83949.21; T.NT.AAVnull 132035.17 ± 88068.23, p = 0.0194; T.NT.AAVNMNAT2 

162841.21 ± 72956.61, p = 0.5866; Fig. 8.4 h).  

At the GCL, a 11% decrease was observed in the distance between neighbouring cells of the 

injected retinas (p = <0.0001), but no differences could be observed with the non injected eyes 

(p = 0.6450; Fig.8.4 i). Considering that data, it was surprising to observe a 13% increase in the 

nuclei count of T.NT.AAVNMNAT2 (p = <0.0001; Fig. 8.4 j). However, it has to be taken into 

account that the confocal laser used to detect Hoechst 33442 might have detected at the GCL 

some of viral GFP tag. Albeit that should be extremely unlikely considering that Hoechst 

excitation and emission wavelengths have very little overlap with eGFP (Hoechst 33442, ex. 

351nm / em. 454 nm; eGFP, ex. 489 nm / em. 511 nm), it would be better to repeat the 

experiment to confirm these observations. 

To complete the observations of RGC morphological analysis, RGCs were classified according to 

their dendrites depth in the IPL. According to this classification, no statistical differences were 

found among the groups, with the ON and OFF of contralateral a bit more complex in the initial 

part of the Sholl curve and a minimal shift after the peak. Those minimal differences did not 

affect the overall complexity as measured by the AUC (Fig. 8.4 k-m). 

Overall NMNAT2 was well tolerated by RGCs, showing no difference with the normotensive 

control in regard to dendritic morphology confirming that this experimental approach could be 

performed on hypertensive rats (next section).     
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Figure 8. 4. Retinal ganglion cells morphological profile following unilateral intravitreal injection of 

AAV-NMNAT2 compared to untreated normotensive retinal ganglion cells. a, b) DiOlistically labelled 

RGCs with corresponding Imaris reconstruction. Scale bar 30 µm, image pixel size 2048 x 2048. c) Sholl 

analysis of all reconstructed RGCs. Line mean value at each interval; shaded area ± SEM. d) Area under 

the Sholl curve (AUC). e) Maximum number of total dendritic intersections at the Sholl peak. f) Total 

dendrites length. g) Number of the dendrites at proximal soma branches. Individual values ± SD. h) 



117 
 

Dendritic field area. i) Average distance between neighbouring cells at the GCL. j) Nuclei count at the GCL. 

k, l) Sholl Analysis of reconstructed RGCs according to their receptive field. m) Area under the Sholl curve 

of RGCs divided according their receptive field. Box and whiskers plot with individual values. Whiskers, 

minimum and maximum value; box plot, 1st quartile, median and 3rd quartile; dots, individual value. 

Kruskal-Wallis test followed by uncorrected Dunn’s test. Ns = non significant, p > 0.05; * = p < 0.05; ** = 

p < 0.01; **** = p < 0.0001. 

8.2.2 Can AVV-mediated hNMNAT2 overexpression prevent glaucomatous damage? 

8.2.2.1 Do AAV-NMNAT2 intravitreal injections affect the induction of unilateral ocular 

hypertension? 

Unilateral viral mediated overexpression of NMNAT2 was performed on the same eye where 

intracameral injections of microbeads were going to be performed. Although no changes in 

normal IOP parameters could be detected in normotensive rats following IVI, it was pivotal to 

determine whether it was still possible to induce a chronic and moderate IOP increase in 

intravitreally injected eyes whit just one intracameral microbead injection.  

Statistical analysis of IOP profiles revealed no interference of IVIs with the induction of glaucoma 

(Fig. 8.5; single animal IOP profiles Appendix A.6). All ipsilateral eyes reached a moderate and 

chronic OHT profile which was maintained for 4 weeks without the need of a second injection.  
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Figure 8. 5. Intraocular pressure profile of AAV-NMNAT2 injected rats followed by the induction 

unilateral model of OHT glaucoma. I) T.G.AAVNMNAT2 group IOP profile; II) Area under the IOP curve. 

Line mean value of complete IOP recordings ; shaded area ± SD. Box and whisker plot. Whiskers, minimum 

and maximum value; plot, 1st quartile, median and 3rd quartile. Dots, single rat value. Ordinary one-way 

ANOVA followed by Tukey’s post hoc test; **** = p < 0.0001, ns = non significant, p = > 0.05. Post-IVI pre-



118 
 

MBI AUC IOP has been normalised to pre-IVI pre-MBI AUC IOP following: 𝑥(𝑛𝑜𝑟𝑚. 𝑓𝑎𝑐𝑡𝑜𝑟) =

𝛴 𝑝𝑜𝑠𝑡 𝐼𝑉𝐼 𝑝𝑟𝑒 𝑀𝐵𝐼 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑠

𝛴 𝑝𝑟𝑒 𝐼𝑉𝐼 𝑝𝑟𝑒 𝑀𝐵𝐼 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑠
 . Post-IVI post-MBI IOP AUC has been normalised to pre-IVI pre-MBI AUC IOP 

following:  𝑥(𝑛𝑜𝑟𝑚. 𝑓𝑎𝑐𝑡𝑜𝑟) =
𝛴 𝑝𝑜𝑠𝑡 𝐼𝑉𝐼 𝑝𝑜𝑠𝑡 𝑀𝐵𝐼 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑠

𝛴 𝑝𝑟𝑒 𝐼𝑉𝐼 𝑝𝑟𝑒 𝑀𝐵𝐼 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔𝑠
. 

8.2.2.2 Can hNMNAT2 gene therapy protect RGC dendrites integrity from OHT damage? 

Sholl analysis of Diolistically labelled RGCs showed that RGCs from ipsilateral double injected 

eyes (IVI and MBI) displayed a greater dendritic complexity within a 50 to 150 µm range from 

the soma, while the contralateral eye displayed a severe left shift compared to C.sham ( Fig 8.6 

c). Indeed, the AUC, which is an index of overall complexity, revealed a 30% reduction in the 

contralateral eye (mean ± SD; C.sham 4151.86 ± 2120.55; T.G.NT.AAVnull 2948.46 ± 1452.34, p 

= 0.0007), while no statistical differences were found between the ipsilateral and C.sham 

(T.G.HT.AAVNMNAT2 4699.25 ± 2250.26, p = 0.1402; Fig. 8.6 d). Although a profound left shift 

was observed in T.G.NT.AAVnull, this change did not affect the number of dendritic intersections 

at the Sholl peak. Statistical analysis did not reveal any significant change between 

T.G.NT.AAVnull and C.sham in the max Sholl (p = 0.3040; Fig. 8.6 e), in contrast the overall 

dendritic reduction deeply affected the total dendrites length, which was 29% less compared to 

C.sham (p = 0.0009; Fig. 8.6 f).  For T.G.HT.AAVNMNAT2, the greater complexity observed in the 

Sholl profile significantly influenced the number of dendritic intersections at the Sholl peak (20% 

increase compared to C.sham; p =  0.0102; Fig. 8.6 e), without affecting the total dendritic length 

(Fig. 8.6 f).  

At a branching level, the differences between contralateral and ipsilateral eye with the 

untreated control were observed since the primary branches, with the number of dendrites 

progressively deceasing in the contralateral at each branch level and in the ipsilateral 

progressively increasing (Fig. 8.6 g). All these structural rearrangements had repercussions on 

the RGCs dendritic area; T.G.NT.AAVnull RGC field areas dramatically decreased compared to 

both C.sham and T.G.HT.AAVNMNAT2 (mean ± SD; C.sham 160982.05 ± 83949.21; 

T.G.NT.AAVnull 95440.92 ± 49076.67, p = <0.0001; T.G.HT.AAVNMNAT2 149256.95 ± 68304.75; 

p vs C.sham = 0.7150, p vs T.G.NT.AAVnull = 0.0003; Fig. 8.6 h). 

At the GCL, the distance between neighbouring cells in the contralateral T.G.NT.AAVnull retinas 

was reduced compared to C.sham, while no significant changes were observed between the 

ipsilateral T.G.HT.AAVNMNAT2 and C.sham (Fig. 8.6 i). In contrast, the nuclei count of 

T.G.NT.AAVnull was divided between two extremes (Fig 8.6 j), while the cell density of 
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T.G.HT.AVVNMNAT2 even if statistically different from C.sham was similar between the 

analysed sample images (Fig. 8.6 j). Although the data at the GCL had some statistical relevance, 

it would be preferable to repeat the counting with a specific RGC staining (i.e. RBPMS) in order 

to avoid any misleading speculation.  

To confirm that the trend observed in the group Sholl analysis was not related to the different 

RGCs sub-class response to IVIs, OHT and contralateral effect,  ON- and OFF-centre RGCs Sholl 

analysis were performed as well. The data confirmed the same trend observed in the general 

Sholl, with the contralateral still showing RGCs dendritic atrophy in both ON- and OFF-centre 

RGCs while the ipsilateral RGCs ON and OFF profiles were similar to C.sham (Fig. 8.6 k-m).  

However, this pilot experiment intended to explore whether gene therapy with NMNAT2 could 

be an alternative therapeutic approach to protect RGCs from ocular hypertensive damage. Thus, 

to determine whether AAV-NMNAT2 IVIs protecting RGCs from OHT-related dendritic atrophy, 

the data were compared with the untreated unilateral hypertensive group G.sham.  

From the Sholl profiles it was observed that T.G.HT.AAVNMNAT2 was the only sub-group to not 

show dendritic atrophy. The contralateral T.G.NT.AAVnull curve had the same profile as both 

G.sham Sholl curves, indeed they were almost overlapping (Fig. 8.7 c).  The same trend was 

observed for all Sholl-related analysis. The AUC emphasised T.G.HT.AAVNMNAT2 as the only 

sub-group with a statistically relevant increase of overall complexity (mean ± SD and p values vs 

T.G.HT.AAVNMNAT2 (149256.95 ± 68304.75); G.NT.sham, 130311.10 ± 54383.97, p = 0.0006; 

G.HT.sham, 97434.28 ± 47712.88, p = <0.0001; T.G.NT.AAVnull, 95440.92 ± 49076.67, p = 

<0.0001; Fig. 8.7 d). Similarly, both maximum number of dendritic intersections and total length 

of dendrites showed that T.G.HT.AAVNMNAT2 was the only sub-group where dendritic 

preservation could be observed  ( Fig. 8.7 e, f). Considering the similar Sholl parameters between 

G.sham and the contralateral T.G.NT.AAVnull, no significant differences were found among the 

primary branches of those groups. In contrast, genetic overexpression of NMNAT2 in the 

ipsilateral hypertensive eye contributed to progressive gain of complexity in 

T.G.HT.AAVNMNAT2 since the primary branches (Fig. 8.7 g).  

All these data showed that RGCs from the contralateral eye T.G.NT.AAVnull suffered a severe 

dendritic atrophy, as confirmed by the analysis of the dendritic field area, where T.G.NT.AAVnull 

dendritic area readouts were even worse than G.HT.sham (p = 0.0025; Fig. 8.7 h).  
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From the previous experiments it was known that G.sham displayed a severe cell loss. Therefore 

when the data collected at the GCL were compared with the untreated hypertensive group (Fig. 

8.7 i, j), it was confirmed that those specific data could not be trusted due to the inconsistency 

of the nuclei data from T.G.AAVNMNAT2, in particular for T.G.NT.AAVnull. Therefore, the 

analysis should be repeated in the future to confirm any observation. 

Analysis of ON and OFF RGCs did not add any new unexpected observations, with the 

contralateral RGCs displaying the same dendritic complexity as the untreated counterparts, and 

T.G.HT.AAVNMNAT2 as the only group showing preserved dendritic complexity in both sub-

categories  (Fig. 8.7 k-m).  

For a thorough overview of this preliminary gene therapy trial, the two groups exposed to AAV-

NMNAT2 were compared as well. 

As it can be observed from the Sholl analysis and related parameters, 

T.NT.AAVnull/NT.AAVNMNAT2 displayed a more homogeneous profile compared to the 

glaucoma AAVNMNAT2 injected counterpart (Fig. 8.8 c-m). The contralateral effect in the non 

injected eye (T.G.NT.AAVnull), even within this comparison, was still very severe, which suggests 

that further experiments should be carried before this can be considered a new therapeutic 

approach. 
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Figure 8. 6. Retinal ganglion cells morphological profile following unilateral intravitreal injection of 

AAV-NMNAT2 and unilateral induction of ocular hypertension compared to untreated normotensive 

retinal ganglion cells. a, b) DiOlistically labelled RGCs with corresponding Imaris reconstruction. Scale bar 

30 µm, image pixel size 2048 x 2048. c) Sholl analysis of all reconstructed RGCs. Line mean value at each 

interval; shaded area ± SEM. d) Area under the Sholl curve (AUC). e) Maximum number of total dendritic 

intersections at the Sholl peak. f) Total dendrites length. g) Number of the dendrites at proximal soma 

branches. Individual values ± SD. h) Dendritic field area. i) Average distance between neighbouring cells 
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at the GCL. j) Nuclei count at the GCL. k, l) Sholl Analysis of reconstructed RGCs according to their receptive 

field. m) Area under the Sholl curve of RGCs divided according their receptive field. Box and whiskers plot 

with individual values. Whiskers, minimum and maximum value; box plot, 1st quartile, median and 3rd 

quartile; dots, individual value. Kruskal-Wallis test followed by uncorrected Dunn’s test. Ns = non 

significant, p > 0.05; * = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001. 
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Figure 8. 7. Retinal ganglion cells morphological profile following unilateral AAV-NMNAT2 injection and 

induction of unilateral ocular hypertension ocular compared to untreated unilateral OHT retinal 

ganglion cells profile. a, b) DiOlistically labelled RGCs with corresponding Imaris reconstruction. Scale bar 

30 µm, image pixel size 2048 x 2048. c) Sholl analysis of all reconstructed RGCs. Line mean value at each 
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interval; shaded area ± SEM. d) Area under the Sholl curve (AUC). e) Maximum number of total dendritic 

intersections at the Sholl peak. f) Total dendrites length. g) Number of the dendrites at proximal soma 

branches. Individual values ± SD. h) Dendritic field area. i) Average distance between neighbouring cells 

at the GCL. j) Nuclei count at the GCL. k, l) Sholl Analysis of reconstructed RGCs according to their receptive 

field. m) Area under the Sholl curve of RGCs divided according their receptive field. Box and whiskers plot 

with individual values. Whiskers, minimum and maximum value; box plot, 1st quartile, median and 3rd 

quartile; dots, individual value. Kruskal-Wallis test followed by uncorrected Dunn’s test. Ns = non 

significant, p > 0.05; * = p < 0.05; ** = p < 0.01; **** = p < 0.0001.  
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Figure 8. 8. Retinal ganglion cells morphological profile following unilateral AAV-NMNAT2 injection and 

induction of unilateral ocular hypertension ocular compared to normotensive unilaterally intravitreally 

injected AAV-NMNAT2 retinal ganglion cells profile. a, b) DiOlistically labelled RGCs with corresponding 

Imaris reconstruction. Scale bar 30 µm, image pixel size 2048 x 2048. c) Sholl analysis of all reconstructed 

RGCs. Line mean value at each interval; shaded area ± SEM. d) Area under the Sholl curve (AUC). e) 

Maximum number of total dendritic intersections at the Sholl peak. f) Total dendrites length. g) Number 

of the dendrites at proximal soma branches. Individual values ± SD. h) Dendritic field area. i) Average 

distance between neighbouring cells at the GCL. j) Nuclei count at the GCL. k, l) Sholl Analysis of 

reconstructed RGCs according to their receptive field. m) Area under the Sholl curve of RGCs divided 

according their receptive field. Box and whiskers plot with individual values. Whiskers, minimum and 

maximum value; box plot, 1st quartile, median and 3rd quartile; dots, individual value. Kruskal-Wallis test 

followed by uncorrected Dunn’s test. Ns = non significant, p > 0.05; * = p < 0.05; ** = p < 0.01.  

8.3 Discussion 

Before the outcome of the experiments will be discussed, there are few technical issues that 

arose during DiOlistics labelling which are worth mentioning.   

As we explained in chapter 2, Diolistic labelling relies on ballistic delivery of fluorescent particles 

which diffuse in the cells. To perform these experiments the dyes combination has been 

adjusted in order to avoid any overlap between the fluorescent spectra. Although it seems 

trivial, that small adjustment slightly compromised the labelling outcome. 

DiD spectrum does not fall within the human visible wavelengths (Rodriguez-Carmona and 

Barbur, 2017), therefore when retinas labelling was checked only DiI labelled RGCs were seen. 

When the DiI was randomly dispersed on at least 30% of the retina surface the tissue was not 

re-shot, but this did not happen for all the samples. In some cases the re-shooting has produced 

an unintentional over labelling which affected the ability to completely separate some RGCs. 

Due to that some cells were excluded from the analysis, which drastically reduced the sample 

size.  

With that been said, both NMNAT2 experiments have been useful to understand several aspects 

of NAD+ neurotrophic support that could not have been noticed with a systemic delivery route. 

First of all, NMNAT2 overexpression was not harmful to RGCs in neither condition. Focusing the 

attention on the injected eyes, in the normotensive animals nothing changed compared to a 

naïve Sholl profile, while in the glaucoma some improvements could even be observed.  Both 

observations, at a minor degree, were consistent with the results obtained with a NAM enriched 
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diet. However, in the NAM experiments both eyes were protected, the concentration the 

animals were exposed to was known, and the impact this had on their metabolism. In these 

experiments, two main things could not be controlled. The contralateral effect and the extent 

in which NMNAT2 overexpression was influencing NAD+ metabolism. 

RGCs from T.G.NT.AAVnull, the contralateral non injected eye, displayed a severe dendritic 

atrophy which might have been caused by the lack neurotrophic support given by NAD+ 

metabolism, and thus might have been exposed to the contralateral OHT effect. This scenario 

could not be observed in the NAM experiments due to the systemic delivery route. Although 

severe, this effect emphasised that the pathophysiology of glaucoma should be regarded as a 

complex neurodegenerative disease where OHT is just one of the symptoms. Contralateral 

degeneration has been observed in different models of retina diseases (Lucas-Ruiz et al., 2021). 

This degeneration appears to be caused by uncontrolled glia activation and retrograde 

degenerative inputs from the affected brain areas (Sapienza et al., 2016).  Glia activation triggers 

an extended neuroinflammatory reaction that jeopardises neuronal viability, and improving 

NAD+ metabolism, among its multiple therapeutic potentials, seems to have also anti-

inflammatory properties (Rajman et al., 2018). That might explain why this effect was not 

noticed before, with the exception of G.sham. In light of this result, if NMNAT2 intravitreal gene 

therapy were to be pursued as treatment strategy, it should be considered to overexpress 

NMNAT2 in the contralateral eye as well, possibly considering NAM supplementation to support 

NMNAT2 activity. 

The other factor that might have influenced the experimental outcome could have been the 

overexpression efficiency. Given the increased complexity in T.G.HT.AAVNMNAT2, it can be 

assumed that NMNAT2 overexpression was successful. However, it has to be considered 

NMNAT2 does not operate only in the salvage pathway (Brazill et al., 2017), but serves as 

substrate for multiple signalling pathways as well (Verdin, 2015, Lavado-Roldan and Fernandez-

Chacon, 2016, Zhai et al., 2008). Due to this “multitasking” role, cellular level of NMNAT2 may 

vary depending on the context and physiological state (Moriya, 2015, Munkacsy et al., 2019).  

Therefore, for a future experimental outlook, it should be considered to perform NMNAT2 

quantitative studies in order to inject the proper amount of gene copies to fulfil the cellular 

requirement in a degenerative state.  

Beside the unexpected outcome of this trial, it is well established that NMNAT2 exerts 

neuroprotective functions against various insults (Pottorf et al., 2018), and that its 
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overexpression has been found to rescue RGCs from glaucomatous damage (Fang et al., 2022). 

Interestingly, when Liu et al. (Liu et al., 2021) employed the same viral construct as Fang et al. 

(Fang et al., 2022) (AAV-mSncg-NMNAT2∆ex6 (Wang et al., 2020, Yang et al., 2016, Miao et al., 

2016)) they did not observe any neuroprotective effect nor improved visual functions in their 

experimental groups.  

Although there are some controversies, there is enough evidence which emphasises NMNAT2 

role as  key molecule in axon maintenance (Waller and Collins, 2021, Icso and Thompson, 2022, 

Gilley and Coleman, 2010, Gilley et al., 2018) and RGCs homeostasis (Fang et al., 2022, Williams 

et al., 2022) but, in order to be translated into an effective treatment, further studies are needed 

to clarify NMNAT2 neuroprotective mechanisms in a disease context.     
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9 General discussion and conclusions 

One of the most characteristic features of glaucoma is the degeneration and loss of retinal 

ganglion cells (Morgan et al., 2006). However, while RGC cell death contributes to visual loss, 

dendritic atrophy, which influences the ability to process visual information (Agostinone and Di 

Polo, 2015) is a significant contributing factor.  

The one and only unmodifiable risk factor for glaucoma is age. Age alters the metabolic state of 

the cells (Blaszczyk, 2020), and for cells as RGCs which live on a metabolic knife edge, that 

renders the latter vulnerable to IOP related stress (Harder et al., 2020, Morgan, 2012). Although 

OHT is one of the modifiable factors, RGCs continue to degenerate even when IOP decreases or 

is normal (e.g. normotensive glaucoma) (Boland and Quigley, 2007). This lack of RGC resilience 

even when the stressors are eradicated might be due to a complex bioenergetic failure (Casson 

et al., 2021).  

The work in this project has focussed on the disruption of NAD+ metabolism as an additional 

factor to be considered in driving retinal ganglion cell damage in glaucoma. Neuronal survival 

relies on NAD+ as the main redox cofactor for energy production, and RGCs as the most energy 

demanding neurons rely on NAD+ for their energetic support (Cimaglia et al., 2020). Williams et 

al. have reported multiple evidence of NAD+ imbalance in several murine models of glaucoma  

(Tribble et al., 2021c, Williams et al., 2018, Williams et al., 2017b) and there is evidence that 

suggests that prior to cell death RGCs enter into a “comatose” state due to lack of energetic 

support (Fry et al., 2018). Relief of RGC stress does not mean only IOP reduction, but indicates 

improvement of mitochondrial function, decrease of oxidative stress and inflammation (Calkins, 

2021, Calkins, 2012, Qu et al., 2010).  

To date, little is known about NAD+ long-term exposure effect on RGCs connectome, except for 

the dendritic preservation shown in retinal explants (Tribble et al., 2021c).  

Considering the ongoing clinical trials for NAD+-glaucoma based therapy and the compelling 

need to understand more about the effect of this molecule, this project intended to explore 

NAD+ metabolism efficacy for RGCs neuroprotection in a rat in vivo model of induced chronic 

ocular hypertension. In the next sections the principal findings of this thesis will be summarised, 

and future direction for research in this area will be proposed.  
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9.1 Main findings 

9.1.1 NAD+ precursor nicotinamide adenine mononucleotide long term administration 

is well tolerated and does not influence intraocular pressure 

NAM is the best tolerated NAD+ precursor and the one with least side effects. However, the need 

to use upper physiological levels of nicotinamide to increase NAD+ metabolism and to contain 

NAD+ age decline, has raised some concern about the safety and tolerance of long-term 

administration of that molecule (Hwang and Song, 2020, Conze et al., 2019).  

In light of the differences between clinical trial doses and in vivo research (human dose in trial 

200 mg/kg; animal dose from 200 to 900 mg/kg), it was important to determine whether 

experimental doses of NAM were well tolerated and whether they had any adverse effect on 

IOP and RGCs normal parameters.  

Monitoring NT BN IOPs for six weeks, four of which with NAM enriched diet (200 mg/kg/day and 

600 mg/kg/day), established that NAM had no interaction with IOP and did not compromise 

RGCs viability. All RGCs showed a notable increase in dendritic complexity when exposed to the 

molecule. Neuroplasticity in fully differentiated adult RGCs has not been previously 

documented, but among NAM multiple function there is the direct inhibition of ROCKs (Meng et 

al., 2018). ROCKs inhibition has been shown to promote dendritic and synaptic plasticity 

(Swanger et al., 2015, Koch et al., 2018). Considering that all the rats were exposed to the same 

light cycle from birth (12h light/12h dark), with no differences observed between ON and OFF 

centre RGCs dendritic density (Tian and Copenhagen, 2001, Tian and Copenhagen, 2003, 

Bodnarenko and Chalupa, 1993), NAM was the only new factor that could have promoted this 

change. Whether or not this has improved BN visual acuity is not known, but this confirms that 

NAM can positively influence RGCs connectome.  

9.1.2 Retinal ganglion cell dendritic neuroprotection with dietary NAM is substantial 

and dose-dependent 

NAM retinal ganglion cell neuroprotection has been tested throughout all this project in two 

well-established models of acute (retinal explants) and chronic (in vivo OHT) retinal injury. In 

both models NAM supplementation showed a substantial neuroprotective effect toward RGCs 

dendrites. 
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RGCs from axotomised NAM supplemented retinal explants (both low NAM and high NAM) 

displayed the same level of complexity as non cultured RGCs, but between 20% to 40% cell loss. 

These observations suggest that dendritic preservation may not necessarily improve cell 

survival. Indeed the Moons group has made the argument that dendritic preservation after 

axonal injury might interfere with RGCs regenerative capacity and therefore promote cell death 

(Beckers and Moons, 2019). In this case, dendritic atrophy is regarded as an adaptive response 

to ensure cell survival and the preservation of afferent connections. The implication is that 

treatments to enhance dendritic preservation / regeneration may increase the risk of afferent 

loss and cell death. An important qualifier is that retinal ganglion cell axotomy is an acute injury, 

whose effects are visible within hours of optic nerve resection and manifest with cell loss 

(Manabe et al., 2002). It might be possible that NAD+ synthesis, from its precursor NAM, was not 

rapid enough and thus could not fulfil RGCs neuroprotective requirements at the same pace of 

the concurrent cell loss. Even though it would be nice to explore NAD biosynthesis dynamics, 

that would not be enough to explain the greater cell loss in E.3DEV.HNAM compared to the 

untreated retinal explants. 

In vivo, NAM treatment afforded a high level of RGC preservation. With NAM prophylactic and  

intervention treatment only high NAM provided the same level of protection in the ipsilateral 

(OHT) and contralateral (NT) eyes, while with low NAM the effect was partial. These results are 

highly relevant for clinical use of nicotinamide precursors and highlight a dose-dependent effect 

of nicotinamide. Low NAM AED of 200 mg/kg/day corresponds to HED 2.27 g/day (based on an 

average weight of 70 kg) (Nair and Jacob, 2016), which exceeds the current dose reported in 

clinical trials (NCT05275738, 2022, NCT05405868, 2022). By contrast, high NAM (AED 600 

mg/kg/day; HED 6.80 g/day) provided the same level of protection in both eyes, preserving 

normal RGCs dendritic structure even when administered after the induction of ocular 

hypertension. However, the highest dose of NAM in the available pharmaceutical formulations 

is 500 mg per tablet, which suggests that high dose NAM may raise adherence issues. The dose 

effect suggests that new formulation of high dose NAM and alternative routes (e.g. local ocular 

delivery) should be considered.  

9.1.3 NAM neuroprotective effects are achieved through a pro-survival metabolic 

switch 

RGCs have a high bioenergetic demand which renders them vulnerable to mitochondrial 

dysfunction and metabolic failure. Physiological aging is characterised by decreased metabolic 



130 
 

activity and  increase in mitochondrial stress, which may promote neurodegenerative disease 

outbreak when combined with other cofactors (Jadeja et al., 2020, Fang et al., 2017, Lautrup et 

al., 2019, Casson et al., 2021). OHT is the characterising cofactor of glaucoma, that, even at its 

earliest stages, produces major metabolic disruption which escape the neuronal compensatory 

mechanisms and influence RGCs viability (Tribble et al., 2021c, Tribble et al., 2019, Williams et 

al., 2017b, Kouassi Nzoughet et al., 2019). NAD+ decrease has been found to be the main driver 

of this neuroenergetic failure, and considering that 80% of NAD+ biosynthesis comes from the 

salvage pathway, whose synthesising enzymes are highly expressed in the inner retina and optic 

nerve/optic nerve head  (Tribble et al., 2023), it is not surprising that glaucomatous injury in 

those areas influences RGCs fate.  

The project was based on the assumption that OHT disrupts NAD+ metabolism and as a 

consequence influence RGCs resistance and/or resilience to damage. Although ex vivo and in 

vivo RGCs morphologic readouts demonstrated NAD+-related dendritic neuroprotection, there 

was the need to understand how this protection was achieved. Optic nerves metabolic analysis 

identified distinct metabolic profiles between G.sham, prophylactic and intervention HNAM 

treated groups. Whilst the defining factor for this distinction was driven by NAD+ related 

metabolites, detrimental changes within the G.sham group were also associated with the three 

main cellular respiration pathways, confirming the expected OHT-related energy deficits in the 

untreated group. In addition to that, GSH:GSSG ratio was found significantly decreased within 

G.sham, highlighting the inefficient antioxidant capacity caused by the lack of NAM 

supplementation. Free ROS promote mitochondrial damage and inflammatory reaction (Mittal 

et al., 2013, Guo et al., 2013), which have been documented as pathological finger print in 

glaucoma. Furthermore, this may also explain the severe atrophy in G.sham as well as the 

contralateral effect that may have been promoted by arachidonic acid related inflammatory 

reactions.  

However, within the picture of RGCs degeneration/survival, salvage pathway analysis identified 

a pro-Wallerian degeneration shift only in the untreated samples. Wallerian degeneration is the 

well known mechanisms of axonal degeneration triggered by SARM1 activation influenced by 

NAD+ depletion (Gilley et al., 2018, Di Stefano et al., 2015, Angeletti et al., 2022, Waller and 

Collins, 2021, Figley and DiAntonio, 2020, Figley et al., 2021, Essuman et al., 2017). OHT 

compromises NMNAT2 transport from the soma to the axons, and NAM in the absence of 

NMNAT2 cannot complete its conversion to NAD+. Increasing levels of NMN, the intermediate 

NAM by-product in the salvage pathway, allosterically activate SARM1 (SARM1TIR), hence just 
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minor alterations in the NNM:NAD ratio might be sufficient to trigger SARM1, which in contrast 

is allosterically inhibited by NAD+.  

These results suggest that NAM treatment is an effective neuroprotective agent for all RGCs 

compartments. Its effects do not only provide a neuroenergetic boost, which for itself might be 

sufficient to fulfil RGCs energy requirements, but negatively interfere with pro-degenerative 

mechanism enhancing cellular survival capability.  

9.1.4 NMNAT2 overexpression in the OHT eye protects ipsilateral RGCs from dendritic 

atrophy but does not prevent contralateral degeneration 

Systemic NAD+ precursors delivery have the advantage that they increase nicotinamide 

metabolism in the whole system, whereas local overexpression of NMNAT2 acts only in the 

target area. In the absence of OHT damage or degenerative injuries the lack of systemic NAD+ 

increase should not be an issue, as observed in the normotensive model with intravitreal 

delivery of AVV-NMNAT2. In contrast, when the same level of NMNAT2 overexpression was 

applied to a model of ocular hypertension only the ipsilateral eye was protected from 

glaucomatous induced dendritic pruning.  

OHT is not a focal injury, but has repercussions in multiple areas. Therefore, if NAD+ metabolism 

is increased only where the physical damage appears, there might be the risk that local 

overactivity of NMNAT2, in order to fulfil is enzymatic role, might withdraw NAM from other 

cellular compartments where it might be needed. To confirm this hypothesis, the ideal 

experiment (outside the scope of the current work) would have been to combine NMNAT2 

overexpression with NAM dietary enrichment. Without this data is only possible to confirm that 

NMNAT2 overexpression did not harm RGCs but was not enough to counteract the contralateral 

OHT effect.  

9.2 Conclusions and future work 

The findings of this project suggest that the restoration of NAD+ biosynthesis/metabolism can 

protect from OHT induced damage. However, NAM intervention data, which are the most 

relevant for a translation approach, highlighted issues with regard to the appropriate NAM dose 

for RGC protection.. Dendritic atrophy, even if minor, may compromise cell viability and affect 

the transfer of visual information from the eye to the brain (Bargmann and Marder, 2013, 

Agostinone and Di Polo, 2015). A detailed investigation of RGCs functional changes and 
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preservation of central afferent connection were outside the scope of this project, but it would 

be interesting to explore whether or not NAM treatment may influence RGCs function and 

central connection in a dose-dependent fashion, and whether the increased plastic competence 

plays a part in that as well. In addition to that, metabolic analysis revealed that glaucoma is much 

more than a simple optic neuropathy, which supports the continuous research effort in finding 

the underlying disease mechanisms instead of focusing only on OHT damage. Further more, it 

would be interesting to understander whether NAM can be used to reverse RGC degeneration 

and whether it can be used to prepare neurons for regenerative treatment (following the Moons 

argument, Beckers and Moons, 2019, Beckers et al., 2019).              
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Appendix 

A.1 C.sham single rat IOP profiles 
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Appendix figure. 1. C.sham, normotensive control single animal IOP profiles. Line represents mean value 

of complete set of recordings, shaded area ± SD. 
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A.2 G.sham single rat IOP profiles 

-7 -5 -3 -1 1 3 5 7 9 11 13 15 17 19 21 23 25 27

0

10

20

30

40

G.NT_HT.sham 077971_1MBI 1st

Day

IO
P

 (
m

m
H

g)

G.NT.sham

G.HT.sham

0
MBI

-7 -5 -3 -1 1 3 5 7 9 11 13 15 17 19 21 23 25 27

0

10

20

30

40

G.NT_HT.sham 077972_1MBI 1st

Day

G.NT.sham

G.HT.sham

0
MBI

-7 -5 -3 -1 1 3 5 7 9 11 15 17 19 21 23 25 27

0

10

20

30

40

G.NT_HT.sham 077973_2MBI 1st

Day

G.NT.sham

G.HT.sham

0
MBI

13
2nd MBI

-7 -5 -3 -1 1 3 5 7 9 11 15 17 19 21 23 25 27

0

10

20

30

40

G.NT_HT.sham 077974_2MBI 1st

Day

IO
P

 (
m

m
H

g)

G.NT.sham

G.HT.sham

0
MBI

13
2nd MBI

-7 -5 -3 -1 1 3 5 7 9 11 13 15 17 19 21 23 25 27

0

10

20

30

40

G.NT_HT.sham 077975_1MBI 1st

Day

G.NT.sham

G.HT.sham

0
MBI

-7 -5 -3 -1 1 3 5 7 9 11 13 15 17 19 21 23 25 27

0

10

20

30

40

G.NT_HT.sham 077985_1MBI 2nd

Day

G.NT.sham

G.HT.sham

0
MBI

-7 -5 -3 -1 1 3 5 7 9 11 13 15 17 19 21 23 25 27

0

10

20

30

40

G.NT_HT.sham 077986_1MBI 2nd

Day

IO
P

 (
m

m
H

g)

G.NT.sham

G.HT.sham

0
MBI

-7 -5 -3 -1 1 3 5 7 9 11 13 15 17 19 21 23 25 27

0

10

20

30

40

G.NT_HT.sham 077987_1MBI 2nd

Day

G.NT.sham

G.HT.sham

0
MBI

-7 -5 -3 -1 1 3 5 7 9 11 13 15 17 19 21 23 25 27

0

10

20

30

40

G.NT_HT.sham 077988_1MBI 2nd

Day

G.NT.sham

G.HT.sham

0
MBI

-7 -5 -3 -1 1 3 5 7 9 11 13 15 17 19 21 23 25 27

0

10

20

30

40

G.NT_HT.sham 077989_1MBI 2nd

Day

IO
P

 (
m

m
H

g)

G.NT.sham

G.HT.sham

0
MBI

-7 -5 -3 -1 1 3 5 7 9 11 13 15 17 19 21 23 25 27

0

10

20

30

40

G.NT_HT.sham 077990_1MBI 2nd

Day

G.NT.sham

G.HT.sham

0
MBI

 

Appendix figure 2. G.sham, hypertensive untreated controls single animal IOP profiles. Line represents 

mean value of complete set of recordings, shaded area ± SD. 
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A.3 C.LNAM and C.HNAM single rat IOP profiles 
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Appendix figure 3. Normotensive NAM treated single animal IOP profiles. a) C.NT.LNAM single rat IOP 

profiles during the experimental period. b) C.NT.HNAM single rats IOP profiles during the experimental 

period. group IOP profile. Line represents mean value of complete set of recordings, shaded area ± SD. 
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A.4 NAM prophylactic treatment single rat IOP profiles 

A.4.1 Low NAM prophylactic 
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Appendix figure. 4. Low NAM dose prophylactic treatment single animal IOP profiles. Line represents 

mean value of complete set of recordings, shaded area ± SD. 
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A.4.2 High NAM prophylactic 
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Appendix figure. 5. High NAM dose prophylactic treatment single animal IOP profiles. Line represents 

mean value of complete set of recordings, shaded area ± SD. 
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A.5 NAM intervention treatment single rat IOP profiles 

A.5.1 Low NAM intervention 
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Appendix figure. 6. Low NAM dose intervention treatment single animal IOP profiles. Line represents 

mean value of complete set of recordings, shaded area ± SD. 
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A.5.2 High NAM intervention 
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Appendix figure. 7. High NAM dose intervention treatment single animal IOP profiles. Line represents 

mean value of complete set of recordings, shaded area ± SD. 
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A.6 NMNAT2 gene therapy single rat IOP profile 
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Appendix figure. 8. Normotensive AAV-NMNAT2 injected single animal IOP profiles. Line represents 

mean value of complete set of recordings, shaded area ± SD.  
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Appendix figure. 9. Normotensive AAV-NMNAT2 injected single animal IOP profiles. Line represents 

mean value of complete set of recordings, shaded area ± SD.  
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A.7 Metabolic pathway complete list 

A.7.1 G.sham changed metabolic pathways 

Pantothenate and CoA biosynthesis 

Pentose phosphate pathway 

Fructose and mannose metabolism  

Inositol phosphate metabolism 

Glycerolipid metabolism 

Glycerophospholipid metabolism 

Ether lipid metabolism 

Sphingolipid metabolism 

Aminoacyl-tRNA biosynthesis 

Glycolysis / Gluconeogenesis 

Arginine biosynthesis 

Arachidonic acid metabolism 

Biosynthesis of unsaturated fatty acids 

Valine, leucine and isoleucine degradation 

Valine, leucine and isoleucine biosynthesis 

β-Alanine metabolism 

Phenylalanine, tyrosine and tryptophan 
biosynthesis 

Phenylalanine metabolism 

Tryptophan metabolism 

Biotin metabolism 

Lysine degradation 

Glycine, serine and threonine metabolism 

Pyruvate metabolism 

Histidine metabolism 

Alanine, aspartate and glutamate 
metabolism 

Glutathione metabolism 

Glyoxylate and dicarboxylate metabolism 

Nitrogen metabolism 

D-glutamine and D-glutamate metabolism 

Nicotinate and nicotinamide metabolism 

Cysteine and methionine metabolism 

Arginine and proline metabolism 

TCA cycle 

Riboflavin metabolism 

Tyrosine metabolism 

Purine metabolism 

 

A.7.2 G.HNAMproph changed metabolic pathways  

Pantothenate and CoA biosynthesis  

β-Alanine metabolism 

Ether lipid metabolism 

Glycerophospholipid metabolism 
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Nicotinate and nicotinamide metabolism 

Riboflavin metabolism 

Glycine, serine and threonine metabolism 

Alanine, aspartate and glutamate 
metabolism 

Sphingolipid metabolism 

Histidine metabolism 

Cysteine and methionine metabolism 

Arachidonic acid metabolism 

Biosynthesis of unsaturated fatty acids 

Butanoate metabolism 

Arginine biosynthesis 

D-glutamine and D-glutamate metabolism 

Glutathione metabolism 

Glyoxylate and dicarboxylate metabolism 

Nitrogen metabolism 

TCA cycle 

Valine, leucine and isoleucine biosynthesis 

Aminoacyl-tRNA biosynthesis 

Purine metabolism 

Glycerolipid metabolism 

Fructose and mannose metabolism 

Inositol phosphate metabolism 

Pentose phosphate pathway 

Lysine degradation 

Biotin metabolism 

Arginine and proline metabolism 

Tryptophan metabolism 

Phenylalanine, tyrosine and tryptophan 
biosynthesis 

Phenylalanine metabolism 

Pyruvate metabolism 

Glycolysis / Gluconeogenesis 

Tyrosine metabolism  

 

A.7.3 G.HNAMint changed metabolic pathways 

Alanine, aspartate and glutamate 
metabolism 

Glycine, serine and threonine metabolism 

Butanoate metabolism  

D-glutamine and D-glutamate metabolism 

Glyoxylate and dicarboxylate metabolism 

Nitrogen metabolism 

Glutathione metabolism 

Histidine metabolism 

Arginine biosynthesis 

Pentose phosphate pathway 

Fructose and mannose metabolism 

Inositol phosphate metabolism 

Purine metabolism 
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Glycerolipid metabolism 

Tyrosine metabolism 

Nicotinate and nicotinamide metabolism 

Arginine and proline metabolism 

TCA cycle 

Aminoacyl-tRNA biosynthesis 

β-Alanine metabolism 

Tryptophan metabolism 

Riboflavin metabolism 

Glycolysis / Gluconeogenesis 

Pantothenate and CoA biosynthesis 

Pyruvate metabolism 

Phenylalanine, tyrosine and tryptophan 
biosynthesis 

Phenylalanine metabolism 

Cysteine and methionine metabolism 

Biotin metabolism 

Lysine degradation 

Biosynthesis of unsaturated fatty acids 

Arachidonic acid metabolism 

Sphingolipid metabolism 

Valine, leucine and isoleucine degradation 

Valine, leucine and isoleucine biosynthesis 

Glycerophospholipid metabolism 

Ether lipid metabolism
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A.8 List of materials 

A.8.1 Reagents 

B27 10889-038, Gibco™; Thermo Fisher 

Scientific  

Dichloromethane D7566-500ML, Sigma 

DiD' solid; DiIC18(5) solid (1,1'-Dioctadecyl-

3,3,3',3'-Tetramethylindodicarbocyanine, 4-

Chlorobenzenesulfonate Salt) 

D7757, Invitrogen™; Thermo Fisher 

Scientific 

DiI Stain (1,1'-Dioctadecyl-3,3,3',3'-

Tetramethylindocarbocyanine Perchlorate 

('DiI'; DiIC18(3))) 

D282, Invitrogen™; Thermo Fisher Scientific 

DiO'; DiOC18(3) (3,3'-

Dioctadecyloxacarbocyanine Perchlorate) 

D275, Invitrogen™; Thermo Fisher Scientific 

Dynabeads™ M-450 Epoxy 14011, Invitrogen™; Thermo Fisher 

Scientific 

FluorSave Reagent 345789, Millipore®; Sigma-Aldrich 

Glass beads, acid-washed (425-600 μm) G8772, Sigma-Aldrich 

GlutaMAX 35050-61, Gibco™; Thermo Fisher Scientific 

Hank’s Balanced Salt Solution (HBSS) 24020-091, Gibco™; Thermo Fisher 

Scientific 

Hoescht 33342 62249, Thermo Scientific; Thermo Fisher 

Scientific 

Methylene chloride M1550000, European Pharmacopoeia (EP); 

Sigma-Aldrich 

N2 17502-048, Gibco™; Thermo Fisher 

Scientific 

Neurobasal-A Medium 10888-022, Gibco™; Thermo Fisher 

Scientific 

Nicotinamide (NAM) BIN0610, Apollo Scientific Ltd 

Paraformaldehyde 4%, pH 6.9 100496500, Sigma-Aldrich 

PBS (10X), pH 7.4 70011-044, Gibco™; Thermo Fisher 

Scientific 
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Penicillin Streptomycin  15140-122, Gibco™; Thermo Fisher 

Scientific 

Tungsten M-25 Microcarrier, 1.7 µm 1652269, Bio-Rad 

Tungsten powder, APS < 1µm, 99.95% (metal 

basis) 

44210, Alfa Aesar; Thermo Fisher Scientific 

 

A.8.2 Solutions 

Phosphate Buffered Saline (PBS) 10% 

80 g Solidum Chloride (NaCl), 2 g Potassium Chloride (KCl), 14.4 g Sodium Phosphate (Na2HPO4), 

2.4 g Potassium Phosphate (KH2PO4) were dissolved in 800 ml of ddH2O. The pH was adjusted to 

ph 7.4, and the volume adjusted to 1 l adding ddH2O. 

Retinal explant media 

For 10 ml media: 100 µl N-2 supplement (100X), 200 µl B-27 supplement (50X), 100 µl Pen/Strep 

(10000 U/ml), 25 µl GlutaMAX supplement (200mM), 9.565 ml Neurobasal-A Medium.  

A.8.3 Consumables 

6 well plate 10578911, Corning™ Costar™; Fischer 

Scientific 

BD Microlance stainless steel needles 

(Brown 26 G) 

10703815, Fisher Scientific 

BD Microlance stainless steel needles 

(Orange 25 G) 

12389169, Fisher Scientific 

Eppendorf 1.5 ml 0030121023, Eppendorf 

Falcon cell culture inserts, 3 µm pore size 

(use with 6 well plate) 

353092, Falcon; Fisher Scientific 

Falcon tube 15 ml 339650, Nunc™; Thermo Fisher Scientific 

Falcon tube 50 ml 339652, Nunc™; Thermo Fisher Scientific 

Millicell, cell culture inserts 0.4 µm pore size, 

30mm diameter 

PICMORG50, Merck Millipore; Fischer 

Scientific 

Tefzel Tubing 1652441, Bio-Rad 
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Thermo Scientific Superfrost Plus Adhesion 

slides J1800AMNZ pack of 72 

10149870, Fisher Scientific 

A.8.4 Equipment 

Disposable transducer for Icare TonoLab 

tonometer 

1736010, Icare; Eickemeyer 

Helios® Gene gun 1652432, Bio-Rad 

Leica SP8 lightning confocal microscope Leica 

LSM 780 Carl Zeiss confocal microscope Zeiss 

NanoFil needle, 33 G bevelled  NF33BV-2, World Precision Instruments 

NanoFil needle, 35 G bevelled  NF35BV-2, World Precision Instruments 

NanoFil syringe, 10 µl NANOFIL-10, World Precision Instruments 

NanoFil syringe, 100 µl NANOFIL-100, World Precision Instruments 

Pierse notched forceps  2-100E, Duckworth & Kent 

TonoLab rebound tonometer Icare 

Vannas scissors (straight) 1-110, Duckworth & Kent 

A.8.5 Medications 

Chloramphenicol 0.5 % Minims PL03468/0069, Bausch & Lomb 

Isoflurane 200 % inhalation vapour, liquid Piramal Healthcare UK Ltd 

Oxybuprocaine hydrochloride 0.4 % Minims PL03468/0053, Bausch & Lomb 

Viscotears liquid gel  PL13757/0020, Bausch & Lomb 

 

 

 

 

 


