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Abstract 

The retinas of various mammalian species exhibit aerobic glycolysis, a metabolic scheme wherein 

glucose is catabolised to lactate which is excreted, rather than being oxidised to carbon dioxide in 

mitochondria, despite ample oxygen availability. The retina is also uncommonly vulnerable to diseases 

that affect its supply of glucose and oxygen, and these diseases cause significant human morbidity. 

Recent studies have demonstrated the roles of key enzymes in the glycolytic pathway in facilitating 

aerobic glycolysis in the retina, but very little is known about the transcriptional programs or signalling 

pathways that drive the expression and activity of these enzymes. Improved understanding of the 

molecular mechanisms that drive aerobic glycolysis in the retina will inform the development of 

therapeutic strategies for retinal diseases in which metabolism is dysfunctional. 

The primary aim of this project was to elucidate molecular drivers of aerobic glycolysis in the 

mammalian retina. Initial work focussed on Müller glial cells. Treatment of the rMC-1 immortalised 

rat Müller glial cell line with small-molecule inhibitors of phosphoinositide 3-kinase (PI3K), the 

mitogen-activated protein kinase kinase MEK1 or the small GTPase Rac1 was found to decrease lactate 

production. 

Over the course of the project, it became increasingly evident that photoreceptors, rather than Müller 

cells, were responsible for most lactate production in the mammalian retina in vivo. Published RNA-

sequencing data from photoreceptors and Müller cells were analysed for expression of genes involved 

in glucose metabolism and the findings corroborated this perspective and shed light on novel 

differences at the RNA level between the metabolism of these two cell types. 

Later work utilised whole rat retinal explants as an experimental model. Small-molecule inhibitors 

were used to treat explants. Several proteins and pathways were investigated, including those where 

an effect was observed in rMC-1 cells, but no pathway was identified that unambiguously drove 

lactate production in explants. The results nevertheless ruled out many likely candidate pathways. 

New hypotheses are proposed based on analyses of RNA-seq data, and ideas regarding the 

fundamental reason for aerobic glycolysis in the retina, which is an open question, are discussed in 

detail.  
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1.1 Overview 

The retina is a complex neural tissue, responsible for the absorption of light and initial stages of visual 

processing, that lines the inner surface at the back of the eye. It is an exceptionally energy-demanding 

tissue in terms of both ATP consumption and macromolecular biosynthesis; demand which is met by 

rapid consumption of both glucose and oxygen4-6. The metabolic requirements of the retina have been 

likened to those of cancer cells, and it is interesting that the mammalian retina is one of few non-

proliferative physiological tissues to predominantly catabolise glucose via aerobic glycolysis, an 

enigmatic type of metabolism common in cancer cells and other proliferating cells6-10. Studies using 

retinal explants have demonstrated that glucose deprivation and glycolytic inhibition cause rapid loss 

of electrical function, and cell death6,10-12. In addition, there is mounting evidence to implicate 

metabolic dysfunction, either primary or as a secondary consequence of ischemia, as a unifying aspect 

of the pathology of diverse major retinal diseases including retinitis pigmentosa13,14, age-related 

macular degeneration15,16, glaucoma17,18 and diabetic retinopathy19. Treatments for these diseases are 

often inadequate to prevent damage to or loss of vision. Current understanding of retinal glucose 

metabolism, in particular the fundamental reason for aerobic glycolysis and the molecular pathways 

that drive aerobic glycolysis in the retina, is inadequate to develop targeted treatments that modulate 

metabolism. The aim of this project was therefore to elucidate molecular drivers of aerobic glycolysis 

in the mammalian retina. 

 

1.2 Glucose metabolism 

Glycolysis and oxidative phosphorylation 

Glycolysis is a series of cytoplasmic enzyme-catalysed reactions that results in the breakdown one 

mole of glucose to two moles of pyruvate for the purpose of generating ATP20. Alone, it generates, on 

net, two moles of ATP and two moles of NADH per mole of glucose (Figure 1A). In most cells, when 

oxygen is available, pyruvate is imported into the mitochondrial matrix where it is sequentially 

oxidised to CO2 in the tricarboxylic acid (TCA) cycle, producing ATP or GTP, NADH and FADH2. The 

NADH and FADH2 pass electrons to complex I and complex II of the electron transport chain (ETC), 

respectively, in the inner mitochondrial membrane. In the ETC, electrons are transferred sequentially 

through a series of acceptors of increasing electron affinity, finally reducing molecular oxygen to H2O. 

An electrochemical proton gradient is generated across the inner mitochondrial membrane as a result 

of these exergonic reactions. The potential energy of the gradient is captured by the phosphorylation 

of ADP to ATP as protons return from the intermembrane space to the matrix through F0F1 ATP 
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synthase. This process of ATP generation through the complete oxidation of pyruvate to CO2 is termed 

oxidative phosphorylation (OXPHOS) (Figure 1B). Including the ATP from glycolysis, the whole process 

yields approximately 30-32 moles of ATP per mole of glucose fully oxidised. Note that the NADH 

produced by glycolysis in the cytoplasm cannot cross the inner mitochondrial membrane to pass 

electrons directly to the ETC. Instead, the malate-aspartate shuttle and the glycerol phosphate shuttle 

indirectly transfer reducing equivalents into mitochondria via intermediates. 

 

Anaerobic glycolysis and aerobic glycolysis 

Under physiological hypoxia (when oxygen demand exceeds supply), oxygen becomes limiting as a 

final electron acceptor in the ETC, leading to insufficient oxidation of mitochondrial NADH to support 

ATP production by OXPHOS. In this case, cytosolic pyruvate is reduced to lactate, with NADH oxidised 

to NAD+, by lactate dehydrogenase (LDH), with the NAD+ produced enabling glycolysis to continue. 

Lactate is then exported from the cell as waste, although it can be taken up and oxidised to produce 

energy in other cells. This is termed anaerobic glycolysis and yields only two moles of ATP per mole of 

glucose. Curiously, in some cells, usually highly proliferative cells such as cancer cells7,9 and many cell 

types of the immune system21-24, most pyruvate produced by glycolysis is reduced to lactate despite 

adequate oxygen availability to support OXPHOS. This is termed aerobic glycolysis or, eponymously, 

the Warburg effect25. Warburg’s paradigm-shifting findings regarding glucose metabolism in 

proliferating cells led to his hypothesis that defective respiration caused aerobic glycolysis and 

cancer25,26, but it is now accepted that not all cancer cells undertake aerobic glycolysis (although many 

do) and most cells that undertake aerobic glycolysis have functional mitochondria25,27-34. Rather than 

a complete switch from OXPHOS to glycolysis, in most cases, aerobic glycolysis involves increased 

glucose uptake and conversion of pyruvate to lactate in the presence of continued respiration. 
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Figure 1: Pathways of glucose catabolism. A. Glycolysis occurs in the cytoplasm and results in catabolism of 

one mole of glucose to two moles of pyruvate. Pyruvate is usually imported into mitochondria, but in the 

case of either anerobic glycolysis or aerobic glycolysis (the Warburg effect) it is mostly converted to lactate 

and exported from the cell. B. In oxidative phosphorylation (OXPHOS), pyruvate enters mitochondria where 

it fuels the tricarboxylic acid (TCA) cycle. Via the electron transport chain (ETC), reducing equivalents power 

generation of a proton gradient across the inner mitochondrial membrane (IMM). ATP synthase leverages 

the energy of the gradient to phosphorylate ADP to ATP. LDH: Lactate dehydrogenase, MPC: Mitochondrial 

pyruvate carrier, PDH: Pyruvate dehydrogenase, Q: Coenzyme Q, Cyt C: Cytochrome C. 
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The reasons why cells undertake aerobic glycolysis are incompletely understood, although many 

hypotheses have been proposed35-37. Among the most prevalent is the idea that high flux through 

glycolysis supports pools of glycolytic intermediates that can be readily syphoned into pathways for 

the synthesis of macromolecular precursors such as nucleotides, amino acids and triglycerides37. This 

idea is contested, however, with evidence indicating that only a minor proportion of biomass derives 

from glucose in at least some cell types that undertake aerobic glycolysis38. Another proposed reason 

is that ATP can be produced more rapidly by aerobic glycolysis than by oxidative phosphorylation 

despite its relative inefficiency in terms of the amount of ATP produced per mole of glucose, which 

may allow cancer cells to operate ATP-demanding ion and substrate transporters at high rates39,40. In 

addition, in the context of cancer, the acidic environment promoted by aerobic glycolysis is proposed 

to modulate immune responses and advantage the development and growth of cancer cells36,41. A 

very recent proposal suggests that aerobic glycolysis reflects a metabolic state in which NAD+ demand 

outweighs the requirement for ATP hydrolysis42. Hypotheses regarding the reason for aerobic 

glycolysis specifically in the retina are discussed in detail in Chapter 7. 

 

1.3 The retina 

Basic structure and metabolism 

The retina comprises three neuronal layers separated by two synaptic layers, and its constituent cell 

classes and general structure are broadly conserved among vertebrates43. The side of the retina 

nearest incoming light, adjacent to the vitreous humour which fills the eye, is termed the inner retina. 

The side furthest incoming light is termed the outer retina. The outer nuclear layer (ONL) contains the 

outermost cells of the retina, the photoreceptors (Figure 2A). These specialised neurons transmit 

neurochemical signals in response to light. In the synaptic outer plexiform layer (OPL), signals are 

received by secondary neurons, namely bipolar cells and horizontal cells. Bipolar cells are responsible 

for radial transmission whereas horizontal cells mediate lateral communication. The somas of these 

cell types are situated in the inner nuclear layer (INL). Bipolar cells synapse onto retinal ganglion cells 

in the inner plexiform layer (IPL). In this layer, amacrine cells mediate lateral communication. The 

ganglion cell bodies form the ganglion cell layer (GCL), and their axons traverse the innermost surface 

of the retina, convening at a point to form the optic nerve, which transmits to the brain. The major 

type of glial cell in the retina is the Müller cell, which spans all layers of the retina. 

Photoreceptors and Müller cells, in separate hypotheses, have each been proposed to be responsible 

for the major portion of aerobic glycolysis in the retina44,45. Photoreceptors are the most energetically 
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demanding retinal cell type and the classical perspective was therefore that they consume most 

glucose and are largely responsible for retinal aerobic glycolysis45. However, an alternative hypothesis 

proposed that Müller cells are responsible for the major portion of aerobic glycolysis in order to 

provide lactate as a metabolic substrate to photoreceptors44,46. The latter hypothesis had widespread 

(although not unanimous45) support during the early stages of this project46-49, but more recent studies 

favour the classical perspective14,50-54. Photoreceptors and Müller cells were therefore both of 

particular focus in this project due to their proposed roles in retinal aerobic glycolysis, so these cell 

types are reviewed in detail below. General introductions and summaries of key functions for these 

two specific cell types are provided, then metabolism is discussed in context of their known roles. 

 

Photoreceptors 

Photoreceptors are classified into two broad types, rods and cones. Rods are highly photosensitive. 

Specialised for low-light vision, they can signal the detection of even a single photon. Cones facilitate 

high-acuity vision in bright light. In the retinas of most mammals, including all species pertinent to this 

work, rods far outnumber cones. They comprise over 95% of photoreceptors in human and mouse 

retinas55. The proportions of photoreceptor types vary by region within the retina, however, with 

cones much more prevalent in central focal zones. Overall, rod photoreceptors are not only the 

predominant type of photoreceptor but are the most abundant cell type in most mammalian retinas. 

In humans, for example, approximately 74% of all retinal cells are rods56, with a similar proportion 

reported for mouse and rat57,58. 

Morphologically, photoreceptors are highly polarised (Figure 2B). Outermost is the outer segment, a 

stack of membrane-bound discs that contain visual opsin proteins and downstream components of 

the phototransduction cascade. The outer segment is joined to the inner segment by a narrow 

connecting cilium. The ellipsoid region of the inner segment is densely packed with mitochondria and 

metabolic enzymes, a hub for ATP production by OXPHOS59. The myoid region of the inner segment is 

the main site of protein synthesis and contains ribosomes, endoplasmic reticulum and the Golgi 

complex from which proteins are trafficked throughout the cell60. The inner segment connects to the 

cell body, which contains the nucleus, and inward from the cell body is the synaptic terminal, where 

signals are transmitted to second order neurons in the OPL. 
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Figure 2: The mammalian retina. A. Diagram of a mammalian retina and retinal pigment epithelium. 

(Created with BioRender.com) B. Diagram of a rod photoreceptor. 
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Unlike most neurons, photoreceptors do not fire action potentials but rather continuously modulate 

release of glutamate, the dominant excitatory neurotransmitter in the retina, in response to tonic 

changes in their membrane potential. The phototransduction cascade is a series of rapid reactions 

leading from the absorption of light in the outer segment to changes in membrane potential and 

glutamate release from the synaptic terminal61. Located abundantly in the outer segment membranes, 

visual opsins are responsible for light detection. Opsins are G protein-coupled receptors comprised of 

a protein covalently linked to the chromophore, retinal. The absorption of a photon by retinal results 

in its isomerisation from 11-cis to all-trans retinal which induces a series of changes in conformation 

of the opsin. This leads to the activation of the cytoplasmic G-protein, transducin, which subsequently 

activates the PDE6 cGMP phosphodiesterase complex. PDE6 hydrolyses cGMP, causing a drop in its 

concentration and closure of cGMP-gated cation channels in the outer segment plasma membrane62. 

Positively charged ions are occluded from entering the cell, which hyperpolarises due to the continued 

activity of ion transporters such as the Na,K ATPase pump. Hyperpolarisation inhibits Ca2+ influx at the 

synaptic terminal, decreasing Ca2+-dependent fusion of synaptic vesicles with the plasma membrane. 

The resulting drop in glutamate release is recognised by bipolar cells in type-specific ways and 

signalled through successive layers of retinal circuitry. 

Requisite for this process is that, in darkness, photoreceptors constantly maintain a partially 

depolarised state in which positive charge is exported, notably by Na,K ATPase pumps located in the 

inner segment membranes63, but re-enters through cGMP-gated cation channels in the outer 

segments. This is termed the dark current and is exceptionally energy demanding. It is the most ATP-

expensive process undertaken by photoreceptors5. 

In addition to ATP demand, photoreceptors face significant biosynthetic demand. The retinal pigment 

epithelium (RPE) is a cell monolayer that borders the outer retina adjacent to the photoreceptors and 

forms the outer blood-retina barrier. RPE cells surround the ends of photoreceptors and phagocytose 

a portion of the outer segments daily64,65. As such, photoreceptors must resynthesise their outer 

segments, with new discs added at the cilial end while mature discs are shed66. Both rods and cones 

shed and resynthesise their outer segments64,67,68. Approximately 60% of the dry weight of outer 

segments is protein, predominantly opsin, and 40% is lipid69,70. The myoid region of the inner segment 

of photoreceptors is the major site of synthesis of both protein and phospholipid which is incorporated 

into new outer segment discs60,71. Once opsin proteins are incorporated into an outer segment disc, 

most remain in the disc through shedding until phagocytosis by the RPE; however, exchange of fatty 

acids and replacement of phospholipid molecules throughout the outer segment occurs 

continually60,71. 
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The rate of outer segment renewal depends on the species. Many early experiments were performed 

in the frog, where turnover of the full rod outer segments takes approximately six weeks64. In the rat 

and mouse, it takes approximately ten days64, and in the rhesus monkey, the photoreceptors of which 

are very similar to human photoreceptors, it takes nine to thirteen days72. In vertebrate rods, outer 

segment shedding is induced by light onset after darkness, but in most species is also subject to a local 

circadian rhythm that induces shedding at subjective light onset even in darkness73-76. Disc shedding 

is also light-responsive and rhythmic in cones, but the timing varies between species76. 

 

Müller cells 

In mammalian retinas, Müller cells are the most abundant, and in some species the only, type of glial 

cell. They maintain the function and survival of retinal neurons and are essential. When Müller cells 

are ablated from young or adult mice, photoreceptors degenerate and vision is lost77,78. Müller cell 

dysfunction is an aspect of the pathophysiology of retinal degenerative diseases including diabetic 

retinopathy, macular oedema, and certain types of retinitis pigmentosa, so improved understanding 

of Müller cells is likely to have significant therapeutic benefit48,79,80. 

Müller cells possess nuclei in the INL, and they extend processes radially in both directions, spanning 

almost the full thickness of the retina81 (Figure 2A). Outward, their processes extend to the outer 

limiting membrane, located just inward of the photoreceptor inner segments. This is not a basement 

membrane, just a distinct line at which Müller cell processes terminate, forming junctions with 

adjacent Müller cells and photoreceptors82. Müller cells project microvilli partway into the subretinal 

space – the extracellular milieu surrounding the photoreceptor inner and outer segments – granting 

them direct access to nutrients that pass through the RPE. Inward from their nuclei, Müller cells extend 

processes to the inner limiting membrane adjacent to the vitreous (Figure 2A). This is a true basement 

membrane. The cone-shaped Müller cell endfeet abut an extracellular matrix of collagen and 

proteoglycans which separates the retina from the vitreous, but which permits exchange of molecules 

with the large fluid volume83. 

During development, Müller cells arise in clonal columnar units from a common progenitor along with 

a specific number – which differs by species – of rod photoreceptors, bipolar cells, and amacrine 

cells84. Müller cells differentiate late in retinal development in comparison to other retinal cell types. 

They are softer than neurons, which they fluidly surround and ensheath in all layers, separating them 

from direct contact with adjacent neurons except at synapses80,85. 
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The overarching role of Müller cells is to increase the signal-to-noise ratio of visual perception, and 

many functions contribute to this80. Most directly, by virtue of their morphology, Müller cells act as 

fibres to limit scattering of light as it passes through all layers of the retina before reaching the 

photoreceptors86. Biochemical mechanisms are also at play. Retinal glutamate homeostasis is tightly 

regulated to maintain control of neuronal signalling and prevent excitotoxicity. Müller cells express 

the glutamate and aspartate transporter, GLAST (also called EAAT1), and are responsible for most 

extracellular glutamate uptake in the retina87-90. Uptake of glutamate is dependent on the active 

maintenance of the transmembrane Na+ gradient and strong negative membrane potential of Müller 

cells. It decreases interference between neighbouring neurons and influences the kinetics of neuronal 

signalling91,92. Müller cell glutamate uptake is particularly important for normal signalling in the inner 

retina but largely dispensable at the synapses between rods and bipolar cells, where most glutamate 

is recovered by the rods93. 

Müller cells are the only retinal cells to express glutamine synthetase, which catalyses the ATP-

dependent formation of glutamine from glutamate and ammonium. Cyclically, glutamine is returned 

to neurons and converted to back glutamate for neurotransmission94. Bipolar cells and retinal ganglion 

cells are fully reliant on glial-derived glutamine for synthesis of glutamate95. Photoreceptors can 

import or synthesise a portion of glutamate by other means, but Müller cell-derived glutamine is also 

an important substrate for glutamate production in these cells95,96. 

Müller cells spatially buffer potassium ions released by neurons during their normal activity. Müller 

cell endfeet are highly conductive to potassium, and potassium uptake from sites of high 

concentration is matched by its immediate release from endfeet, where the large volume of vitreous 

humour acts as an ion sink97. This process is more efficient than extracellular diffusion for spatial 

potassium buffering. The direction of potassium flow is determined by the distributions of rectifying 

channels in the Müller cell membrane80. These channels require ATP hydrolysis for maximal activity98. 

Another role of Müller cells, related to the potassium currents, is the efflux of water, which is needed 

to maintain osmotic homeostasis. Water co-transported into the retina with osmolytes or produced 

by oxidative phosphorylation is removed into the blood and vitreous through aquaporin 4 channels 

expressed by Müller cells99. 

Müller cells synthesise and store glycogen. The level of glycogen present differs by species and is 

generally inversely proportional to the degree of retinal vascularisation100. The distribution of 

mitochondria in Müller cells is also affected by the vasculature. In avascular retinas, Müller cells 

contain mitochondria essentially only at their scleral ends, closest to the choroid, their exclusive blood 

supply101. In contrast, in vascular retinas, mitochondria are distributed along the length of Müller cells, 
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including at the endfeet. In culture, mitochondria in Müller cells derived from avascular retinas 

redistribute throughout the cells in response to uniform oxygen availability102. 

 

Differences between species 

All vertebrate retinas structurally comprise three neuronal layers separated by two synaptic layers. 

However, there are many aspects on which retinas differ between species43. These include the number 

of cell subtypes within each neural class, the relative proportions of cell types and their spatial 

distributions in the retina, the thickness of synaptic layers and interconnectedness of neural 

processes, the density of retinal ganglion cells, and the degree of intraretinal vascularisation43. The 

end-goal of the research in this project is to develop treatments for human diseases. Model systems 

and species should therefore closely represent the human retina from a metabolic perspective. 

Firstly, and importantly, the ratio of rod to cone photoreceptors and the overall proportion of 

photoreceptors relative to other cell types are similar between human, mouse and rat retinas56-58. 

Oxygen and nutrient availability are important determinants of metabolic fluxes in a tissue, so another 

very important consideration for metabolism is the degree of retinal vascularisation. The outer retina 

of all mammals is avascular. It is supplied with oxygen and nutrients by diffusion from the choroidal 

vascular bed4; however, the inner retina may be vascularised to a degree greatly variable between 

species. For example, the guinea pig retina is avascular whereas the inner layers of mouse, rat, primate 

and human retinas are vascular. The oxygen distribution through the full depth of retinas of many 

species has been measured in vivo using microelectrodes4. In the avascular guinea pig retina, the 

choroid is the only source of oxygen and nutrients for the whole retina, which renders the inner retina 

anoxic103. The rabbit retina is mostly avascular, yet the oxygen level does not fall to anoxic levels; 

rather, the inner retina has adapted to use a tiny amount of oxygen compared to the outer4. In vascular 

retinas, oxygen tension drops steeply with distance from the choroidal and retinal vessels and may 

reach very low levels during darkness when oxygen consumption is highest104. The oxygen profile 

through the retinal depth is similar between many species with vascularised retinas, including the 

mouse, rat, cat, pig and primate4,105-110. 

As a point of difference between species, the human retina and many primate retinas possess a 

macula, a pigmented area with high photoreceptor density, which is not present in lower mammals111. 

The centre of the macula contains a very high density of cone photoreceptors in an area called the 

fovea centralis, which is avascular, very thin in its centre, and comprises simplified neuronal 

circuitry112. Outside the fovea is a zone of high rod density. The elastic lamina of Bruch’s membrane, 

a basement membrane between the RPE and the choroidal vasculature, is thinner adjacent to the 
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macula than adjacent to the peripheral retina which presumably allows more efficient diffusion of 

substrates to this area of high metabolic demand113. The macula is particularly susceptible to 

degenerative disease111. Although rodents do not possess a macula, the assumption was made for this 

thesis that metabolism at the cellular level is unlikely to differ greatly from higher mammals, especially 

when studying the whole retina including the periphery. 

 

1.4 Retinal glucose metabolism 

Review paper: Power to see: Drivers of aerobic glycolysis in the mammalian retina 

The following published review discusses retinal glucose metabolism in detail, focussing on the whole 

retina and photoreceptors. Especially relevant to the aims of this project is the discussion of signalling 

pathways that potentially drive aerobic glycolysis. The thesis subsequently continues with background 

on glucose metabolism in Müller cells, and consideration of different perspectives regarding the major 

cellular source of lactate in the retina. 
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Müller cell glucose metabolism 

The cellular source of lactate in the retina is debated. The perspective presented in the review above, 

that photoreceptors produce the majority of lactate, was termed the classical view by Winkler and 

colleagues, as it was the original view of early researchers of retinal metabolism45. However, an 

alternative hypothesis proposed in the 1990s stated that Müller cells are the major producers of 

lactate, which is transported into photoreceptors to fuel oxidative phosphorylation44. This model is 

sometimes termed the astrocyte-neuron lactate shuttle (ANLS), especially in the context of the brain, 

where astrocytes produce lactate that is taken up and oxidised by neurons to generate ATP. Evidence 

from retinal studies ostensibly supports both hypotheses. So, what is the evidence, and is there yet 

enough to confirm or reject either idea? 

Several observations favour the ANLS model. Poitry-Yamate and colleagues showed that acutely 

isolated guinea pig Müller cells alone released more lactate into the bathing medium than complexes 

of photoreceptors and Müller cells44. The implication was that photoreceptors consumed lactate 

released by Müller cells, although this flow was not shown directly. Müller cells in culture – both 

primary cells and immortalised cell lines – strongly exhibit aerobic glycolysis47,114. For example, under 

aerobic conditions, cultured human primary Müller cells convert 99% of the glucose they consume to 

lactate47. In addition, Müller cells in vivo lack the aspartate glutamate carrier, thus cannot engage the 

malate aspartate shuttle to transfer reducing equivalents from the cytoplasm to the mitochondria115. 

They may therefore have an impaired capacity to oxidise glucose fully, although investigation of the 

activity of the glycerol phosphate shuttle in Müller cells, which may be able to compensate, has not 

been reported. 

There is also evidence against the ANLS model. Autoradiographic studies show no preferential uptake 

of glucose into Müller cells in rat or guinea pig retinas, with highest uptake observed in the 

photoreceptor layer45. As discussed in our review above, the importance of key glycolytic enzymes 

classically involved in aerobic glycolysis has been demonstrated in photoreceptors and is consistent 

with these cells being lactate producers116. Mouse retinas that lack photoreceptors produce 70% less 

lactate than controls54. Müller cells comprise a far smaller proportion of retinal cells than 

photoreceptors45,57, and Müller cells are positioned further from the choroidal vasculature which 

supplies glucose to the outer retina via the RPE, so it is unlikely that Müller cells alone consume a large 

enough proportion of glucose to account for the high rate of whole retinal aerobic glycolysis. 

In addition, it has been reported that mouse Müller cells in vivo lack, or only very lowly express, any 

isoform of pyruvate kinase (PK), and therefore have an impaired ability to undertake complete 

glycolysis from glucose to pyruvate54. Previous work in our laboratory has shown that cultured rat 
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Müller cells do express PK114, indicating either a difference between mouse and rat Müller cells or a 

difference between Müller cells in vivo and in vitro. It is possible that PK expression is gained rapidly 

as Müller cells adapt to cell culture conditions. Finally, as highlighted in the review above, LDH-A 

expression is higher in the photoreceptors than Müller cells in vivo50,117, supporting their predominant 

role in lactate production over Müller cells. 

In summary, the conflicting data regarding the cellular sources of lactate in the retina are yet to be 

fully explained, but the weight of evidence indicates that photoreceptors are net lactate producers. 

Most evidence indicates that Müller cells are also likely lactate producers, but if so, their apparent lack 

of PK in vivo is yet to be reconciled with this perspective. 

 

Metabolism and retinal disease 

Retinal metabolic dysfunction is linked to disease in multiple ways. Firstly, primary metabolic 

dysfunction can cause disease. Retinitis pigmentosa, for example, is a heterogeneous group of genetic 

diseases characterised by photoreceptor degeneration and the appearance of retinal pigment 

deposits118. Mutations in several genes directly involved in metabolism can cause retinitis pigmentosa 

in humans, including in isocitrate dehydrogenase 3A (IDH3A)119 or 3B (IDH3B)120, hexokinase 1 (HK1)121 

and hexokinase domain-containing protein 1 (HDKC1)122. 

Secondly, ischemia is a pathological feature of many retinal diseases of major clinical importance, 

including glaucoma, diabetic retinopathy, age-related macular degeneration (AMD), and retinal 

vascular occlusion17,19,123,124. Metabolic dysfunction due to ischemia is proposed to be a unifying 

pathological feature of many retinal diseases125. Under ischemic conditions, oxygen and nutrient 

supplies are limited, which induces changes in the retina. For example, expression of hexokinase 2 

(HK2) and pyruvate kinase M2 (PKM2) are higher in the retinas of patients with AMD, which is 

proposed to reflect a decrease in glucose supply15. Similar changes have been found in mouse models 

of retinitis pigmentosa14,126. Excess metabolic demand relative to supply can cause an ATP shortage 

and ultimately lead to dysfunction and excitotoxic death of retinal neurons123. In diabetic retinopathy 

and AMD, ischemia induces upregulation of angiogenic pathways leading to neovascularisation driven 

by factors such as vascular endothelial growth factor (VEGF)127. Neovascularisation is pathogenic as 

new vessels are prone leaking and haemorrhaging, resulting in retinal oedema and loss of vision. As 

such, anti-VEGF therapy is a common and useful treatment for these diseases, but it is not effective in 

all cases, with anti-VEGF-resistant disease a major problem127. Given the unifying role of metabolism 

in many retinal diseases, improved understanding of retinal metabolism is urgently needed so that 

new targets may be discovered for treatment of debilitating visual diseases. 
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1.5 Aims and approaches 

It is clear that many aspects of retinal energy metabolism require further research to understand 

comprehensively, including the metabolic relationships between cell types, and the molecular drivers 

of aerobic glycolysis. In this project, the main experimental focus was elucidating molecular 

mechanisms that drive aerobic glycolysis at the level of cell signalling pathways and transcriptional 

programs. 

Hypothesis: Conserved signalling pathways that drive aerobic glycolysis in the contexts of cancer and 

proliferation also drive aerobic glycolysis in the mammalian retina. 

Overall Aim: Determine molecular drivers of aerobic glycolysis in the mammalian retina. 

Sub-aims: 

1. Determine molecular drivers of aerobic glycolysis in the rMC-1 rat Müller cell line. 

2. Probe RNA-sequencing (RNA-seq) datasets to investigate metabolic characteristics of Müller 

cells and photoreceptors. 

3. Determine molecular drivers of aerobic glycolysis in rat retinal explants. 

A targeted approach was taken to discover drivers of aerobic glycolysis. Initially, molecules and 

pathways were chosen for study based on their well-established roles in driving aerobic glycolysis in 

the context of cancer. Small-molecule inhibitors were commercially available specifically targeting 

components of many such pathways, the effects of which were tested on retinal glucose metabolism 

using lactate production assays, glucose consumption assays and Seahorse extracellular flux assays. 

In this thesis, experiments were performed on cell lines and retinal explants from the rat due to the 

practical availability of rats and relevant cell lines, and because rats possess similar vasculature and 

oxygen distribution to primate and human retinas106. Cultured Müller cells are widely used and known 

to exhibit aerobic glycolysis, and readily manipulated experimentally. In addition, our laboratory 

possessed a strong set of experimental tools and experience that made these cells an excellent starting 

point for experiments. Later work utilised explanted whole rat retinas, which offered several 

advantages in modelling in vivo metabolism, including complex cell-cell interactions, and the presence 

of photoreceptors which cannot be cultured alone. 

Publicly available RNA-seq datasets were regularly queried to answer questions that arose over the 

course of the project. A major aim in the analyses of RNA-seq data was to determine metabolic 

differences between retinal cell types, notably Müller cells and rod photoreceptors, at the 

transcriptomic level. 
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2.1 Reagent tables 

  

Inhibitor Target Working conc. (µM) Manufacturer

LY294002 Class I PI3K (pan) 30 or 60 Cayman Chemical
ZSTK-474 Class I PI3K (pan) 2 or 4 Cayman Chemical
MK-2206 Akt (pan) 10 Cayman Chemical
PD98059 MEK1 30 Cayman Chemical

NSC23766 Rac 50 Sigma
AZD 8055 mTOR 0.3 Cayman Chemical

Rapamycin mTOR 0.1 Cayman Chemical
XAV939 Tankyrase 10 Sigma

PD173074 FGFR1 and 3 0.1, 5 or 20 Adooq Bioscience
Diethylstilbestrol ERRs 20 Sigma

4-hydroxy tamoxifen ERRs 10 Sigma

Sodium oxamate LDH 50,000 or 100,000 Sigma

Antimycin A ETC Complex III 0.5 Sigma

Rotenone ETC Complex I 0.5 Sigma

2-deoxy-D-glucose Hexokinase 50,000 Sigma

Inhibitors

HEPES pH 7.5 20 mM

NaCl 420 mM
IGEPAL (NP-40) 0.5% v/v
Glycerol 25% v/v
EDTA 500 mM
MgCl2 1.5 mM
PhosSTOP (Roche) phosphatase inhibitor 1 tablet per 10 mL of buffer
DTT 50 mM
PMSF 1 mM
Protease inhibitor cocktail (Sigma P8340) 1X

Whole cell extract (WCE) buffer

Added fresh
before use

Target Working dilution Manufacturer Catalogue no. Lot no.

Akt (total) 1:1000 Cell Signaling Technology 9272 24
P-Akt (S473) 1:1000 Cell Signaling Technology 4051 13
P-Akt (T308) 1:1000 Cell Signaling Technology 9275 19
ERK1/2 1:1000 Cell Signaling Technology 4695 21
P-ERK1/2 1:2000 Cell Signaling Technology 4370 17
FRS2 1:1000 R & D Systems MAB4069 CAEN0220021
P-FRS2 1:500 R & D Systems AF5126 CBOS031905A

CBOS0319091

Primary antibodies

Target Working dilution Manufacturer Catalogue no. Lot no.

Goat anti-mouse (HRP) 1:10 000 Sigma A4416 SLCD0197
Goat anti-rabbit (HRP) 1:10 000 Pierce - -

Secondary antibodies
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Tris 48 mM

Glycine 14.5% w/v
SDS 0.1% w/v

Wet transfer buffer

KH2PO4 1.5 mM

Na2HPO4 8.1 mM
NaCl 136.9 mM
KCl 2.5 mM

1X phosphate buffered saline (PBS)

KH2PO4 1.5 mM

Na2HPO4 8.1 mM
NaCl 136.9 mM
KCl 2.5 mM
Tween 20 (Sigma) 0.1%

PBS-Tween (PBS-T)

Urea 6.7 M

SDS 1% w/v
Tris-HCl pH 6.8 10 mM
DTT 1 mM
Glycerol 10% v/v

Urea lysis buffer

Glycerol 36% v/v

SDS 4% w/v
Tris-HCl pH 7 100 mM
Bromophenol Blue 0.04% w/v
β-mercaptoethanol 10% v/v

4X load buffer

Glycerol 36% v/v

SDS 1% w/v
Tris-HCl pH 7 100 mM
Bromophenol Blue 0.04% w/v
β-mercaptoethanol 10% v/v

4X low-SDS load buffer

Ponceau S 0.1% w/v

Acetic acid 5%

Ponceau stain

NaCl 98.5 mM

KCl 4.9 mM
CaCl2 2.6 mM
MgSO4 1.2 mM
KH2PO4 1.2 mM
NaHCO3 26 mM
HEPES 20 mM
D-glucose 5 mM

Krebs-Ringer solution



35 
 

  

pGL3-promoter 
Empty/3xERRE

Plasmid encoding firefly luciferase gene under the control of an SV40
promoter and 3xERRE enhancer (or no enhancer for the empty plasmid).
3xERRE-luciferase (called pGL3-promoter 3xERRE in the text and figure)
was a gift from Rebecca Riggins (Addgene plasmid # 37851 ;
http://n2t.net/addgene:37851 ; RRID:Addgene_37851).

The pGL3 promoter empty plasmid was a product from Promega.

pTwist EF1α puro 
Empty/rEsrrb

Mammalian expression plasmid encoding rat ERRβ (or no protein for the
empty plasmid) under the control of a constitutive EF1α promoter. The
plasmid was ordered from Twist Bioscience. The full rEsrrb insert
sequence, which was ordered cloned into the EcoRI and BamHI sites of
pTwist EF1α puro, can be found in Appendix 5.

pTwist EF1α puro Empty was generated in-house. Briefly, rEsrrb was
removed by digestion with EcoRI and BamHI. The linear plasmid was
purified, ends were blunted with Klenow polymerase, and blunt ends
were re-ligated. The final plasmid was verified as empty by Sanger
sequencing using an EF1α promoter primer (TCAAGCCTCAGACAGTGGTTC)
(at the Australian Genome Research Facility).

pRL-TK Plasmid encoding Renilla luciferase under the control of a constitutively
active thymidine kinase promoter. This plasmid was a product from
Promega.

Plasmids

Other reagents

hFGF2 Abcam  ab9596  Lot: GR3332259-1

DMSO Sigma  D8418
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2.2 Experimental methods 

Routine cell culture 

rMC-1 cells were cultured in DMEM (Gibco 11885) containing 5.56 mM D-glucose, supplemented with 

2 mM GlutaMAX (Thermo Fisher) and 10% foetal bovine serum (FBS). HEK 293T, HeLa, N2A, PC3, U2OS, 

and H4IIE cells were maintained in DMEM (Gibco 12430) containing 25 mM D-glucose, supplemented 

with 2 mM GlutaMAX and 10% FBS. PC12 cells were maintained in DMEM (Gibco 12430) containing 

25 mM D-glucose, supplemented with 5% FBS, 5% horse serum and 2 mM GlutaMAX. All cell lines 

were maintained in a humidified 37 °C incubator in an atmosphere of 5% CO2 in air. 

Experiments using primary rat Müller cells and SIRMu-1 cells were performed by Dr Thaksaon 

Kittipassorn. See ref128 for procedures used for isolation and culture of these cells. 

 

Signalling inhibitor experiments on rMC-1 cells 

The day before the experiment, rMC-1 cells were seeded at 1.66 x 106 cells per dish in 60 mm dishes 

in 4 mL of DMEM (Gibco 11885) containing 5.56 mM D-glucose, supplemented with 2 mM GlutaMAX 

and 10% FBS. 3 dishes were used per treatment group per experiment. The following day, medium 

was aspirated and replaced with 3.5 mL of medium containing inhibitor (or DMSO) (see 2.1 Reagent 

tables). Cells were treated for 2 h, then medium was replaced (with the same) and cells were treated 

for a further 6 h. Samples of media were taken and either used immediately for measurement of 

lactate or frozen immediately at -80 °C until the time of lactate measurement (see method below). 

After taking media samples, the remaining medium was aspirated, cells were rinsed once with ice-cold 

1X phosphate buffered saline (PBS), and 250 µL of ice-cold whole cell extract (WCE) buffer (see 2.1 

Reagent tables) was added to each dish. Cells were scraped from the bottom of each dish and 

transferred to microcentrifuge tubes. The tubes were placed on a rotating wheel at 4 °C for 30 min 

then centrifuged at 14,000 rpm for 30 min. Supernatant containing soluble protein was transferred to 

fresh tubes and stored at -20 °C until the time of protein quantification and western blots. Protein was 

quantified by Bradford assay129 (Bio-Rad Protein Assay). Experiments were performed three times 

independently, and presented as mean ± SD. Data were statistically analysed by Dunnet’s multiple 

comparisons test with significant change defined as P < 0.05. 
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PI3K/Akt inhibitor experiments on cell line panel 

The day before the experiment, cell lines were seeded in DMEM (Gibco 11885) containing 5.56 mM 

D-glucose, supplemented with 2 mM GlutaMAX and 10% FBS. Each cell line was seeded in 2 mL of 

medium in three wells of a 6-well plate. HeLa cells were seeded at 2 x 105 cells per well. HEK 293T, 

N2A, PC3, PC12 and U2OS cells were seeded at 3 x 105 cells per well. rMC-1 and H4IIE cells were seeded 

at 4 x 105 cells per well. Seeding density was decided based on visual assessment of cell 

size/confluence in preliminary experiments. The following day, medium was aspirated and replaced 

with 1.5 mL of the same medium containing inhibitor (or DMSO) (see 2.1 Reagent tables) Cells were 

treated for 6 h, then medium was replaced with the same except containing 0.5% FBS (to ensure 

lactate production was well above the background level present in serum), and cells were treated for 

a further 2 h. Samples of media were stored immediately at -80 °C until measurement of lactate (see 

method below). The experiment was performed three times independently, and presented as mean 

± SD. Data were statistically analysed by two-way ANOVA and post-hoc multiple comparisons test, 

with significant change defined as P < 0.05. 

 

Lactate and glucose assays 

The concentration lactate or glucose in samples of culture medium was determined using a Biovision 

Lactate Colorimetric Assay kit II or a Biovision Glucose Colorimetric Assay kit II, respectively, according 

to the manufacturer’s protocol. The volume of medium used for a given assay varied and was 

determined empirically by performing test measurements before the main assay. A background 

control well containing no cells or tissue was included in each experiment and subtracted in 

calculations of lactate production or glucose consumption. Where stated in the figure legend, lactate 

production was normalised to total protein collected and quantified after the experiment. 

 

Seahorse extracellular flux assays 

The day before the assay rMC-1 cells were seeded into a gelatin-coated Seahorse XF96 cell culture 

microplate at 2.5 x 104 cells per well in 80 µL of routine culture medium. The top and bottom rows 

were left without cells for either background measurements (corner wells) or for determining the 

buffer factor of the assay medium. A seahorse XF96 sensor cartridge was hydrated with 200 µL per 

well of MQ water overnight. The following day, medium was aspirated from all wells and replaced 

with 80 µL of routine culture medium containing inhibitor as described in the figure (see also 2.1 

Reagent tables). Cells were incubated in a humidified 37 °C, 5% CO2 incubator for 3.5 h. Then, medium 



38 
 

was carefully removed (leaving 20 µL to avoid disturbing cells) from all wells and cells were gently 

washed twice with 200 µL per well of 1X PBS (leaving 20 µL on the first wash and removing all PBS on 

the second). 180 µL of Seahorse XF base medium supplemented with 5.56 mM D-glucose and 5 mM 

HEPES, pH-adjusted to 7.4 at 37 °C in air, and containing inhibitor (or DMSO), was added per well, and 

the culture plate was placed in a 37 °C incubator in air (no added CO2) for 1 h. 

All drug ports in the sensor cartridge except those for buffer factor determination (see below) were 

loaded with the following drugs made up in Seahorse assay medium. A: 5 µM each (0.5 µM final conc.) 

rotenone and antimycin A (20 µL per port). B: 500 mM (50 mM final conc.) 2-deoxy-D-glucose (2-DG) 

(22 µL per port). C: 50 mM 2-DG (25 µL per port). D: NucBlue live cell stain (Invitrogen) at 3:2 ratio of 

stain to medium in port (25 µL per port). 

The assay was run in a Seahorse XFe96 extracellular flux analyser. After the assay, an ArrayScan XTA 

Live High Content imaging system (Thermo Fisher) was used to image nuclear fluorescence of the 

NucBlue stain in all cells in all wells, and cells were counted using HSC StudioTM for normalisation of 

Seahorse assay data. 

The buffer factor (BF) is a value specific for the medium and conditions that relates changes in pH to 

molar production of protons. For BF determination, drug ports A, B and C of wells without cells were 

loaded with 5 mM HCl in Seahorse assay medium. The Seahorse XF Buffer Factor Calculator (part of 

the Seahorse XF Glycolytic Rate Assay Report Generator download) was downloaded from the Agilent 

website (https://www.agilent.com/en/products/cell-analysis/xf-glycolytic-rate-assay-report-

generator) and used to calculate the buffer factor per the manufacturer’s instructions. 

The Seahorse assay experiments comparing different Müller cell types were performed by Dr 

Thaksaon Kittipassorn and detailed methods can be found in her PhD thesis114. 

 

Seahorse assay calculations 

The buffer factor was inputted to Seahorse Wave software to obtain proton efflux rate (PER) data 

from measurements of extracellular acidification rate (ECAR) according to equation 1 (performed by 

Wave software): 

1. 𝑃𝐸𝑅(𝑝𝑚𝑜𝑙/𝑚𝑖𝑛) = 𝐸𝐶𝐴𝑅(𝑚𝑝𝐻/𝑚𝑖𝑛) ∗ 𝐵𝐹(𝑚𝑚𝑜𝑙/𝐿/𝑝𝐻) ∗

𝑉𝑜𝑙 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 (µ𝐿) ∗ 𝐾𝑣𝑜𝑙 

Where BF is determined empirically for the assay according to the procedure described above, Vol 

measurement chamber is 2.28 µL and Kvol, the volume scaling factor, is 1.60 for the XFe96 instrument. 
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The Seahorse XF Glycolytic Rate Assay Report Generator, available online, was used to calculate the 

PER specifically due to glycolysis (glycoPER) according to equation 2: 

2. 𝑔𝑙𝑦𝑐𝑜𝑃𝐸𝑅(𝑝𝑚𝑜𝑙/𝑚𝑖𝑛 )  = 𝑃𝐸𝑅(𝑝𝑚𝑜𝑙/𝑚𝑖𝑛) −  𝐶𝐶𝐹 ∗ 𝑚𝑖𝑡𝑜𝑂𝐶𝑅(𝑝𝑚𝑜𝑙/𝑚𝑖𝑛) 

Where CCF is the CO2 contribution factor, an empirically determined value relating the mitochondrial 

OCR to the mitochondrial PER, and mitoOCR is the ratio of basal OCR to OCR after injection of rotenone 

and antimycin A. Agilent has determined the CCF to be 0.61 ± 0.13 for 20 different cell lines across 

different instruments and the value of 0.61 was used in all calculations. 

Glycolytic reserve as a percentage of basal glycolysis was calculated according to equation 3: 

3. 𝑔𝑙𝑦𝑐𝑜𝑙𝑦𝑡𝑖𝑐 𝑟𝑒𝑠𝑒𝑟𝑣𝑒(%)  =
𝑔𝑙𝑦𝑐𝑜𝑃𝐸𝑅(𝑟𝑜𝑡/𝐴𝐴)(𝑝𝑚𝑜𝑙/𝑚𝑖𝑛)∗100

𝑔𝑙𝑦𝑐𝑜𝑃𝐸𝑅(𝑏𝑎𝑠𝑎𝑙)(𝑝𝑚𝑜𝑙/𝑚𝑖𝑛)
 

Where glycoPER(rot/AA) (also termed glycolytic capacity or compensatory glycolysis) is the PER due 

to glycolysis after injection of rotenone and antimycin A, and glycoPER(basal) is the basal PER due to 

glycolysis. 

More information on calculations is available in the Agilent document “Improving Quantification of 

Cellular Glycolytic Rate Using Agilent Seahorse XF Technology” available online. 

 

Western blots 

30-80 µg of protein (equal mass for every lane on any given gel) was mixed with 4X load buffer (or 4X 

low-SDS load buffer for samples in urea lysis buffer) (See 2.1 Reagent tables) to 1X final concentration. 

Proteins were separated by electrophoresis in a denaturing 10% polyacrylamide gel run at 140 V for 

approximately 1 h. Proteins were transferred to a nitrocellulose membrane using a wet transfer 

technique in a Mini Trans Blot tank (Bio-Rad) filled with 1X wet transfer buffer (see 2.1 Reagent tables). 

The transfer was run at 250 mA at 4 °C for 2 h. Then, the membrane was rinsed with RO water and 

incubated with Ponceau stain for 30 min and rinsed again to assess the quality of protein transfer. The 

membrane was then blocked with 10% skim milk in PBS-T for 1 h at room temperature (RT) with gentle 

rocking. Primary antibody was applied (see 2.1 Reagent tables for catalogue numbers and dilutions) 

for approximately 16 h at 4 °C on a rotating wheel. The membrane was washed 3 times for 5 min each 

with PBS-T. HRP-conjugated secondary antibody was applied (see 2.1 Reagent tables for catalogue 

numbers and dilutions) at RT for 1 h. The membrane was washed 3 times for 5 min each with PBS-T. 

The membrane was developed using Clarity Western ECL Substrate (Bio-Rad). Equal parts luminol and 

peroxide solutions were mixed, and drops were pipetted onto parafilm. The membrane was placed 
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face-down on the drops and incubated for 5 min, then imaged using a Bio-Rad ChemiDoc MP Imaging 

System. 

Representative examples of full western blots for each of the proteins targeted in this thesis are shown 

in Appendix 1, Figure A.1 and A.2, to indicate size and appearance of blots. 

 

Isolation of retinas and eyecups 

All animals used in experiments were scavenged from The University of Adelaide Laboratory Animal 

Services (LAS). Animals were not genetically modified and were healthy, without conditions that would 

affect ocular processes to our knowledge (although this was not assessed on an individual basis), and 

were euthanised for reasons unrelated to these experiments. Outbred Sprague Dawley rats were 

euthanised by CO2 asphyxiation (by LAS staff). Experiments used either male or female rats, but all 

rats in each individual experiment were of a single sex. Male rats were 8 weeks old and females were 

6 weeks old. Eyes were enucleated no longer than fifteen minutes after death and placed immediately 

into ice-cold HBSS containing 100 U/mL penicillin and 100 µg/mL streptomycin. Retinas were isolated 

by making an initial incision 1-2 mm posterior to the ora serata then hemisecting the eye with fine 

scissors. The cornea and lens were removed and discarded, and the retina was carefully separated 

from the sclera and RPE (together referred to as the eyecup) in a drop of HBSS using two pairs of 

curved forceps. Immediately upon isolation, retinas were placed into a 100 mm dish containing 10 mL 

of MEM (Gibco 11090) containing 5.56 mM D-glucose, supplemented with 0.8 mM L-glutamine, 100 

U/mL penicillin and 100 µg/mL streptomycin, at RT. Where isolated eyecups or intact eyecups and 

retinas together were used for experiments, the general method up until isolation of the required 

tissue was the same as for retinas alone. 

 

Standard retinal explant inhibitor treatment experiments 

Once all retinas for an experiment had been isolated (< 1 h total duration – often less time when fewer 

retinas were needed for an experiment), they were transferred to wells of a 12-well plate containing 

1 mL of the same MEM formulation used during isolation, plus inhibitor (or DMSO/EtOH) (see 2.1 

Reagent tables) which had been equilibrated in an incubator at 37 °C, in an atmosphere of 5% CO2 in 

air. Retinas were incubated under these conditions in darkness without agitation for 5 h. After this 

time, under ambient room light, medium was gently removed from all wells with a pipette and 

replaced with the same medium. Retinas were incubated with inhibitors for a further 11 h in darkness. 

After this incubation, 200 µL samples of medium were collected from each well and stored 
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immediately at -80 °C until the time of measurement of glucose or lactate. Remaining medium from 

each well was discarded. Retinas were washed once with 1 mL of ice-cold 1X PBS. Each retina was 

transferred to a microcentrifuge tube containing 400 µL of ice-cold WCE buffer. Retinas were 

homogenised with a plastic pestle, then tubes were incubated for 30 min at 4 °C on a rotating wheel. 

Tubes were centrifuged for 30 min at 14,000 rpm at 4 °C. Supernatant containing soluble protein was 

transferred to fresh tubes and stored at -20 °C. Protein concentration was determined by Bradford 

assay (Bio-Rad Protein Assay) and used to normalise glucose and lactate assay data. Experiments were 

performed three times independently, and presented as mean ± SD. Data were statistically analysed 

by Dunnet’s multiple comparisons test with significant change defined as P < 0.05. 

 

Retina inhibitor treatment experiments in 95% oxygen 

Retinas were isolated as described above and placed immediately into a 100 mm dish with 10 mL of 

Neurobasal A medium (Gibco 10888) containing 25 mM D-glucose, supplemented with 2 mM 

glutaMAX, 0.2% B-27 supplement (Gibco) and 0.1% N-2 supplement (Gibco). Once all retinas for an 

experiment had been isolated (approx. 40 min duration) they were transferred to wells of a 12-well 

plate containing 1 mL of the Neurobasal A formulation plus inhibitor (or DMSO/EtOH). The plate for 

the high-oxygen groups had been placed in a sealed box filled with 95% O2, 5% CO2 for 1 h prior to 

isolation of retinas to equilibrate the media. The normoxic group plate had been placed in a regular 

incubator (5% CO2 in air) for the same period. The high-oxygen group plate was placed into the box 

which was sealed and filled with a 95% O2, 5% CO2 mixture via a pair of valves in the lid. The oxygen 

level in the box was monitored throughout the experiment using an oxygen sensor at the bottom of 

the box, and it while it slowly decreased over time, it never fell below 90% (except when changing 

media – see below). A tray of water was included to humidify the box. Once filled, the box was placed 

inside a 37 °C incubator to maintain the required temperature. The plate for the normoxic group was 

placed directly into a 37 °C, 5% CO2-in-air incubator. Retinas were treated for 6 h, then the medium 

was gently removed from all retinas by pipetting (this step was performed outside of the hyperoxic 

box) and replaced with 1 mL of Krebs-Ringer solution. For the high-oxygen group, this solution had 

been equilibrated by bubbling through 95% O2, 5% CO2 mixture for 3 min, and for the standard-oxygen 

group the media had been equilibrated in the normal 5% CO2 in air incubator for 30 min. Retinas were 

placed back in the hyperoxic/normoxic environment and incubated for a further 30 min in the absence 

of inhibitor. After this, samples of media were collected and stored immediately at -80 °C until the 

time of lactate measurement. Protein extracts were made for normalisation as described above for 

standard inhibitor treatment experiments. The experiment was performed three times independently, 
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and presented as mean ± SD. Data were statistically analysed by Dunnet’s multiple comparisons test 

with significant change defined as P < 0.05. 

 

Extracts from rat retinal explants and eyecups for western blots 

Retinal explants, eyecups and intact eyecup/retinas were isolated as described above. They were 

incubated for 1 h in the culture medium and conditions described for the standard retinal explant 

inhibitor treatment experiments in the presence of human fibroblast growth factor 2 (hFGF2) at the 

concentration stated in the figure (Figure 5.3 C) (0, 100, 500 or 2000 ng/mL). After incubation, medium 

was removed with a pipette and tissues were washed once with 1 mL of 1X PBS. Intact eyecup/retinas 

which were incubated together were separated before making extracts. Tissues were transferred into 

microcentrifuge tubes containing 100 µL of ice-cold urea lysis buffer, homogenised with a plastic 

pestle and stored at -20 °C. At the time of western blotting, extracts were thawed and sonicated using 

a Diagenode Bioruptor on high for 20 cycles of 30 sec on, 30 sec off. This was to decrease the viscosity 

of samples, which were otherwise extremely thick when using urea lysis buffer. Protein was quantified 

by bicinchoninic acid (BCA) assay (Pierce) according to the manufacturer’s instructions. 

For the positive control rMC-1 sample, 6.6 x 105 cells were seeded in a 60 mm dish in routine culture 

medium. After 24 h, medium was aspirated, and cells were washed three times with PBS. 4 mL of MEM 

11090 containing 5.56 mM D-glucose, supplemented with 2 mM GlutaMAX and 250 µg/mL BSA was 

added (no serum). After 24 h of incubation, medium was replaced with the same serum-free medium 

plus 10 ng/mL hFGF2. After 1 h, extracts were made for western blots. Medium was aspirated and 

cells were washed once with ice-cold 1X PBS. 100 µL of cold urea lysis buffer was added, cells were 

scraped and transferred to a microcentrifuge tube, then sonicated and quantified as described for 

explant extracts above. 

 

Dual luciferase reporter assays for estrogen-related receptor (ERR) inhibitors 

rMC-1 cells were seeded at 4.8 x 104 cells per well and 293T cells were seeded at 1.4 x 104 cells per 

well in 24-well plates in their respective routine culture media. 24 h later, cells were transfected with 

500 ng of pTwist EF1α puro rEsrrb (or empty), 300 ng of RL-TK and 50 ng of pGL3-promoter 3xERRE 

(or empty) using polyethyleneimine (PEI) at a 3:1 mass ratio. At the same time, cells were treated with 

diethylstilbestrol (DES) or 4-hydroxytamoxifen (4-OHT) where indicated and at the concentrations 

stated in the figure. After 16 h, a dual luciferase assay (Promega) was performed according to the 

manufacturer’s instructions. Briefly, medium was aspirated and cells were washed once with 1X PBS. 
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100 µL of 1X passive lysis buffer was added to each well and trays were rocked gently at RT for 15 min. 

20 µL of lysate was transferred to an all-white 96-well plate. Luciferase reagents (50 µL each per well) 

were injected and luminescence was measured using a Promega Glomax 96 microplate luminometer. 

Experiments were performed three times independently. Each experiment was normalised to the first 

control group, and data presented show mean ± SD of the three normalised experiments. 

 

RNA-seq on cultured Primary Müller cells, rMC-1 cells and SIRMu-1 cells 

For this experiment, Dr. Kittipassorn cultured cells and isolated RNA for sequencing. Sequencing was 

performed at the Australian Cancer Research Foundation (ACRF) Cancer Genomics Facility, and initial 

bioinformatic processing including read trimming, alignment and counting was performed by staff at 

the facility. I analysed the results for functionally relevant findings and generated figures. The full 

methodology for these experiments including initial data processing can be found in the articles in 

Appendix 2 and Appendix 3 (refs128,130). Data from these experiments are publicly available from Gene 

Expression Omnibus (GEO) under accession number GSE123161. 

 

RNA-seq analysis – comparison of rMC-1, SIRMu-1 and primary rat Müller cells 

All RNA-seq analyses in this thesis were performed using R131. 

A table of counts was obtained as described in refs128,130. Lowly expressed genes were filtered out of 

downstream analyses using the filterByExpr function in edgeR (version 3.36.0)132 as default. For 

normalisation of count data, scaling factors were calculated accounting for library size and 

composition using the trimmed mean of M-values method133 in edgeR, and these were supplied in a 

call to lcpm() to calculate normalised log2 counts per million mapped reads (lcpm). Genes of interest 

were selected for generation of heatmaps. Gene sets relating to glycolysis and gluconeogenesis 

(KEGG_GLYCOLYSIS_GLUCONEOGENESIS), the TCA cycle (KEGG_CITRATE_CYCLE_TCA_CYCLE) and 

oxidative phosphorylation (KEGG_OXIDATIVE_PHOSPHORYLATION) were obtained by searching the 

Gene Set Enrichment Analysis (GSEA) Molecular Signatures Database (MSigDB). Variations of gene 

names were added on an ad hoc basis to these lists to capture as many genes as possible across 

datasets from different species which used different gene names or identification conventions. As 

genes vary widely in absolute expression levels, visualisation of changes in expression in heatmaps 

was improved by calculating z-scores across each row (gene) from the normalised lcpm values. 

Differential gene expression above the fold-change thresholds specified in the text was tested using 
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limma (version 3.50.0)134. A Benjamini-Hochberg corrected P-value < 0.05 was used to define whether 

a gene was differentially expressed. 

 

RNA-seq analysis – P2 to P28 rod data of Kim et al. 2016 

Data were generated by Kim et al. 20161. The table of transcript-level effective counts was 

downloaded from GEO under accession number GSE74660 (GSE74660_Seq_eXpress_counts). 

Samples were separated into individual files then re-imported into R using the tximport package 

(version 1.22.0) which summarises transcript-level counts to gene-level counts in a manner which 

accounts for differential usage of transcripts of different lengths between samples135. Lowly expressed 

genes were filtered out using edgeR::filterByExpr as default. Effective counts were then normalised 

using the trimmed mean of M-values (TMM) method and log2-transformed using edgeR. Relevant 

groups were selected and heatmaps were generated using row-wise z-scores calculated from 

normalised lcpm. Lists of metabolic genes were the same as described for the comparison of Müller 

cell types. Differential expression by greater than 2-fold between the P2 and P28 groups (P28 - P2) 

was tested using limma, leveraging the full dataset in modelling (i.e., using all groups, not just those 

presented in heatmaps). A Benjamini-Hochberg corrected P-value < 0.05 was used to define whether 

a gene was differentially expressed. Fold-change from P2 to P28 was calculated by taking 2(P28 lcpm - P2 

lcpm). Values between 0 and 1, which indicated lower expression at P28, were then converted to 

negative fold-change values by taking the negative inverse. 

 

RNA-seq analysis – P2 to adult Müller cell data of VandenBosch et al. 2020 

Data were generated by VandenBosch et al. 20202. The table of counts was downloaded from GEO 

under accession number GSE137318 (GSE137318_P2GFP_P8_P12_thinned_countstable), and data 

were processed for generation of heatmaps and tables as described for the developing rod data above. 

No differential expression analysis was performed due to the absence of replicates of each age group. 

 

RNA-seq analysis – comparison of developing rods and Müller cells. 

Normalised lcpm values were obtained as described above. For the rod dataset, the mean lcpm was 

calculated for each age group. Scatterplots were generated comparing P2 Müller cell (retinal 

progenitor cell) lcpm values with mean P2 rod lcpm values and comparing adult Müller cell values with 

mean P28 rod values for the genes stated. The list of metabolic genes combined all three KEGG sets 
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defined above in the comparison of Müller cell types. For the list of overall most divergent genes, the 

difference between the fold-change for each gene in each study was calculated, and all genes were 

ordered by absolute fold-change difference. For the lists of divergent metabolic genes, the data were 

filtered for the complete list of KEGG metabolic genes and the top 10 genes with largest positive 

(relatively upregulated in rods) or largest negative (relatively upregulated in Müller cells) fold-change 

difference were determined. 

 

RNA-seq analysis – comparison of Müller and non-Müller cells in data of Hoang et 

al. 2020. 

Data were generated by Hoang et al. 2020136. The table of fragments per kilobase per million mapped 

reads (FPKM) values was downloaded from GEO under accession number GSE135406 

(GSE135406_Fpkm_expression_values_of_all_RNA-seq_samples). Data were filtered to retain the 

undamaged control P60 GFP-positive (Müller cells) and GFP-negative (other retinal cells) groups. 

Heatmaps were generated using row-wise z-scores calculated from FPKM values. The mean FPKM for 

each gene within each group was calculated and presented as a table.  
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3. Results: Müller cells  
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3.1 PI3K drives lactate production in rMC-1 cells 

independently of Akt 

The first aim of the project was to determine molecular drivers of aerobic glycolysis in Müller cells, 

specifically the immortalised rMC-1 rat Müller cell line137. An immortalised cell line was chosen in 

favour of primary Müller cells due to particular disadvantages of primary cells. Namely, they senesce 

after a small number of passages, only a limited number of cells can be obtained from a single retina, 

and cultures often contain a small proportion of non-Müller cell types such as microglia and 

astrocytes137. In the setting of screening many potential candidate drivers of aerobic glycolysis, these 

factors would necessitate the use of a large number of eyes and animals. For these reasons, we used 

the rMC-1 cell line. This line was derived from an adult rat Müller cell culture transduced with simian 

virus 40137. It expresses adult Müller cell markers, but most importantly, like cultured primary Müller 

cells, it has been shown to exhibit aerobic glycolysis114,138 and has been used previously in studies of 

Müller cell metabolism138-140. 

In the present experiments, candidate drivers of aerobic glycolysis were targeted based on their 

known well-established roles in driving aerobic glycolysis in the context of cancer. Inhibitors were 

commercially available to many such targets and provided an effective means to screen potential 

drivers. Lactate production by rMC-1 cells was measured after treatment with small-molecule 

inhibitors of several common glycolysis-promoting signalling pathways (Figure 3.1). rMC-1 cells were 

treated with inhibitors at concentrations previously shown to be effective with cultured cells in 

published studies. An initial 2 h treatment was performed to allow time for the inhibitors to enter 

cells, inhibit their targets, and for downstream effects to begin to take place. Medium was then 

changed and the cells were incubated for a further 6 h in the presence of inhibitors before secreted 

lactate was measured in the medium. 

The PI3K/Akt signalling pathway has been well-demonstrated to drive glycolysis in cancer cells116. MEK 

signalling is also linked to glycolysis and is often activated downstream of the same cell membrane 

receptors as PI3K141. Both signalling pathways have important roles in cell growth and proliferation 

and are commonly dysregulated in cancers. To specifically test the contribution of these pathways to 

aerobic glycolysis in Müller cells, rMC-1 cells were treated with the PI3K inhibitor LY294002, the Akt 

inhibitor MK-2206, or the MEK1 inhibitor PD98059 (Figure 3.1). 

Treatment of the rMC-1 cells with the PI3K inhibitor LY294002 decreased lactate production by 50% 

(Figure 3.2 A). Surprisingly, treatment with an inhibitor of Akt, the canonical downstream effector of 

PI3K, resulted in no change in lactate production. Treatment with the MEK1 inhibitor PD98059 
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decreased lactate production by 23%. Two control inhibitors were also included. Treatment of the 

rMC-1 cells with oxamate, which inhibits LDH, decreased lactate production by approximately 75%, as 

expected. Antimycin A inhibits complex III of the ETC, preventing ATP production by OXPHOS. As 

expected, treatment of the rMC-1 cells with antimycin A induced an increase in lactate production, 

nearly 2-fold above the basal level. This shows that the cells had reserve glycolytic capacity in their 

basal state. 

Western blots were performed to confirm basal activity of the pathways targeted and to ensure the 

inhibitors used had the expected effects on pathway activity (Figure 3.2 B). Example un-cropped 

western blots are included in Appendix 1 for each protein targeted. PI3K activity is routinely 

determined by the phosphorylation state of two residues of Akt, namely S473 and T308 in Akt1 or 

equivalent residues in Akt2 and 3; a greater level of phosphorylation indicates higher pathway activity. 

The activity of Akt itself is also determinable by the phosphorylation of these two residues. In the 

untreated state, both S473 and T308 of Akt were phosphorylated in rMC-1 cells (Figure 3.2 B), 

indicating PI3K pathway activation. As expected, treatment with LY294002 and MK-2206 which target 

PI3K and Akt, respectively, abolished phosphorylation of S473 and T308 of Akt. MEK1 activity is 

routinely determined by the phosphorylation state of its substrates, extracellular signal-regulated 

kinase 1 (ERK1), at positions T202 and Y204, and ERK2, at positions T185 and Y187. Western blots for 

phosphorylated ERK1 and 2 demonstrated that the MEK/ERK pathway was also active in the basal 

state and, as expected, treatment with PD98059, which targets MEK1, greatly reduced 

phosphorylation of ERK1 and 2.  

The PI3K inhibitor, LY294002, has been shown to have off-target effects142. To mitigate the chance 

that the observed decrease in lactate production was due to off-target effects, rMC-1 cells were 

treated with another unrelated PI3K inhibitor, ZSTK474. It caused approximately the same decrease 

in lactate production, confirming the change was likely due to inhibition of PI3K (Figure 3.2 C). 

Inhibition of PI3K by ZSTK474 was also confirmed by western blot for phosphorylated Akt (Figure 3.2 

D). 
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Figure 3.1 Signalling pathways and inhibitors. A. Activation of receptor tyrosine kinases (RTK) induces 

activation of the PI3K/Akt and MEK/ERK signalling pathways. Akt is the canonical mediator of effects on 

glycolysis downstream of PI3K, but an Akt-independent pathway via Rac1 activation can also upregulate 

glycolysis. The MEK/ERK pathway has well-established roles in cell growth and survival. Small-molecule 

inhibitors used to treat rMC-1 cells are indicated. 
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Figure 3.2 Effects of signalling inhibitors on lactate production in rMC-1 cells. A. rMC-1 cells were treated 

with PI3K inhibitor LY294002 (LY) (30 µM), Akt inhibitor MK-2206 (10 µM), MEK1 inhibitor PD98059 (30 µM), 

lactate dehydrogenase (LDH) inhibitor oxamate (50 mM), oxidative phosphorylation (OXPHOS) inhibitor 

Antimycin A (1 µM), or vehicle (DMSO, 1:1000) for 2 h, then culture medium was changed, and cells treated 

for a further 6 h before lactate was measured in media. Data normalised to total protein. B. Western blots 

using extracts collected after a lactate assay experiment in A. P-Akt indicates detection of phosphorylation 

of Akt at the positions stated. P-ERK1/2 indicates detection of phosphorylation of ERK1, at positions T202 

and Y204, and ERK2, at positions T185 and Y187 C. Same as A, but treatment with one of the PI3K inhibitors 

LY294002 (LY) (30 µM) or ZSTK474 (ZS) (2 µM), or vehicle (DMSO, 1:1000). D. Western blots using extracts 

collected after a lactate assay experiment in C. Data in A and C each show the mean ± SD from three 

independent experiments and were analysed by Dunnet’s multiple comparisons tests. Blots in B and D are 

representative of three independent experiments. 
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3.2 Rac1 drives lactate production in rMC-1 cells 

Given the decrease in lactate upon inhibition of PI3K, the lack of any effect upon inhibition of Akt was 

unexpected. Akt is the canonical downstream effector of PI3K, and it has been shown to drive 

glycolysis in other cell types via multiple mechanisms143-148; however, there is at least one reported 

mechanism via which PI3K can drive glycolysis independently of Akt149. This alternative pathway 

involves the small GTPase, Rac1, which promotes cytoskeletal remodelling. This remodelling releases 

the glycolytic enzyme, aldolase, from the actin cytoskeleton, increasing its activity and flux through 

glycolysis. It should be noted that in the MCF10a cells used in the study by Hu and colleagues where 

this mechanism was elucidated, glycolysis was also sensitive to Akt inhibition separately to Rac1 

inhibition149. This is in contrast to the results obtained here in rMC-1 cells, where an inhibitor of Akt 

caused no decrease in lactate production. 

To assess whether Rac1 drives aerobic glycolysis in rMC-1 cells, cells were treated with the Rac1 

inhibitor, NSC23766 (Figure 3.3 A). Un-normalised lactate production decreased by 37%. However, 

measurements of total protein were lower in cells treated with Rac1 inhibitor such that there was no 

difference in lactate production when normalised to protein (Figure 3.3 B). This would normally 

indicate that the inhibitor was toxic to cells. However, there was no visual difference in morphology 

between treated and untreated cells to indicate NSC23766 toxicity (data not shown). The measured 

change in protein content was also too large to be caused solely by a difference in growth rate over 

8 h. Furthermore, the NSC23766 treatment caused no detectable difference in cell counts (Figure 3.3 

C). It is therefore likely that the decrease in lactate production upon inhibition of Rac1 does actually 

reflect a decrease in glycolytic rate per cell rather than a general toxic effect. It is possible the decrease 

in protein content was simply due to experimental variation. Alternatively, inhibition of Rac1 may 

decrease protein content in rMC-1 cells; however, there was no similar decrease in protein observed 

when PI3K (or any other of the tested molecules) was inhibited, so this interpretation is unlikely unless 

Rac1 drives lactate production via a mechanism independent of PI3K in rMC-1 cells. 
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Figure 3.3 Effects of Rac1 inhibition on lactate production in rMC-1 cells. A. rMC-1 cells were treated with 

Rac1 inhibitor NSC23766 (50 µM) or vehicle (DMSO, 1:600) for 2 h, then culture medium was changed and 

cells treated for a further 6 h before lactate was measured in medium. B. Results from A normalised to total 

protein. C. rMC-1 cells treated as described in A were trypsinised and counted (from 60 mm dishes). Data in 

A and B each show the mean ± SD from three independent experiments and were analysed by unpaired 

Student’s t-tests (No significant difference in B). Data in C are from a single experiment without fully 

independent replicates, so a statistical test was not performed. 
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3.3 Analysis of oxygen consumption and extracellular 

acidification rates 

Greater detail was sought regarding the effects of the signalling inhibitors on rMC-1 cell metabolism 

beyond the single parameter of extracellular lactate production. Seahorse extracellular flux assays 

measure the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of a cell 

monolayer in real-time in a multiple-well plate format, enabling calculation of rates of glycolysis and 

OXPHOS. Drugs that modulate specific aspects of metabolism can be injected throughout the assay, 

enabling derivation of parameters such as glycolytic capacity, glycolytic reserve or spare respiratory 

capacity, depending on the sequence of drugs injected. For example, a glycolytic rate assay begins by 

taking basal measurements of OCR and ECAR, then a mix of the respiratory chain inhibitors, rotenone 

and antimycin A, are injected. In order to maintain ATP levels, cells respond by increasing their rate of 

glycolysis, usually, albeit not necessarily, to its maximal level, which enables determination of the 

glycolytic capacity and glycolytic reserve (Figure 3.4 A). 2-deoxyglucose (2-DG) is then injected to 

inhibit glycolysis, confirming that the basal acidification was due to glycolysis. Note that ECAR is often 

converted to proton efflux rate (PER), a stoichiometric unit of proton release, by its relation to the 

buffering capacity of the assay medium, which is determined empirically. 

In any assay, a proportion of acidification arises from processes other than glycolysis. Notably, 

respiration produces CO2, some of which hydrates to form carbonic acid, resulting in a mitochondrial 

PER (mitoPER). MitoPER is related to OCR by a value called the CO2 contribution factor (CCF), and 

mitoPER can therefore be calculated from OCR and subtracted from total PER to obtain the PER 

specifically due to glycolysis (glycoPER). The manufacturer of the Seahorse instrument, Agilent, has 

empirically determined the CCF for 20 cell lines, and the value is constant and approximately equal 

(0.61 ± 0.13) for cases when the percentage of acidification due to glycolysis is high (> 50%) (Agilent 

Seahorse XF CO2 Contribution Factor Protocol User Guide, accessed 2022). This was true for rMC-1 

cells (see the assay below); therefore, the default CCF value of 0.61 was used in calculations of mitoPER 

and glycoPER. The CCF can be determined empirically but this is only recommended by Agilent for 

highly oxidative cells (where the percentage acidification due to glycolysis is less than 50%). 

To determine the metabolic effects of PI3K, Akt and MEK1 inhibition in more detail, rMC-1 cells were 

subjected to a glycolytic rate assay. The Rac1 inhibitor, NSC23766, was found to directly interfere with 

pH measurements recorded by the Seahorse instrument and was therefore excluded from these 

assays. Cells were treated with inhibitors for a total of five hours before the start of the assay. This 

treatment time aligned the start of the assay with the midpoint of the incubation period of the lactate 

assay experiments in Figure 3.2. 
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Consistent with lactate assays, a decrease in basal glycolysis was observed upon treatment of rMC-1 

cells with the two different PI3K inhibitors (Figure 3.4 B, C). Inhibitors of Akt and MEK1 also decreased 

basal glycolysis (Figure 3.4 B, D, E); however, these changes were not always consistent between 

Seahorse assays (data for multiple experiments not shown*). Note, however, that Inhibitors of PI3K 

produced a decrease in basal PER with greater consistency between experiments than inhibitors of 

Akt or MEK. For all inhibitors in this particular assay, the glycolytic capacity decreased in proportion 

with the decrease in basal glycolysis, as shown by the equal percentage glycolytic reserve among 

treatments (Figure 3.4 F). It can be concluded from Seahorse assays that PI3K is likely a driver of 

aerobic glycolysis in rMC-1 cells. 

The result of Akt inhibition in this assay was not consistent with the results of lactate assays in Figure 

3.2. Inconsistencies with this inhibitor between Seahorse experiments makes it difficult to draw 

conclusions about the involvement of Akt in lactate production in rMC-1 cells. The greater number of 

cells in experimental samples, less manipulation of cells and media, and better consistency between 

assays means the lactate assays are probably more reliable – although they provide less detailed 

information. The reason for inter-assay inconsistency is unclear but may relate to minor differences in 

conditions between experiments, such as treatment time, glucose concentration, presence or absence 

of buffer, serum batch, passage number, or cell density. A genuine and physiologically important 

driver of aerobic glycolysis, however, should be robust to such changes. It is also possible that the 

shock of the removal of serum when general culture medium (10% serum) was switched for Seahorse 

assay medium (no serum) approximately 1 h before the start of an assay may have induced metabolic 

changes in a relatively random or stochastic manner. In one assay, inclusion of serum in assay medium 

produced OCR and ECAR values much greater than those in its absence (data not shown), so it is 

possible that rMC-1 cells were in an unstable metabolic state when assayed shortly after serum 

removal. In contrast, the lactate assays in Figures 3.2 and 3.3 were performed using medium 

containing 10% FBS. The Seahorse instrument manufacturer recommends against the inclusion of 

serum in assay media. 

In summary, lactate assays and Seahorse extracellular flux assays showed that PI3K drives aerobic 

glycolysis in rMC-1 cells. The downstream players in this process remain uncertain, but lactate assays 

indicate that it is likely that Rac1 is required and that Akt is not. 

  *The reason for presenting this particular dataset was due to the type of Seahorse assay performed – the glycolytic rate 

assay – as it provides the most direct measurement of parameters of glycolysis. Other assays performed were 

mitochondrial stress tests which differ only in the drug injections. The conditions up to and including basal glycolysis 

measurements are otherwise identical between the two experiment types. Only basal glycolysis is considered when 

comparing between experiments. 
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Figure 3.4 PI3K likely drives acid production in rMC-1 cells. A. Fabricated example proton efflux rate (PER) 

data from a Seahorse glycolytic rate assay. Basal glycolysis (basal glycoPER) is the PER in the basal state which 

is specifically attributable to glycolysis. This is calculated by subtracting mitochondrial PER, which is derived 

from corresponding readings of oxygen consumption rate, from total basal PER. B-F. rMC-1 cells were 

subjected to a Seahorse glycolytic rate assay after treatment with the PI3K inhibitor LY294002 (LY) (30 µM) 

or ZSTK474 (ZS) (2 µM), Akt inhibitor MK-2206 (10 µM), MEK1 inhibitor PD98059 (30 µM), or vehicle (DMSO, 

1:1000) for 5 h. Basal glycolysis is displayed in B, glycoPER traces are displayed in C-E, and the glycolytic 

reserve is represented in F as maximal vs basal glycolysis. Data are from a single experiment with 6 replicate 

wells per group, showing the mean ± SEM of the replicates. 
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3.4 Analysis of rMC-1 cells as an accurate model of retinal 

or Müller cell metabolism 

In comparison to in vivo methods, in vitro models such as immortalised cell lines, especially when used 

in the study of metabolism, balance the benefits of rapid, unlimited growth, and straightforward 

experimental manipulation, with the downside of potential changes from natural physiology. The 

necessity of serum for growth and survival of cultured cells is particularly relevant when investigating 

growth factor signalling pathways, which may be activated by serum components. These 

considerations raised questions as to whether the observed role of PI3K and Rac signalling in aerobic 

glycolysis was a true reflection of the metabolic profile of Müller cells in vivo or was typical of other 

immortalised cell lines. We sought answers to two specific questions: 1. How does the response of 

rMC-1 cells to PI3K and Akt inhibitors compare to the response of other immortal cell types such as 

cancer cell lines? 2. How does the response compare to other Müller cell types, including primary 

Müller cells? 

To gauge how unique the metabolism of rMC-1 cells was in response to PI3K and Akt inhibition, a 

panel of common immortal rat, mouse and human cell lines was treated with the PI3K inhibitor, 

ZSTK474, and the Akt inhibitor, MK-2206, and lactate production was measured (Figure 3.5 A-H). HEK 

293T and PC3 cells exhibited responses consistent with both PI3K and Akt being major drivers of 

aerobic glycolysis. N2A exhibited a similar trend but the changes were not statistically significant. 

Interestingly PC12 cells and HeLa cells responded with trends similar to rMC-1 cells, with the PI3K 

inhibition reducing lactate production but little change induced by Akt inhibition. U2OS exhibited a 

similar trend without statistical significance. This shows that rMC-1 cells are probably not unique in 

their response to PI3K and Akt inhibition and that PI3k and Akt are perhaps not as inseparably linked 

in their regulation of metabolism as much literature suggests. An important conclusion from these 

results is that Akt-independent PI3K signalling may be a novel and beneficial approach to target 

aerobic glycolysis in some cancers. 

Importantly, the fact that rMC-1 cells exhibited a response that was similar to other cell lines, and that 

PI3K drove lactate production in almost all lines tested, casted doubt on the physiological relevance 

of rMC-1 cell metabolism; it is probable that serum-mediated activation of growth factor signalling 

pathways in rMC-1 cells drives proliferation and glycolysis in a manner similar to other immortal cell 

lines without necessarily reflecting glucose metabolism in a physiological setting. 
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Figure 3.5 Effects of PI3K or Akt inhibition on lactate production in various cell lines. A-H. Cell lines indicated 

were treated with PI3K inhibitor ZSTK474 (2 µM), Akt inhibitor MK-2206 (10 µM), or vehicle (DMSO, 1:1000) 

for 2 h, culture medium was changed, and cells were treated for a further 6 h before lactate was measured 

in media. Data show mean ± SD from three independent experiments. Data were statistically analysed using 

two-way ANOVA and post-hoc multiple comparisons test to compare the mean of each inhibitor-treated 

group with the mean of the DMSO-treated group for each cell line. 
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The metabolism of rMC-1 cells was then compared to other cultured Müller cell types. Our laboratory, 

in collaboration with the laboratory of Prof. Robert Casson, set out to characterise three types of 

Müller cells: The viral oncogene-immortalised rMC-1 rat cell line, the novel spontaneously 

immortalised SIRMu-1 rat cell line, and cultured primary rat Müller cells. It is generally assumed that 

primary cells represent in vivo physiology more accurately than immortalised cell lines. However, 

primary cells also have disadvantages. For Müller cells, these include slow growth rate, poor 

transfection efficiency, and heterogeneity between batches. The SIRMu-1 cell line was derived from 

primary Müller cells spontaneously without the transduction of a viral oncogene, so it was potentially 

a better physiological model than rMC-1 cells. It was therefore useful to determine whether it was 

metabolically similar to primary cells. All three cell types express Müller cell marker genes, but rMC-1 

cells are morphologically very distinct from SIRMu-1 cells and primary rat Müller cells, which share a 

similar “ghost-like” cell morphology. A general characterisation of these cell types, excluding 

metabolism, has been published, with the full paper included in Appendix 2128. 

A previous PhD student in our laboratory, Dr. Thaksaon Kittipassorn, compared the metabolism of 

these three Müller cell types using Seahorse extracellular flux assays. The results have been previously 

reported in her PhD thesis114, and select results have been reproduced here (Figure 3.6 A-C). While 

both rMC-1 and SIRMu-1 cells displayed ECAR lower than primary Müller cells, reflecting a lower rate 

of aerobic glycolysis (Figure 3.6 A), SIRMu-1 cells displayed a more oxidative phenotype overall. This 

is shown by their relatively high basal OCR (Figure 3.6 B), and corresponding low percentage-

contribution of glycolysis to basal PER (Figure 3.6 C). Although primary Müller cells consumed more 

oxygen and produced more acid per cell than rMC-1 cells, the proportion of glucose directed into 

oxidative phosphorylation vs lactate production was similar in both; this is consistent with both 

displaying aerobic glycolysis. Despite their morphological differences, this metabolic characterisation 

lends credence to the use of rMC-1 cells as a model of primary Müller cell glucose metabolism and 

indicates that they are a better model than the SIRMu-1 cells. 

As part of a broad characterisation of the three cell types, RNA-sequencing (RNA-seq) was undertaken 

to compare overall transcriptomic profiles. For this experiment, Dr. Kittipassorn cultured cells and 

isolated RNA for sequencing. Sequencing was performed at the Australian Cancer Research 

Foundation (ACRF) Cancer Genomics Facility, and initial bioinformatic processing including read 

trimming, alignment and counting was performed by staff at the facility. I contributed to an initial 

published analysis (Appendix 2)128, without metabolic focus, and the data analysis in a related data-in-

brief article (Appendix 3)130. 
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Figure 3.6 Comparison of cultured rat Müller cell types. A-C. [Experiments for A-C were performed by Dr. Thaksaon 

Kittipassorn and have previously been presented in her PhD thesis.] Seahorse cell mito stress tests were performed on the 

indicated cultured rat Müller cell types. Basal proton efflux rate (PER), basal oxygen consumption rate (OCR) and the 

percentage contribution of glycolysis to basal PER were calculated from Seahorse assay measurements. Data shown are 

the mean ± SD from two independent experiments and were analysed by Dunnet’s multiple comparisons tests comparing 

each immortal line to primary Müller cells. D, E. RNA-sequencing was performed on mRNA isolated from the three cultured 

Müller cell types indicated. D. A multidimensional scaling plot was generated after normalisation of counts. E. Genes that 

were differentially expressed (DE) by greater than the indicated fold-change between each pair of cell types were 

determined using limma. Significance was defined as a Benjamini-Hochberg corrected P-value of <0.05. The number of DE 

genes at each tested fold-change was plotted. “Up” indicates significantly higher expression in the first-named cell type. 

“Down” indicates significantly lower expression in the first-named cell type. 
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A multidimensional scaling (MDS) plot was generated to assess differences in overall transcriptome 

between cell types; this has been reproduced from our publication128 for convenience (Figure 3.6 D). 

It showed tight clustering of replicates of each cell type, indicating technical and biological consistency, 

but there was clear separation between different clusters, indicating the presence of transcriptomic 

differences between cell types. Next, genes differentially expressed between cell types were 

determined (Hereafter, the data presented extend the published analysis). Differential expression may 

be statistically significant but biologically unimportant if the fold-change in expression is small 

between two groups. As such, it is necessary to test for changes above a specified fold-change. The 

choice of fold-change is arbitrary and decided based on the biological question at hand. Initially, 

differential expression was tested above three different fold-change cut-offs, 1.5, 2 and 5-fold (Figure 

3.6 E). In each case, the greatest number of differentially expressed genes was detected between rMC-

1 cells and primary Müller cells. Far fewer genes were differentially expressed between SIRMu-1 and 

primary Müller cells. Similar relative numbers of genes were differentially expressed in each line when 

no fold-change cut-off was applied (data not shown). 

Differences in expression of metabolic genes between the three cell types that may explain the 

metabolic differences observed in Seahorse assays were of particular interest. Sets of genes involved 

in glycolysis/gluconeogenesis, the TCA cycle, and OXPHOS were obtained from the Gene Set 

Enrichment Analysis (GSEA) Molecular Signatures Database (MSigDB). Heatmaps were generated 

showing differences in expression of each gene between samples (Figure 3.7) (Note: the heatmaps 

cannot be used to compare expression of genes in the same sample as the data have not been 

normalised to gene length and the values displayed are z-scores). The results of differential expression 

testing above a fold-change cut-off of 2 are displayed as categorical heatmaps alongside each 

expression heatmap. This fold-change was chosen to balance the detection of likely biologically 

important differences with the exclusion of likely unimportant differences; it is similar in magnitude 

to the changes in metabolic parameters measured in the lactate assay and Seahorse assay 

experiments presented above. 

Considering the transcriptomic profile of the metabolic genes between the three cell lines overall, the 

greatest number of differentially expressed genes was detected between rMC-1 cells and primary 

Müller cells. It was shown in Figure 3.6 that these differences did not result in differences in the 

relative levels of acid production and oxygen consumption as measured in Seahorse assays, with these 

two cell lines showing the most similar metabolic profiles. However, this does not rule out the 

existence of significant differences in the utilisation of glucose or differing flux through various 

branches of glucometabolic pathways which sums to a similar proportion of fates in lactate and 

OXPHOS. 
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The specific metabolic differences between rMC-1 cells, which were used to investigate aerobic 

glycolysis, and primary Müller cells were of particular interest to gauge the physiological relevance of 

immortalised rMC-1 cells as a model of Müller cell metabolism. 

Importantly, only two genes in the classic Embden-Meyerhof-Parnas glycolytic pathway were 

differentially expressed between rMC-1 cells and primary Müller cells, Ldhb and Eno3 (Figure 3.7 A). 

Expression of Ldhb was downregulated in rMC-1 cells compared to both primary Müller cells and 

SIRMu-1 cells. Ldhb encodes a subunit of lactate dehydrogenase typically thought to favour conversion 

of lactate to pyruvate over the reverse reaction – the opposite is thought to be true of Ldha. A higher 

Ldha:Ldhb ratio in rMC-1 cells may therefore contribute to the higher proportion of glucose converted 

to lactate in rMC-1 cells than SIRMu-1 cells, although this interpretation is confounded by the fact that 

no such difference in glucose fate was observed between rMC-1 cells and primary Müller cells. Eno3 

encodes enolase beta, which is one of three enzymes that catalyses the reversible interconversion of 

2-phosphoglycerate and phosphoenolpyruvate. This is not a rate-limiting step of glycolysis and 

implications of Eno3 differential expression are not immediately obvious. 

Only two genes in the TCA cycle set were differentially expressed in any comparison, Idh1 and Ogdhl 

(Figure 3.7 B). The product of Idh1 is not strictly a TCA cycle enzyme. It is a cytosolic NADP+-dependent 

isocitrate dehydrogenase which catalyses the reversible decarboxylation of isocitrate to α-

ketoglutarate – the same reaction is catalysed in mitochondria in the TCA cycle by different 

enzymes150. Idh1 is situated at a metabolic crossroads; its downregulation in rMC-1 cells relative to 

primary Müller cells and to SIRMu-1 cells likely has significant metabolic consequences which would 

require detailed investigation to fully characterise. The other differentially expressed gene in the TCA 

gene set was Ogdhl. It encodes a tissue-restricted component of the oxoglutarate dehydrogenase 

complex which catalyses the NAD+-dependent decarboxylation of α-ketoglutarate, producing succinyl-

CoA and CO2 in the TCA cycle151. It was relatively lowly expressed in rMC-1 cells, moderately expressed 

in SIRMu-1 cells, and relatively highly expressed in primary Müller cells. This inversely correlates with 

the proliferation rates of the three cell types (primary < SIRMu-1 < rMC-1), which is interesting as 

Ogdhl expression is inversely correlated with rates of cancer cell proliferation and prognosis for 

multiple cancer types152-155. Its downregulation is associated with increased PI3K/Akt pathway 

activity152, hence its differential expression may reflect differences in PI3K signalling in the three cell 

types. 

In the OXPHOS gene set, differentially expressed genes were all components of vacuolar ATPase, and 

were downregulated in rMC-1 cells relative to each of the other two cell types (Figure 3.7 C). Vacuolar 

ATPase is an evolutionarily ancient enzyme with diverse roles. It consumes ATP to acidify organelles. 
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Given its wide-ranging roles, consequences of its differential expression would require direct 

investigation to determine. Despite the high oxygen consumption relative to glycolysis observed in 

SIRMu-1 cells in Seahorse assays, no genes were differentially expressed (by at least 2-fold) between 

SIRMu-1 cells and primary Müller cells in the OXPHOS gene set. It is possible that the metabolic 

differences observed are due to post-transcriptional or post-translational mechanisms. 

Finally, the expression of genes involved in the insulin signalling pathway, which incorporates PI3K/Akt 

signalling, was assessed. The full set of genes is extensive, and data are shown in Figure A.3 in Appendix 

4. A heatmap showing only the differentially expressed genes out of the full list is displayed in Figure 

3.7 D. The greatest number of differentially expressed genes was again found between rMC-1 cells 

and primary Müller cells. Immediately concerning were the upregulation of Pik3cb and the 

downregulation of Inpp5d in rMC-1 cells. Pik3cb encodes the catalytic subunit of one of the isoforms 

of PI3K, and Inpp5d encodes the protein SHIP1, which catalyses dephosphorylation of the 5' position 

of phosphatidylinositol-3,4,5-trisphosphate, the product of PI3K activity (this is not a direct reversal of 

the PI3K reaction, which results in phosphorylation of the 3’ site).  By modifying the membrane inositol 

lipid composition, SHIP1 activity can alter PI3K signalling. 

To summarise, while rMC-1 cells and primary Müller cells displayed similar metabolic profiles in 

Seahorse assays, the expression of metabolic genes indicates that SIRMu-1 cells and primary Müller 

cells are more similar transcriptomically than the rMC-1 and primary Müller cells. The differentially 

expressed metabolic genes do not obviously explain the differences observed in Seahorse assays and 

neither immortal cell line appears to be a perfect model of primary Müller cell metabolism. Differences 

in expression of key PI3K signalling-related genes between rMC-1 cells and primary Müller cells cast 

further doubt on whether the dysregulation of lactate production by PI3K inhibition in section 3.1 is 

an accurate reflection of the role of PI3K in driving aerobic glycolysis in Müller cells in vivo. For these 

reasons, and the emerging evidence supporting the photoreceptors as the major producer of lactate 

in vivo, it was decided not to proceed further with metabolic analysis using rMC-1 cells or other types 

of cultured Müller cells, but instead a more physiological model of retinal metabolism was sought to 

test the pathway inhibitors used above, and to increase the direct clinical relevance of our findings.  
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Figure 3.7 RNA-seq: Differences in expression of metabolic genes between cultured Müller cell types. A-C. Left panels: 

Heatmaps were generated from log2 normalised counts per million (with z-scores calculated across each row) to show 

differences in expression of genes involved in A. glycolysis and gluconeogenesis, B. the tricarboxylic acid (TCA) cycle, and 

C. oxidative phosphorylation (OXPHOS) between cultured Müller cell types. Right Panels: Genes that were significantly 

differentially expressed (Benjamini-Hochberg corrected P-value of < 0.05) by greater than 2-fold between each pair of cell 

types are indicated. D. Same as A-C but only the genes that were differentially expressed from a larger list of insulin 

signalling-related genes are presented. Lists of genes under each heading were obtained from the Gene Set Enrichment 

Analysis (GSEA) Molecular Signatures Database (MSigDB). “Up” indicates significantly higher expression in the first-named 

cell type. “Down” indicates significantly lower expression in the first-named cell type. DEGs: Differentially expressed genes.  
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The general utility of cultured Müller cells as a model of physiological Müller cell metabolism or 

broader whole-retinal metabolism was at this time becoming increasingly questionable. This was in 

part due to a study by Lindsay et al. which showed that mouse Müller cells in vivo lack or only minimally 

express any isoform of pyruvate kinase54; therefore, they would not be able to undertake rapid 

glycolysis in a physiological context. It is abundantly clear that cultured Müller cells strongly exhibit 

aerobic glycolysis. Together, these observations indicate rapid metabolic changes may occur as Müller 

cells adapt to culture, and consequently the metabolic profile of cultured Müller cells, either primary 

or immortalised, do not reflect the metabolic profile of Müller cells in the context of a functioning 

mammalian retina. 

There were also an increasing number of studies reporting expression of key glycolytic enzymes in 

photoreceptors14,50,54,117,156,157. Modulation of these enzymes had significant metabolic and functional 

effects and indicated that photoreceptors, rather than Müller cells were likely the major lactate-

producing retinal cells in vivo14,45,50,53. However, photoreceptors cannot be cultured in a physiologically 

normal state, especially for metabolic analyses, which makes them more difficult to study, and as 

discussed above, dissociated cell types in culture (where culturing is possible) can display metabolic 

differences to their states in vivo. The metabolic relationships between retinal cell types were far from 

clear, and it is difficult to measure metabolic fluxes in specific cell types in an intact tissue such as the 

retina. 

The best option for further metabolic experiments was to use whole retinal explants, which can 

survive ex vivo for sufficiently long to measure effects of metabolic interventions, and which have 

been used extensively by other groups in past metabolic studies of the retina5,6,10,11,50. Before 

undertaking these experiments, however, I sought to examine newly published RNA-seq datasets with 

the aims to characterise key metabolic differences between retinal cell types at the transcriptomic 

level, and provide further evidence for the photoreceptors, Müller cells or other cell types in the retina 

being major producers of lactate. In particular, we were interested in analysing the expression of 

glycolytic and other metabolic genes in Müller cells as compared to photoreceptors, as well as gaining 

an initial insight into potential pathways that may drive expression of some of these key genes in vivo. 

 

4.2 Single-cell RNA-seq analyses 

In 2015, Macosko and colleagues published a seminal paper which introduced the Drop-seq method 

of single-cell RNA-seq (scRNA-seq)57. Using the mouse retina as an example of analysis of a complex 

tissue due to the extensive existing knowledge of its numerous distinct cell populations, they profiled 
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the transcriptomes of over 44,000 individual cells. The cells were clustered into groups in silico based 

on their transcriptomes. Thirty-nine groups were generated, and each was assigned a cell type label 

based on expression of known marker genes. Importantly, all previously defined retinal cell types 

formed unique groups based on their specific transcriptomes, including rods, cones and Müller cells. 

Differences in glucose metabolism between cell types were not analysed in the original paper, which 

was mostly an introduction of the Drop-seq technique. So, to interrogate metabolic differences, I 

downloaded and analysed the publicly available dataset and compared the relative expression of 

genes related to glucose metabolism between each of the major cell types. 

There were limitations to this approach, however. Firstly, there is always a low depth of sequencing 

of each cell in scRNA-seq (approximately 2000 reads per cell on average in Macosko et al.57) compared 

to a population in bulk RNA-seq (approximately 3 x 107 reads) as the limited reads are often spread 

across RNA derived from tens of thousands of cells. For most scRNA-seq technologies, only the most 

abundant transcripts in a given cell are likely to be read, with most genes recording zero reads in most 

cells – a phenomenon termed gene dropout158. Many scRNA-seq studies expressly trade-off 

sequencing depth for a greater number of cells, as this improves the detection of rare cell types, which 

is desirable when the aim of the study is cell type classification159. Secondly, lowly abundant cell types 

are particularly susceptible to stochastic noise at the single-gene level, which was not a large problem 

when considering rods (>29,000 cells) or Müller cells (1,624 cells) but was when considering rare cell 

types such as astrocytes (54 cells). Finally, and specifically relating to this dataset, known rod-specific 

transcripts such as Rho and Nrl were identified in all cell types. This was explained by the authors as 

likely due to the solubilisation of high-abundance transcripts at the cell suspension stage before the 

microfluidic separation of cells. This rod-contamination, combined with low sequencing depth, in 

many cases made it difficult to know whether a given gene was truly expressed in a cell type. For these 

reasons, no strong conclusions could be made regarding the expression of individual metabolic genes, 

and the data are not presented. 

I recently revisited the dataset after the publication of a new method for normalisation of scRNA-seq 

data by the same group, termed sctransform, which improves dimensionality reduction and 

differential expression analysis160. The count data were normalised using sctransform and cells were 

clustered following the process described in the original paper. Marker genes were determined, and 

cell types were assigned. Expression of genes related to glucose metabolism was then assessed again. 

Unfortunately, this new normalisation method did not adequately overcome the limitations of the 

data for our purposes in terms of high variability at the level of single genes. 
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Since the original Drop-seq paper, other scRNA-seq studies have been published using whole retinas, 

retinal organoids or acutely isolated retinal cell types, from various species, and across developmental 

stages and aging, but, for differing reasons relating to experimental design or sequencing depth, none 

have been ideally suited to the purpose of assessing glucose metabolism in normal adult retinal tissue. 

As technology and sequencing depth improves, it may become useful to perform scRNA-seq at greater 

depth or to revisit this type of analysis as new datasets become available. 

 

4.3 Bulk RNA-seq analyses 

Although not encompassing the same breadth of cell types, bulk RNA-seq data have no depth problem 

at the single-gene level. Therefore, publicly available bulk RNA-seq datasets from different isolated 

retinal cell types were analysed for expression of genes involved in glycolysis, the TCA cycle and 

OXHPOS. 

Developing photoreceptors 

A very relevant and high-quality dataset was published by Kim et al. in 20161. As part of this study, 

GFP-tagged rod cells were FACS-isolated from Nrlp-GFP mouse retinas at various developmental 

stages from postnatal day 2 (P2) to P28. In the mouse, photoreceptors develop postnatally over this 

period, which includes the growth of outer segments and gain of normal electrical function161-163. The 

dataset could therefore be used to observe the changes in expression of metabolic genes associated 

with the development and functional maturation of photoreceptors, which provided a better insight 

into functionally important metabolic genes than any single-age snapshot. 

Transcript-level count data were downloaded from GEO (accession number: GSE74660), aggregated 

to gene-level counts, log-transformed and normalised to library size and composition. The data were 

filtered to retain groups relevant for our purposes (Nrl-positive groups). Expression of the same sets 

of metabolic genes as analysed in our Müller cell data above were visualised in heatmaps (Figure 4.1). 

Differential expression by at least 2-fold was tested between the P28 group and the P2 group.  A table 

alongside each heatmap indicates which genes exhibited statistically significant changes, as well as 

showing the expression level at P2 and P28, and fold-change between these ages. Note that the log2 

cpm values are not normalised to gene length so expression of genes cannot strictly be compared to 

one another. 

There was widespread upregulation of genes across all three metabolic sets from P2 to P28. This was 

not due to any error or artifact; across the whole transcriptome, more genes decreased (3938 out of 

19,615) than increased in expression (2,181 out of 19,615) from P2 to P28. This is further evidence for 
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rod photoreceptors being highly metabolically active cells and likely responsible for most retinal 

aerobic glycolysis – If rods mainly relied on oxidising lactate released by Müller cells rather than 

autonomous glycolysis, as was proposed by Poitry-Yamate et al.44 it would make little sense for them 

to upregulate expression of glycolytic genes so strongly. 

Considering the glycolysis and gluconeogenesis gene set, between P2 and P28, rods significantly 

upregulated, by at least 2-fold, expression of at least one isoform of an enzyme at every step of 

glycolysis (Figure 4.1 A, C). The two genes that exhibited the greatest increase from P2 to P28 were 

Hk1 and Hk2, with fold-changes of 70 and 175, respectively. Expression of both of these isoforms in 

rods is consistent with immunofluorescence data14. As discussed in the introduction, both Hk1 and 

Hk2 are able to sustain high rates of glycolysis, with Hk2 being particularly implicated in supporting 

aerobic glycolysis in the context of cancer116,164-167. Mouse rod Hk2 knockout retinas exhibit decreased 

lactate production and functional defects but do not exhibit increased cell death14. Hk1 has been 

relatively less studied, which is surprising given that a mutation in HK1, but not HK2, has been found 

to be associated with retinitis pigmentosa121, although this mutation did not clearly change the 

enzymatic function of the protein. This nevertheless suggests non-redundant functions for each 

isoform in the retina. Given it is upregulated over maturation in a similarly dramatic manner as Hk2, 

the role of Hk1 in rods warrants investigation. It may be equally important as Hk2. 

Figure 4.1 Metabolic gene expression in RNA-seq data from developing mouse photoreceptors (data from Kim et al. 

2016). Kim et al.1 performed RNA-seq on Nrlp-GFP rod photoceptors FACS-isolated from retinas at several stages of 

development from postnatal day 2 (P2) to P28. The table of effective counts was downloaded from Gene Expression 

Omnibus under accession number GSE74660. Counts were summed to the gene level in a transcript-aware manner using 

tximport in R, then were TMM-normalised using EdgeR. Groups were filtered to retain only Nrl-positive groups for 

heatmap generation. A, B, D Left panels: Heatmaps were generated from log2 normalised counts per million (with z-scores 

calculated across each row) to show differences in expression of genes involved in A. glycolysis and gluconeogenesis, B. 

the tricarboxylic acid (TCA) cycle, and D. oxidative phosphorylation (OXPHOS). Right Panels: Tables are presented showing 

the normalised log2 counts per million (cpm) at P2 and P28, the fold-change between these two groups, and whether the 

change was statistically significantly greater than 2-fold. Differential expression (DE) testing was performed using limma 

to compare the P2 and P28 groups (fold-change threshold of 2, Benjamini-Hochberg corrected P-value of < 0.05). Lists of 

genes under each heading were obtained from the Gene Set Enrichment Analysis (GSEA) Molecular Signatures Database 

(MSigDB). C. Diagram of the Embden-Meyerhof-Parnas glycolytic pathway with genes that were statistically significantly 

upregulated by greater than 2-fold over rod development highlighted in bold red. 
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C

Glycolytic genes upregulated over rod development
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Unexpectedly, given their position at a key branch point between OXPHOS and lactate production, 

changes in expression of Ldha and Ldhb were not statistically significantly greater than 2-fold – 

although both exhibited similar increasing trends of 2.2-fold (not significant at 2-fold cut-off) and 1.5-

fold, respectively. The LDH reaction is rapid and generally in equilibrium168, so it is likely these enzymes 

are able to support a large increase in flux through to lactate over this maturation period without a 

great increase in their expression. 

Outside of the canonical glycolytic pathway, an interesting upregulated gene was Bpgm, which 

encodes bisphopshoglycerate mutase. This enzyme is expressed in erythrocytes, where it catalyses 

the production of 2,3-bisphosphoglycerate (2,3-BPG) from the glycolytic intermediate 1,3-

bisphosphoglycerate. 2,3-BPG allosterically decreases the affinity of haemoglobin (Hb) for oxygen169. 

Bpgm has not been studied in the retina to my knowledge. Speculatively, its expression in rods might 

improve oxygen delivery by increasing the local concentration of 2,3-BPG and decreasing the oxygen 

affinity of Hb in the choroid or retinal vessels. This would require transport 2,3-BPG out of the retina, 

into blood vessels, and into erythrocytes. Alternatively, aerobic glycolysis has been proposed to reflect 

a metabolic state in which demand for NAD+ is elevated relative to demand for ATP42. A detour in the 

glycolytic pathway via the Bpgm reaction circumvents production of an ATP molecule170. It is plausible 

that such a means of decreasing ATP production while maintaining other functions of glycolysis (if they 

exist), might be beneficial to a cell in such a state. These hypotheses are speculative, and investigation 

is needed to determine whether Bpgm plays a meaningful role in rod glucose metabolism. 

Similar to glycolytic genes, at least one isoform of an enzyme at every step of the TCA cycle displayed 

an increasing trend over rod maturation, and many exhibited statistically significant increases (Figure 

4.1 B). This was expected. Rods are known for their high rate of mitochondrial oxidative 

phosphorylation in addition to a high rate of lactate production. Equally noteworthy were 

observations regarding the genes that decreased in expression. Succinyl-CoA ligase is a TCA cycle 

enzyme comprised of an invariable alpha subunit encoded by Suclg1 and one of two isoforms of a beta 

subunit, Suclg2 or Sucla2171. The former produces GTP in the reaction it catalyses, and its expression 

significantly decreased from P2 to P28, whereas the latter produces ATP, and its expression (along 

with the expression of the invariable subunit) significantly increased. Rods may therefore favour 

production of ATP rather than GTP at this step of the TCA cycle. Secondly, isocitrate dehydrogenase 

(Idh) is another TCA cycle enzyme. Idh2 (homodimer) is NADP+-dependent and Idh3 (2 x Idh3a, Idh3b, 

Idh3g heterotetramer) is NAD+-dependent (as mentioned above, Idh1 localises to the cytoplasm and 

is therefore not a TCA cycle enzyme). Expression of Idh2 significantly decreased in rods from P2 to 

P28. This is interesting as it may suggest that rods have a particular reliance on Idh3 and NAD+ at this 

step of the TCA cycle. This is not a novel suggestion, and these data agree well with previous 
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observations120. Mutations in IDH3A and IDH3B are associated with retinitis pigmentosa in human 

patients possibly due to this reliance on NAD+-dependent Idh119,120,172. It is worth noting that Idh2 

mRNA is not entirely absent from rods – see the present data and ref172. 

Assessing the OXPHOS gene set, expression of most OXPHOS genes increased from P2 to P28, 

consistent with a general upregulation of OXPHOS as photoreceptors mature (Figure 4.1 D). A large 

subgroup of these genes reached their maximal expression level at P10 without clearly increasing 

further between P10 and P28. This is in contrast to the sets of glycolytic and TCA cycle genes, most of 

which did not peak in expression until P28. The group of OXPHOS genes peaking at P10 appeared to 

largely comprise subunits of the ETC complexes. This increase from P6 to P10 fits well with data 

regarding the postnatal development of photoreceptors in the mouse, in particular the 

morphogenesis of the mitochondria-dense ellipsoid region161. 

 

Developing Müller cells 

Chronologically, the following dataset was not analysed at this point in the project, but it is relevant 

to discuss here as it makes a useful comparison with the maturing photoreceptor data. In 2020, 

VandenBosch et al.2 published bulk RNA-seq data from FACS-isolated Müller cells (from Rlbp-

creER:flox-stop-tdTomato mice) or progenitors (from Sox2-GFP mice) at several points from P2 to 

adulthood. Counts were downloaded from GEO (accession number: GSE137318) and processed 

similarly to previous datasets (see methods for detail). Heatmaps were generated showing changes in 

gene expression over development from P2 retinal progenitors to adult Müller cells. No differential 

expression analysis was performed due to the absence of repeats of each age group173. Nevertheless, 

it was useful to qualitatively assess changes in expression over development. Heatmaps were 

generated showing changes from P2 to adult Müller cells (Figure 4.2). Tables alongside heatmaps show 

expression values for the P2 and adult samples, and the fold-change between these two groups. 

Many glycolytic genes increased in expression from P2 progenitors to adult Müller cells, and those 

where an increase was not obvious, such as Gpi1 and Tpi1, were not at key regulatory steps of the 

pathway and did not exhibit low read counts so would be unlikely to cause a glycolytic bottleneck 

despite not increasing in expression to the same extent as other genes (Figure 4.1 A). These results 

show that Müller cells likely increase their glycolytic capacity as they develop. However, unlike in the 

maturing rod cell data above, the expression of two enzymes canonically important for aerobic 

glycolysis, Hk2 and Ldha, decreased over Müller cell development, although a moderate level of 

expression of both genes remained in adult cells. Isoforms of these genes not typically involved in 

aerobic glycolysis, Hk1 and Ldhb, increased in expression. Another point of interest was the high 
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upregulation of Aldoc in Müller cells. This gene was also upregulated in rods but to a lesser extent. It 

encodes an isoform of the glycolytic enzyme aldolase, but isoform-specific functions that may be 

important in Müller cells are unknown. Pkm was entirely absent from the Müller cell dataset – this is 

discussed below. 

In contrast to rod photoceptors, Müller cells downregulated the majority of TCA cycle and OXPHOS 

genes over development, albeit by small fold-changes in most cases (Figure 4.2 A and B). This is not 

entirely surprising. Müller cells are long, radially oriented cells, and much of their length resides in the 

central and inner retina where oxygen tension is low. They likely have less access to oxygen, and have 

lower ATP demand than photoreceptors, hence a lower level of OXPHOS is consistent with this. 

Figure 4.2 Metabolic gene expression in RNA-seq data from developing mouse Müller cells (data from VandenBosch et 

al. 2020). A-C. VandenBosch et al.2 performed RNA-seq on FACS-isolated Sox2-GFP retinal progenitor cells (P2 group) and 

Rlbp-creER:flox-stop-tdTomato developing mouse Müller cells (P8, P12, Adult groups). The table of trimmed counts was 

downloaded from Gene Expression Omnibus under accession number GSE137318. Counts were TMM-normalised and 

log2-transformed. Left Panels: Heatmaps were generated (from z-scores across each row) showing changes in expression 

of each gene over development. Right Panels: Tables were generated showing normalised log2 counts per million for P2 

and P28 groups, as well as the fold-change between these two groups. Lists of genes under each heading were obtained 

from the Gene Set Enrichment Analysis (GSEA) Molecular Signatures Database (MSigDB). 
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Comparison of Müller cell and rod datasets 

To clearly determine the differing metabolic specialisations of Müller cells and rods, the maturing 

Müller cell dataset of VandenBosch et al.2 was compared more directly with the maturing rod dataset 

of Kim et al.1 The datasets were from entirely different studies, so no statistical comparison was made, 

but a qualitative comparison was useful for exploration and development of new hypotheses. 

An obvious idea would be to directly compare expression levels of genes in adult rods with those in 

adult Müller cells, but such a comparison would be problematic given the data were from separate 

studies, each performed with different techniques. Instead, changes in gene expression from P2 to 

adulthood in each study could be calculated, and these differences could be compared between 

studies, providing a degree of internal control. This would be especially informative if the cells at the 

earliest timepoint in each study, P2, were transcriptomically similar, as then the changes would reflect 

divergence of each cell type from a similar starting population. In the study of Kim et al., rod precursor 

cells were the target population at P2, and they were isolated from Nrlp-GFP mice. In the study of 

VandenBosch et al., retinal progenitor cells were the target population at P2, and they were isolated 

from Sox2-GFP mice. Rod precursor cells (and Müller cells) derive from retinal progenitor cells, and P2 

is at the peak of rod precursor genesis in mice174, so a high degree of similarity is likely between Sox2-

positive and Nrl-positive populations at P2. 

To gauge the similarity of the P2 populations, the mean normalised expression of each gene in the 

Kim et al. dataset was plotted against its expression in the VandenBosch et al. dataset (Figure 4.3 A). 

Promisingly, the data were strongly correlated with high R2 (0.84). The mean P28 rod data were then 

plotted against the adult Müller cell data, and as expected, the R2 of the linear regression was much 

lower (0.36), reflecting transcriptomic divergence of the two cell types over maturation (Figure 4.3 B). 

Sets of marker genes for rods and Müller cells behaved largely as expected in these comparisons, 

changing from quite closely correlated at P2 to dispersed in the expected directions in the mature 

populations (Figure 4.3 C and D). Finally, plots were generated after filtering for a set of metabolic 

genes comprised of the glycolysis and gluconeogenesis, TCA cycle, and OXPHOS gene sets used above. 

These followed the same trends as the full transcriptomes, with a strong correlation at P2 (0.78), but 

only a weak correlation at P28 (0.36). Together, this justifies qualitatively comparing changes in gene 

expression over development between each study. In all of these analyses, normalisation was 

performed on each dataset individually. 

Genes that diverged in expression over maturation between rods and Müller cells were of interest. To 

identify these, the fold-change from P2 to adulthood was calculated for each gene in each cell type, 

then the difference between the fold-changes was used to order the genes. Before assessing 
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metabolic genes, this approach was validated to discover functionally important genes by checking 

the overall top 10 divergent genes (Figure 4.4 A). They included several in which mutations are known 

to cause retinal disease (Gnat1175, Slc24a1176, Guca1b177, Pde6a178-180), where experimental mutation 

or knockout causes retinal disease (Aqp4181, Cds1182,183), or which are useful as specific retinal cell 

markers (Mlc1184,185). Interestingly, the gene that diverged in expression by the greatest magnitude 

between rods and Müller cells, Abca8a, which encodes an ATP-binding cassette transporter, has 

previously been identified as enriched in Müller cells186, but, to my knowledge, remains unstudied in 

the retina. 

Metabolic genes were then selected using the glycolysis/gluconeogenesis, TCA cycle and OXPHOS sets 

as above. The top 15 divergent metabolic genes that relatively increased in rods were identified, as 

well as the top 15 that relatively increased in Müller cells. Hk2 and Hk1 exhibited the greatest increase 

in expression in rods relative to Müller cells (Figure 4.4 B). They have been discussed above, and this 

further emphasises their importance in rods. Other glycolytic genes in this group included Eno1, Aldoa 

and Gapdh. These are not classically regarded as rate-determining enzymes of glycolysis187, but their 

upregulation is generally consistent with the view that rods are able to sustain a high glycolytic rate. 

Interestingly, recent studies indicate that Gapdh may be rate-limiting in the context of aerobic 

glycolysis188,189, so its potential importance in control of rod metabolism should not be overlooked. 

Also, anti-Eno1 antibodies may contribute to disease in patients with autoimmune and cancer-

associated retinopathies190-192. While this may relate to its catalytic role in glycolysis, Eno1 also has 

several other functions to be considered193. Further study is needed to better characterise its roles in 

rods. 

Regarding non-glycolytic genes, Ndufs5 and Nduf4a were upregulated in rods (Figure 4.4 B) and 

encode subunits of the mitochondrial ETC complex I. These genes may play important roles in rod 

metabolism which have yet to be investigated. Two other genes of interest upregulated in rods were 

Ppa1 and Ppa2, which encode inorganic pyrophosphatases. Pyrophosphate is generated in many 

biochemical reactions, notably in biosynthetic pathways, and its rapid hydrolysis, catalysed by 

pyrophosphatase, renders reactions that produce pyrophosphate effectively irreversible194. 

Pyrophosphatases are ubiquitous enzymes, but the relative upregulation of Ppa1 and Ppa2 in rods 

reflects the high metabolic rate and biosynthetic demand of these cells, and these genes may 

therefore be particularly important for retinal function. It has also been proposed that high 

pyrophosphatase activity may facilitate rapid cGMP metabolism during phototransduction195. Again, 

further research is needed to determine the importance of these proteins in rods, where they remain 

largely unstudied. 
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Figure 4.3 Broad comparison of the developing photoreceptor RNA-seq data of Kim et al. 2016 and the developing 

Müller cell RNA-seq data of VandenBosch et al. 2020. Normalised log2 counts per million were calculated separately for 

each dataset. A. The mean P2 values and B. the mean P28 values for all genes (that were present in both datasets) from 

the Kim et al.1 dataset were plotted against their respective values in the VandenBosch et al.2 dataset. A line was fitted 

using R, and the R2 of the regression is indicated. C, D. Same as A and B, but showing only a selection of Müller cell and 

rod marker genes as indicated. Instead of a linear regression, the line y = x is displayed to indicate an ideal correlation. E, 

F. Same as A and B, but showing only a selection of metabolic genes comprised of lists of genes involved in glycolysis and 

gluconeogenesis, the tricarboxylic acid cycle and oxidative phosphorylation which were obtained from the Gene Set 

Enrichment Analysis (GSEA) Molecular Signatures Database (MSigDB). 
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Figure 4.4 Comparison of metabolic gene expression in the developing photoreceptor RNA-seq data of Kim et al.1 2016 

and the developing Müller cell RNA-seq data of VandenBosch et al.2 2020. Normalised log2 counts per million were 

calculated separately for each dataset. The fold-change from P2 to Adult (P28 for the photoreceptor dataset) of each gene 

was calculated within each dataset. The difference between these fold-changes was then calculated for each gene. This 

difference was used to find genes which diverged greatly in expression over development of each cell type. A. Table of 

the overall top 10 genes ordered by decreasing absolute fold-change difference. Expression (normalised log2 counts per 

million [cpm]) at P2 and Adult (or P28) in each dataset is also displayed. B, C. Genes were filtered for those present in the 

list of metabolic genes defined above. Tables show B. the top 10 metabolic genes which relatively increased in expression 

in rods and C. the top 10 metabolic genes which relatively increased in expression in Müller cells. D. Table shows the 

expression and fold-change difference for the genes encoding HIF-1α (Hif1a) and HIF-2α (Epas1). 
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Another gene that did not appear in this list, but which was likely relatively upregulated in rods, was 

Pkm. It was entirely absent from the Müller cell dataset (searched using 27 variations of the gene 

name). Initially, this was thought to most likely be due to low or zero expression. However, Pkm 

exhibited the 28th highest counts of all genes at P2 in the rod dataset, so it would be surprising if it 

was not present at all at P2 in the Müller cell precursors (retinal progenitor cells) given the general 

similarity of these populations (Figure 4.3 A). Furthermore, there was rod contamination of the Müller 

cell population in the VandenBosch data, reflected in the non-zero presence of rod marker genes in 

Figure 4.3 D. Some Pkm reads, at least from contaminating rods, would therefore be expected. To 

investigate further, Pkm expression was checked in other mouse RNA-seq datasets including a P2 

retinal progenitor cell dataset196 (accession number: GSE99818), a P1 and P4 developing Müller cell 

dataset197 (accession number: GSE86199), and a dataset containing retinal progenitors and acutely 

isolated adult (2-month-old and 1.5-year-old) Müller cells198 (accession number: GSE124532). In all of 

these groups, Pkm ranked in the top 200 features in counts (not shown). While this confirms the 

anomalous nature of its total absence from the VandenBosch dataset, it does not necessarily mean 

that Pkm is expressed in Müller cells. It is expressed so highly in rods (see Figure 4.1 A) that, in each 

Müller cell dataset, the number of Pkm reads relative to reads of rod marker genes was similar to that 

observed in rods themselves (determined using the dataset of Kim et al.1) so it is plausible that all the 

Pkm reads were actually derived from non-Müller cell types such as rods in these studies. Even if Pkm 

is expressed at the RNA level in Müller cells, reportedly, no isoform of pyruvate kinase is appreciably 

expressed at the protein level in vivo54. 

The relevance of contamination of the intended population by other cell types extends beyond Pkm. 

However, by comparing differences in the change of expression of genes over development between 

rod-enriched (Kim et al. data) and Müller-enriched (VandenBosch et al. data) groups, this should reveal 

important differences between the cell types, even if the imperfect separation of cell types confounds 

the direction or magnitude of changes for some genes. 

The gene that increased by the greatest amount in Müller cells relative to rods was Aldoc (Figure 4.4 

C). As stated above, it encodes an isoform of aldolase, which catalyses a reversible non-rate-limiting 

step of glycolysis, and its role in Müller cells has not been investigated. No other genes in the main 

glycolysis pathway made this list, which, when contrasted to the rod list, further supports the idea of 

a higher rate of glycolysis in rods than Müller cells. 

The differences in expression of mitochondrial ETC complex subunits was interesting. Expression of 

Nduf4al2 decreased in both Müller cells and rods, but a greater level of expression was retained in 

adult Müller cells. Nduf4al2 is induced by hypoxia-inducible factor 1 (HIF-1) and acts to decrease the 
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activity of the ETC complex I under low oxygen conditions199. Furthermore, expression of Cox4i2 

increased in Müller cells over development whereas expression in rods decreased to almost zero. 

Cox4i2 is a subunit of the ETC complex IV which optimises respiratory activity under hypoxic 

conditions, leading to greater O2 consumption in hypoxia than if the alternative Cox4i1 is expressed, 

and likely decreased production of reactive oxygen species200. Cox4i2 is induced by HIF-1 and HIF-2200. 

While HIF-1α and HIF-2α are mainly regulated at the protein level, it was confirmed that both were 

expressed at the RNA level in both Müller cells and rods. It is noteworthy that Epas1 (Hif2a) RNA 

increased in Müller cells relative to rods over development whereas Hif1a exhibited the opposite 

trend. These data support a more detailed characterisation of the specific roles of the HIFs in Müller 

cell metabolism. They may be involved in less overt ways than, for example, the canonical widespread 

upregulation of glycolytic genes. 

Lhpp encodes a histidine phosphatase that was upregulated in Müller cells over development relative 

to rods. Lhpp expression can downregulate PI3K/Akt/mTOR signalling201-203 and can impede glycolysis 

by inducing ubiquitination and degradation of PKM2204. This aligns with the proposed low pyruvate 

kinase expression in Müller cells, and it may call into question the importance of PI3K/Akt signalling 

for Müller cell metabolism in vivo. Whether Lhpp actually carries out these functions in Müller cells, 

however, has not been studied, and it should be noted that read counts also increased in rods, just to 

a lesser degree, so this proposal is not black and white, but warrants investigation. 

Müller cells relatively increased expression of Suclg2, the GTP-producing isoform of succinyl-CoA 

synthetase. This largely reflected its decreased expression in rods but indicates that Müller cells likely 

produce more GTP at this step of the TCA cycle than rods. Interestingly, although it was not present 

in this top 10 table, Müller cells also relatively increased expression of Pck2. This encodes a 

mitochondrial isoform of phosphoenolpyruvate carboxykinase, which uses GTP to produce 

phosphoenolpyruvate from oxaloacetate (the cytosolic isoform, Pck1, which is involved in 

gluconeogenesis, was not expressed in either cell type). A network involving these genes in pancreatic 

beta cells detects glucose availability to control insulin secretion205-207. It is possible that Müller cells 

repurpose a similar network to sense glucose availability and respond in some manner, perhaps to 

regulate their own metabolism or the metabolism of surrounding cells. 

 

Validation with an independent dataset 

To provide further validation for the hypotheses discussed above, and to ensure they were not based 

on anomalies in either dataset, expression of multiple relevant genes was assessed in another RNA-

seq dataset. As a small part of a large study in 2020, Hoang et al. performed RNA-seq on FACS-isolated 
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mouse Müller cells after induction of retinal damage136. GFP-positive cells were isolated from retinas 

of GLASTCreERT2;Sun1-sGFP mice (after tamoxifen treatment). In these mice, inducible Cre was 

controlled by the Glast (Slc1a3) promoter (a Müller-specific gene in the retina), which upon expression 

removed a floxxed transcriptional blocker from Sun1-GFP136,208. The dataset included groups of control 

undamaged P60 GFP-positive Müller cells, well as the complementary GFP-negative populations. The 

table of fragments per kilobase per million mapped reads (FPKM) values was downloaded, filtered for 

only these control groups, and heatmaps and tables were generated showing expression of relevant 

genes (Figure 4.5). No differential expression analysis was performed as raw count values were not 

available. Given the high proportion of rods in the mouse retina, the GFP-negative populations were 

likely dominated by rods. This is demonstrated by the relatively high expression of Müller cell marker 

genes in the GFP-positive groups, and high expression of rod marker genes in the GFP-negative groups 

(Figure 4.5 A). Note, though, that there was a moderate degree of rod contamination of GFP-positive 

groups 1 and 2 based on the expression of rod markers in these groups. Although not perfect, as at 

least at least a quarter of GFP-negative cells would have been retinal cell types other than rods, a 

comparison of GFP-positive and GFP-negative groups is similar to a comparison of Müller cells and 

rods, and it provided independent validation for the comparison of datasets above. 

Expression of the two sets of divergent genes defined above was assessed. Due to the rod 

contamination of GFP-positive groups 1 and 2, it is useful to mainly consider GFP-positive groups 3 

and 4 in Figure 4.5 B. In this case, it is clear that most genes in this set followed the same trend of 

relatively high expression in rod-enriched compared to Müller-enriched groups. Genes that did not 

follow the same trend included Eno1, Gapdh, and Ppa2. The latter two were similarly expressed in 

both groups, but confusingly, Eno1 strongly displayed the opposite trend to above in this dataset. Eno1 

is one of the most commonly identified differentially expressed proteins and mRNAs across unrelated 

proteomics and microarray experiments209. It is unclear if this is an artifactual nuisance or a genuine 

reflection of a biological role, perhaps as a cell stress sensor209. Despite this possible nuisance 

behaviour, it would still be useful to investigate its role in the retina given the presence of 

autoantibodies in retinopathies as discussed above190-192. Overall, the trends observed for most genes 

in this set were consistent with the conclusions above. 
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Figure 4.5 Analysis of metabolic gene expression in the Müller cell RNA-seq data of Hoang et al. 2020. Hoang et al. 

performed RNA-seq on mouse Müller cells FACS-isolated from GLASTCreERT2;Sun1-sGFP mice after tamoxifen treatment. 

The table containing FPKM values was downloaded from Gene Expression Omnibus under accession number GSE135406 

and filtered for only the control postnatal day 60 GFP-positive (GFP+) and GFP-negative (GFP-) groups. Heatmaps (using z-

scores by row) and tables of mean FPKM were generated showing A. rod and Müller cell marker genes, B. the list of top 

10 genes which relatively increased in expression in rods in Figure 4.4, and C. the list of top 10 genes which relatively 

increased in expression in Müller cells in Figure 4.4. 
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The consistency with the previous comparison was better for the set of genes that were relatively 

upregulated in Müller cells (Figure 4.5 C). In this case, the only gene in the set that did not display the 

same trend as above was Ndufa4l2, which was not appreciably expressed in either the GFP-positive 

or GFP-negative population. However, given that Cox4i2 was highly expressed in Müller cells in both 

datasets, it would still be of interest to investigate the potential regulation of ETC activity by HIFs. 

Overall, this dataset displays similar differences in gene expression between rods (or a rod-dominated 

population) and Müller cells to the previous analysis of datasets of Kim et al. and VandenBosch et al., 

and thus further validates the conclusions from this analysis. 

 

Rationale for changing experimental model 

Müller cells provided an excellent starting point for metabolic experiments, where inhibitors could be 

tested, and assays optimised. However, as discussed above, there was an expanding body of evidence 

in favour of photoreceptors being responsible for most lactate production in vivo14,50,54,117,210,211. There 

also appeared to be significant differences between Müller cells in culture and in vivo. One main such 

difference, as discussed, was the expression of pyruvate kinase, which is present at the protein level 

in culture114 but absent or low in vivo54. Moreover, a 2003 study analysed changes in the abundance 

of proteins as Müller cells adapted to culture conditions and found that expression levels of several 

metabolic genes including aldolase C and aldehyde dehydrogenase 2 were rapidly downregulated in 

culture212. These two genes, in particular, were identified above as diverging greatly over development 

between Müller cells and photoreceptors, and therefore likely play major roles in defining the 

metabolic identity of Müller cells in vivo. The fact that Müller cells upregulated the expression of many 

glycolytic genes over development suggests an increase in glycolytic capacity; however, it is actually 

unclear if they are able to undertake complete glycolysis and produce lactate in vivo. In the reported 

absence of any pyruvate kinase, the fate of glucose once reaching phosphoenolpyruvate is unclear. 

Explanations for this and the metabolic features and interdependencies of different retinal cell types 

have been proposed, and a complete discussion of retinal metabolic pathways and cell-cell 

interactions is presented in the final discussion section. Cultured Müller cells, while undoubtedly 

useful for studying certain facets of Müller cell biology, do not adequately replicate their glucose 

metabolism in vivo. These were the major reasons for transitioning to metabolic experiments on rat 

retinal explants in the following section of this thesis. 
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Rat retinal explants as an experimental model 

Rat retinal explants were chosen as an alternative experimental model to the Müller cells used in the 

preceding section of this thesis for several reasons. Firstly, and importantly, the explants contain 

photoreceptors, which cannot be cultured alone in a sufficiently physiologically normal state for 

metabolic experiments. Secondly, they maintain intracellular interactions which are important for 

retinal glucose metabolism53,125,211. Thirdly, there was a large body of past research demonstrating 

their utility in metabolic studies5,6,10,50,54,213-216. And, finally, a source of fresh scavenged rat explants 

was readily available, permitting screening of inhibitors of many candidate drivers of aerobic glycolysis 

– although explants are not amenable to a truly high-throughput screening approach. Downsides to 

the use of explants included a limited experimental timeframe over which the explants could be kept 

alive ex vivo, as well as a more restricted set of experimental techniques than if working with cell lines. 

For example, while treatments with inhibitors remained possible, a targeted gene knockout or 

knockdown, if needed, for instance if no inhibitor was available, would have required generation of a 

mouse strain or the use of adenoviral transductions with limited penetrance. 

 

Optimising explant culture conditions 

Before assessing potential drivers of aerobic glycolysis, initial experiments aimed to optimise explant 

culture conditions. Explants were cultured in minimal essential medium (MEM, Gibco 11090) 

containing 5.56 mM glucose and supplemented with 0.8 mM L-glutamine, 100 U/mL penicillin and 100 

µg/mL streptomycin. This medium was selected in order to closely match blood concentrations of 

glucose, glutamine and other nutrients. 

A potential drawback of the experiments in Results part 1 was that the immortalised rMC-1 cell line 

was necessarily cultured in medium containing FBS in order to maintain cell growth and survival. 

Explants do not have the same requirements for growth and long-term culture, and inclusion of FBS 

may aberrantly activate signalling pathways and alter metabolism. The effect on lactate production 

by including FBS in the medium was therefore tested. Explants were cultured in medium with or 

without 10% FBS, and secreted lactate was measured over time (Figure 5.1 A). Inclusion of serum did 

not alter lactate production, demonstrating that exogenous growth factors were unnecessary for the 

maintenance of aerobic glycolysis over sixteen hours. Therefore, no serum was included in explant 

medium in subsequent experiments. 

The rate of lactate production decreased over time in both groups, which was not entirely surprising, 

and was probably due to decreasing substrate availability, accumulation of metabolic waste products, 
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and/or cell death. The latter possibility was a concern as it would greatly limit the useful timeframe 

for experiments. To determine what was the major cause of this decrease in the rate of lactate 

production, an experiment was performed where culture medium was changed every eight hours in 

order to remove waste and refresh nutrient availability (Figure 5.1 B). This changing of medium 

dramatically reduced the time-dependent decrease in lactate production, with approximately linear 

lactate production being observed over sixteen hours and confirmed that the original decrease was 

not due to rapid, widespread cell death. Subsequent experiments were not extended beyond sixteen 

hours to ensure explants were not in a stressed metabolic state. 

Experiments were then designed to target specific pathways that are likely drivers of the Warburg 

effect using the battery of inhibitors originally used for the treatment of cultured Müller cells 

described in Chapter 3. A series of events must occur after treating with an inhibitor before an effect 

on lactate production can be observed. This includes entry of the inhibitor into cells (photoreceptors 

are directly exposed to the medium, meaning this likely occurs more readily for these cells than those 

in internal layers), inhibition of the target protein, then target-specific effects which may include post-

translational modification of proteins, turnover of proteins, or potentially transcription and translation 

of new proteins. As such, the time between first treatment and a detectable change in lactate 

production is unknown and variable depending on the mechanisms involved. The experiments on 

rMC-1 cells showed significant effects within an eight-hour total timeframe. Given retinal explants are 

a thicker, complex tissue, a timeline was chosen of initial treatment for 5 h followed by a change of 

medium and further treatment for 11 h, then collection of media for lactate assays. This increased the 

chance of detecting delayed effects on lactate production – although it cannot be ruled out that effects 

were missed which may have needed longer to manifest. 

Firstly, glucose consumption and lactate production by vehicle-treated retinas were measured over 

the 11 h accumulation period (Figure 5.1 C). If it is assumed that all lactate is derived from glucose in 

the medium, approximately 92% of glucose consumed was converted to lactate over this period, 

which is similar to previous studies on rat retinal explants6. Direct inhibition of lactate dehydrogenase 

with oxamate almost completely abolished lactate production, as expected, and showed that an 

inhibitor could penetrate the tissue and exert its effect in the chosen experimental timeframe (Figure 

5.1 D). 
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Figure 5.1 Optimisation and validation of rat retinal explant culture conditions. A. Rat retinal explants were isolated, and 

each placed in 1 mL of MEM containing 5.56 mM D-glucose and 0.8 mM L-glutamine, plus or minus supplementation with 

10% foetal bovine serum (FBS), then explants were cultured in a humidified, 37 °C incubator in an atmosphere of 5% CO2 in 

air. Samples of media were taken for analysis at each time point indicated and a colourimetric assay was used to quantify 

L-lactate. B. Retinal explants were cultured as in A, without FBS, and medium was replaced with fresh medium every 8 h 

(arrows) or left for the full duration without replacement. Samples were taken for measurement of lactate at timepoints 

indicated. C. Rat retinal explants were cultured for 5 h (without FBS) in medium containing DMSO (1:1000), medium was 

replaced, and retinas cultured for a further 11 h (with DMSO). L-lactate and D-glucose were then measured in media using 

colourimetric assays. D. Explants were cultured and treated as C with the lactate dehydrogenase (LDH) inhibitor oxamate 

(100 mM), or left untreated. Lactate was measured in media at the end of the experiment. All graphs show mean ± SD from 

three independent experiments with at least two retinas per group per experiment. Data were normalised to total protein 

extracted from retinal explants at the end of experiments. Statistical analysis in D was by unpaired Student’s t-test. *** 

indicates p < 0.001. 
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Common signalling pathways do not drive aerobic glycolysis in the rat retina 

Small-molecule inhibitors were used to investigate the roles of several pathways in driving lactate 

production in explants. Initially, as was the approach for the experiments on rMC-1 cells, candidate 

drivers were selected based on their known roles in driving aerobic glycolysis in cancer cells, as well 

as their effects on cultured Müller cells. Firstly, explants were treated with inhibitors of PI3K, each at 

two different concentrations – a standard concentration based on assessment of previous literature, 

and which was effective in rMC-1 cells, as well as a 2-fold higher concentration (Figure 5.2 A). No 

significant change in lactate production was observed, although there was a trend of decreased lactate 

production with increased inhibitor concentration. This was not consistent with the results obtained 

in rMC-1 cells, where both PI3K inhibitors decreased lactate production by approximately 50% (Figure 

3.2 B), confirming the rMC-1 cells were not an ideal model of whole retinal metabolism, although an 

effect specifically on Müller cells in the explants may have been overshadowed by other cell types. 

Explants were then treated with inhibitors of Akt or Rac1 which, as expected given the lack of effect 

of PI3K inhibition, also caused no change in lactate production (Figure 5.2 B). The explants were 

treated with a MEK inhibitor. In rMC-1 cells, inhibition of MEK1 caused a small decrease in lactate 

production (Figure 3.2 A), but no such effect was observed in retinal explants (Figure 5.2 B). 

mTORC1 is a master integrator of nutrient sensing and metabolism and can be activated by various 

stimuli. It can promote aerobic glycolysis by mechanisms such as increasing HIF-1 activity217,218. 

However, its inhibition in explants with two different inhibitors caused no change in lactate production 

(Figure 5.2 C). 

Wingless/Int (Wnt) signalling is another pathway that can drive aerobic glycolysis in cancer cells219,220. 

In the retina, Wnt-driven aerobic glycolysis has been proposed to contribute to age-related exudative 

macular degeneration221, although mechanistic detail for this hypothesis is unclear. Aerobic glycolysis 

is a normal phenomenon in the retina, and it has not been shown that altered Wnt signalling affects 

aerobic glycolysis in the retina. To assess whether Wnt signalling drives basal aerobic glycolysis in the 

retina, explants were treated with an inhibitor of tankyrase which is known to increase degradation 

of beta-catenin and inhibit Wnt pathway activity222 (Figure 5.2 D). However, the tankyrase inhibitor 

had no effect on lactate production in the explants, consistent with Wnt signalling not being a major 

driver of basal aerobic glycolysis. 
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Figure 5.2 Effect of signalling pathway inhibitors on lactate production in rat retinal explants. Rat retinal explants were 

isolated and cultured in MEM containing 5.56 mM D-glucose, 0.8 mM L-glutamine, and inhibitor of the indicated protein (or 

DMSO as vehicle) in a humidified 37 °C incubator in an atmosphere of 5% CO2 in air. Retinas were treated for 5 h then 

medium was replaced, and retinas were cultured for a further 11 h. L-lactate was measured in media at the end using a 

colourimetric assay. Inhibitors used were A. PI3K inhibitors LY294002 (LY) (30 µM or 60 µM) or ZSTK474 (ZS) (2 µM or 4 µM), 

or vehicle (DMSO, 1:1000) B. Akt inhibitor MK-2206 (10 µM), MEK1 inhibitor PD98059 (30 µM) or Rac1 inhibitor NSC23766 

(50 µM), or vehicle (DMSO, 1:600) C. mTOR inhibitors Rapamycin (Rap) (100 nM) or AZD8055 (AZD) (300 nM), or vehicle 

(DMSO, 1:1000) and D. Tankyrase/Wnt signalling inhibitor XAV939 (10 µM), or vehicle (DMSO, 1:1000). Data were 

normalised to total protein extracted from retinal explants at the end of experiments. All graphs show mean ± SD from three 

independent experiments with at least two retinas per group per experiment. Statistical analyses for A-C were Dunnet’s 

multiple comparisons tests comparing each group to DMSO, and for D was Student’s unpaired t-test. No change was 

significant at P < 0.05. ns: not significant. 
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FGFR signalling does not drive aerobic glycolysis in the rat retina 

FGFR activation can stimulate multiple major signalling pathways with diverse, context-dependent 

cellular effects including upregulation of glycolysis223-226. In addition, FGFR1 can directly phosphorylate 

PKM2227, LDHA228, and pyruvate dehydrogenase kinase 1229, altering their activities to promote aerobic 

glycolysis. Importantly, in mouse retinal explants, it was shown that inhibitors of FGFR significantly 

decreased lactate production, and it was further proposed that FGF2 released by the RPE activates 

FGFR signalling in photoreceptors, driving aerobic glycolysis50. It was hypothesised here that the same 

is true in the rat retina. 

Rat retinal explants were treated with the FGFR inhibitor, PD173074, at three concentrations (Figure 

5.3 A). There was a trend toward decreased lactate production with increasing inhibitor concentration, 

but no statistically significant change in lactate production occurred. In contrast, the magnitude of the 

decrease in lactate production reported in the mouse retina was very large, approximately 80% with 

20 µM PD17307450. 

To assess whether the difference in results was due to particularities of experimental conditions, the 

experiment was also performed under conditions that much more closely matched the prior 

publication on mouse explants, including a similar experimental treatment timeline, and incubation in 

B-27- and N-2-supplemented Neurobasal A medium containing 25 mM glucose under an atmosphere 

of 95% O2 and 5% CO2 (Figure 5.3 B). The increased oxygen level caused a modest decrease in lactate 

production and inhibition of FGFR caused a further small but significant decrease. This was of similar 

magnitude to the non-significant change observed at this concentration of inhibitor under the original 

experimental conditions (Figure 5.3 A) – the statistical significance attained in this case may simply 

reflect a decrease in variation between repeats rather than a major difference in actual metabolic 

drivers caused by the change in experimental conditions. These results support a role for FGFR in 

driving aerobic glycolysis in the rat retina, albeit of much lower magnitude than in the mouse retina. 

However, literature indicated that PD173074 is effective in inhibiting FGFR in cell culture at the lowest 

concentration used here of 0.1 µM230-233, where no decrease in lactate production was observed 

(Figure 5.3 A). It was therefore possible that the need for much higher concentrations (5 or 20 µM) to 

observe changes in lactate production here and in the study by Chinchore et al.50 indicate that off-

target or toxic effects may be responsible. 

To confirm the actual concentration required for the PD173074 to take effect on FGFR, western blots 

were performed for phosphorylated forms of fibroblast growth factor receptor substrate 2 (P-FRS2) 

(at position Y436) and P-ERK1/2 (at positions T202 and Y204 in ERK1 and T185 and Y187 of ERK2), 

proteins in the FGFR signalling pathway, the phosphorylation states of which reflect pathway activity 
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(Figure 5.3 C). However, phosphorylation of either protein was not detected in the retina even in the 

absence of inhibitor (see far left lane). This indicated that FGFR signalling was likely inactive or 

minimally active in the rat retinal explants and further implied that lactate production was probably 

not driven by FGFR. Given the hypothesis proposed by Chinchore et al.50 that FGF2 released by the 

RPE activates FGFR in photoreceptors, foreseeably, the continued presence of RPE-derived FGF2 may 

have been required for maintenance of FGFR signalling in the retina. To test this, eyecup and retina 

were incubated intact together before separation for western blots. In the same experiment, 

separated eyecup and retina were treated with hFGF2 at several concentrations (Figure 5.3 C). In all 

cases, phosphorylated forms of FRS2 and ERK1/2, indicative of active FGFR signalling, were detected 

only in the eyecup. The absence of detectable FGF pathway activity in the retina, and minimal effect 

of PD173074 on lactate production led to the conclusion that FGFR signalling is unlikely to be a major 

driver of basal aerobic glycolysis in the rat retina. 

  
Figure 5.3 Investigating FGFR signalling as a driver of aerobic glycolysis in rat retinal explants. A. Explants were cultured 

in 1 mL of MEM with 5.56 mM D-glucose and 0.8 mM L-glutamine in a humidified 37 °C incubator in an atmosphere of 5% 

CO2 in air for 5 h in the presence of FGFR inhibitor PD173074 (0.1 µM, 5 µM or 20 µM) or vehicle (DMSO, 1:1000), medium 

was replaced, and explants treated for a further 11 h. L-lactate was then measured in media. B. Explants were cultured in 1 

mL of Neurobasal A medium with 25 mM D-glucose and 2 mM glutaMAX supplemented with 0.2% B-27 and 0.1% N-2 in a 

humidified 37 °C incubator in an atmosphere of either 5% CO2 in air, or 95% O2 and 5% CO2 for 6 h in the presence, where 

indicated, of PD173074 (20 µM) or vehicle (DMSO, 1:1000). Medium was removed and replaced with 1 mL of Kreb’s Ringer’s 

solution without inhibitor. Explants were cultured for 30 min under the same atmosphere. L-lactate was then measured in 

solution. Data in A and B were normalised to total protein extracted from retinas at the end of each experiment. A and B 

each show the mean ± SD of three independent experiments. A was analysed by Dunnet’s multiple comparisons test 

comparing to DMSO. B was analysed by Tukey’s multiple comparisons test. * indicates P < 0.05, ** indicates P < 0.01. C. Rat 

retinal explants and eyecups were cultured either intact together, or after separation as indicated, under the same 

conditions as A for 1 h in the presence of the stated concentration of human FGF2 (hFGF2). rMC-1 cells treated with hFGF2 

were included as a positive control. Western blots performed for the indicated proteins. P- indicates specific detection of 

the phosphorylated form of the protein; P-FRS2 at position Y436, P-ERK1 at positions T202 and Y204, and P-ERK2 at positions 

T185 and Y187. D. Expression of FGFR-related genes was assessed in the developing rod RNA-seq data of Kim et al.1. The 

effective counts table was downloaded (GSE74660), counts were summed to the gene level, normalised and log2-

transformed. Differential expression (DE) by greater than 2-fold between the P2 and P28 groups was tested using limma 

(requiring a Benjamini-Hochberg corrected P-value of < 0.05). A heatmap (using z-scores by row from log2 counts per million 

[cpm] values) and table were generated showing changes in gene expression over development. Red or blue in the table 

indicates direction of change. E. Expression of FGFR-related genes was assessed in the adult mouse whole retina and retinal 

pigment epithelium (RPE) RNA-seq data of Kallestad et al.3. The table of counts was downloaded (GSE135415). Counts were 

TMM-normalised and differential expression by greater than 2-fold was tested using limma (requiring a Benjamini-Hochberg 

corrected P-value of < 0.05). A heatmap and table were generated as for D. 
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As a final means of investigating the discrepancy between our FGFR-inhibition results and the 

published mouse data, two mouse RNA-seq datasets were explored. Firstly, expression of FGFR-

related genes was assessed in the maturing mouse photoreceptor dataset of Kim et al.1 which was 

analysed in the previous section. Expression of Fgfr1-4 all decreased over the course of rod 

maturation, although interestingly, expression of Fgf2 increased (Figure 5.3 D). The second dataset 

analysed was from a 2019 study by Kallestad et al.3 In this study, RNA-seq was performed on samples 

from mouse and baboon retina and RPE at various timepoints post-mortem. Expression of FGFR-

related genes was assessed in the zero-timepoint (fresh tissue) mouse retina and RPE groups, with 

differential expression testing (> 2-fold threshold) performed between the two groups. Fgfr1-3 were 

more highly expressed in the RPE than in the retina with only Fgfr4 showing the opposite trend (Figure 

5.3 E). Additionally, FGF2 was more highly expressed in the retina than the RPE (although not 

significantly by greater than 2-fold). RNA levels do not necessarily correlate with protein levels, and 

many factors contribute to FGFR signalling, but these data collectively do not favour the hypothesis 

that FGF2 released by the RPE drives aerobic glycolysis in the retina. The data appear more consistent 

with the results above indicating higher FGFR signalling activity in the RPE than the retina. Previous 

studies have indicated a role for FGFR signalling in RPE function, but this remains poorly 

characterised234,235. 

 

Investigating transcriptional drivers of aerobic glycolysis in rods 

So far, candidate drivers of aerobic glycolysis were chosen for testing based on their established roles 

in driving aerobic glycolysis in cancer cells – but none of those tested displayed a role in the retina. 

Therefore, an alternative approach was used to identify new candidate pathways. In the rod RNA-seq 

dataset of Kim et al.1, the mRNA levels of many glycolytic and TCA cycle genes increased similarly over 

rod maturation, reflecting a transcriptional program of upregulated expression of metabolic genes in 

rods. Therefore, the expression of a list of transcription factors was assessed in this dataset, with the 

aim of finding factors that exhibited an expression profile that matched or preceded the increase in 

metabolic genes and hence may be responsible for upregulation of these metabolic genes. 

A list of transcription factors was obtained using the Mouse Genome Informatics (MGI) database Gene 

Ontology Browser to retrieve genes under the molecular function term, “transcription regulator 

activity > DNA-binding transcription factor activity”. There were 1352 unique transcription factors 

under this term. Some were either not appreciably expressed (< 1 cpm on average at P2 and P28) or 

were not found in the rod dataset, leaving a list of 863 genes. Most of these factors decreased in 

expression over rod maturation, although a small group increased (Figure 5.4 A). To narrow down the 
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list of candidate metabolic drivers, the list was filtered for genes with a positive fold-change from P2 

to P28 which was statistically significantly greater than 2-fold. A resulting shortlist of 43 genes was 

obtained. It was ordered by fold-change, and a heatmap and corresponding table was generated for 

these genes (Figure 5.4 B). Expression of a set of key glycolytic genes is shown at the bottom of the 

heatmap for reference. Genes were evaluated individually for potential roles in driving aerobic 

glycolysis based on published literature. 

 

  

Figure 5.4 Changes in expression of transcription factors over rod development in the RNA-seq data of Kim et al. 2016. A 

list of transcription factors was obtained from the Gene Set Enrichment Analysis (GSEA) Molecular Signatures Database 

(MSigDB) by filtering for genes under the heading “transcription regulator activity > DNA-binding transcription factor 

activity”. Expression of unique genes in the list was assessed in the RNA-seq data of Kim et al.1 which was obtained from 

developing rods FACS-isolated at the indicated post-natal ages. Briefly, the effective counts table was downloaded 

(GSE74660), counts were summed to the gene level, normalised and log2-transformed. Differential expression (DE) by 

greater than 2-fold between the P2 and P28 groups was tested using limma (requiring a Benjamini-Hochberg corrected P-

value of < 0.05). A. A heatmap (using z-scores by row from log2 counts per million [cpm] values) was generated showing 

changes in expression of all genes in the list over development. B. Genes in A that were statistically significantly expressed 

more highly at P28 than P2 by greater than 2-fold were selected and a heatmap (z-scores) and corresponding table were 

generated showing changes in expression over rods development. 
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A possible role for estrogen-related receptor beta 

The gene that exhibited by far the greatest fold-increase from P2 to P28 was Esrrb, which encodes 

estrogen-related receptor β (ERRβ). ERRβ is a member of the NR3B group of orphan nuclear receptors 

which also includes ERRα and γ236,237 (the latter, encoded by Esrrg, was also present in the shortlist of 

upregulated transcription factors). These transcription factors display ligand-independent constitutive 

transactivation activity, binding DNA at estrogen-related response elements (ERREs) as well as classic 

estrogen response elements (EREs). ERRβ is known to have roles in metabolic regulation and 

pluripotency236-238. Onishi et al. knocked out Esrrb in mouse rod photoreceptors using Cre under the 

control of a rhodopsin promoter239. Rod photoreceptors degenerated over time and mRNA levels of 

rod-specific genes, including several involved in glycolysis, were lower in the knockout. However, no 

measurements of metabolic flux, such as lactate production rate, were reported. We therefore sought 

to expand the findings with measurements of lactate production in rat retinal explants, and further 

investigate the potential role of ERRβ in retinal aerobic glycolysis. 

Rat retinal explants were treated with two different inhibitors of ERRs, diethylstilbestrol (DES)240 and 

4-hydroxytamoxifen (4-OHT)241, and lactate production was measured (Figure 5.5 A). Promisingly, 

treatment with DES caused an approximately 40% decrease in lactate production, but 4-OHT caused 

no significant change. It was unexpected that both inhibitors did not have a similar effect, although 

some evidence indicated that 4-OHT may not be a strong inhibitor of ERRβ in a cellular context236,241. 

We sought to confirm the ability of each inhibitor to target ERRβ – specifically the rat isoform – and 

to gauge their toxicity using dual luciferase reporter assays in cell lines. Two different cell lines, rMC-

1 and HEK 293T, were used to control for cell type-specific differences in inhibition or toxicity. In these 

assays, an SV40 promoter with or without the additional presence of a 3xERRE enhancer element 

drove firefly luciferase expression (pGL3 promoter 3xERRE242). A plasmid from which Renilla luciferase 

was constitutively expressed (RL-TK) provided an internal control for overall transcriptional activity in 

all samples. Co-transfection of a plasmid encoding constitutively expressed rat ERRβ (pTwist EF1α puro 

rEsrrb) induced firefly luciferase expression in both cell lines, as expected (Figure 5.5 B). Whilst both 

inhibitors decreased firefly in a dose-dependent manner, they also decreased expression of the 

constitutive Renilla luciferase, which indicated a general downregulation of transcription rather than 

specific inhibition of ERRβ. There was no concentration of either inhibitor in either cell line at which 

firefly decreased without a corresponding decrease in Renilla. It is most likely that the inhibitors were 

toxic to the cells at a lower concentration than required to inhibit ERRβ, which is indicative of off-

target effects. Indeed, toxicity was visually evident in the form of rounded morphology and 

detachment of cells from the well surface. It is also possible that the inhibitors were specific for ERRs 

but that one or more ERRs were required for survival of both cell types. The question of the 
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involvement of ERRβ in driving aerobic glycolysis in the retina would be best addressed by a genetic 

targeting approach. 

It remains likely, based on the published data showing that Esrrb knockout decreased expression of 

some glycolytic genes, that ERRβ is at least partly responsible for driving aerobic glycolysis in the 

retina, but this was not able to be confirmed from the present set of experiments. It would be ideal to 

examine lactate production and other measures of metabolic flux in rod-specific ERRβ-knockout 

retinas in the future. A rod-specific inducible-Cre mouse would also be useful for this experiment and 

similar experiments so that genes can be knocked out and metabolic roles determined in the adult 

retina, avoiding confounding factors around possible developmental roles of targeted genes. 

Further experiments to test other potential drivers of aerobic glycolysis in the retina have yet to be 

performed. However, other relevant findings and potential new hypotheses from the analysis of 

transcription factors in the RNA-seq data are discussed below. 
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Figure 5.5 Investigating estrogen-related receptor beta as a driver of aerobic glycolysis in rat retinal explants. A. Rat retinal 

explants were cultured in MEM with 5.56 mM D-glucose and 0.8 mM L-glutamine in a humidified 37 °C incubator in an 

atmosphere of 5% CO2 in air for 5 h in the presence of one of two inhibitors of estrogen related receptors (ERR), 

diethylstilbestrol (DES) (20 µM) or 4-hydroxytamoxifen (4-OHT) (10 µM), or vehicle (EtOH, 1:1000). Medium was replaced and 

cells were treated with inhibitor for a further 11 h. L-lactate was measured in media at the end of the experiment using a 

colourimetric assay. Total protein was quantified after experiments and used to normalise lactate values. Data show the mean 

± SD from three independent experiments and were analysed using Dunnet’s multiple comparisons test comparing each 

treatment group to DMSO. ** indicates P < 0.01. ns: not significant. B. rMC-1 cells were co-transfected with plasmid encoding 

rat ERRβ (rEsrrb) under control of a constitutive EF-1α promoter (or the same empty plasmid) in order to drive firefly luciferase 

(FF) expression from a pGL3 promoter plasmid, where firefly was controlled by an SV40 promoter and 3xERRE enhancer 

element (or empty plasmid lacking the enhancer) and the RL-TK plasmid encoding constitutively expressed Renilla luciferase. 

At the same time as transfection, cells were treated with DES or 4-OHT at the indicated concentration. Dual luciferase assays 

were performed 16 h after transfection/treatment. Data shown are the mean ± SD from three independent experiments, 

each performed in triplicate, after normalisation of each experiment to the first control group. 
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Transcriptional drivers of aerobic glycolysis in rods – future hypotheses 

The genes in the transcription factor shortlist with perhaps the best-established roles in driving 

glycolysis were Hif1a and Epas1 (Hif2a). Early in this project, these genes were among the most 

promising hypothesised drivers of retinal aerobic glycolysis due to the strength of evidence for their 

roles in driving glycolysis in other contexts243-246. However, a series of studies was published showing 

that knockout of either HIF-1α247 or HIF-2α248, or dual knockout of both proteins248 in mouse rods, and 

knockout of HIF-1α or dual knockout of HIF-1α and HIF-2α in cones249 had no overt effect on retinal 

function. While any measurements of metabolic flux were not reported, it would be expected that a 

major disruption to glycolysis would manifest significant functional defects. It was therefore 

considered unlikely that the HIFs were major drivers of aerobic glycolysis in photoreceptors. Recent 

work by another student in our laboratory using HIF inhibitors is consistent with this view (David 

Hansman, unpublished). 

STAT1 (Stat1), which was upregulated over the course of rod maturation, is another possible 

transcriptional driver of glycolytic and other metabolic genes in rods. It has been shown to promote 

transcription of metabolic genes in squamous cell carcinoma250. However, there is immunostaining 

evidence to suggest that STAT1 is not expressed (or lowly expressed) at the protein level in mouse 

photoreceptors251. Furthermore, in the rd10 model of retinal degeneration, STAT1 protein and mRNA 

levels increased concurrent with photoreceptor loss and large decreases in the abundance of glycolytic 

enzymes, which is inconsistent with a role for STAT1 as a main driver of expression of these 

enzymes252. There is currently no direct evidence linking STAT1 to metabolic control in the retina. For 

these reasons, we elected to focus attention instead on ERRβ. A potential role of STAT1 in retinal 

metabolism, however, cannot be excluded without investigation. 

The roles of transcription factors can be unexpected and context dependent. A surprisingly large 

number of shortlisted transcription factors that increased in expression over rod maturation have 

been shown in studies in various contexts to downregulate glycolysis. For example, Bcl6, a 

transcriptional repressor commonly dysregulated in lymphoma253,254, has been reported to directly 

repress glycolytic gene expression in some T cell subtypes255. Irf7 has recently been shown to inhibit 

aerobic glycolysis in osteosarcoma by a mechanism involving repression of PKM2 expression256. 

Similarly, Irf6 represses transcription of PKM2 and GLUT1, and its upregulation in glioma decreases 

aerobic glycolysis and tumour xenograft growth257. However, PKM2 expression increased by more 

than 8-fold over rod maturation. Overexpression of RORα (Rora) decreases aerobic glycolysis in 

hepatoma258. Pparδ (Ppard) may decrease expression of glycolytic genes including Hk2 in mouse 

muscle259. Sp6 (also known as Klf14) can downregulate glycolysis in macrophages by inhibiting 
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transcription of Hk2260 and its overexpression can also downregulate glycolysis in colon cancer cells261. 

However, Hk2 exhibited the greatest increase in expression of any glycolytic gene over rod maturation.  

It is intriguing that so many transcription factors upregulated over rod maturation have reported roles 

in downregulating glycolytic genes – the implications are unclear given that rods clearly upregulate 

expression of most glycolytic genes. These transcription factors might play a balancing role in the 

retina to limit or control the rate of glycolysis, or they may function entirely differently in the retina 

than in these other contexts, perhaps promoting glycolytic gene expression via interactions with an 

alternative set of coactivators, corepressors, and other proteins. In either case, the upregulation of 

these transcription factors is of interest for rod metabolism and has yet to be investigated. 

Klf9 can decrease aerobic glycolysis in squamous cell carcinoma by downregulating expression of 6-

phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3)262. Pfkfb1-4 encode protein isoforms 

with dual enzymatic activity, able to catalyse the phosphorylation and hydrolysis of the C2 position of 

fructose-6-P at separate active sites. They therefore both produce and remove fructose-2,6-

bisphosphate, a strong allosteric activator of the rate-limiting glycolytic enzyme, phosphofructokinase 

1 (Pfk1). Unlike the transcription factors above, in the case of Klf9, its upregulation was consistent 

with the change in Pfkfb3 expression in rods, which was downregulated over maturation (although it 

is not known if this was related to Klf9 expression) (Figure 5.6). Most interestingly, despite the fact 

that the isoforms Pfkfb3 and 4 are more commonly associated with aerobic glycolysis263, it was noted 

that the isoform Pfkfb2 was by far the most highly upregulated in rods – all others were 

downregulated. It is likely that Pfkfb2 plays an important role in controlling glycolysis in rods which 

has yet to be investigated. There is no isoform-specific inhibitor of Pfkfb2 available, so such a study 

would be best approached with genetic targeting. All Pfkfb isoforms are inhibited by ATP and by TCA 

cycle intermediates including succinate and citrate, especially strongly by the latter264. Pfkfb2 is 

regulated by post-translational modifications such as phosphorylation of specific residues by Akt, PKA 

or AMPK. These modifications increase its kinase activity in specific ways to drive glycolysis265-267. For 

example, amino acids increase Pfkfb2 activity in cancer cell lines and cardiomyocytes via activation of 

Akt and phosphorylation of Pfkfb2, leading to increased glucose uptake and lactate production268. The 

data we collected showed no constitutive requirement for Akt activity in driving lactate production in 

rat explants (Figure 5.2 B), but it would be important to test for roles of other known regulators of 

Pfkfb2. 

It is possible that classic photoreceptor-specific lineage-determining transcription factors such as Nrl 

or Crx may directly upregulate expression of glycolytic genes. Nrl is a rod-specific transcription factor. 

In mice, its knockout results in rod-less retinas which are instead cone dominant. However, microarray 
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comparison of Nrl+/+ and Nrl-/- mouse retinas has been performed and did not reveal any glycolytic 

genes that were significantly differentially expressed between the two groups269. It is therefore 

unlikely that Nrl directly regulates these genes. Interestingly though, Pfkfb2 was among the only 

differentially expressed genes in this study with an obvious link to glycolysis. It was downregulated at 

maturity in the Nrl knockout, further suggesting a likely unique importance in rods. 

As a final consideration, components of glycolysis and glucose metabolism pathways may be post-

transcriptionally regulated. Analyses of RNA-seq data cannot account for such regulation of protein 

stability or activity. In future, proteomics, phospho-proteomics and metabolomics, or combined multi-

omics approaches may shed light on pathways of regulation of retinal metabolism that are not 

apparent at the RNA level. 
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Figure 5.6 Changes in expression of Pfkfb genes over rod development in the RNA-seq data of Kim et al. 2016. Expression 

of Pfkfb genes was assessed in the RNA-seq data of Kim et al.1 which was obtained from developing rods FACS-isolated at 

the indicated post-natal ages. Briefly, the effective counts table was downloaded from Gene Expression Omnibus (GEO) 

under accession number GSE74660, counts were summed to the gene level, normalised and log2-transformed. Differential 

expression (DE) by greater than 2-fold between the P2 and P28 groups was tested using limma (requiring a Benjamini-

Hochberg corrected P-value of < 0.05). A heatmap (using z-scores by row from log2 counts per million [cpm] values) and 

corresponding table were generated showing changes in expression of genes over development. 
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Müller cell metabolism 

Conclusions from rMC-1 cell experiments 

The main findings from the research presented in Chapter 3 were firstly that PI3K and Rac1 drive 

lactate production in rMC-1 cells, with inhibition of either reducing lactate production by 

approximately 50%. MEK1 also drives lactate production but to a lesser extent than PI3K and Rac1. 

Secondly, this role for PI3K is entirely independent of Akt, as Akt inhibition had no effect on lactate 

production. This is the first direct implication of the signalling pathways and components in mediated 

aerobic glycolysis in cultured Müller cells. 

It will be important to follow up these findings to determine the molecular mechanisms responsible 

for driving glycolysis downstream of these proteins in rMC-1 cells. In MCF10A mammary epithelial 

cells, PI3K leads to activation of Rac1, cytoskeletal remodelling and release of the glycolytic enzyme, 

Aldolase A, from an inactive F-actin-bound form to an active soluble form149. Whether PI3K and Rac1 

act in the same pathway to drive lactate production in rMC-1 cells could not be determined from the 

set of experiments performed in this thesis, and given the differences between the cultured and in 

vivo cells, additional experiments were not pursued as part of this thesis. However, all necessary 

proteins for this mechanism are expressed in rMC-1, SIRMu-1 and primary cultured rat Müller cells 

(not shown) based on our laboratory’s RNA-seq data presented at the end of Chapter 3, so it is possible 

that a similar mechanism is responsible. While of interest, the physiological relevance of the findings 

presented in Chapter 3 are of questionable significance given the differences between the cultured 

and in vivo Müller cells. 

 

Differences between culture and in vivo 

A pertinent point of difference between Müller cells in culture and in vivo is the expression of pyruvate 

kinase. Initial evidence that no isoform of PK is expressed in Müller cells in vivo was published in a 

2014 study by Lindsay et al.54. Further studies employing immunological methods to detect PKM1 and 

PKM2 have also since failed to detect either protein in Müller cells in rats or mice, although a small 

amount of PKM2 may be expressed in marmoset Müller cells50,117. On the other hand, in our 

laboratory, Thaksaon Kittipassorn showed by western blot that all three cultured Müller cell types 

investigated in this project, including primary cells, express PKM2114, and this is consistent with the 

analysis of RNA-seq data from the three Müller cell types presented in Figure 3.7 A, which showed 

expression of Pkm (PKM1 and PKM2 are encoded by splice variants of the Pkm gene). Pklr, which 

encodes other isoforms of PK, was also not expressed in culture. In this project, the expression of Pkm 
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at the RNA-level in vivo was assessed in a published single-cell RNA-seq dataset and several bulk Müller 

cell RNA-seq datasets where the cells used were freshly isolated; however, it was not possible to 

discriminate reads that derived from Müller cells from those that derived from contaminating rods or 

other cells. In future, assessment of Pkm expression at the RNA level in Müller cells in vivo may be 

more reliably made using a method that does not rely on perfect separation of cell types, such as RNA 

fluorescence in situ-hybridisation. It is, however, likely that Pkm is expressed lowly in Müller cells 

relative to rods at the RNA level in vivo, which would be consistent with its low or absent expression 

at the protein level. 

The consequences of the absence of PK are not entirely clear. The same paper that reported the lack 

of PK also reported the lack of the aspartate glutamate carrier in Müller cells54. This carrier is an 

essential component of the malate aspartate shuttle (MAS), which indirectly transports NADH 

generated by glycolysis into the mitochondrial matrix where it can be oxidised by passing electrons to 

the ETC. The inability of Müller cells to utilise the MAS may imply a proclivity to oxidise cytosolic NADH 

by lactate dehydrogenase which would fit with a high level of aerobic glycolysis. But, also lacking PK, 

Müller cells are unlikely able to readily produce pyruvate from glucose, rendering the metabolic 

scheme at play more enigmatic. It is possible that Müller cells express a small amount of PK, but this 

is much less than is present in photoreceptors54. Müller cells store glycogen and there is some 

evidence in amphibians they can perform gluconeogenesis270,271. Given this, they might be considered 

a glucose depot for retinal neurons, able to store and release glucose, only minimally catabolising it 

themselves. 

There is, however, also the possibility that Müller cells maintain pyruvate production in the absence 

of PK by utilising a non-canonical glycolytic pathway. For example, there is evidence that some cancer 

cells can utilise the phosphate group of phosphoenolpyruvate to phosphorylate a specific histidine 

residue on the glycolytic enzyme PGAM1, a reaction that yields pyruvate272. This may be able to occur 

continuously due to the release of inorganic phosphate from the phosphorylated PGAM1. In regard 

to Müller cells, this idea has also been proposed by Rajala210, but it has not been tested to my 

knowledge. It is unclear how such a scheme would benefit the Müller cells over expression of PK. 

Although it has not been explicitly shown, it can be assumed that PKM2 expression and/or stability 

must rapidly increase as Müller cells adapt to primary culture, and there is evidence of changes in 

expression of several other proteins involved in glucose metabolism212. It would be useful to 

determine the timescale over which these changes occur, the regulatory mechanisms involved, as well 

as other metabolic changes. While we no longer consider cultured Müller cells to be an ideal model of 

retinal aerobic glycolysis, the importance of Müller cells in the metabolic network in the retina remains 
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unquestionable. An essential new goal for Müller cell research is to develop a cell line or culture 

method that better models Müller cell metabolism in vivo. It would be interesting to knock out Pkm 

entirely (both PKM1 and PKM2) for the purpose of generating a Müller cell line for study that more 

closely represents in vivo metabolism. However, this would be a heavy-handed intervention that may 

affect metabolic responses in subsequent experiments. The change in PKM2 expression in culture 

highlights the fact that common culture conditions for Müller cells in vitro must differ to the 

physiological environment in vivo, so it would be important to first reassess the commonly used 

culture conditions and attempt to determine conditions that support Müller cells in a state that better 

reflects their metabolic roles in vivo. 

 

Proposed changes for future Müller cell experiments 

There are several factors that may be involved in inducing metabolic changes in Müller cells during 

adaptation to cell culture including the loss of protein-protein interactions and signalling connections 

with surrounding cells, changes in the available fuel sources and partial pressure of oxygen in vitro 

compared to in vivo, and gain of non-physiological proliferative signals from serum. Intercellular 

signalling may be difficult to accurately replicate in vitro. In the case of the interaction between rods 

and cones, the secretion of a protein termed rod-derived cone viability factor by rods has been shown 

to stimulate aerobic glycolysis in cones13. A similar but opposite relationship may exist between rods 

and Müller cells, or between another cell type and Müller cells. 

Fuel sources and oxygen availability, on the other hand, are easily manipulated and there is an 

increasing body of literature on which changes to culture media can be rationally based. For example, 

it has been suggested that Müller cells, rather than producing lactate, may net consume lactate 

released by photoreceptors to power OXPHOS54, and/or, as speculated above, to generate glucose. 

Aspartate is also reportedly a preferred fuel of Müller cells54. Any changes, however, should be 

implemented not because Müller cells are able use a particular supplied fuel, but only because they 

have been shown to do so, or likely do so, in vivo. For example, clearly Müller cells can consume 

glucose to produce lactate in vitro, but it is unlikely they have a high capacity to do this in vivo. Given 

photoreceptors have primary access to glucose that diffuses through the RPE (Müller cells also have 

access via the subretinal space) it is likely that Müller cells in vivo exist in an environment where lactate 

is more abundant than glucose extracellularly over most of the length of the cell. In addition, one of 

the major functions of Müller cells in vivo is the uptake of glutamate released by neurons, which they 

convert to glutamine and return to neurons273. In cell culture, it is normal to grow cells in medium 

containing high concentrations of glutamine in order to support rapid growth, and no glutamate, 
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opposing this major function of Müller cells. Perhaps Müller cells should be cultured in medium 

containing glutamate and lactate rather than glutamine and glucose. The inner retina of the rat and 

other mammals, especially in darkness, can reach oxygen levels lower than that used in typical cell 

culture106,108,274,275, so it would be equally important to also assess the effects of varying levels of 

hypoxia on Müller cell metabolism. 

Serum in culture medium contains growth factors that are well-known to activate signalling pathways 

that affect metabolism. Its inclusion is generally necessary to maintain survival and proliferation of 

cultured cells. It was included in the culture medium in all experiments in Chapter 3 except the 

Seahorse assay. Proliferation is necessary to realise many of the advantages that cultured cells have 

over other methods, but it is non-physiological in the case of Müller cells. To improve the usefulness 

of Müller cell cultures for metabolic studies, after plating for an experiment it may be necessary to 

transition them from a growth-supporting medium to a physiological serum-free or defined medium 

for an empirically determined minimum period of time before undertaking experiments. Metabolic 

changes induced by immortalisation by viral oncogene transduction are possibly not fully mitigatable 

with changes to culture medium, but this would need to be experimentally tested. Primary cells and 

spontaneously immortalised lines such as the SIRMu-1128, MIO-M1276, or QMMuC-1277 lines may be 

more amenable to reversal of metabolic changes. The degree to which metabolic changes can be 

reversed by changes to culture media needs to be tested. 

Ultimately, the only way to perfectly model physiological Müller cell metabolism is to perform 

experiments in vivo, but such experiments are often impracticable for many reasons including expense 

and time constraints, the impossibility of broad screening approaches, the dominant metabolism of 

photoreceptors in the retina which may overshadow metabolic changes in other cell types, a relatively 

limited range of experimental techniques compared to in vitro, and the limited set of tools available 

for species other than mice. However, with the rapid development of single-cell omics technologies, 

it may be possible in the not-too-distant future to obtain metabolomic data, including metabolic flux, 

from single cells in vivo. While in vivo studies will remain the gold standard for translation to clinical 

practice, it may be possible to significantly improve the physiological relevance of studies on cultured 

Müller cells with simple changes to culture media, warranting further investigation. 
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Rat retina metabolism 

Conclusions from rat retinal explant experiments 

Inhibitors of PI3K, Akt, mTOR, Rac1, MEK1 or Wnt signalling had no significant effect on lactate 

production in rat retinal explants. Under the conditions used for these inhibitors, inhibition of FGFR 

also had no significant effect on lactate production, although there was a trend towards decreased 

lactate production with increasing inhibitor concentration. Under culture conditions that matched a 

previous publication where the same FGFR inhibitor was shown to cause a large decrease in lactate 

production in mouse retinal explants50, FGFR inhibition caused a small but significant decrease in 

lactate production at a high inhibitor concentration. However, any FGFR signalling activity in the 

explants was below the level of detection by western blot for P-FRS2 or P-ERK1/2, suggesting the 

decrease in lactate production may have been due to off-target effects of the inhibitor. In contrast, 

FGFR signalling was active in the eyecup. Two different ERR inhibitors had different effects on lactate 

production. Diethylstilbestrol decreased lactate production by approximately 40% whereas 4-

hydroxytamoxifen caused no significant change. Follow-up experiments indicated the decrease 

caused by diethylstilbestrol was most likely due to toxic effects of the inhibitor likely to be unrelated 

to ERR inhibition. Overall, no strong evidence was found to indicate that any of the proteins or 

pathways investigated drive aerobic glycolysis in the rat retina; however, the data collected for FGFR 

and ERR inhibitors have important implications in revealing potential species-specific differences in 

drivers of retinal aerobic glycolysis or in calling into question the conclusions derived from some 

published results. 

Many tested inhibitors caused no change in lactate production. While the fact that oxamate, which 

inhibits LDH directly, abolished lactate production, and the fact that the ratio of glucose consumed to 

lactate produced approximately matched published data spoke to the soundness of the explant 

model, there are factors to consider before the lack of effect of inhibitors can be confidently attributed 

to a genuine lack of involvement of these proteins in driving aerobic glycolysis. 

Firstly, P-Akt (not shown) and P-ERK1/2 (Figure 5.3 C) were extremely lowly expressed and 

inconsistently detectable at all in western blots using rat explant extracts which is consistent with 

neither pathway having a constitutive role in driving aerobic glycolysis. While the activity of Rac1 was 

not directly measured, the reported mechanism via which Rac1 modulates aerobic glycolysis occurs 

downstream of PI3K so it is also unlikely to play a constitutive role. The basal activity of mTOR and 

Wnt changes as a consequence of treatment with their inhibitors were not directly assessed but it is 

likely the inhibitors were able to access the tissue and exert effects. Photoreceptors in retinal explants 

are directly exposed to the culture medium, so deep permeation of the inner layers of tissue is not 
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expected to be required for an inhibitor to exert effects on photoreceptors and therefore lactate 

production. Furthermore, rapamycin has been shown to exert autophagy-related effects in mouse 

retinal explants at the concentration used in this project (100 nM)278. To my knowledge, there are no 

reports of AZD8055 treatment of retinal explants, but in multiple cell lines it effectively inhibits 

mTORC1 and 2 at concentrations orders of magnitude below the 300 nM used in this project279,280. In 

neuronal cultures, 100 nM AZD8055 effectively inhibits mTOR281. Considering 3D cultures, 100 nM 

AZD8055 is also effective in tumour organoids282. The Wnt signalling inhibitor XAV939 has similarly not 

been used to treat retinal explants to my knowledge, but it has been used successfully to inhibit 

signalling in the chick retina in vivo, injected intravitreally at a predicted initial concentration in the 

vitreous of 3.2 µM, which is below the 10 µM used in the culture media in this project. It effectively 

inhibits Wnt signalling in cell culture at 1 µM222. In addition to these data, clearly oxamate was able to 

access the tissue and inhibit LDH. The high concentration of oxamate used (100 mM) is necessary due 

to the polar nature of the molecule which renders it poorly cell-permeable283, but the concentration 

used to treat explants is similar to that required to treat cell monolayers; 50 mM oxamate significantly 

decreased lactate production in rMC-1 cells (Figure 3.2 A). Finally, recent unpublished data from a 

current member of the laboratory has found effects of chemical inhibition of another pathway on 

lactate production, so, while the pharmacokinetics of each inhibitor differs, there was no general 

problem of tissue accessibility of inhibitors. 

Depending on the potential mechanisms at play, it is possible that the treatment time was not 

sufficiently long to observe effects on lactate production. However, in rMC-1 cells, inhibitors of PI3K, 

Akt and MEK1 had abolished pathway activity within 40 min of treatment and the inhibitors of PI3K, 

Rac1 and MEK1 exerted effects on lactate production in rMC-1 cells in a much shorter time period (8 

h) than the explant treatment duration (16 h). Many effects of Akt on glucose metabolism are 

proposed to occur via post-translational regulation of proteins144-147, which would likely result in rapid 

metabolic effects. In the study that first reported the mechanism via which Rac1 modulates glycolysis, 

metabolic effects of inhibitors of PI3K and Akt were evident in Seahorse assays within just 1 h of 

treatment. In a separate experiment in the same study, effects of the Rac inhibitor NSC23766 were 

evident in under 4 h (less time is probably required based on the PI3K inhibitor result, but no shorter 

treatment was reported in the paper for this inhibitor)149. mTORC1 promotes glycolysis through 

mechanisms that more likely predominantly involve transcription and translation and may require 

protein turnover – decreased lactate production involving these mechanisms has been reported after 

18 h of treatment284. As ERRβ is a transcription factor, the mechanism via which it modulates glycolysis 

is proposed to involve gene transcription, so turnover of proteins in glucometabolic pathways would 

be required to observe effects on lactate production after its inhibition. This is relevant mainly to 4-
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hyroxytamoxifen treatment, where no significant effect was observed (Figure 5.5 A). For 

diethylstilbestrol, the decrease in lactate production was not able to be attributed to inhibition of 

ERRβ. In mouse retinal explants, cell death upon treatment with these inhibitors is evident after 2 d 

in vitro (it may have been evident but not tested earlier)239. Wnt signalling is also mediated 

predominantly via transcriptional modulation219,220,285. The half-life of many glycolytic enzymes is less 

than the 16 h treatment timeframe (although may depend on the cell type), and there is some 

evidence that their half-life is inversely correlated with flux through the pathway286, so the half-lives 

may be low in photoreceptors given enzyme expression and pathway flux is high, although this would 

need to be tested. 

In summary, it is likely that the chosen treatment time of 16 h was sufficiently long to observe effects 

on lactate production, but the possibility that a longer treatment was required cannot be definitively 

ruled out where mechanisms necessitated protein turnover, especially where possible effects were 

small. Longer treatment times would require reassessment of culture conditions and further 

optimisation to determine conditions that maintain linear lactate production, cell survival, and ideally 

function, for times beyond 16 h ex vivo. 

 

Explant culture conditions 

There is a diverse spectrum of conditions published for the maintenance of retinal explants ex vivo, 

and a broad range of durations over which different research groups extend experiments. In some 

cases, explants have been reported to survive for up to 17 days ex vivo287. Generally, prenatal or early 

postnatal retinas survive for longer ex vivo probably due to the activity of growth and developmental 

pathways288. The aims of this project, however, necessitated the use of adult retinas. There were 

several considerations made in deciding upon the culture conditions used in this project, and these 

were generally made to maintain the metabolism and metabolic drivers unchanged from in vivo, while 

balancing the capacity to readily screen many candidate pathways and to perform different 

treatments in parallel. 

 

Culture medium 

The culture medium used in this project was MEM containing 5.56 mM D-glucose supplemented with 

0.8 mM L-glutamine, 100 U/mL penicillin and 100 µg/mL streptomycin. It contained sodium 

bicarbonate, which is essential for maintenance of retinal function and metabolism ex vivo289. Many 

recent studies utilising retinal explants have used either DMEM or Neurobasal A as the base 



113 
 

medium288,290. One study using human retinal explants found no difference in gross appearance 

between retinas cultured in DMEM placed directly in medium versus those cultured in Neurobasal A 

on tissue culture inserts, though more extensive comparison was not performed290. In this project, 

rather than selecting a medium to maximise long-term survival, it was considered more important to 

use a medium that contained approximately physiological levels of key nutrients which would 

minimise the chance of altering metabolism and metabolic drivers. For this reason, MEM was chosen 

as the base medium. DMEM was not used as it contains four-fold higher concentrations of most amino 

acids and vitamins compared to MEM which makes DMEM useful for maximising growth of cancer 

cells and minimising changes of medium but less physiological. Neurobasal and Neurobasal A media 

are formulated to maximise the survival of prenatal and adult neurons in culture, respectively291. 

These media were designed for situations where only neurons were present, which is not the case for 

the culture of retinal explants. Serum and defined supplements such as B-27 or N-2 were not included 

in the medium as they contain components including corticosterone, progesterone and insulin which 

may affect glucose metabolism292,293. In the case of serum, the presence and concentrations of growth 

factors are unknown and batch dependent. Importantly, the absence of serum did not cause a 

decrease in lactate production over the 16 h culture period (Figure 5.1 A). 

A detailed comparison would be required to conclusively determine the most appropriate culture 

medium, with reference to data collected in vivo, but it is likely that the MEM based medium used in 

this project maintained the explants in a sufficiently metabolically normal state for valid conclusions 

to be drawn about the role of each investigated pathway in driving aerobic glycolysis, keeping in mind 

the caveats above regarding treatment times. At the start of the set of experiments on retinal explants 

in this project, MEM was validated to support approximately linear lactate production over sixteen 

hours (Figure 5.1 B), and the level of lactate production was unchanged by inclusion of 10% FBS (Figure 

5.1 A). This reflects stable and autonomous lactate production without the requirement for exogenous 

growth factors over the experimental period. Furthermore, the rate of lactate production did not 

appear to vary greatly from immediately after isolation of the explants consistent with continuous 

production from in vivo to ex vivo rather than reflecting a major change in production rates due to 

explant isolation. 

Oxygen tension 

Metabolic experiments that utilise retinal explants are sometimes performed in hyperoxic conditions, 

commonly in an atmosphere of 95% oxygen and 5% CO2
5,6,50,294,295. This is not universal, however, with 

recent studies by major contributors to the field also having used conditions of 5% CO2 in air12,54,211,296-

299, which were the conditions used for all experiments in this project except where stated in Figure 

5.3 B. The use of hyperoxic conditions arose from multiple studies in the 1900s. Winkler showed that 
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20% oxygen was not adequate to maintain ATP content at the level of freshly isolated retinas in rat 

retinal explants6,295. Ames et al. showed that 40% oxygen was the minimum level needed to attain 

maximal electrical responses of rabbit retinal explants to light5. Winkler suggested that the 

requirement for hyperoxic conditions was due to a limit of diffusion of oxygen into the tissue in the 

absence of the physiological blood supply to the inner retina6. This is possible, but it has also been 

argued that oxygen consumption can reach non-physiologically high rates if it is provided in excess5. 

Some species possess mechanisms that limit retinal hyperoxia. In the cat and rat, when ventilated with 

hyperoxic gas mixtures, the inner retinal oxygen level rises disproportionately less than the choroidal 

oxygen level4. This is possibly due in part to a mechanism that decreases retinal blood flow under 

hyperoxia4,300. The guinea pig appears to have actually evolved a mechanism to limit choroidal oxygen 

level; when anesthetised guinea pigs were ventilated with increasing levels of oxygen, choroidal PO2 

rose a relatively tiny amount compared to systemic arterial PO2
4. Systemic hyperoxia is clearly not a 

natural occurrence, so these mechanisms, in a physiological setting, are proposed to act in response 

to small changes in oxygen level in order to maintain oxygen availability within a tight range4. In 

contrast to these species, the rabbit retina does not show any similar adaptations; the retinal oxygen 

profile instead rises in parallel with increases in arterial oxygen level4. The fact that several species, 

including rat, have evolved mechanisms apparently to limit large increases in retinal oxygen tension 

adds reason for not performing all experiments under hyperoxia. 

In this project, where 5% CO2 in air was used, no increase in the rate of lactate production was 

observed over time in culture, we have not been able to detect HIF-1α in western blots from explant 

extracts (not shown), and a current PhD candidate in our laboratory has shown that chemical 

inhibition of HIF results in no change in lactate production (David Hansman, unpublished). Together, 

these data indicate that the explants are probably not hypoxic under the conditions used, or the 

hypoxia is mild and not adequate to activate the canonical hypoxia signalling pathways. The evidence 

is nevertheless strong that 20% oxygen is inadequate to maintain ATP content at fresh levels in rat 

retinal explants6,295, so both sides of this issue have merit. Had a pathway been identified that drove 

lactate production in this project, follow-up would have included performing experiments under 

hyperoxia to test for differential effects, as well as functional analysis by electroretinogram with 

oxygen tension raised if necessary. As a future study, it would be valuable to measure the oxygen 

profile through the depth of retinal explants incubated in different oxygen tensions to determine a 

level that results in a profile most similar to that in vivo105. Oxygen levels could then be paired with 

functional analyses. If a normal level of electrical function did not align with the most physiological 

oxygen level, it may indicate a deficiency in another component of the medium, which would require 

further investigation. For example, it would be interesting to assess the effects of including β-
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hydroxybutyrate in the culture medium, which has been proposed to fuel retinal metabolism301. This 

would be a major undertaking, requiring separate optimisation for any given species. 

 

What drives aerobic glycolysis in the rat retina? 

From the experiments performed in this project, in can be concluded that PI3K, Akt, Rac1 and MEK1 

do not play a major role in driving aerobic glycolysis in the adult rat retina. The result of Akt inhibition 

agrees with a previous study that also reported no change in lactate production upon Akt inhibition in 

rat retinal explants294. The treatment duration in the earlier study was much shorter than in the 

present project so the result obtained here greatly bolsters the confidence in this conclusion. FGFR 

does not play a major role in aerobic glycolysis in the rat retina despite its reported role in the mouse 

retina. FGFR may play a small role but given that neither P-FRS2 nor P-ERK1/2 was detected in rat 

retinal explants (Figure 5.3 C), and given the high concentration of PD173074 used, it is possible that 

the small decrease in lactate production observed (Figure 5.3 B) was due to off-target or toxic effects. 

Inhibition of Wnt signalling caused no decrease in lactate production so it is highly unlikely to play a 

major role in driving aerobic glycolysis. However, given that this pathway would putatively act on 

glycolysis through a mechanism requiring protein turnover, it is possible that the treatment time 

needs to be extended to observe an effect. The situation is the same for ERRβ. In this case, the 

decrease in lactate production caused by diethylstilbestrol was likely due to off-target toxic effects. 4-

OHT caused no significant change in lactate production over the 16 h of treatment, but there is a 

possibility that a longer treatment may have been needed to observe an effect of ERRβ inhibition. 

The RNA-seq analyses in Chapter 4 revealed potential novel characteristics of retinal metabolism and 

Müller cell metabolism worth investigation. The analysis of transcription factors that increased in 

expression correlatively with glycolytic genes in rods in Chapter 5 revealed surprisingly few strong 

candidate drivers of aerobic glycolysis. Instead, many of the factors identified have known roles in 

downregulating glycolysis. Perhaps, in light of this, it is worthwhile instead investigating the roles of 

particular co-activators, co-repressors or patterns of epigenetic modifications in the retina which may 

differ in function to other contexts. 

Diverse pharmacological agents that target metabolism, including those pathways investigated in this 

project, have been trialled for the treatment of cancers302 but, to my knowledge, the only case where 

a strong deleterious effect on the retina was found was an inhibitor of monocarboxylate transporter 

1 (MCT1)302-304, which is canonically required for lactate export305 but also succinate export in the 

retina306. This case emphasises the importance of metabolism for retinal function. As the number of 

studies targeting potential driver pathways of aerobic glycolysis increases without adverse effects 
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observed on the retina, it becomes increasingly likely that aerobic glycolysis in the retina is driven by 

a mechanism that is distinct from the classic driver pathways characteristic of cancers, but this is not 

a conjecture that can be made with certainty until the molecular drivers of aerobic glycolysis in the 

retina are discovered. In summary, from this project, major drivers of aerobic glycolysis in the rat 

retina at the molecular level remain undetermined, but several likely pathways have been ruled out.  
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Why does the mammalian retina exhibit aerobic glycolysis? 

Despite the existence of aerobic glycolysis in the retina being known since Warburg’s work in the 

1920s7, there is no consensus as to the fundamental reason for it. The experiments in this project were 

not designed to directly address the question of why the retina exhibits aerobic glycolysis, but an 

answer would likely reveal clues as to what drives aerobic glycolysis at the molecular level and would 

also provide a basis for the rational design of therapies that modulate retinal metabolism. It is an 

important outstanding question under the theme of the project. The following discussion explores 

and expands ideas in the literature that have been proposed in the retinal or cancer metabolism fields 

and weighs logic and evidence for and against each. Hypotheses relate to intercellular shuttling of 

lactate, biosynthesis, ATP production and management of reactive oxygen species (ROS), among 

others, although there is significant overlap of ideas between these. 

 

Intercellular lactate shuttling 

The first possibility to consider is that lactate is produced by a cell type for the primary purpose of 

fuelling OXPHOS in another cell type. This was the idea in the ANLS model, where Müller cells were 

proposed to produce lactate to feed photoreceptors44. However, the mammalian retina as a whole, 

depending on the species and conditions, exports as lactate on the order of 80-90% of the glucose 

that it consumes6. It seems implausible that a cell type would have evolved to produce lactate in such 

excess of that required if the main driving force was to fuel another cell type. Photoreceptors are the 

most energetically demanding retinal cell type5, and there is now a convincing body of evidence to 

indicate they are the main, albeit not necessarily the only, lactate producers in the 

retina14,50,54,117,210,211. They are also uniquely vulnerable to inhibition of glycolysis213 and there is a cell-

autonomous requirement for aerobic glycolysis in photoreceptors50. These observations indicate that 

lactate is predominantly a metabolic endpoint in the retina. It is still possible that a portion of lactate 

produced in the retina may be consumed by certain cell types. It is interesting to note that lactate 

consumption by the RPE may supress its consumption of glucose, thereby increasing glucose supply 

to the photoreceptors211. But, given net lactate production is so high – including in vivo or when 

explants are cultured with the eyecup and RPE present50,307,308, only a small proportion of lactate must 

be consumed, and it is highly likely that there is another underlying reason for aerobic glycolysis. 
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Biosynthesis 

A common and plausible suggestion is that aerobic glycolysis in photoreceptors supports the anabolic 

demands of outer segment biosynthesis by supplying macromolecular precursors, which parallels the 

idea that it supports anabolism in cancer cells37,50. The main evidence is that disruption of glycolysis 

by pharmacological or genetic targeting of glycolytic enzymes decreases outer segment length50. 

However, outer segment damage may not result exclusively from primary defects of anabolism309,310. 

The hypothesis also suffers the same pitfall as in the context of cancer – why export as lactate such a 

large proportion of the glucose consumed? Why not use the glucose to synthesise precursors, rather 

than waste such a large proportion on lactate production? The hypothesis remains plausible but 

requires a more complete explanation for the high rate of lactate efflux as well as direct evidence 

showing that a substantial proportion of carbon that comprises macromolecules in the retina derives 

from glucose. In various proliferating mammalian cells that exhibit aerobic glycolysis, only a small 

proportion of cell biomass derives from glucose, with most biomass instead deriving from amino acids 

when they are available, suggesting the direct incorporation of glycolytic intermediates into 

macromolecules is not likely to be the primary role of aerobic glycolysis in these cells38. Similar 

experiments should be performed on the retina to determine the likely importance of aerobic 

glycolysis for outer segment biosynthesis. 

Aerobic glycolysis and high proliferation rates or high rates of biosynthesis undeniably co-occur 

frequently37. It is possible that aerobic glycolysis supports anabolism primarily by means other than 

directly supplying intermediate metabolites for incorporation into macromolecules. This is a current 

area of research in cell metabolism from a broader perspective than retinal metabolism alone35. It is 

at the core of the question of why proliferating cells exhibit aerobic glycolysis and, to my knowledge, 

there is currently no complete explanation. There is evidence that aerobic glycolysis is a metabolic 

state that occurs when demand for NAD+ is heightened relative to demand for ATP42. Exactly how 

aerobic glycolysis benefits a cell in such a state is not clear. This idea and its relation to the retina is 

discussed in detail below. 

 

Rapid ATP production 

The most obvious product of glycolysis that has not been discussed so far is ATP. It is possible that ATP 

production is the primary purpose of aerobic glycolysis in the retina. This is initially counterintuitive 

given the inefficiency of aerobic glycolysis in terms of molecules of ATP produced per glucose 

consumed, but there are scenarios where aerobic glycolysis could be elevated for the purpose of ATP 

production. Despite being inefficient, glycolysis is proposed to be able to produce ATP more rapidly 
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than OXPHOS39. Dynamic changes in ATP demand that cannot be met sufficiently rapidly by OXPHOS 

might require ATP production by aerobic glycolysis – a situation where, regardless of the oxidative 

capacity of the cell, the responsiveness of OXPHOS to changes in ATP demand is too slow to maintain 

required functions. This has been proposed as a reason for aerobic glycolysis in some cancer cells 

which may use glycolysis to power membrane transporters and use OXPHOS to power base processes 

such as the synthesis of macromolecules40. In hippocampal neurons, a similar idea has been proposed 

where a transient burst of aerobic glycolysis in response to stimulation rapidly meets increased ATP 

demand311, although it is also recognised that aerobic glycolysis cannot supply the full ATP demand of 

ion pumping in neurons312. 

Experiments on retinas do not clearly match this hypothesis. Lactate is produced continually and at a 

similarly high rate under both steady state light-adaptation and dark-adaptation where the major 

energy-consuming processes are largely different5,6,10,313 and there is no obvious process that would 

cause fluctuations in ATP demand warranting the high rate of aerobic glycolysis observed. In response 

to flickering light, which would be expected to induce rapidly fluctuating ATP demand due to the large 

difference in energy consumption between light and darkness5,313, glucose consumption and lactate 

production do increase but by a small amount relative to the total rate of each314. The study that 

demonstrated the requirement of aerobic glycolysis for membrane transporters in cancer found that 

treatment with ouabain, which inhibits the Na,K ATPase, greatly decreased aerobic glycolysis without 

affecting OXPHOS40. This differs from findings in the retina, where treatment with ouabain or 

strophanthidin, another Na,K ATPase inhibitor, has been found to decrease both aerobic glycolysis 

and OXPHOS in rats and rabbits5,10,315. These observations indicate that most aerobic glycolysis in the 

retina is probably not for the purpose of generating ATP at a rate that cannot be intrinsically met by 

OXPHOS. 

 

Was it anaerobic glycolysis all along? 

The discussion so far has assumed that oxygen supply is sufficient to meet ATP demand but is this 

true? It is possible that the retina consumes the maximum amount of oxygen available to it from the 

circulation for ATP production, but that it is advantageous to the animal to use even more ATP, in 

excess of that which can be maximally produced aerobically. Regarding terminology, in this case, 

lactate production in the retina would be better considered anaerobic glycolysis despite the fact that 

oxygen supply is abundant. Many studies have measured the oxygen level and oxygen consumption 

of retinal layers in various mammals in vivo using microelectrodes. In the cat, which is similarly 

vascularised to the rat, mouse, monkey and human, the oxygen level reaches effectively zero in the 
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outer nuclear layer in darkness108. In the rat, the retinal oxygen distribution never reaches zero but 

drops to a low of approximately 5.2 mm Hg in the IPL in darkness274,275. The perifoveal region of the 

macaque retina reaches a similar minimum in darkness in the zone of the photoreceptor inner 

segments106. In the guinea pig, which has avascular retinas, the inner retina is essentially anoxic103,316. 

It is clear that the retina in each of these species in darkness consumes all or almost all oxygen supplied 

by the choroid. Lactate production by photoreceptors could validly be considered anaerobic glycolysis 

in darkness in vivo in some mammalian species. 

In light, however, the retina requires 3 to 4-fold less ATP than in darkness313, retinal oxygen 

consumption is considerably lower, and the oxygen distribution for these species does not dip nearly 

as low, yet lactate production changes relatively little between these states6,10, with most of the 

difference in ATP production accounted for by a change in the rate of OXPHOS5,6,108,317. The magnitude 

of changes in oxygen consumption and lactate production in darkness and light varies between species 

and experimental conditions, but there is generally no consistent preference for a decrease in either 

aerobic glycolysis or OXPHOS specifically. Why would a decrease in ATP demand not initially be met 

by a large decrease in the inefficient mode of ATP production, aerobic glycolysis? Does this reflect 

imperfect development of regulatory mechanisms to limit glucose usage when ATP demand declines, 

or is there a benefit to maintaining a high rate of aerobic glycolysis when ATP demand is not maximal? 

These questions are unanswered. However, it is clear that at least in light, lactate production certainly 

occurs aerobically. 

 

Molecular crowding 

Anoxic regions in darkness are not a universal phenomenon among retinas of different mammalian 

species as shown by the oxygen distributions of the macaque106 and rat275, possibly indicating a 

constraint on the respiratory rate other than oxygen availability in some species. Within any cell, there 

is a finite volume that can be dedicated to ATP production as opposed to other processes. A flux 

balance analysis model of glycolysis and OXPHOS in a mammalian cell was developed which accounted 

for this finite solvent capacity318. It predicted that, as glucose uptake increases from zero, 

mitochondria increasingly occupy cell volume until they occupy the entire cell volume available for 

ATP production. As glucose uptake increases beyond this point, cells were predicted to rapidly 

increase ATP production via aerobic glycolysis and gradually decrease OXPHOS as the capacity of 

glycolysis to utilise more of the available glucose outweighs its lower ATP yield per glucose. In this 

model, aerobic glycolysis maximises ATP production above a threshold rate of glucose uptake. This is 

because glycolysis alone is able to produce more ATP per unit volume than OXPHOS despite producing 
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less ATP per glucose318. The model was confirmed to fit well with metabolic measurements on cell 

lines, and several similar models agree with the general findings319-321. 

Maximising highly inefficient consumption of a resource for a small benefit is an effective strategy for 

cells in competition, but, in a multicellular organism, efficient use of resources by most cells is 

generally beneficial39. There is a clear link here to cancer metabolism, where cancer cells are no longer 

in cooperation with the organism but in competition with the organism and each other, and therefore 

a selfish but maximised metabolism benefits the cancer39. It is foreseeable that the retina as a key 

sensory organ is of such importance to the fitness of the animal that it is afforded the ability to 

maximise ATP production by using a mix of aerobic glycolysis and OXPHOS despite the inefficiency. 

Higher photoreceptor densities, which require narrow photoreceptor morphology, must necessarily 

limit the cytoplasmic volume of photoreceptors. Perhaps mammalian photoreceptors are adapted to 

maximise ATP production from available glucose while balancing the advantage of narrow morphology 

with the disadvantage of inefficient metabolism, striking a species-dependent sweet spot where all or 

almost all available oxygen is consumed. This line of thinking is not without counter arguments, 

though: As above, if aerobic glycolysis is primarily required for ATP production, why would the retina 

not respond to the decreased ATP demand in light with a decrease in lactate production in preference 

to a decrease in OXPHOS? 

 

Limited respiratory capacity 

Staying under the theme of ATP production, two important studies have indicated there may be little 

to no spare mitochondrial respiratory capacity in the mouse retina298,322. Kooragayala et al322 proposed 

that demand for ATP in the retina exceeds the maximal capacity for its production by mitochondria, 

so aerobic glycolysis is used to supplement ATP production322. 

In the studies by Du et al298 and Kooragayala et al322, mouse retinal explants (either pieces or punch 

biopsies in the respective studies) were treated with the mitochondrial uncoupler, FCCP, and oxygen 

consumption was found to remain almost unchanged from the basal rate. A point to consider with 

these experiments, however, is that they were performed using air-equilibrated medium where 

oxygen may have been limiting. In the study by Kooragayala et al., wild-type, Rpgrip1-/- and Nrl-/- 

retinas each exhibited approximately the same maximum oxygen consumption rate despite having 

different numbers, types and functional capacities of photoreceptors. It is possible this equality was 

coincidental but it could reflect a limit of oxygen availability under the experimental conditions. In the 

study by Du et al., which differed methodologically, there was one important piece of evidence 

indicating that O2 was not limiting: FCCP-treated P11 and P12 mouse retinas displayed O2 consumption 
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rates well above those of FCCP-treated adult retinas, which indicates the O2 consumption rate of the 

adult retinas was likely below the limit of O2 diffusion. However, it is also possible that oxygen may 

have more ready access to the inner retinal layers when photoreceptors have yet to fully develop. 

The contribution of photoreceptors to oxygen consumption is not relatively so large as to render the 

contribution of the inner retina negligible315,317, so the results of Du et al.298 and Kooragayala et al322 

also imply the highly surprising finding that not only photoreceptors but most or all mouse retinal cell 

types have little spare respiratory capacity. Du et al.298 further found that non-photoreceptor cells of 

the mouse retina actually do have spare respiratory capacity but this is lost when mature 

photoreceptors are present. The reason for this is unclear – the simplest explanation is that there is a 

limit of oxygen accessibility to the inner retina when mature photoreceptors are present, rather than 

a retina-wide alteration to mitochondrial respiratory capacity. 

It is also relevant to note that the rabbit retina, ex vivo, consumes more oxygen in darkness in medium 

equilibrated with 40% or 95% O2 compared to 20% O2
5, indicating that mitochondria in the rabbit 

retina do not operate at maximal respiratory capacity at 20% oxygen. The cat retina, in vivo, reportedly 

consumes more oxygen in light/hyperoxia than in darkness/normoxia307, so this is potentially also the 

case in the cat; however, another study found no difference in oxygen consumption between dark-

adapted normoxic and hyperoxic cat retinas323. Several other studies have assessed the effects of 

hyperoxia on retinal oxygen distribution or consumption but only in light, where oxygen consumption 

and ATP demand are submaximal, so unchanged oxygen consumption in hyperoxia in these studies 

does not necessarily reflect a respiratory limit109,324-326. In summary, it would be useful to substantiate 

the findings of Du et al298 and Kooragayala et al322 with experiments performed on multiple species 

and under hyperoxia in darkness to assess species-specific differences and to confirm that the 

observed limit of oxygen consumption reflects mitochondrial respiratory capacity and not another 

phenomenon such as a limit of oxygen availability. As discussed above, limited oxygen availability, 

especially in darkness, may be a physiological reality in many species, but the distinction between 

mitochondria operating at maximal capacity in an environment where oxygen is abundant versus 

operating at the limit of oxygen availability may have different metabolic implications. 

If these findings of limited respiratory capacity are confirmed, one interpretation is that aerobic 

glycolysis is necessary to meet ATP demand in excess of that which can be met by the mitochondrial 

capacity322. But why not generate more mitochondria? Possibly in vivo there is insufficient unused 

oxygen to make this energetically favourable – a co-occurring limit of mitochondrial capacity and 

oxygen availability – or possibly molecular crowding constraints would mean this strategy would 
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decrease ATP yield. These lines of thought integrate into the discussions of oxygen availability, 

molecular crowding and maximisation of ATP production above. 

 

Mitochondrial uncoupling, ROS management, and NAD+ regeneration 

Interesting alternative reasons for, and implications of, the limited respiratory capacity in the retina 

were investigated by Du et al298. They found that treatment with oligomycin, which inhibits ATP 

synthase (Figure 7.1), caused only a 50% decrease in oxygen consumption, indicating that oxygen 

consumption by retinal mitochondria is unusually highly uncoupled from ATP production. The authors 

went on to elucidate intriguing mechanisms via which calcium signalling may control metabolic flux in 

darkness versus light. The proteins or mechanisms responsible, and the reason for uncoupling in the 

retina, are unknown. I analysed the developing rod RNA seq data of Kim et al.1 for expression of the 

uncoupling proteins UCP1-5 (not shown). UCP4 and UCP5 were the most highly expressed in rods 

throughout postnatal development and at P28. These isoforms are expressed in various cell 

populations in the central nervous system but they are less well-studied than UCP1-3327.  

One recognised function of uncoupling is to decrease production of reactive oxygen species (ROS)328. 

See a recent review by Hass and Barnstable for a comprehensive discussion of uncoupling in relation 

to the retina327. The ETC is a significant contributor to ROS production as electrons can leak from 

various points of the chain to molecular oxygen, forming superoxide329. ROS production is particularly 

high when the mitochondrial membrane potential is high or when the NAD+ to NADH ratio is low in 

the mitochondrial matrix330. Mild uncoupling dissipates a fraction of the membrane potential resulting 

in decreased production of ROS. Aerobic glycolysis may be rationalisable in the context of minimising 

ROS production. In the simple sense, aerobic glycolysis could shift a portion of the ATP production 

burden away from respiration, thereby decreasing ETC activity and ROS production331. Interestingly, 

overexpression of UCP4 in PC12 cells has been shown to increase glucose uptake and lactate 

production, and to decrease dependence on OXPHOS for ATP production332. There is not yet any 

experimental evidence for this hypothesis in the retina, but it warrants investigation. 
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Figure 7.1 Oxidative phosphorylation, highlighting particular inhibitors. In oxidative phosphorylation (OXPHOS), 

pyruvate is converted to acetyl CoA which fuels the tricarboxylic acid (TCA) cycle. The TCA cycle and other reactions 

contribute to generating NADH. Electrons are passed from NADH to the Electron Transport Chain (ETC) complex I. 

Succinate, which is produced in the TCA cycle, passes electrons to ETC complex II via reduction of FAD. Both complex 

I and complex II pass electrons to Coenzyme Q (Q) which passes them to complex III. They are then passed to complex 

IV via cytochrome C (Cyt C). Complex IV reduces molecular oxygen to produce water. In the reactions at complexes I, 

III and IV, protons are transferred from the mitochondrial matrix to the intermembrane space, generating a proton 

gradient and electrical potential difference across the inner membrane. This energy drives production of ATP as 

electrons return to the matrix through ATP synthase. Uncoupling proteins (UCP) can dissipate this gradient by 

permitting passage of protons back to the matrix uncoupled from ATP synthesis. The chemical uncoupler carbonyl 

cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), and several inhibitors relevant to the text are highlighted in red. 

PDH: Pyruvate dehydrogenase, PDK: Pyruvate dehydrogenase kinase. 
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There also exist other potential reasons for uncoupling and aerobic glycolysis. Du et al. proposed that 

the high level of uncoupling in the retina may relate to biosynthesis, but a mechanism was not 

proposed298. Recent studies of cancer metabolism provide some leads and indicate that additional ATP 

production by glycolysis may actually be undesirable. This relates to the idea introduced above that 

aerobic glycolysis is driven by high NAD+ demand relative to ATP demand, which was outlined in a 

study by Luengo et al. using cancer cell lines42. The NAD+ to NADH ratio is intimately related to 

biosynthesis via synthesis of aspartate, serine and purine nucleotides333-335. Aspartate, serine and 

NAD+ availability can be limiting for proliferation of cancer cells42,333-336. Luengo et al.42 treated cancer 

cells with an inhibitor of pyruvate dehydrogenase kinase to decrease aerobic glycolysis. This diverted 

pyruvate away from lactate production and into the TCA cycle by increasing pyruvate dehydrogenase 

activity (Figure 7.1). It decreased the NAD+ to NADH ratio, aspartate level and proliferation rate. 

Notably, uncoupling the mitochondrial proton gradient with FCCP (Figure 7.1) resulted in a substantial 

degree of rescue of each of these effects. FCCP treatment alone was shown to increase proliferation 

of one cell type. These results suggest that a key role of the respiratory chain in these cells, which 

ordinarily undertake aerobic glycolysis, is NAD+ regeneration. The rate at which NAD+ can be 

regenerated may be limited by the rate of ATP turnover. As stated above, a low NAD+ to NADH ratio 

in the mitochondrial matrix can lead to high rates of ROS production330. Given that the retina engages 

in aerobic glycolysis, the unexpectedly high degree of uncoupling of retinal mitochondria may be an 

evolved mechanism to enable a high rate of NAD+ regeneration relative to ATP synthesis, facilitating 

both biosynthesis and redox homeostasis. 

Aerobic glycolysis from glucose to lactate has a net neutral effect on the NAD+ to NADH ratio42. As 

recognised by Luengo et al.42, it remains unclear why cells in a state of high NAD+ demand opt to 

increase glucose uptake and glycolytic NADH production to a rate where NADH reoxidation seemingly 

cannot be met by mitochondria via the MAS and respiratory chain, necessitating conversion of 

pyruvate to lactate. Their observations therefore do not reveal a complete explanation for aerobic 

glycolysis. It is nevertheless apparent that cells engaging in aerobic glycolysis benefit from 

interventions that increase the NAD+ to NADH ratio. Most directly, supplementing normal glucose-

containing medium with pyruvate greatly benefited cells in the Luengo et al. study, almost completely 

rescuing the proliferative defect caused by PDK inhibition in many cell lines, in some cases increasing 

proliferation even in the absence of PDK inhibition42. Supplementation with lactate, which would 

favour NADH production by its conversion to pyruvate, instead caused the opposite effect. It would 

be interesting to assess the potential neuroprotective benefit of supplying the retina with both glucose 

and pyruvate compared to glucose alone in disease models. 
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A striking result from the Du et al. study which showed uncoupling of retinal mitochondria was that, 

in the presence of oligomycin, inhibition of ETC complex I with rotenone (Figure 7.1) resulted in almost 

complete abolition of the remaining oxygen consumption whereas inhibition of complex II (succinate 

dehydrogenase) with malonate (Figure 7.1) resulted in no decrease in oxygen consumption beyond 

that induced by oligomycin298. Rotenone alone eliminates all retinal oxygen consumption even in the 

absence of oligomycin322. To my knowledge, the effect of malonate alone on retinal oxygen 

consumption has not been reported, but these results indicate a likely minimal role for complex II in 

driving oxygen consumption in the retina. Consistent with this, a recent study found evidence that the 

complex II reaction may actually operate in reverse in the retina, consuming fumarate on net to 

produce succinate, which may then be exported and oxidised in the RPE299. Succinate is a metabolic 

end product of anaerobic metabolism in certain contexts337. Net reversal of the complex II reaction 

renders fumarate a terminal electron acceptor in hypoxia, a physiological occurrence recently 

delineated in detail by Spinelli et al.338 

Regarding the retina, it was proposed that the complex II reaction operates in the reverse direction 

due to limited oxygen availability299. Most experiments in this study were performed under 21% 

oxygen. The direction of the complex II reaction is closely linked to oxygen availability338, and this was 

indeed shown to be true in the retina with differences in relative levels of fumarate and succinate 

observed depending on the oxygen tension used. However, the assumption in this study was that 21% 

O2 was not only sufficient but provided a greater supply of oxygen than that in vivo. This is counter to 

conventional wisdom for ex vivo culture of retinal explants5,6. For accurate interpretation of these 

results, and all retinal metabolic studies using explants, it is vital to determine whether 21% oxygen in 

vitro is physiologically equivalent to retinal oxygen availability in vivo. Whether a cell type could or 

would engage a metabolic scheme involving reversal of the complex II reaction if oxygen were not 

limiting for respiration is not known. 

Whether it only occurs under hypoxic stress, or whether it occurs continually in the retina 

physiologically, reversal of the complex II reaction is likely to play an important role in NAD+ 

regeneration by allowing the deposition of electrons at complex I to continue when oxygen is limiting 

or to elevate the rate at which this can occur above that which can be attained with oxygen as the 

only terminal electron acceptor. 

 

Glycolysis-function relationship 

It is possible that ATP from aerobic glycolysis is needed to power a specific, as-yet-undetermined 

cellular process. Many studies have sought to investigate the link between aerobic glycolysis and 
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retinal function but any specific process that exclusively requires ATP from glycolysis has remained 

elusive5,6,10. The observation that ouabain decreases both OXPHOS and glycolysis likely indicates that 

glycolytic ATP provides a portion of the ATP consumed by the Na,K ATPase. However, there is no 

evidence that glycolytic ATP is specifically required for this process. The weight of evidence does not 

currently indicate that OXPHOS-derived and glycolysis-derived ATP fuel separate processes. 

It might be hypothesised that the morphology of photoreceptors, with mitochondria mostly located 

in the inner segment necessitates non-mitochondrial ATP production in distal regions. However, 

photoreceptors in vascular retinas contain mitochondria at their synaptic terminals, so there can be 

local ATP production by OXPHOS to fuel synaptic functions339. Also, the synaptic terminal is enriched 

with creatine kinase and synaptic functions in avascular retinas rely on the flow of phosphocreatine 

from the inner segment to the synaptic terminal340. At the other end of the cell, if aerobic glycolysis 

was absolutely required to power phototransduction processes in the outer segments, the rate of 

aerobic glycolysis would be expected to be low in darkness and to increase dramatically in light unless 

there is a complementary process requiring approximately the same level of ATP production from 

glycolysis in darkness. This is possible but seems unlikely. Furthermore, the distributions of glycolytic 

enzymes suggest the inner segments are the site of most glycolysis14,50,54,117,156,157. 

Winkler performed a seminal study relating metabolism to function using rat retinal explants in 198110. 

Photoreceptor function, as measured by fast PIII amplitude, was completely lost within 30 minutes of 

transition from medium containing 5 mM glucose to no glucose10. Decline of function was slowed 

when 10 mM pyruvate was supplied in the absence of glucose but the photoreceptor response was 

still halved within 90 minutes10. Therefore, OXPHOS using pyruvate alone cannot support 

photoreceptor function. The retinal ATP level after incubation with 10 mM pyruvate alone was 

unchanged from that in the presence of 5 mM glucose after 30 minutes whereas fast PIII amplitude 

had declined by almost 40% over this period. The unchanged level of ATP does not necessarily reflect 

unchanged ATP production, but it is possible that this indicates functional decline in the absence of 

glycolysis might be independent of an ATP deficit. 

The results of a study by Chertov et al. have interesting implications for the role of glycolysis in 

photoreceptors12. Mouse retinal explants were incubated in the presence of glucose, the absence of 

glucose, or in the absence of glucose but the presence of a mixture of mitochondrial fuels. In contrast 

to the study by Winkler, the ATP level after 90 minutes had dropped greatly and equally with 

mitochondrial fuels or no substrate as compared to glucose. This study used atmospheric oxygen 

tension, whereas Winkler used 95% oxygen, which may explain the difference in ATP maintenance, or 

it may indicate a difference between rat and mouse retinas. The key point is that, in the Chertov et al. 
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study, ATP level did not correlate with photoreceptor survival. Photoreceptors died rapidly over 90 

minutes in the absence of glucose but survived equally well in the presence of mitochondrial fuels 

alone as glucose alone despite the difference in ATP level. Chertov et al. concluded that photoreceptor 

death in the absence of glucose was therefore not due to ATP deficiency. 

Mitochondrial fuels were unable to sustain photoreceptor survival as well as glucose over an extended 

experimental period of 8 h12. The requirement of glycolysis for long-term survival was attributed to it 

supplying biosynthetic building blocks, though this was not shown directly. While photoreceptors do 

have the biosynthetic burden of outer segment renewal which other cell types do not, the outer 

segments are only renewed at a rate of approximately 10% of their length per day341. It would be 

surprising if there is such an unyielding requirement for an uninterrupted supply of biosynthetic 

precursors that their absence leads to cell death within eight hours. More recent experiments by 

Chinchore et al. have shown that inhibition of glycolysis in vivo leads to decreased photoreceptor outer 

segment length but not widespread death of photoreceptors50. It is difficult to directly compare these 

studies as a variety of metabolic substrates and survival factors may be present in vivo that were not 

present in the experiments of Chertov. et al., and the intervention in the Chinchore et al. study was 

not as severe as removing glucose entirely, but the results indicate that photoreceptors are able to 

survive for an extended duration with severely shortened outer segments due to inhibition of 

glycolysis (as discussed above, whether the shortening of outer segments is due to a lack of 

biosynthetic precursors has not been shown directly). 

An interesting finding in the study by Chertov et al.12 which was not discussed was that the 

mitochondrial fuel mix induced a slight increase in retinal oxygen consumption yet a large decrease in 

the NAD+ to NADH ratio. This seems to indicate the normal rate of oxidation of NADH cannot be met 

by respiration alone in the absence of glucose. This finding is in line with the idea that aerobic glycolysis 

benefits cells in a state of high NAD+ demand, but it is not clear at the mechanistic level how aerobic 

glycolysis provides this benefit. It should also be noted that the mitochondrial membrane potential 

was lower with mitochondrial fuels alone than with glucose alone despite the higher oxygen 

consumption with the former. There is still much to understand about the respiratory chain, the roles 

of uncoupling and how these aspects of metabolism link with glycolysis, as well as how particular 

metabolic perturbations lead to dysfunction or cell death, and how metabolism can be modulated in 

a targeted manner to counter dysfunction and restore health. 
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Conclusions 

Despite aerobic glycolysis being observed and highly studied for a century, there is still no complete 

understanding of how it benefits cells. It is commonly, although not exclusively, associated with 

proliferation, or in some cases an uncommonly high biosynthetic demand without proliferation. 

Photoreceptors fall into the latter group. There is some evidence that inhibition of glycolysis causes 

an anabolic deficit of outer segment biosynthesis but there is no direct evidence that glycolytic 

intermediates form a substantial fraction of photoreceptor biomass – it would be very valuable to test 

this. Other mechanisms via which aerobic glycolysis benefits anabolic processes comprise an exciting 

current active field of cell metabolism research. 

The metabolic situation in photoreceptors is complicated by the fact that they must maintain a 

continuous high rate of ATP synthesis for function in addition to their biosynthetic burden. Glycolysis 

is necessary for a large portion of ATP production in photoreceptors. Mostly, this is due to its 

production of pyruvate which feeds the TCA cycle and OXPHOS. Glycolysis itself generates less ATP 

than OXPHOS in photoreceptors; however, current evidence cannot conclusively rule out that ATP 

production is the main, or at least an essential, role of aerobic glycolysis in the retina. 

It seems that the mammalian retina has evolved to use the maximum amount of fuel and oxygen 

available to it to gain every ounce of functional capability it can. This has led to it being uniquely 

vulnerable to diseases that affect the supply or utilisation of oxygen and nutrients. If we can elucidate, 

in detail, the specific uses of fuel sources and roles of metabolic pathways in the retina, it will 

undoubtedly reveal new opportunities for treatment of debilitating visual diseases. 

In ruling out several candidate pathways, the work in this thesis has contributed to our understanding 

of the molecular pathways that drive aerobic glycolysis in the retina. Discovery of the pathways 

responsible may shed light on the reason for aerobic glycolysis in the retina and, importantly, will 

provide targets for the development of therapeutics that modulate metabolism in the fight against 

retinal disease.  
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Appendix 1: Example full western blots 

  

Inhibitor

target:

Inhibitor

target:

Inhibitor

target:

Cropped blots:

Figure A.1 Full western blots for Figure 3.1 B. rMC-1 cells were treated with PI3K inhibitor LY294002 (LY) (30 µM), 

Akt inhibitor MK-2206 (10 µM), MEK inhibitor PD98059 (30 µM), lactate dehydrogenase (LDH) inhibitor oxamate 

(50 mM), oxidative phosphorylation (OXPHOS) inhibitor Antimycin A (1 µM), or vehicle (DMSO, 1:1000) for 2 h, 

then culture medium was changed, and cells treated for a further 6 h before extracts were taken for western blots 

for the target protein indicated. P-Akt indicates detection of phosphorylation of Akt at the positions stated. P-

ERK1/2 indicates detection of phosphorylation of ERK1, at positions T202 and Y204, and ERK2, at positions T185 

and Y187. Arrows indicate sequential probing of the same membrane for a different target. 
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Figure A.2 Full western blots for Figure 5.3 C. Rat retinal explants and eyecups were cultured in 1 mL of MEM with 5.56 

mM D-glucose and 0.8 mM L-glutamine in a humidified 37 °C incubator in an atmosphere of 5% CO2 in air for 1 h in the 

presence of the stated concentration of human fibroblast growth factor 2 (hFGF2). rMC-1 cells treated with hFGF2 were 

included as a positive control. Protein extracts were prepared, and western blots performed for the indicated target 

proteins. Arrows indicate sequential probing of the same membrane for a different target. Precision plus dual color marker 

was used in all blots. 

Cropped blots:

FRS2

P-FRS2

ERK1/2

P-ERK1/2

(P-FRS2)
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Appendix 2: Characterization of the novel spontaneously 

immortalized rat Müller cell line SIRMu-1 

See over page.  
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Appendix 3: RNA sequencing data of cultured primary rat 

Müller cells, the spontaneously immortalized rat Müller cell 

line, SIRMu-1, and the SV40-transformed rat Müller cell line, 

rMC-1 

See over page. 
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Appendix 4: Müller RNA-seq: insulin signalling pathway 

  

P
rim

ar
y 
1

P
rim

ar
y 
2

P
rim

ar
y 
3

P
rim

ar
y 
4

rM
C
-1

 1

rM
C
-1

 2

rM
C
-1

 3

S
IR

M
u-

1 
1

S
IR

M
u-

1 
2

S
IR

M
u-

1 
3

S
IR

M
u-

1 
4

S
IR

M
u-

1 
5

Pik3cd
Eif4e2

Map2k2
Eif4e

Eif4ebp1
Ppp1ca

Rps6kb2
Grb2
Pck2

Ppp1cb
Acaca
Sh2b2

Kras
Fasn

Mknk2
Ppp1cc

Pygb
Pik3ca
Mapk1
Pdpk1

Raf1
Irs1

Phka2
Mtor
Hras

Rheb
Nras

Prkar2a
Phkg2
Calm2

Ptprf
Pik3cb
Prkaca

Crkl
Sos2
Phkb

Prkaa1
Rps6kb1

Flot2
Prkaa2
Prkacb

Prkci
Socs4

Cblb
Map2k1

Bad
Mknk1

Araf
Inpp5k
Inpp5d

Lipe
Crk

Mapk9
Phka1

Prkar1a
Tsc2
Akt3
Pygl
Akt1

Calm1
Rhoq

Ppp1r3d
Pde3a

Shc2
Flot1
Gys1

Gsk3b
Mapk8

Ikbkb
Ppp1r3b

Irs2
Ppp1r3c
Prkar2b

Akt2
Srebf1
Foxo1
Pik3r2

Prkx
Rptor

Socs3
Mapk3
Prkab1
Calm3
Pygm

Hk2
Ptpn1
Socs2

Tsc1
Prkag1
Pde3b
Prkag2
Socs1
Shc1

Trip10
Sos1
Elk1
Insr

Prkab2
Pik3r1
Pik3r3

Hk1
Prkcz
Acacb

Prkar1b

ro
w

 z
-s

c
o
re

-2

-1

0

1

2

rM
C
-1

 v
s 
P
rim

ar
y

rM
C
-1

 v
s 
S
IR

M
u-

1

S
IR

M
u-

1 
vs

 P
rim

ar
y

Pik3cd
Eif4e2

Map2k2
Eif4e

Eif4ebp1
Ppp1ca

Rps6kb2
Grb2
Pck2

Ppp1cb
Acaca
Sh2b2

Kras
Fasn

Mknk2
Ppp1cc

Pygb
Pik3ca
Mapk1
Pdpk1

Raf1
Irs1

Phka2
Mtor
Hras

Rheb
Nras

Prkar2a
Phkg2
Calm2

Ptprf
Pik3cb
Prkaca

Crkl
Sos2
Phkb

Prkaa1
Rps6kb1

Flot2
Prkaa2
Prkacb

Prkci
Socs4

Cblb
Map2k1

Bad
Mknk1

Araf
Inpp5k
Inpp5d

Lipe
Crk

Mapk9
Phka1

Prkar1a
Tsc2
Akt3
Pygl
Akt1

Calm1
Rhoq

Ppp1r3d
Pde3a

Shc2
Flot1
Gys1

Gsk3b
Mapk8

Ikbkb
Ppp1r3b

Irs2
Ppp1r3c
Prkar2b

Akt2
Srebf1
Foxo1
Pik3r2

Prkx
Rptor

Socs3
Mapk3
Prkab1
Calm3
Pygm

Hk2
Ptpn1
Socs2

Tsc1
Prkag1
Pde3b
Prkag2
Socs1
Shc1

Trip10
Sos1
Elk1
Insr

Prkab2
Pik3r1
Pik3r3

Hk1
Prkcz
Acacb

Prkar1b

Down
Not sig
Up

Insulin Signalling PathwayFigure A.3 RNA-seq: Differences in expression 

of insulin signalling pathway genes between 

cultured Müller cell types. RNA-sequencing 

was performed on cultured Müller cell types 

indicated. Left panel: A heatmap was 

generated from log2 normalised counts per 

million (with z-scores calculated across each 

row) to show differences in expression of 

genes involved in insulin signalling between 

cultured Müller cell types. Right Panel: Genes 

that were significantly differentially expressed 

(Benjamini-Hochberg corrected P-value of < 

0.05) by greater than 2-fold between each pair 

of cell types are indicated. The list of genes 

was obtained from the Gene Set Enrichment 

Analysis (GSEA) Molecular Signatures 

Database (MSigDB). “Up” indicates 

significantly higher expression in the first-

named cell type. “Down” indicates 

significantly lower expression in the first-

named cell type. 
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Appendix 5: ERRβ expression vector insert sequence 

pTwist EF1α puro rEsrrb insert sequence encoding rat estrogen-related receptor β: 

ATGTCGTCCGAAGACAGGCACCTGGGCTCTAGCTGCGGCTCCTTCATCAAGACGGAGCCATCTAGCCC

ATCCTCGGGCATTGATGCCCTCAGCCACCACAGCCCCAGCGGCTCGTCGGACGCCAGCGGTGGCTTTG

GCATGGCCCTGGGCACCCACGCCAACGGTCTGGACTCTCCGCCTATGTTCGCAGGTGCGGGGCTGGGA

GGCAACCCGTGTCGCAAGAGCTACGAGGACTGTACTAGCGGTATCATGGAGGACTCGGCCATCAAGTG

CGAGTACATGCTTAACGCCATCCCCAAGCGCCTGTGCCTCGTGTGCGGGGACATTGCTTCTGGCTACC

ACTATGGAGTGGCCTCCTGCGAGGCTTGCAAGGCGTTCTTCAAGAGAACCATTCAAGGAAACATCGAA

TACAGCTGCCCTGCCACCAACGAGTGTGAGATCACCAAACGGAGGCGCAAGTCCTGTCAGGCCTGCCG

GTTCATGAAATGCCTCAAAGTGGGGATGCTGAAGGAAGGCGTGCGCCTTGACCGGGTGCGAGGAGGCC

GCCAGAAGTACAAGAGACGGCTGGATTCGGAGAACAGCCCCTACCTGAGCTTACAGATTTCCCCGCCT

GCTAAAAAGCCATTGACTAAGATTGTCTCGTATCTACTGGTGGCCGAGCCGGACAAGCTGTACGCTAT

GCCTCCCGACGATGTGCCTGAAGGGGATATCAAGGCCCTGACCACTCTCTGTGACTTGGCAGATCGGG

AGCTTGTGTTCCTCATTAGCTGGGCCAAGCACATCCCAGGTTTCTCCAACCTGACACTCGGGGACCAG

ATGAGCCTGCTGCAGAGTGCCTGGATGGAGATCCTCATCCTGGGCATCGTGTACCGCTCGCTTCCCTA

TGATGACAAGCTGGCATACGCGGAGGACTATATCATGGATGAGGAACACTCTCGCCTGGTGGGGCTGC

TGGAGCTTTACCGAGCCATCTTGCAGCTCGTACGCAGGTACAAGAAGCTCAAGGTGGAGAAGGAAGAG

TTTGTGATGCTCAAAGCCCTGGCCCTTGCCAACTCAGATTCAATGTACATCGAGAACCTGGAGGCTGT

GCAGAAGCTTCAGGACCTGCTGCATGAGGCGCTGCAGGACTATGAGCTGAGCCAGCGCCATGAGGAGC

CACGGAGGGCGGGCAAGCTGCTGTTGACACTGCCCCTGCTGCGGCAGACGGCAGCCAAAGCCGTCCAG

CACTTCTACAGTGTGAAACTGCAGGGCAAGGTGCCCATGCACAAACTCTTCCTGGAGATGCTGGAGGC

CAAGGTGTGA 

 

1302 bp 

Final plasmid: 
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