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Abstract

Microglia, the resident immune cells of the central nervous system (CNS), adopt 
different phenotypes upon activation by different stimuli. The primary role of 
microglia is protection and maintenance of homeostasis, and any threat to 
homeostasis results in activation of cells. Under normal circumstances, cells switch 
back to their resting state once the threat is removed, but this ability to switch is 
decreased with age, whereupon cells become persistently activated. Dysfunctional, 
chronic activation of inflammatory microglia has been associated with most 
neurodegenerative disorders.

In recent years, it had become evident that immune cell function and metabohsm 
are intrinsically linked, with pro-inflammatory cells demonstrating increased 
glycolysis while anti-inflammatory cells are associated with increased oxidative 
metabolism. However, this metabolic reprogramming has not yet been investigated 
in the CNS. The aims of this study were to characterise microglial activation states 
in terms of their metabolic and iron handling profiles in vitro and to determine 
whether these changes accompany the inflammation that occurs in microglia in the 
brains of aged mice and APP/PSl mice.

IFN-y and IL-4 have been shown to induce the so-called Ml- and M2-like activation 
states in macrophages and microglia. The Ml activation state is generally 
considered pro-inflammatory, while the M2 activation state is associated with the 
resolution of inflammation and repair. Here, the increased mRNA expression of 
TNFu and iNOS, which typify the Ml activation state, in macrophages and microglia 
was accompanied by increased glycolysis. In contrast, IL-4-induced expression of M2 
activation state markers, Arg-1 and MRC1, was accompanied by increased oxidative 
metabolism. The ratio between expression of PFKFB3 and PFKFB1 was found to be 
a reliable proxy marker for the metabolic signatures of polarised cells in vitro, as it 
was increased in Ml-like cells and decreased in M2-like cells. IFN-y increased 
ferritin expression in microglia, while IL-4 upregulated the expression of transferrin 
receptor, and these findings suggest that Ml-like cells are iron retentive whereas 
M2-like cells recycle iron. These data suggest that molecules involved in metabohsm 
and iron handling may be used as novel markers to characterise microghal 
activation.

Genotype- and age-associated increases in TNFu mRNA expression were observed 
in the hippocampus of aged mice and APP/PSl mice and microgha isolated from the 
brains of these mice showed similar changes; these changes are reflective of the 
neuroinflammatory environment associated with these conditions. Analysis of the 
metabolic profile of microglia from these mice revealed an age -related increase in 
oxidative metabolism, and a genotype-related increase in maximal respiration. An 
age-related increase in PFKFB3:PFBFB1 in microglia, indicative of a pro- 
inflammatory, glycolytic phenotype was observed in these cells. An iron retentive 
phenotype was observed in microglia with age and genotype, parallehng the IFN-y- 
induced changes observed in vitro.
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These data suggest that activated microglia can be characterised by their metabohc 
signature and iron handling functions and suggests these changes are evident in 
neuroinflammatory conditions.
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Chapter 1: Introduction



1.1 Macrophages

Macrophages are large, phagocytic cells of the innate immune system that are 

found in almost all tissues and carry out a remarkably diverse array of functions 

(Wynn and Barron, 2010). They were first identified by Elie Metchnikoff in the 

late 19th century, when he described their recruitment to the site of a thorn 

wound in starfish. They were shown to engulf cellular debris, a phenomenon 

termed phagocytosis a year later by Carl Claus (Cavaillon, 2011). Along with 

their immune activity, macrophages play a vital role in the maintenance of 

homeostasis. As professional phagocytes, macrophages are responsible for the 

uptake and clearance of apoptotic cells and cellular debris that may arise during 

tissue remodelling. They express a suite of receptors which facilitate this 

clearance including scavenger receptors, phosphatidyl serine receptors, the 

thrombospondin receptor, integrins, and complement receptors (Erwig and 

Henson, 2007). Macrophages remove approximately 2xl0ii erythrocytes each 

day firom the circulation and are responsible for recycling iron from these cells.

1.1.1 Origins

Despite continuing advances, our understanding of the origin of macrophages is 

still incomplete. Until recently, the mononuclear phagocyte system has acted as 

a foundation dogma in immunology; Ralph van Furth and Zanvil Cohn proposed 

that major populations of macrophages were derived from circulating monocytes 

(van Furth and Cohn, 1968). This is a linear model which proposes that bone 

marrow precursors give rise to circulating monocytes which, in turn, migrate 

and differentiate into tissue macrophages in order to replenish tissue 

macrophage populations. Although monocytes can give rise to macrophages 

under certain circumstances, such as inflammation, it has been shown that 

monocytes do not contribute substantially to tissue macrophage populations, 

and macrophages themselves in tissues undergo proliferation to replenish their 

number (Sawyer et al., 1982). Recent technologies, such as fate-mapping, have 

shown that some tissue macrophages are of embryonic origin, seeded prior to 

birth, and not derived from the bone marrow (Ginhoux et al., 2010).



In contrast to the mononuclear phagocyte system and model of macrophage 

differentiation from bone marrow progenitors, the current understanding of 

macrophage origin is that macrophages are of embryonic origin and seeding of 

cells in tissue occurs in two stages. Initially, myeloblastosis-independent 

haematopoiesis in the yolk sac gives rise to early tissue macrophages. This is 

called primitive haematopoiesis and begins at E7.5, with cells colonising tissues 

from E9. Myeloblastosis-dependent, or definitive, haematopoiesis begins later 

at Ell in the foetal liver and gives rise to monocytes which invade embryonic 

tissues at E14.5, a few days after yolk sac derived macrophage colonization 

(Cumano and Godin, 2007). Once inside the tissue, these cells differentiate into 

macrophages and proliferate. However, in most adult tissue, macrophages are 

of foetal liver origin, meaning that early yolk sac deidved cells are replaced by 

those from the foetal liver (Ginhoux and Jung, 2014). This is true for alveolar 

macrophages (Guilliams et al., 2013) and for heart macrophages (Epelman et 

ah, 2014). Dual origin has been shown for Langerhans cells in the skin, although 

the vast majority arise fi'om the foetal liver (Hoeffel et al., 2012). The only tissue 

resident macrophages that are entirely of yolk sac origin are the microglial cells 

in the brain (Ginhoux et al., 2010).

1.2 Microglia

Microglia were first identified in 1880 by Franz Nissl and their activation was 

witnessed by Victor Babe§ in 1897 while studying viral infections of the brain 

(Babes, 1892). Pio del Rio-Hortega is known as the “Father of Microglia” for his 

extensive work in characterising their activation using silver carbonate 

staining, and for coining their name (Rezaie and Male, 2002). Microglia 

constitute 10-12% of the total cells in the brain (Block and Hong, 2005) and are 

the resident immune cells of the CNS. They are responsible for the induction, 

regulation and resolution of inflammation (Lyman et al., 2014) and tissue repair 

(Harry and Kraft, 2012). Their functions are similar to macrophage functions 

and include phagocytosis, antigen presentation and the production of 

chemokines and cytokines (Benveniste, 1998). As well as responding to insult



and injury, microglia are also supportive glia that play an important role in 

maintaining homeostasis in the CNS. They interact with other glial cells and 

neurons to fulfil neurotrophic roles (Vilhardt, 2005) and are crucial for synapse 

pruning and remodelling during the maturation of the brain (Tremblay et ah, 

2011).

1.2.1 Origin

Unlike neurons and other glial cells, all of which originate in the neuroectoderm, 

microglia are of mesodermal origin, like other myeloid progenitor cells. 

Microglial cells are ontogenically distinct from monocytes and other tissue- 

resident macrophages as the early yolk sac-derived populations of cells are not 

replaced by cells of foetal liver origin. Foetal liver-derived monocytes might lack 

the intrinsic potential to differentiate into microglia, or they may be restricted 

in their access to the brain (Ginhoux and Jung, 2014). In any case, there is no 

recruitment of foetal liver-derived monocytes to the brain rudiment from day 

E13.5, when they seed other tissues. This may be because the blood-brain 

barrier (BBB) begins to develop around this time (Ginhoux et al., 2010), 

restricting the access of cells. In adult mice monocytes only enter the brain 

under inflammatory conditions when the integrity of the BBB is impaired. 

Instead, self-renewal of CNS-resident cells is responsible for sustaining 

microglial populations and the expansion of microglial numbers in response to 

insult or stress, called microgliosis, has been shown to be independent of 

infiltrating cells and due to the expansion of local populations (Ajami et al., 

2007).

1.3 Microglial activation

Microglia are best known for their immune effector functions which can be 

triggered upon detection of stimuli that trigger an immune response. Due to 

their functional similarities, much of our understanding of microglial activation 

has arisen from studies carried out on macrophages.



At rest, microglia exist in a quiescent, highly sensitive, monitoring state hut are 

readily activated in response to immunological stimuli, infection or injury (Liu 

and Hong, 2003). In order to maximise their effectiveness, microglia express a 

plethora of receptors that are capable of detecting a wide range of molecules that 

can bring about cell activation (Aloisi, 2001). Pattern recognition receptors 

(PRRs) are expressed by microglia and detect pattern-associated molecular 

patterns (PAMPs). PAMPs are conserved molecular structures that are 

essential for the integrity or virulence of microorganisms and are therefore 

difficult for the pathogen to alter. Because they are not present in the host under 

normal circumstances, PAMPs can be recognised as markers of infection by 

PRRs and lead to activation (Purvey andBroide, 2010). PRRscan be membrane- 

bound or cytosolic and include Toll-like receptors (TLRs) (Akira and Takeda, 

2004), NOD-like receptors (Chenet ah, 2009) and RIG-l-like receptors (Loo and 

Gale, 2011) which, upon ligation, induce signalling cascades culminating in the 

production of immunological factors.

Microglia can also recognise endogenous damage associated molecular patterns 

(DAMPs) that may be present in the extracellular matrix following necrosis of 

cells as a result of trauma or stress. These danger signals include heat-shock 

proteins, nuclear proteins, histones, DNA and other nucleotides (Zhang and 

Mosser, 2008). Adenosine triphosphate (ATP) is an example of a DAMP; it binds 

to the purinergic receptor P2X7 and brings about the activation of macrophages 

and microglia, resulting in the production of cytokines via the assembly of 

NLRP3 inflammasome (Franceschini et ah, 2015).

Upon activation, microglia undergo morphological changes that have been 

recognised for over a centuiy (Kreutzberg, 1996). Quiescent cells exhibit in a 

ramified, branched morphology, possessing long processes that sample the 

microenvironment. These processes increase the surface area of the cell, 

allowing for greater receptor expression and therefore increasing their range of 

immunosurveillance. Upon detection of an activating stimulus, these processes



retract and cells take on an amoeboid shape with a bushy appearance 

(Benveniste, 1998).

1.3.1 Characterisation of microglial activation

In an attempt to characterise and understand microglial activation, populations 

have been divided into two main phenotypes mirroring those described in 

macrophage literature (Colton and Wilcock, 2010). In this paradigm, cells are 

categorised as being in one of two functional activation states (Figure 1.1). Cells 

in the Ml activation state are regarded as classically-activated cells, while cells 

adopting the M2 phenotype are described as alternatively-activated (Gordon, 

2003b). However, the idea that a simple dichotomy of activation states exists is 

considered to be outdated (Murray et ah, 2014). It is accepted that this in vitro 

classification is unlikely to be replicated in vivo, where cells are exposed to 

multiple stimuli and cell-cell interactions. The plastic nature of microglia 

suggest that they are capable of concurrently attaining multiple functional 

attributes and can readily modify their phenotype (Town et ah, 2005, Heppner 

et ah, 2015). In the current experimental paradigm, distinct activation states 

are considered two extremes on a scale but cells are more likely to fall into a 

spectrum of activation (Mosser and Edwards, 2008). With this in mind, it is 

necessary to further understand the properties of pro-inflammatory and anti­

inflammatory cells based on alternative measures to the expression of particular 

molecular markers.



Quiescent cell

t TNFa 
t iNOS 
t IL-13

1" Arg-1 
MRCl 

t Chi3L3 
FIZZl

Figure 1.1 Summary of Ml and M2 activation states of macrophages and 
microglia. IFN-y and LPS induce the pro-inflammatory Ml activation state 
characterised by increased expression of TNFa, iNOS, and IL-16. IL-4 and IL- 
13 induce the anti-inflammatory M2 activation state, characterised by increased 
expression of Arg-1, MRCl, Chi3L3, and FIZZl.

1.3.2 The M1 activation state

The Ml, or classical activation, state was originally used to describe 
macrophages activated by tumor necrosis factor a (TNFa) and interferon-y (IFN-



Y) (Nathan et al., 1983). Cells displaying this phenotype are pro-inflammatory 

and mount an immune response to protect the host from infection and injury. 

Although initial in vitro studies designed to explore these activation states used 

a combination of TNFu and IFN-y, a wide range of stimuli are known to induce 

the Ml activation state in microglia including PAMPs, DAMPs and pro- 

inflammatory cytokines.

TLRs are type I transmembrane glycoproteins and are the most widely studied 

of the PRRs. These receptors are expressed on the plasma membrane and on the 

membranes of cytosolic compartments of many cells, including microglia 

(Kielian, 2006), and respond to a variety of motifs associated with pathogenic 

infection. TLR4 and TLR2 are expressed on the plasma membrane and respond 

to lipopolysaccharide (LPS) (Poltorak et al., 1998) and lipotechoic acid 

(Schwandner et al., 1999) respectively. LPS is a component of the cell wall of 

Gram-negative bacteria and lipotechoic acid is a major constituent of the cell 

wall of Gram-positive bacteria. In contrast, TLRS and TLR9 are expressed in 

the membranes of cellular compartments where they detect double-stranded 

RNA (Alexopoulou et al., 2001) and unmethylated CpG oligodeoxynucleotide 

DNA (Bauer et al., 2001), arising from viral and bacterial infection. Upon 

detection of these exogenous ligands, TLRs initiate signalling cascades through 

cytosolic adaptor proteins, culminating in the activation of transcription factors 

such as nuclear factor kB (NF-kB) and interferon regulatory factors 3 and 7and 

the transcription of pro-inflammatory cytokines, chemokines and interferons 

(Akira and Takeda, 2004).

IFN-y polarises microglia to an Ml phenotype (Colton, 2009). IFNs are a family 

of cytokines that were first characterised in 1957 for their ability to disrupt viral 

replication (Isaacs and Lindenmann, 1957). IFN-y, the only type II IFN, is a 

homodimer protein that signals through the IFN-y receptor (IFNyR) that 

consists of two ligand binding IFNyRI subunits and two signal-transducing 

IFNyRII subunits (Pestka et al., 2004). IFN-y is primarily produced by T helper 

(Th) 1 cells, cytotoxic T cells and natural killer (NK) cells in response to
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exposure to interleukin (IL) 12, -18 and antigen presentation. The signalling 

cascade initiated by ligation of IFNyR culminates in the activation of the 

transcription factor signal transducer and activator of transcription 1 (STATI) 

and the transcription of immune effector genes (Schroder et ah, 2004). This 

facilitates cells to execute effector functions, and induces the upregulation of 

pro-inflammatory cytokines, chemokines and molecules involved in antigen 

presentation (Lynch, 2009). The source of IFN-y in the CNS is much debated. 

Its origin has been attributed to infiltrating peripheral immune cells, such as T 

cells or macrophages, that can migrate through a permeable BBB under chronic 

inflammatory conditions (Minogue et ah, 2014b). However, there are a few 

sporadic reports suggesting that microglia are capable of producing IFN-y 

(Kawanokuchi et ah, 2006), which would suggest that the generation of Ml 

microglial populations may occur in the absence of infiltrating peripheral 

immune cells.

The Ml phenotype is characterised by the expression of a number of archetypal 

markers. Specifically, the upregulation of expression of TNFa, inducible nitric 

oxide synthase (iNOS) and IL-16 (Figure 1.1) (Chhor et al., 2013a). TNFa is a 

potent pro-inflammatory cytokine that exerts pleiotropic effects on various cell 

types. It is a type II transmembrane protein that can exist in a membrane-bound 

and a cleaved, soluble form, with the TNFa-converting enzyme responsible for 

its cleavage and release (Black et al., 1997). The interaction of TNFa with its 

receptors TNF-receptor (TNF-R) 1 and TNF-R2, recruits cytoplasmic adaptor 

proteins TNF receptor-associated factors and death domain (DD) molecules 

(Chen and Goeddel, 2002). Recruitment of TNF receptor-associated factors leads 

to the transcription of pro-inflammatory genes via c-jun-N-terminal kinase 

(JNK) and NF-kB activation, while DD proteins such as Fas-associated DD and 

TNFR associated DD lead to the activation of caspases and cell death (Locksley 

et al., 2001).

Ml microglia exhibit an increased production of nitric oxide (NO), mediated by 

increased iNOS expression (Murphy, 2000). iNOS catalyses the oxidation of L-



arginine into NO and L-citrulline (Lowenstein and Padalko, 2004). NO free 

radicals are highly diffusible and have antimicrobial and antiviral properties, 

as they act as a toxin to disrupt DNA (Bogdan, 2001).

IL-16 is another cytokine that contributes to the pro-inflammatory response of 

Ml activated microglia. A member of the lL-1 family of cytokines, it is 

upregulated by microglia in response to insult or stress (Murray and Lynch, 

1998) and is a key mediator in the immune response. However, IL-16 is not 

transiently expressed in microglia, but polarisation to the Ml activation state 

by LPS has been shown to increase its expression (Henry et al., 2009). IL-16 

amplifies the immune cascade by inducing the secretion of other pro- 

inflammatory cytokines such as TNFa and IL-6 (Mills and Dunne, 2009). IL-1 

receptor type I (IL-IRI) is expressed on almost all cells while IL-1 receptor H 

(IL-lRH)acts as a competitive antagonist of IL-16 responses (O'Neill, 2008). The 

widespread expression of IL-16 receptors highlights the extent of its activity.

1.3.3 The M2 activation state

The M2, or alternative activation, state is considered to be anti-inflammatory 

and the antithesis of the classical Ml activation state. First identified by Siamon 

Gordon and colleagues in macrophages following IL-4 and IL-13 stimulation, 

cells adopting this phenotype are involved in tissue repair and remodelling and 

the resolution of inflammation (Stein et al., 1992). IL-4 is the primary cytokine 

associated with the induction of an M2-like activation state in microglia 

(Ponomarev et al., 2007), and can be produced in the CNS by microglia, 

astrocytes and even neurons (Colton, 2009). IL-4 receptor (IL-4R) dimerization 

occurs following ligation by the cytokine and induces Janus kinase (JAK) 

activation and signal transducer and activator of transcription (STAT6) 

phosphorylation (Mikita et al., 1996).

This activation state is characterised by the expression of Arg-1 and MRCl, as 

well as Chi3L3 andFIZZl (Chhor et al., 2013b). Arg-1 is a cytosolic enzyme that
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competes with iNOS for the same substrate, L-arginine, and converts it to L- 

orthinine. This acts as a precursor for polyamines andL-proline, which are used 

for cell proliferation and collagen production associated with tissue healing and 

remodelling. MRCl is a scavenger receptor involved in the uptake of 

mannosylated glycoproteins by macrophages (Stahl et ah, 1980), however its 

function in the CNS is not well understood. Similarly, although strongly linked 

with the M2 phenotype (Cameron and Landreth, 2010), the activity of Chi3L3 

and FIZZl in the brain is not well characterised.

Another subdivision of the M2 activation state, termed acquired deactivation, 

can be induced by IL-10 and TGF-6 (Saijo and Glass, 2011a). These cytokines 

can be secreted by microglia and astrocytes in the CNS (Pratt and McPherson, 

1997) and diminish pro-inflammatory activity of cells, switching them back to a 

quiescent state.

1.3.4 Modulation of microglial activation

Under normal physiological conditions, microglial activation is modulated by a 

number of factors expressed by neurons and other glial cells. This regulation of 

activation is important to protect the CNS against unnecessary inflammation, 

as chronic inflammation is associated with most, if not all, neurodegenerative 

disorders (Lynch, 2014). For example, CD200 and CXC3CL1, or fractalkine, are 

proteins expressed by neurons which interact with their receptors on microglia 

and modulate microglial activity (Cardona et ah, 2006, Hoek et al., 2000). 

Decreased expression of these molecules results in microglial activation and the 

induction of an inflammatory response and is associated with 

neurodegeneration (Lyons et al., 2007a, Mizuno et ah, 2003).

1.3.5 Activation states and iron handling

Polarisation induces differential iron handling properties in macrophages; the 

Ml phenotype is associated with increased iron storage and decreased 

transmembrane iron flux, while the M2 phenotype is associated with increased 

iron recycling (Cairo et al., 2011). Iron is a crucial growth factor for most
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bacteria, and iron sequestration by pro-inflammatory macrophages is viewed as 

a bactericidal mechanism to starve pathogens of the essential metal (Ganz, 

2009). In contrast, M2 macrophages, by transporting iron from the cell, can 

increase iron concentrations extracellularly, which contributes to tissue repair 

and wound healing (Coma et ah, 2010). Macrophages achieve these difierential 

iron handling profiles by altering the expression of a number of proteins 

involved in iron transport and sequestration, such as transferrin receptor (TfR), 

ferroportin, and ferritin.

TfR is a cell membrane protein responsible for transferrin-bound iron influx into 

the cell (Pearse and Robinson, 1990). The receptor undergoes clatherin- 

mediated endocytosis following ligation and releases iron into the cytosol before 

being trafficked back to the cell membrane (Mayle et al., 2012). TfR expression 

is significantly decreased in IFN-y-stimulated macrophages (Byrd and Horwitz, 

1993), which has been shown to negatively impact on the multiplication of 

intracellular pathogens such as Legionella pneumonphila (Byrd and Horwitz, 

1989). It has been suggested that this IFN-y-induced reduction in TfR is 

mediated by NO production (Kim and Ponka, 2000).

Ferroportin, the only known cellular exporter of non-heme-associated iron 

(Donovan et al., 2000), is decreased in Ml polarised macrophages (Cairo et al., 

2011). This is accompanied by increased hepcidin expression, which is 

transcriptionally induced by pro-inflammatory stimuli, such as LPS and IL-6 

(Kemna et al., 2005, Nemeth et al., 2004). Hepcidin binds to ferroportin and 

mediates its internalisation and degradation, leading to diminished cellular iron 

export (Ganz, 2007).

Ferritin chelates and stores iron in a non-toxic form and inhibits bacterial 

survival within the cell (Gozzelino et al., 2010). Ferritin expression is increased 

in Ml macrophages (Cairo et al., 2011) and its sequestration of iron can 

contribute to the inflammatory phenotype by inducing HIF-la stabilisation, 

iNOS expression and TLR4 signalling (Siegert et al., 2015, Weiss et al., 1994, 

Wang et al., 2009). The retention and sequestration of iron by Ml macrophages,
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via regulation of ferroportin-mediated iron efflux and ferritin-associated iron 

chelation, is important in determining the fate of a number of intracellular 

bacteria, such as Salmonella typhimurium and Salmonella enterica (Nairz et 

ah, 2008, Chlosta et ah, 2006, Paradkar et ah, 2008).

In contrast to Ml macrophages, M2 macrophages are associated with decreased 

iron retention and increased iron recycling, mediated by increased TfR and 

ferroportin, and decreased or unaltered ferritin expression (Recalcati et ah, 

2010, Vallelian et ah, 2010, Coma et ah, 2010, Cairo et ah, 2011). Increased TfR 

is usually accompanied with increased ferritin expression, but this does not 

occur in M2 macrophages (Recalcati et ah, 2010). Instead iron is cleared from 

the cell by increased ferroportin expression, which is induced at the 

transcriptional level by M2-polarising stimuli, such as glucocorticoids and IL-4 

(Schaer et ah, 2008, Recalcati et ah, 2010).

Low intracellular iron concentration in M2 macrophages is associated with 

reduced IL-6 and TNFu secretion, and LPS-induced cytokine expression, 

consistent with the anti-inflammatory properties of this phenotype (Wang et ah, 

2008, Wang et ah, 2009). Increased iron efflux could contribute to M2 

macrophages fulfilling their role in tissue repair, as increased extracellular iron 

can be endocytosed by adjacent cells and used for a range of purposes such as 

cell growth and respiration (Cairo et ah, 2011).

Although the iron handling properties of polarised macrophages are well 

defined, this is not the case for microglia. Determining microglial iron handling 

properties is important, as iron accumulation occurs in the CNS of aged animals, 

as well as in a number of neuroinflammatory disorders (Rouault, 2013). This is 

accompanied by increased ferritin expression and data suggest that iron 

metabolism plays an important role in normal physiological functions of the 

CNS (Jellinger et ah, 1990). It has been suggested that ferritin levels in the 

cerebrospinal fluid (CSF) predict Alzheimer’s disease (AD) outcomes, with 

increased ferritin expression being strongly associated with AD risk allele 

APOE-e4 (Ayton et ah, 2015). However, it is unknown whether defective iron
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metabolism is a cause or consequence of neurodegeneration, and must be 

examined further.

1.3.6 Microglial phagocytosis and antigen presentation

As the primary phagocytes of the CNS, microglia are responsible for the 

clearance of cellular debris (Neumann et ah, 2009), and can engulf material 

following binding of receptors such as TLRs (Doyle et al., 2004) or TREM2 

(Takahashi et al., 2005). Internalised material is digested in lysosomal 

compartments and any insulting agents can be presented on the cell surface by 

major histocompatibility complex (MHC) II. MHC II interacts with T cell 

receptors (TCR) and induces T cell activation (Smith-Garvin et al., 2009). 

However, the presence of co-stimulatory molecules CD80 and CD86 are also 

required to bind to CD28 and cytotoxic T lymphocytes antigen 4 respectively on 

T cells to mediate full activation (Bhatia et al., 2006), and prevent T cell anergy 

(Schwartz, 2003). The differentiation of T cells is dependent on the activation 

state of the antigen presenting cell (ARC), as the cytokines produced by the ARC 

are considered the third stimulus necessary for inducing T cell activation 

(Curtsinger et al., 1999).

The expression of MHC II on microglia is associated with the Ml phenotype, as 

it is upregulated in response to IFN-y, LRS, and amyloid-6 (A6) (Lyons et al., 

2007b, McQuillan et al., 2010, Buttini et al., 1996). CD80 and CD86 expression 

are also increased in inflammatory conditions (Griffin et al., 2006, Hanisch, 

2002), suggesting that Ml-like microglia are capable of inducing the 

differentiation and proliferation of T cells.

1.4 Astrocytes

Astrocytes are the most abundant cells in the CNS. These star-shaped macroglia 

are responsible for a diverse array of functions that maintain homeostasis in the 

brain. They support neurons both structurally and metabolically, and control 

ion concentrations necessary for the firing of action potentials (Kimelberg and 

Nedergaard, 2010). They are also capable of modulating synaptic activity and
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are an integral part of the tripartite synapse, where they are involved in uptake 

of neurotransmitters and iron, thereby maintaining homeostasis, and where 

they release gliotransmitters such as glutamate and GABA (Newman, 2003). 

Other functions of astrocytes include pH balance, fluid homeostasis, blood flow 

regulation, and the secretion of growth factors such as brain-derived 

neurotrophic factor (BDNF), which is important in the regulation, 

differentiation and survival of neurons (Dong and Benveniste, 2001). Astrocyte 

end-feet together with pericytes and endothelial cells form the BBB, the physical 

barrier surrounds the vasculature in the CNS and limit infiltration of plasma 

components, red blood cells and leukocytes into the brain.

Although microglia were previously thought to be the sole immune-competent 

cells of the CNS, there is considerable evidence suggesting that astrocytes also 

play an important role in the immune response in the brain (Dong and 

Benveniste, 2001). CNS injury or disease results in increased proliferation and 

activation of astrocytes, characterised by an upregulation of glial fibrillary acidic 

protein (GFAP), termed “reactive astrogliosis”. Astrocytes also express a 

number of TLRs (Ransohoff and Brown, 2012, Carpentier et ah, 2005) and 

secrete cytokines and chemokines in response to TLR stimulation, but also 

inresponse to other stimuli like IFN-y (Farina et ah, 2007, Ransohoff and Brown, 

2012). Astrocytes have been shown to possess phagocytic capabilities and 

express a number of receptors such as receptor for advanced glycation end 

products (RAGE), CD36 and CD47, implicated in the phagocytosis of A6 (Jones 

et ah, 2013).

A recent study has suggested that astrocytes can be polarised to Ml-like and 

M2-like phenotypes, with evidence of an upregulation ofTNFu, iNOS and IL-16 

in astrocytes in response to stimulation with a combination of LPS and IFN-y in 

vitro, and upregulation of Arg-1, MRCl, Chi3L3 and FIZZl in response to a 

combination of IL-4 and IL-13 (Jang et ah, 2013).

15



1.5 Metabolic signature of immune cells

1.5.1 Overview of metabolic pathways

Cells of the CNS derive their energy like other cells, from glycolysis, the 

tricarboxylic acid (TCA) cycle, 6-oxidation of fatty acids (FA), and oxidative 

phosphorylation (Figure 1.2).

Glycolysis involves the metabolism of glucose, generates 2 molecules of ATP per 
molecule of glucose and yields pyruvate molecules which can then translocate 

into mitochondria to be converted to acetyl coenzyme A (acetyl CoA) which is 

metabolised to CO2 in the TCA cycle. The TCA cycle generates NADH and 

FADH2 which fuel oxidative phosphorylation by the electron transport chain, 

and generate up to 36 molecules of ATP per molecule of glucose. 6-oxidation of 

fatty acids can also provide acetyl CoA for the TCA cycle and oxidative 
phosphorylation.
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Figure 1.2 Overview of metabolic pathways. Glucose is enters the cytosol 
through glucose transporter 1 (GLUTl) and glycolysis converts it to pyruvate. 

Acetyl CoA is produced from pyruvate or 6-oxidation of fatty acids (FA) and feeds 

the TCA cycle in the mitochondria. This produces NADH andFADH2, which fuel 

oxidative phosphorylation and the electron transport chain.
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1.5.2 HIF-1a induced metabolic reprogramming

Under hypoxic conditions, cells undergo a shift in metabolism whereby pyruvate 

generated in glycolysis is fermented to lactate, reducing oxidative metabolism, 

and in this case, the primary source of ATP becomes glycolysis. The molecular 

mechanism mediating this metabolic switch is the switch of hypoxia-inducible 

factor la (HIF-la). HIF-la is a heterodimeric transcription factor consisting of 

a constitutively expressed 6 subunit and an inducible a subunit. The a subunit 

undergoes rapid proteasomal degradation in the presence of oxygen due to prolyl 

4-hydroxylase-dependant modifications that target it for destruction by E3 

ubiquitin ligases (Semenza, 2007). However, prolyl hydroxylase activity is 

severely inhibited in hypoxic conditions, resulting in the accumulation of HIF- 

la and the formation of the functionally active HIF-1 dimer (Bruick and 

McKnight, 2001). The induction of HIF-1 activity enables cells to survive in the 

absence of oxygen by discarding the oxidative respiratory pathways and 

prioritising the oxygen-independent pathway of glycolysis. HIF-la expression is 

associated with the upregulation of a number of proteins associated with 

mediating the metabolic switch, such as 6-phosphofructo-2-kinase/fructose-2,6- 

biphosphatase (PFKFB) 3, glucose transporter (GLUT) 1 and pyruvate 

dehydrogenase kinase (PDK) 1 (Iyer et ah, 1998, Kim et al., 2006b, Minchenko 

et al., 2003) (Figure 1.3).
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Figure 1.3 HIF-la induced metabolic reprogramming. HIF-la increases 

the expression of glucose transporter 1 (GLUTl), 6-phosphofructo-2- 

kinase/fructose-2,6-biphosphatase 3 (PFKFB3), and pyruvate dehydrogenase 1 

(PDKl). GLUTl increases glucose uptake, while PFKFB3 increases PFKl 

activity via increased fructose 2, 6-bisphosphate (F-2, 6-BP) production. PDKl 

inhibits the conversion of pyruvate to acetyl CoA, resulting in the production of 

lactate instead.

The enzymes PFKFBl and PFKFB3 are members of the PFKFB family of 

bifunctional isozymes that are central to facilitating increased glycolysis. They 

contain both a phosphatase and a kinase domain and catalyse the same 

reactions at different rates. Using fructose-6-phosphate as substrate, the kinase 

domain of the enzymes generates fructose-2, 6-bisphosphate, which
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allosterically activates 6-phosphofruco-l kinase (PFKl) (Pilkis et al., 1981). 

PFKl converts fructose-6-phosphate to fructose-1, 6-bisphosphaterate, which is 

the rate limiting step of the glycolytic pathway. The phosphatase domain 

reverses this reaction, slowing glycolysis, and the balance depends on 

concentrations of substrate in the cytosol (Lee et ah, 2003).

The PFKFBl kinase:phosphatase activity ratio is approximately 1:1 (REF), 

whereas the phosphatase domain of PFKFB3 is functionally impaired due to a 

mutation in a phosphatase active site resulting in a kinase:phosphatase activity 

ratio of approximately 740:1 (Sakakibara et ah, 1997). Therefore PFKFB3 drives 

glycolysis by increasing PFKl activity and is upregulated under hypoxic 

conditions by HIF-la (Bobarykina et al., 2006, Minchenko et ah, 2002). 

Interestingly, PFKFB3 is the first metabolic enzyme to be identified with 

multiple AUUUA instability motifs in its mRNA transcripts (Chesney et al., 

1999). These AU-enriched regions are usually observed in genes encoding for 

inflammatory mediators or other potentially damaging proteins such as TNFa, 

lL-16 and IFN-y to protect against aberrant expression (Stumpo et al., 2010). 

This suggests that the induction of the enzyme is tightly regulated due the 

potential negative impact its activity may have on cell survival.

This metabolic switch to glycolysis can occur in the presence of oxygen, a 

phenomenon termed “aerobic glycolysis”. This was first observed in 1924 by Otto 

Warburg in tumour cells and is described as the Warburg effect (Warburg, 1924, 

Warburg, 1956). Aerobic glycolysis also occurs during proliferation; mouse 

lymphocytes (Wang et al., 1976), rat thymocytes (Brand, 1985) and mitogen- 

stimulated human lymphocytes (Hedeskov, 1968) all demonstrate aerobic 

glycolysis, mediated by PFKFB3 upregulation (Yalcin et al., 2014). Although 

less efficient than oxidative metabolism in terms of ATP generated per molecule 

of glucose, it has been suggested that the rapid nature of ATP production 

through glycolysis provides for high-energy processes such as cell proliferation, 

provided there is an abundant supply of glucose (Pfeiffer et al., 2001).
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1.5.3 Metabolic reprogramming of T cells

Metabolic reprogramming of immune cells is a recent development in our 

understanding of the immune response. Immunometabolism refers to the 

metabolic reprogramming that occurs in activated immune cells that is 

intrinsically linked to their functional state. As with proliferating cells, immune 

cell activation requires robust and rapid generation of ATP to meet increased 

energy demands.

Activation and differentiation of T cells is associated with metabolic 

reprogramming (Buck et ah, 2015). Effector CD4+ T cells, such as Thl, Th2, and 

Thl7 cells exhibit a robustly glycolytic metabolic phenotype (Michalek et ah, 

2011). The mammalian target of rapamycin (mTOR) complex (mTORC) is a 

serine/threonine kinase involved in controlling metabolism in T cells and is 

considered central to the differentiation of effector T cells, as genetic deletion of 

mTORC 1 mitigates differentiation of these subsets (Delgoffe et ah, 2011, 

Delgoffe et ah, 2009). The relationship between metabolic profile and function 

in T cells is highlighted by reports demonstrating that inhibition of glycolysis by 

addition of the competitive antagonist 2-DG profoundly attenuates IFN-y 

secretion from Thl cells (Zheng et ah, 2009), and T cell activity can be modulated 

by targeting metabolism. For example, the addition of exogenous FA to cultures 

suppresses Thl and Thl7 development (Michalek et ah, 2011), and peroxisome 

proliferator-activated receptor (PPAR)y activation, which increases FA 

oxidation, significantly decreases IL-2 and IFN-y secretion form CD4+ T cells.

In contrast to the glycolytic profile of effector T cells, Treg and memory T cells 

derive their energy from FA oxidation and oxidative phosphorylation 

(Waickman and Powell, 2012, Michalek et ah, 2011). Treatment of CD4+T cells 

with 2-DG enhances the development of Treg cells, while inhibition of FA 

oxidation antagonises their development (Michalek et ah, 2011). The evidence 

suggests that effector T cells increase aerobic glycolysis to rapidly produce ATP 

that is required for immediate action, while the prolonged life of Treg or memory 

cells is associated with the sustainable generation of ATP by oxidative means.
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1.5.4 Metabolic profiles of polarised macrophages

Macrophage activation is also accompanied by metabolic reprogramming, with 

differentially polarised cells adopting different metabolic profiles. Pro- 

inflammatory Ml cells are associated with increased aerobic glycolysis and 

impaired oxidative metabolism, which is tightly linked to HIF-la expression 

(Galvan-Pena and O'Neill, 2014). However, although HIF-la does induce 

PFKFB3 andiNOS expression associated with the Ml phenotype, these changes 

can also occur independent of HIF-la activity (Rodriguez-Prados et al., 2010, 

Takeda et al., 2010, Peyssonnaux et al., 2005).

The metabolic reprogramming of Ml macrophages not only facilitates the rapid 

production of ATP necessary for immune functions, but also provides cells with 

pro-inflammatory mediators. For example, attenuation of the electron transport 

chain results in the production of reactive oxygen species (ROS) for bactericidal 

activity (Galvan-Pena and O'Neill, 2014), and inhibition of the TCA cycle leads 

to the accumulation of intermediates such as succinate and citrate, which have 

pro-inflammatory effects; succinate enhances the production of IL-16 in a HIF- 

la-dependent manner, which can be attenuated by 2-DG inhibition of glycolysis, 

and citrate induces NO and PG production (Tannahillet al., 2013, O'Neill, 2011, 

Ricciotti and FitzGerald, 2011).

In contrast, the M2 phenotype is are associated with increased FA oxidation and 

oxidative respiration (Figure 1.4), similar to Treg cells (Mills and O'Neill, 2016). 

It has been suggested that Ml macrophages utilise glycolysis to generate the 

significant quantities of ATP required to respond to immediate threats against 

the host, whereas M2 macrophages are involved in longer term activities, such 

as fighting parasitic infections and tissue repair, which require sustained 

production of ATP. PPARy-coactivator-lB (PGC-16) is considered the key player 

responsible for the metabolic switch in M2 macrophages and is increased in a 

STAT6-dependent manner in response to IL-4 (Wu et al., 1999). PGC-16 

increases mitochondrial respiration and mitochondrial biogenesis to increase 

oxidative respiration and ATP production (St-Pierre et al., 2003, Shao et al..
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2010). However, some reports suggest that IL-4-induced M2 activation can occur 

in the absence of PGC-16 upregulation (Namgaladze and Brune, 2014). M2 

macrophages have high adenosine monophosphate-activated protein kinase 

(AMPK) activity (Sag et ah, 2008), which also induces oxidative phosphorylation 

and FA oxidation (O'Neill and Hardie, 2013) and can increase the expression of 

PGC-16.

Figure 1.4 Metabolic reprogramming of M2 macrophages. IL-4 induces 

the expression of PPARy coactivator (PGC)-16, which increases oxidative 

metabolism via increased mitochondrial biogenesis and increased oxidation of 

fatty acids (FA).
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It has been shown that targeting metabolic components can influence 

macrophage activation state. For example, enhancing PGC-l6-mediated 

oxidative metabolism in Ml macrophages potentiates an M2 phenotype by 

attenuating IL-12 and IL-6 secretion and increasing Arg-1 activity (Vats et ah, 

2006). Similarly, PFKFB3 siRNA attenuates iNOS and COX2 expression in Ml 

macrophages (Rodriguez-Prados et ah, 2010) and treatment of macrophages 

with pyruvate kinase M2 activators DASA-58 and TEPP-46, and the AMPK 

activator AICAR, have also been shown to mediate a phenotype switch in 

macrophages to an anti-inflammatoiy state (Palsson-McDermott et ah, 2015, 

Mounier et ah, 2013). Furthermore genetic manipulation of AMPK results in 

increased secretion of pro-inflammatory cytokines TNFu, IL-16 and IL-6 from 

macrophages, as well as decreased oxidative metabolism (Carroll et ah, 2013, 

Galic et ah, 2011). These data demonstrate the connection between metabolic 

profile and macrophage phenotype.

The advent of recent technologies such as the SeaHorse flux analyser allows 

measurement of the extracellular acidification rate (ECAR) and oxygen 

consumption rate (OCR) in cell cultures, providing a measure of glycolysis and 

oxidative metabolism respectively. LPS stimulation has been shown to increase 

ECAR and decrease OCR in bone marrow-derived macrophages (BMDMs), as 

well as in RAW264.7 and J774.1A macrophage cell lines (Menon et ah, 2015, 

Haschemi et ah, 2012b, Nemeth et ah, 2016).

1.5.5 Metabolic reprogramming in microglia

The study of metabolic changes in microglia is in its earliest stages. However, 

LPS and IFN-y-induced Ml polarisation of the immortalised BV2 microglial cell 

line is accompanied by increased glucose uptake and expression of glycolytic 

enzymes, suggesting this phenotype is supported by enhanced glycolytic activity 

(Gimeno-Bayon et ah, 2014). Specifically, LPS increases ECAR and decreases 

OCR in BV2cells (Voloboueva et ah, 2013, Orihuela et ah, 2016), consistent with 

a metabolic switch in Ml microglia. Oriheuela and colleagues (2016) 

demonstrated that these modifications also occur in primary microglial cultures.
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although the LPS-induced decrease in OCR was not consistently observed. A 

combination of IL-4 and IL-13 was used to induce the M2 phenotype, but it did 

not significantly affect OCR in BV2 cells, nor in primary microglial cultures 

(Orihuela et ah, 2016). Although cell lines are less expensive and grow more 

rapidly than primary cell cultures, BV2 cells are not always representative of 

primary microglia, especially in terms of their inflammatory response (Stansley 

et ah, 2012).

1.6 Neuroinflammation & AD

Acute activation of microglia to the Ml phenotype is an important 

immunological process but aberrant or chronic activation is associated with 

inflammation in the CNS and leads to neuronal cell death. Indeed, chronic 

inflammation is associated with most, if not all, neurodegenerative disorders 

such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) (Lynch, 2014, 

Wang et ah, 2015). TNFa has been shown to play a critical role in the 

pathogenesis of chronic inflammatory diseases, such as AD (Perry et ah, 2001). 

Chronic expression of iNOS can also have tissue-damaging effects, as NO can 

cause necrosis and apoptosis of parenchymal cells in the CNS (Lucas et ah, 

2006). IL-16 can also trigger neuronal cell death and it is associated with a wide 

range of inflammatory diseases (Church et ah, 2008). Increased caspase-1 

activity and IL-16 expression has been observed in aged animals (Murray and 

Lynch, 1998) and are associated with loss of neuronal function.

2.2.2 Removal of brain tissue

The animal was placed on its abdomen and the mouse was decapitated with one 

clean incision. The skin was removed and the skull was cut along the medial 

longitudinal fissure and carefully pulled away on each side using a forceps. The 

brain was gently removed from the cranial cavity anterior to the olfactory bulbs 

and was placed on top of a Petri dish (Sarstedt, Ireland) containing ice. The 

cerebellum was removed using the curved side of the forceps and the brain was 

dissected along the medial longitudinal fissure using a scalpel (Schwann-Mann,
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UK). The left hemisphere of the brain was placed with the medial side facing 

up. The tissue covering the hippocampus was removed using a pair of forceps 

and the hippocampus was gently I’olled out from the cortex. The hippocampus 

was divided in two, and one half was placed in a labelled 1.5mL Eppendorf tube 

(Sarstedt, Ireland) and flash frozen in liquid N2.

1.6.1 Alzheimer’s disease

AD is an age-related, chronic neurodegenerative disease that affects 36.5 million 

people worldwide, and with an ageing global population, is considered one of the 

largest medical challenges for future generations (Ittner and Gotz, 2011). 

Patients initially present with short-term memory loss, before the disease 

progresses over time and neuronal degeneration inflicts severe functional 

failures, leading to cognitive impairment and eventually death (Bekris et ah, 

2010). AD is characterised by substantial neuronal and synaptic loss, 

particularly in the hippocampus, cerebral cortex, and basal forebrain, which are 

areas associated with memory and learning (Nagele et ah, 2004). This is 

accompanied by deposition of senile plaques in the extracellular matrix 

comprised of amalgamated A6 peptides and intracellular neurofibrillary tau 

tangles in neurons comprised of hyperphosphorylated tau. Approximately 5% of 

cases are genetic, termed familial AD (FAD) but the underlying cause or causes 

late-onset sporadic AD have not yet been elucidated.

1.6.2 Ap and the amyloid hypothesis

The deposition of A6 plaques was first described 1906 by Alois Alzheimer upon 

post-mortem examination of AD brain. A6 is a small, 4kDa peptide of 37-43 

amino acids in length that is produced upon the cleavage of amyloid precursor 

protein (APP). APP is a type I transmembrane glycoprotein that is highly 

expressed at neuronal synapses. Its expression is upregulated during neuronal 

differentiation and after neuronal injury suggesting a role in synapse formation 

and neuronal plasticity (Priller et ah, 2006). Proteolytic cleavage of APP can 

occur in two ways, the non-amyloidogenic pathway or the amyloidogenic 

pathway. The non-amyloidogenic pathway involves the cleavage of APP by a-
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secretase and y-secretase, resulting in the production of non-pathogenic sAPPa, 

P3 and the amyloid precursor protein intracellular domain (AICD). In contrast, 

the amyloidogenic pathway is mediated by 6-secretase (also known as BACEl) 

cleavage of APP, rather than a-secretase, and the cleavage of the resulting 

intracellular peptide by y-secretase. This results in the production of sAPPB, 

AICD and A6 peptides. A6 peptides can vary in length between 37 and 43 amino 

acids in length because y-secretase can cleave the membrane bound APP 

fragment at number of sites (Newman et ah, 2007). These peptides form dimer, 

trimers and oligomers and eventually aggregate to form insoluble fibrils 

arranged as 6-pleated sheets which constitute the senile plaques found in the 

AD brain (Querfurth and LaFerla, 2010, Nag et ah, 2011).

The amyloid hypothesis states that increased production and/or decreased 

clearance of A6 leads to aggregates that chronically activate glia and induce an 

unsurmountable inflammatory response that leads to neurotoxicity, cell death 

and cognitive decline (Karran et ah, 2011).

1.6.3 Neuroinflammation & AD

Like most, if not all, neurodegenerative diseases, chronic inflammation has been 

associated with disease progression and neuronal loss in both FAD and sporadic 

AD (McGeer and McGeer, 2003, Heneka et ah, 2015). It has been proposed that 

this inflammation is not just a consequence of the disease, but that it contributes 

to the pathophysiology of disease progression (Zhang et ah, 2013). Evidence for 

this comes from studies which demonstrate that treatment with non-steroidal 

anti-inflammatory drugs lowers the incidence of AD, and decreases microglial 

activation in animal models of AD (Bamberger and Landreth, 2001).

Activated microglia and hypertrophic reactive astrocytes accumulate around A6 

deposits in the brains of AD patients (Medeiros and LaFerla, 2013, McGeer et 

ah, 1993) and in mouse models of AD (Bornemann et ah, 2001, Olabarria et ah, 

2010). A6 is known to induce a pro-inflammatory microglial phenotype; A6 

increases microglial expression of pro-inflammatory cytokines, chemokines and 

APC molecules in vitro (Lue et ah, 2001, Smits et ah, 2002, McQuillan et ah,
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2010) and in vivo (Clarke et al., 2007, Ishizuka et al., 1997, Vodovotz et al., 

1996). A number of receptors have been associated with binding A6 and 

mediating these effects, such as TLR2, TLR4, RAGE, CD47, CD36 and SRA 

(Jana et al., 2008, Bamberger et al., 2003, Reed-Geaghan et al., 2009).

Microglia phagocytose monomeric, oligomeric and fibrillary A6 in vitro (Lee and 

Landreth, 2010) and contain intracellular A6 fragments in vivo (Lewandowska 

et al., 2004). Under normal conditions, microglia also phagocytose and degrade 

potentially insulting agents, such as cell debris and apoptotic cells, and return 

to a quiescent state. However, in AD it has been suggested that receptor- 

mediated phagocytosis of A6 is not followed by adequate degradation, due to 

lysosomal acidity levels being too low (Majumdar et al., 2007). The failure to 

effectively remove A6 from the CNS leads to chronic activation of microglia and 

the persistent release of pro-inflammatory mediators that negatively impact 

neuronal health (El Khoury and Luster, 2008). Enhancing microglial 

phagocytosis of AB has been achieved by administration of anti-A6 antibodies 

and LPS stimulation and is associated with increased A6 clearance in transgenic 

mice (Wilcock et al., 2004, Herber et al., 2007). In AD, the persistence of A6 and 

the chronic inflammatory environment has been shown to negatively affect 

neuronal function and lead to cell death associated with the disease (Palop and 

Mucke, 2010, Kadowaki et al., 2005).

Age is the largest risk factor associated with AD, with incidence doubling every 

5 years in the over 65 population, reaching a prevalence greater than 25% in 

people over the age of 90 (Qiu et al., 2009). Microglia fi’om the aged brain are 

more responsive to pro-inflammatory stimuli (Perry and Teeling, 2013, Jones et 

al., 2015) and it has been suggested that age-related decreases in neuronal-glial 

interactions can contribute to this microglial priming (Biber et al., 2007), such 

as the CD200-CD200R interaction which is decreased in aged mice (Lyons et al., 

2007a). Microarray analysis of tissue from young and aged mice have revealed 

that the aged brain is associated with an increased inflammatory profile, 

demonstrated by increased expression of microglial activation markers, pro-
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inflammatory cytokines, chemokines and co-stimulatory molecules, such as 

CD40, CD68, TNFu, IL-16, MHC II, CD80 and CD86 (ProIIa, 2002b, Lee et al, 

2000, Lynch et ah, 2010, Lynch, 2009). These factors may contribute to the 

development of a chronically inflamed CNS and pave the way for progression of 

AD pathology.

1.6.4 APP/PS1 mouse model of AD

Murine models of AD have been used in an attempt to elucidate the molecular 

mechanisms underlying the disease and they serve as tools through which 

therapeutic interventions can be trialled. Animal models have been generated 

through manipulation of genes associated with FAD. These genes include APP, 

presenilin (PS) 1, and PS2. A double mutation in APP was first identified in a 

Swedish family (APPswe) and is associated with enhanced 6-secretase cleavage 

of APP, leading to an 8-fold increase in A6 production in vitro (Haass et al., 1995, 

Citron et al., 1992). PSl and PS2 are catalytic subunits of ysecretase, and 

mutations in these genes leads to accelerated production of the pathogenic ABi- 

42 subtype (Higgins and Jacobsen, 2003, Duff et al., 1996). The APPswe/PSldE9 

mouse model, used in this study, possesses a transgene encoding a chimeric APP 

with a double K595N M596L mutation (the Swedish mutations), and another 

encoding PSl with a DeltaE9 mutation. These mice develop large numbers of 

A6 plaques, which are evident in the cortex and hippocampus at 6 months of age 

and suffer progressive memory loss (Garcia-Alloza et al., 2006, Cao et al., 2007). 

However, neuronal loss is not prevalent in the APP/PSl mouse model, although 

synaptic loss and cognitive impairment do occur (Viana da Silva et al., 2016).

Other models of AD which target the expression of APP include the platelet- 

derived growth factor-promoter driving a human APP770 minigene with a 

V717F mutation (PDAPP), which was the first model of AD displaying enhanced 

A6 deposition along with memory loss and gliosis (Games et al., 1995), and the 

Tg2576mouse, which was generated through expression of human APP695 with 

a K670N M671L double mutation (Hsiao et al., 1996). A6 deposition in these 

models are not accompanied by the neurofibrillary tangles associated with
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hyperphosphorylated tau seen in AD, but transgenic mice that possess both tau 

tangles and A6 plaques are paralyzed and thus unsuitable for research purposes 

(Ashe, 2001). The APPSwDI/NOS2(-/-) mouse model is a more recent 

development, which has been shown to display A6 pathology as well as 

hyperphosphorylated and aggregated tau, which is accompanied by neuronal 

loss and cognitive impairment (Wilcock et ah, 2008).

1.7 Aims

The primary of this study were:

• To characterise microglial activation in terms of metabolic profile and 

iron handling properties and identify novel markers of activation.

• To examine the functional consequences of microglial activation in terms 

of phagocytic, antigen presentation, and secretory capabilities.

• To investigate the metabolic profile and iron handling properties of 

microglia isolated from the brains of APP/PSl and aged mice.
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2.1 Animals

Animals were maintained under veterinary cai’e in a specific pathogen free 
(SPF) environment at 22-23°C. A 12h light/dark cycle was employed with lab 
chow and water available ab libitum. Experiments were carried out under 
licence from the Irish Medicine Board under the Cruelty to Animals Act 1876, 
the European Community Directive, 86/609/EEC, and in agreement with the 
experimental procedures of Trinity College Research Ethics Committee.

C57/BL6 mice from the Comparative Medicine Unit, Trinity College Dublin 
were used for in. vitro experiments.

Male and female WT and APP/PSl mice were used in these studies. APP/PSl 
mice contain 2 transgenes inserted at a single locus: a chimeric APP and a 
deltaE mutation of human PSl. Mice were initially purchased from Jackson 
Laboratory (USA) and bred with in house C57/BL6 mice. Mice were sacrificed 
by decapitation while under anaesthesia induced by urethane (l.Sg/kg; Sigma 
Aldrich; UK).

2.2 Sacrifice and tissue harvesting

2.2.1 Intracardial saline perfusion

Groups of young (9 months; n=15) and aged (15-17 months; n=14) wildtype and 
APP/PSl mice were used for this study. Animals were anaesthetized by 
intraperitoneal injection of urethane (1.5g/kg; Sigma-Aldrich, UK) and full 
anaesthesia was confirmed by the absence of a pedal reflex. Mice were placed on 
their backs on a styrofoam board with their limbs pinned down. The abdomen 
was sprayed with 70% ethanol and, using a forceps and scissors, the abdomen 
skin was tented and an incision was made. The diaphragm was disconnected 
and 2 vertical cuts along the ribcage enabled it to be pinned back, allowing 
access to the thoracic cavity. The right atrium was snipped and a 23 gauge 
needle (BD Microlance, USA) on a 20mL syringe (BD Plastipak, USA) filled with 
ice cold phosphate-buffered saline (PBS; Appendix I) was inserted into the left

32



ventricle. The PBS was slowly passed through the vasculature, with the liver 

colour being indicative of successful perfusion. Spleens were removed from 

young WT mice and placed in warm complete Roswell Park Memorial Institute 

media (cRPMI; Appendix I) for isolation of CD4+ T cells as described in section 

2.3.8. Legs were removed, sprayed liberally with ethanol, and transferred to a 

laminar flow cell culture hood (Advanced Biosafety Cabinet Class II; AGB 

Scientific Ltd., Ireland) for the isolation of bone marrow-derived macrophages 

(BMDMs) as described in section 2.3.6.

2.2.3 Ex vivo cell isolation

Prior to separation procedure, a stock isotonic Percoll (SIP) solution was 

prepared by mixing 9 volumes of Percoll (Sigma Aldrich, UK) with 1 volume of 

lOX Hank’s balanced salt solution (HBSS; Gibco, UK). Two ice cold Percoll 

solutions (75% and 25%) were prepared from SIP using PBS.

Brain tissue was cross-chopped in medium A (Appendix I) in the lid of a Petri 

dish and placed in a glass hand held homogeniser, where it was mechanically 

dissociated. The resulting cell suspension was passed through a 70pm filter 

(Becton Dickinson Labware, France) into a 50mL Falcon tube (Sarstedt, 

Ireland), brought to 25mL with medium A and centrifuged (200g; lOmin; 4°C, 

no brake; Sovall Legend RT). The resulting pellet was resuspended in 75% 

Percoll solution (lOmL) and carefully overlaid with 25% Percoll solution (lOmL) 

and PBS (6mL). The gradient was then centrifuged (800g; 30min; 4°C, no brake), 

resulting in the separation ofthe myelin and mononuclear cells (Figure 2.1). The 

myelin from the 0-25% interface was discarded using a Pasteur pipette 

(Sarstedt, Ireland) and the enriched microglial population was removed from 

the 25-75% interface and added to new 50mL tubes. Microglia were washed 

with PBS (30mL), centrifuged (200g; lOmin; 4°C, no brake) and the supernatant 

was collected. The pellet was resuspended inSeaHorse mitochondrial stress test 

assay media (200pL; Appendix I) and the metabolic profile of the isolated 

microglia was assessed as described in section 2.6.2. The supernatant was 

centrifuged (800g; lOmin; 4°C) and the resulting pellet was resuspended in RAl
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buffer (Macherey-Nagel, Germany) and 6-mercaptoethanol (Sigma-Aldrich, UK; 
100:1; 350pL) and assessed for mRNA expression by RT-PCR as described in 
section 2.9.

PBS

25% Percoll

75% Percoll

Myelin layer discarded from 0-25% interface 

Microglia taken from 25-75% interface

Figure 2.1 Isolation of cells by Percoll gradient. Microglia were extracted from 
the interface between the 25% and 75% Percoll solutions.
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2.3 Cell culture

2.3.1 Aseptic techniques

All cell culture work was carried out in a laminar flow cell culture hood. The cell 

culture hood was sprayed liberally with 70% ethanol before and after use and 

was exposed to ultraviolet light overnight. All materials used were sterile and 

doused in 70% ethanol prior to entering the cell culture hood. Disposable latex 

powder-free gloves were worn at all times and sprayed with 70% ethanol. 

Dissection instruments were sterilised by thorough cleaning with Virkon and 

baked overnight in an oven at 200°C following use.

2.3.2 Preparation of primary cortical microglia

Primary cortical glial cells were procured from PO neonatal C57BL/6 mouse pups 

(Comparative Medicine Unit, Trinity College, Dublin, Ireland). The mice were 

decapitated using a sterile scissors, the cortices were dissected free and the 

meninges removed. The cortices were cross-chopped using a sterile scalpel in the 

lid of a sterile Petri dish containing a few drops of warm cDMEM (Appendix 1). 

Tissue was placed in 15mL Falcon tubes and was titrated using a sterile plastic 

Pasteur pipette. The suspension was passed through a sterile 40pm nylon mesh 

(BD Plastipak, USA) into 50mL Falcon tubes and centrifuged (1200rpm, 5min, 

20°C). The supernatant was discarded and the pellet was resuspended in warm 

cDMEM (ImL per brain). The resuspended mixed glia were added to labelled 

T25 flasks (ImL/flask; Fisher Scientific, UK) and incubated for 2h at 37°C before 

the addition of warm cDMEM to each flask (8mL).

For primary microglial cultures, cDMEM, supplemented with macrophage 

colony stimulating factor (M-CSF; lOOng/mL; R&D Systems, UK, Appendix 1) 

and granulocyte macrophage colony stimulating factor (GM-CSF; lOOng/mL; 

R&D Systems, UK, Appendix 1), was added to each flask (ImL/flask) the 

following day and cells were grown at 37°C in a humidified 5% CO2; 95% air 

environment for 10-12 days. At this point, the neck and cap of each flask was 

wrapped with parafilm (Sigma-Aldrich, UK) to make them air-tight and they
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were placed on an orbital shaker for 2h (llOrpm, 20°C; Labnet International). 

The flasks were returned to the sterile flow hood and tapped 10 times to separate 

the non-adherent microglia, which were decanted into 50mL Falcon tubes which 

were centrifuged (1200rpm, 5min, 20°C). The supernatant was removed and the 

resulting microglial pellet was resuspended in cDMEM (ImL). Viable microglial 

cells were counted under a light microscope (Olympus 1X51, Olympus Ltd, UK) 

using a haemocytometer (Hycor Biomedical, UK), equalised to a density of 

12xl05cells/mL with cDMEM and seeded (250pL/well) in labelled 6-well plates 

(Fisher Scientific; UK) at a density of SxlO^cells/well. For 

immunocytochemistry, cells were seeded (30pL) onto poly-o-lysine coated 

coverslips (Appendix I) in 24-well plates at a density of SxlO^cells/coverslip. 
Plates were incubated for 2h at 37°C before wells were topped up with warm 

cDMEM (750pL for 6-well; 270pL for 24-well). Microglia were grown at 37°C in 

a humidified 5% CO2; 95% air environment and treated 2 days after seeding.

2.3.3 Preparation of primary cortical astrocytes

For primary astrocytic cultures, cells were grown at 37°C in a humidified 5% 

CO2; 95% air environment for 10-12 days in the absence of growth factors. Flasks 
were shaken for Ih as described and microglia were removed. The astrocytes 

which remained adhered to the surface of the flasks were rinsed with sterile 

PBS (5mL; Gibco, UK) and incubated for 5min at 37°C with trypsin- 

ethylenediaminetetraacetic acid (EDTA; 3mL per flask; Gibco, UK). Trypsin 

activity was halted by adding warm cDMEM (5mL) to each flask and a cell 

scraper (Sarstedt, Ireland) was used to ensure all cells were collected. The 
astrocytic cell suspension was transferred into 50mL Falcon tubes and 

centrifuged (1200rpm, 5min, 20°C). The supernatant was discarded and the 

pellet was resuspended in DMEM (ImL). Viable astrocytes were counted under 

a light microscope using a haemocytometer, equalised to a density of 

12xl0^cells/mL with DMEM and seeded (250pL/well) in labelled 6-well culture 

plates at a density of dxlO^cells/well. For immunocytochemistry, cells were 

seeded (30pL) onto poly-o-lysine coated coverslips in 24-well plates at a density 
of dxlO^cells/coverslip. Plates were incubated for 2h at 37°C before wells were
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topped up with warm cDMEM (750pL for 6-well; SOOpL for 24-well). Astrocytes 

were grown at 37°C in a humidified 5% CO2; 95% air environment and treated 

2 days after seeding.

2.3.4 Preparation of mixed giial cultures

Primary mixed glial cultures were prepared in the same way as microglia in 

section 2.3.2, except cells were cultured in 6-well plates in the absence of growth 

factors and media was changed every 4 days.

2.3.5 Maintenance of L929 ceii line

L929 cells were kindly donated by Professor Luke O’Neill. L929 cells are a 

murine fibroblast cell line used as a source of M-CSF for the culture of BMDMs. 

Cells were grown in cDMEM in T175cm^ flasks (Fisher Scientific, UK) until 

confluent and harvested using heat-activated trypsin-EDTA. The cells were 

centrifuged (850g; 4min) and the resulting pellet was resuspended in cDMEM. 

Cells were counted and re-seeded in T175cm2 flasks (40mL) at a density of 

0.5xl0‘'cells/mL. L929 cells were grown at 37°C in a humidified 5% CO2; 95% air 

environment for 7 days, at which time the L929 conditioned media was removed 

and cells were split once more. To ensure no L929 cells remained in the L929 

conditioned media, samples were centrifuged (850g; 4min) and the top 80% of 

supernatant was collected and filter sterilised using a cellulose acetate 

membrane filter.

2.3.6 Isolation and culture of murine BMDMs

BMDMs were generated from the femurs and tibias of mice. The legs were 

dissected and the muscle removed from the bones using a scalpel. In a laminar 

flow hood, bones were cut at either end and bone marrow was flushed with 

cDMEM using a 20mL syringe and a 23 gauge needle and collected into a 50mL 

Falcon tube. Cells were titrated using a Pasteur pipette and passed through a 

40pm nylon mesh filter. The cell suspension was centrifuged (1250rpm; 5min) 

and the resulting pellet resuspended in sterile red blood cell (RBC) lysis buffer 

(1.5mL; Appendix I). Cells were incubated for 3min at room temperature.
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centrifuged (1250rpm; 5min) and the pellet resuspended in freezing buffer (4mL; 

Appendix I). This was split across 4 cryovials (Nalgene, USA) and placed in a 

Mr.Frosty™ freezing container (Thermo Scientific, USA) at -80° C for 24h before 

being transferred to liquid nitrogen storage. When required, cells were thawed 

rapidly, diluted in cDMEM (1:10) and centrifuged (1250rpm; 5min). The cells 

were resuspended in cDMEM supplemented with 20% L929 conditioned media 

and seeded in 6-well plates at a density of 2.5xl05cells/mL. Cells were grown at 

37°Cin a humidified 5% CO2; 95% air environment for 2 days prior to treatment.

2.3.7 In vitro polarisation of M1/M2 cells

After the 48h plating period, medium was removed from microglia, astrocytes, 

and BMDMs and replaced with cDMEM alone, cDMEM containing IFN-y 

(50ng/mL; R&D Systems, UK, Appendix I) or cDMEM containing IL-4 (20ng/mL; 

R&D Systems, UK, Appendix I). Cells were incubated in these conditions at 

37°C in a humidified 5% CO2; 95% air environment for 24h before harvesting for 

various experimental analyses. Supernatants were aspirated and transferred 

into 1.5mL Eppendorf tubes for analysis by enzyme-linked immunosorbent 

assay (ELISA) as described in section 2.7.

2.3.8 Preparation of glia:T cell co-culture for CTV proliferation assay

A 96-well round bottomed tissue culture plate (Fisher Scientific, UK) was coated 

with anti-CD3e (Ipg/mL in cRPMI) and incubated for at least 2h at 37°C prior 

to CD4+T cell isolation. After this time, the plate was washed twice with PBS.

T helper cells were isolated from the spleens of 12 month old green fluorescent 

protein (GFP) mice using a Miltenyi Biotec CD4+ T cell isolation kit (Miltenyi 

Biotec, Germany). After intracardial perfusion, as described in section 2.2.1, the 

spleens were removed and mechanically dissociated in cRPMI using the plunger 

of a ImL syringe and a 40pm nylon mesh filter to create a single cell suspension. 

This cell suspension was centrifuged (1250rpm; 5min; 20°C) and the 

supernatant was discarded. The pellet was resuspended in RBC lysis buffer 

(2mL/spleen) and incubated at room temperature for 3min in the fume hood in
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order to eliminate RBCs and purify the lymphocytes. Following RBC lysis, PBS 

(3mL) was added and the cells were centrifuged (1250rpm; 5min; 20°C). The 

supernatant was discarded and the pellet resuspended in PBS (ImL) and cells 

were counted under a light microscope using a haemocytometer. The cell 

suspension was centrifuged (1250i’pm; 5min; 20°C) and the pellet resuspended 

in magnetic-activated cell sorting (MACS) buffer (40pL/10'^ cells; Appendix I). 

Biotin-antibody cocktail was added (lOpL/10'^ cells; Miltenyi Biotec, Germany) 

and the cell suspension was mixed and incubated for 5min at 4°C. After this 

incubation period, MACS buffer (SOpL/lO'' cells) and anti-biotin microbeads 

(20pL/10^ cells; Miltenyi Biotec, Germany) were mixed with the cell suspension. 

The cell suspension was incubated for lOmin at 4°C.

A MACS LS separation column (Miltenyi Biotec, Germany) was mounted in the 

magnetic field of a MACS separator (Miltenyi Biotec, Germany) and rinsed with 

MACS bufiier (3mL). The cell suspension was applied to the column and 

magnetically labelled CD4+ cells were arrested in the column. The column was 

then removed from the magnetic field and the effluent containing CD4+ T cells 

was collected in a 15mL Falcon tube. This was passed through the column again 

to ensure maximal yield. The CD4+-enriched cell suspension was centrifuged 

(1250rpm; 5min; 20°C) and the resulting pellet resuspended in warm cRPMI 

(ImL). Cells were counted under a light microscope using a haemocytometer and 

centrifuged (1250rpm; 5min; 20°C). The resulting pellet was resuspended in 

warm PBS (llmL) and ImL was removed to a new 15mL Falcon tube and 

centrifuged (1250rpm; 5min; 20°C). The pellet was resuspended in cRPMI to act 

as a non-stained control. The remaining T cell suspension was stained with cell 

trace violet (CTV; 2pL; Thermo Fisher, UK) for lOmin at 37°C. CTV staining 

was stopped by submerging the Falcon tube in ice until cold. The cell suspension 

was centrifuged (1250rpm; 5min; 20°C) and the pellet was resuspended in ImL 

cRPMI. CTV diffuses into the cell and covalently binds intracellular amines 

without affecting morphology or physiology, allowing for the tracing of 

generations or divisions.
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CD4+ T cells were counted and brought to a density of SxlO^cells/mL in cRPMI. 

This cell suspension was added to anti-CD3e coated 96 well plates (lOOpL/well) 

to give a density ofO.SxlO^cells/well. Glia, which had been polarised as described 

in section 2.3.7, were gently scraped from 6-well plates and centrifuged 

(1200i’pm; 5min; 20°C). The resulting pellets were resuspended in cRPMI (ImL) 

and cells were yii^i’adiated (45Gy; Gammacell® 3000 Caesium Irradiator, 

Canada). After this, cells were counted and brought to a density of lx 10®cells/mL 

with cRPMI and added to the T cells in the 96-weII plate (lOOpL/well) to give a 

density of IxlO^cells/well, generating a 2:1 ratio of glial cells to T cells. Co­

cultures were grown at 37°C in a humidified 5% C02:95% air environment for 7 

days before being analysed by FACS (section 2.5). CTV stain is detected on the 

Briliant Violet 421 channel on the flow cytometer and its intensity decreases in 

daughter cells. Measuring the decrease in staining gives an indication of the 

rate of proliferation of the cells.

2.3 Assessment of glial phagocytosis

Phagocytosis was assessed using immunocytochemistry and flow cytometry. For 

analysis by flow cytometry, cells were harvested, transferred to FACS tubes and 

centrifuged (1200rpm; 5min; 20°C). The supernatant was discarded and tubes 

were dabbed on clean tissue to remove any residual liquid. Cells were 

resuspended in cDMEM alone or cDMEM containing HiLyte Fluor™ 488- 

labelled amyloid-6 (Abs/Em = 503/528nm; 0.5pM; Appendix I) or fluorescently- 

labelled yellow/green latex beads (Abs/Em = 470/505nm; 1:200 dilution; Sigma- 

Aldrich, UK) and were incubated for 2h at 37°C. After the 2h incubation period, 

tubes were centrifuged (1200rpm; 5min; 20°C) and the resulting pellet was 

resuspended in 0.4% trypan blue solution (Sigma-Aldrich, UK) to quench 

extracellular fluorescence. Cells were washed 3 times with FACS buffer (ImL; 

Appendix I) and normal extracellular staining protocol was carried out as 

described in section 2.4.1.
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2.3.1 Immunocytochemistry

Microglia or mixed glia were seeded onto poly-D-lysine coated coverslips as 

described in section 2.3.2 and 2.3.4 respectively. Media was removed 24h after 

seeding and replaced with cDMEM alone or cDMEM containing HiLyte Fluor™ 

488-labelled amyloid-6 (Abs/Em = 503/528nm; O.SpM) or fluorescently-labelled 

yellow/green latex beads (Abs/Em = 470/505nm; 1:200 dilution) and cells were 

incubated for 2h at 37°C. Following this, the media was removed and cells were 

fixed cells with 4% PFA (SOOpL; Appendix I) for 30min. Coverslips were washed 

3 times with PBT (SOOpL; Appendix I) and blocked with 10% horse serum 

(SOOpL; in PBT; Vector Laboratories, USA) for Ih at room temperatyre. Primary 

antibodies (2S0pL; Table 2.S; in 10% horse serum) were added to the coverslips 

and incubated overnight on a rocker at 4°C in the dark. The next day, coverslips 

were washed 3 times with PBT (SOOpL) and secondary antibody (SOOpL; 1:1000 

in PBT; Table 2.S) was added. Coverslips were incubated in the dark for 2h at 

I’oom temperature before being washed twice with PBT (SOOpL) and once with 

PBS (SOOpL). Coverslips were mounted onto clean glass slides using Vectashield 

mounting medium with DAPI (Vector Laboratories, USA) and cells were imaged 

using fluorescent (Axio Imager.Zl, ApoTome Zeiss, Germany) and confocal 

(Leica TCS SP8, Leica Microsystems, Germany) microscopes.

Antibody Company Dilution

Primary Rabbit anti-mouse Iba-1 AbD Serotec (MCA27S9) 1:200

Rabbit anti-GFAP Dako (Z0334) 1:2000

Secondary Alexa-Fluor®-633 Life technologies 1:1000

donkey anti-rabbit (A21207)

Table 2.1 Antibodies used for immunocytochemistry
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2.4 Flow cytometry

2.4.1 Extracellular staining

Cells were transferred to FACS tubes and washed 3 times with FACS buffer 

(ImL). Cells were centrifuged (1200rpm; 5min; 20°C) and resuspended in FACS 

buffer containing rat anti-mouse CD16/CD32 FcyRin (50pL; 1:100; Mouse BD 

Fc Block™, BD Biosciences, USA). Cells were incubated in this solution for 

lOmin at room temperature to block low-affinity IgG receptors. Cells were then 

incubated in with appropriate antibodies (50pL; Table 2.1) for 30min at room 

temperature in the dark. Cells were washed 3 times and following the final 

wash, cells were resuspended in FACS buffer (300pL).

2.4.2 Intracellular staining

Cells were prepared for intracellular staining using the FIX & PERM® kit 

(Invitrogen, UK). Cells were transferred to FACS tubes and stimulated with 

phorbol myristate acetate (PMA; lOng/mL; Sigma Aldrich, UK), ionomycin 

(Ipg/mL; Sigma Aldrich, UK), and brefeldin-A (BFA; 5pg/mL; Sigma Aldrich, 

UK) for 5h at 37°C in order to enhance detection of intracellular cytokines. BFA 

inhibits the intracellular transport of cytokines upregulated by PMA and 

ionomycin, thus allowing for their detection within the cell. Following this, cells 

were washed 3 times with PBS, centrifuged, and resuspended in Fixable 

Viability Dye eFluorSOG (500pL; 1:1000; eBiosciences, USA). Cells were 

vortexed thoroughly and incubated at 4°C for 30min. Cells were washed 3 times 

with FACS buffer, blocked and the extracellular staining protocol was carried 

out as described in section 2.5.1. Fixation medium A (50pL; Invitrogen, UK) was 

added to each tube for 15min at room temperature. Cells were washed 2 times 

with FACS buffer, centrifuged (1200rpm; 5min; 20°C), and resuspended in 

permeabilisation media B (50pL; Invitrogen, UK) containing intracellular 

antibodies (Table 2.1) and incubated with cells in the dark for 15min at room 

temperature. Cells were washed 3 more times and following the final wash, cells 

were resuspended in FACS buffer (300pL).
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Target Antibody Dilution Supplier (Cat

#)

CDllb Anti-mouse CDllb PE- 1:100 

eFluor® 610

eBioscience (83- 

0451-41)

IFN-y Anti-mouse IFN-y PE-Cy7 1:100 eBioscience (25- 

7311-41)

Anti-mouse IL-4 FITC 1:100 eBioscience (11- 

7042-41)

IL-17 Anti-mouse IL17A PE 1:100 BD Pharmingen 

(559502)

Table 2.2 Antibodies used for flow cytometry

2.4.3 Flow cytometric analysis

With the exception of Fixable Viability Dye and BV421, compensation beads (BD 

Bioscience, USA) were used for each colour to correct for spectral overlap in 

fluorochrome detection. Positive and negative compensation beads were added 

to FACS tubes and diluted with PBS to ensure adequate volume in the tube 

(50pL). Appropriate antibody was added to the tube at the same concentration 
used in staining. Fixable Viability Dye eFluor506 and BV421 positively and 

negatively stained cells were used for compensation controls. Fluorescence 

minus one controls were used to identify gating boundaries. These controls 

consisted of a tube containing every other fluorochrome except for the one under 

investigation. Flow cytometric analysis was carried usimg the Fortessa flow 

cytometer (Becton-Dickinson, USA) and analysed using FlowJo v7.6.5 software 

(Tree Star Inc., USA).
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2.5 Using the SeaHorse XF Analyser

The SeaHorse Extracellular Flux (XF24) Analyser (SeaHorse Bioscience, USA) 

was used to carry out bioenergetic analysis of cells by measuring glycolytic 

activity and mitochondrial respiration. Microglia, astrocytes and BMDMs were 

isolated as per sections 2.2.2, 2.2.3 and 2.2.6 and seeded (lOOpL/well) in 

SeaHorse cell culture microplates at densities of IxlO^cells/well, SxlO'^cells/well 
and 2xl05cells/well respectively, with care being taken not to seed cells in 

background correction wells. The plate was left in the hood for Ih before being 

incubated for a further Ih at 37°C. Wells were topped up with cDMEM (ISOpL) 

and incubated at 37°C in a humidified 5% CO2; 95% air environment for 24h. 

Cells were treated with cDMEM alone, cDMEM containing IFN-y (50ng/mL) or 

IL-4 (20ng/mL), which were made up at 6X concentrations and added (50pL) to 

the medium in the SeaHorse plates to give a final volume of 300pL/well. The 
sensor cartridge was hydrated by adding SeaHorse XF Calibrant solution (ImL; 

SeaHorse BioScience, USA) to each well of the utility plate and was left 

overnight in a C02-fi’ee incubator at 37°C.

On the day of the assay, specific assay media was made up for the mitochondrial 
stress test or the glycolytic flux test (Appendix I). The cells were washed twice 

by very gently removing all but 50pL of media from the wells and replacing with 

assay medium (ImL). After the final wash, assay media was very gently added 
to each well (425pL) to give a final volume of 475pL/well and the plate was 

placed in a no-C02 incubator for Ih. The absence of CO2 is important to ensure 

acidification and changes in pH do not occur, as this is an important measure 

for the SeaHorse XF Analyser.

For the mitochondrial stress test, stock solutions of oligomycin (Abeam, UK), 

carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP; Sigma-Aldrich, 
UK) and antimycin A (Signma-Aldrich, UK) were diluted to working 

concentrations of 20pM, 20pM, and 40pM in mitochondrial stress test assay 

media and loaded into ports A (56pL), B (62pL) and C (69pL) of the cartridge 

respectively. For the glycolytic flux test, glucose (Sigma-Aldrich, UK),
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oligomycin and 2-deoxy-D-glucose (2-DG, Sigma-Aldrich, UK) were brought to 
woi’king concentrations of lOmM, 20iiM, and 500mM in glycolytic flux assay 
media (Appendix I) and loaded into ports A (56pL), B (62pL) and C (69pL) of the 
cartridge respectively. The cartridge was loaded into the SeaHorse XF Analyser, 
allowing it to be calibrated. Following calibration, the utility plate was removed 
and replaced with the cell culture plate and the assay was begun.

Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) 
were measured every 8min for 96min. Baseline measurements were taken at 0, 
8 and IGmin and compounds were injected sequentially after every 3 time 
points. ECAR and OCR were automatically calculated by the SeaHorse XF24 
software and each point represents an average of 4-6 different wells. Sample 
ECAR and OCR plots can be seen in Figures 2.3 and 2.4.

Oligomycin FCCP AA

Figure 2.2 Example SeaHorse graph for the mitochondrial stress test. The basal 
respiration is assessed from the OCR readout by calculating the difference 
between the average of the first 3 measurements and the final 3 measurements 
i.e. after the addition of antimycin A. The maximal respiration is found by 
calculating the difference between the average of the first 3 measurements and 
the third 3 measurements i.e. after the addition of FCCP. ATP production is
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calculated by finding the difference in OCR between the first 3 measurements 

and the second 3 measurements.

Glucose Oligomycin 2-DG

Figure 2.3 Example SeaHorse graph for the glycolytic flux test. Glycolysis is 

assessed from the ECAR readout by calculating the difference between the 
average of the first and the second 3 measurements i.e. after the addition of 

glucose to the cells. The glycolytic capacity of cells is determined by calculating 

the difference between the average of the first 3 measurements and the third 3 

measurements. Glycolytic reserve is found by measuring the difference between 

the average of the second 3 measurements and the third 3 measurements.

2.6 Analysis of protein secretion by ELISA

The concentrations of the chemokines CCL2 (Mouse CCL2/MCP1 DuoSet 

ELISA, R&D Systems, Cat # DY479), CCL3 (Mouse CCL3/MIPla DuoSet 

ELISA, R&D Systems, Cat# DY450), and CCL5 (Mouse CCL5/RANTES DuoSet 

ELISA, R&D Systems, Cat # DY478) were assessed by ELISA in supernatant 

samples. ELISA plates were coated with capture antibody (lOOpL per well), 
covered with an adhesive plate sealer (Cruinn, Ireland) and incubated overnight 

at room temperature. Plates were washed 3 times with ELISA wash buffer 

(Appendix I) and blocked with reagent diluent (300pL/well; 1% bovine serum
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albumin [BSA; Sigma-Aldrich, UK] in PBS) by incubating at room temperature 

for at least Ih on an orbital shaker (Stuart Scientific, UK). Plates were washed 

3 times and standards and samples were diluted in cDMEM and added to the 

plate in triplicate (lOOpL/well). Plates were returned to the orbital shaker for 

2h and washed 3 times with wash buffer and the addition of detection antibody 

(lOOpL/well). The plate was sealed and incubated for a further 2h at room 

temperature on an orbital shaker. Plates were washed 3 times with wash buffer 

and horseradish peroxidase-conjugated streptavidin was added (1:40 dilution in 

reagent diluent; lOOpL/well). The plate was covered with an adhesive plate 

sealer and tinfoil and incubated on an orbital shaker for 20min. The wells were 

washed 3 times with wash buffer and substrate solution was added (1:1 mixture 

of hydrogen peroxide and 3, 3’, 5, 5’-tetramethylbenzidine; lOOpL/well). The 

plate was sealed and incubated in the dark for at least 20min. The reaction was 

stopped by adding IM H2SO4 (50pL/well) and absorbance was read at 450nm 

using a plate reader (Synergy HT Multi-Mode Microplate Reader, BioTek, USA). 

A standard curve was produced using Prism software and the concentrations of 

samples were extrapolated from this.

2.8 Analysis of mRNA by RT-PCR

2.8.1 RNA extraction

A Nucleospin® RNA II kit (Macherey-Nagel, Germany) was used to isolate 

mRNA from cell and tissue lysates for assessment by reverse transcriptase- 

polymerase chain reaction (RT-PCR). To harvest cells from 6-well plates, 

supernatants were aspirated andRAl buffer (Macherey-Nagel, Germany) with 

6-mercaptoethanol (Sigma-Aldrich, UK) was added (100:1; 350pL/well) to lyse 

cells. A cell scraper was used to remove cells from the wells. Hippocampal tissue 

samples were thawed on ice and lysis buffer (350pL) was added and tissue was 

homogenised using a hand held homogeniser.

The lysate was passed through a Nucleospin filter placed in a 2mL Eppendorf 

collection tube and centrifuged (ll,000g; Imin). The filters were discarded and
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ethanol (70% in RNase free H2O; 350|iL) was added to the cell lysate and mixed 

by pipetting up and down 8 times. This was loaded onto Neucleospin RNA II 

columns and samples were centrifuged (ll,000g; 30s) to allow the RNA to bind 

to the columns. Membrane desalting buffer (350pL) was added to each sample 

and the samples were centrifuged (ll,000g; Imin). DNA was digested by adding 

DNase reaction mixture (95pL) directly onto the silica membrane column of each 

sample and incubating at room temperature for ISmin. The reaction was 

stopped by adding RA2 buffer (200pL) and centrifuging (ll,000g; Imin) to dry 

the column. The column was washed with RA3 buffer (GOOpL) and centrifuged 

(ll,000g; 30s). A final wash with RA3 buffer (250pL) was carried out and the 

silica membrane dried by centrifuging (ll,000g; 2min). RNA was eluted from 

the column by adding nuclease-free water (60pL) and centrifuging (ll,000g; 

Imin). mRNA was collected in nuclease free l.SmL Eppendorf tubes and stored 

at -20°C.

2.8.2 cDNA Synthesis

Samples were kept on ice for the duration of the reverse transcription process to 

prevent their degradation and all surfaces were cleaned thoroughly with RNase 

away. The RNA concentration of samples was determined using a NanoDrop 

Spectrophotometer (ND-1000 v3.5, NanoDrop Technologies Inc., USA). Samples 

were equalised with nuclease-free water and reverse transcribed to cDNA using 

high-capacity cDNA archive kit (Applied Biosystems, Germany). A mastermix 

was prepared with lOX RT buffer (6pL), 25X dNTPs (2.4pL), lOX random 

primers (6pL), multiscribe reverse transcriptase (3pL) and nuclease-free water 

(12.6pL) per sample. The mastermix (30pL) was mixed with each RNA sample 

(30pL) in labelled PCR tubes. These tubes were centrifuged and subjected to a 

lOmin 25°C cycle and a 2h 37°C cycle in a thermal cycler (PTC-200, Peltier 

Thermal Cycler, USA). cDNA samples were stored at -20° C until amplification.

2.8.3 Reverse Transcription-Polymerase Chain Reaction

A mastermix consisting of RNase-free water (8pL), Sensimix Probe II (12.5pL; 

Bioline, UK), 6-actin primer as an endogenous control (1.25pL) and the target
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primer (1.25pL; TaqMan Gene Expression Assays, Applied Biosystems, 

Germany; listed in table 2.1) was prepared per sample and added (23pL) to each 

well of a 96-well plate (Thermo Scientific, UK). cDNA samples (2pL) were added 

to the appropriate wells and the plate was sealed and centrifuged (1200rpm; 

Imin; 20°C). Real-time PGR (60 cycles with 2min at 50°C, lOmin at 95°C, 15s at 

95°C and Imin at 60°C) was carried out using Applied Biosystems ABI Prism 

7300 Fast Track Sequence Detection System v 1.4.1.

Gene Name
TaqMan Gene Expression 

Assay Number

Arginase-1

p-actin

Mm00475988_ml 

Mm00407939 si

BDNF Mm04230607 si

CCL2 Mm00441242 ml

CCL3

Chi3L3

Mm00441259_gl

Mm01302427 ml

Mm00657889 mH

CDllb Mm00434455 ml

CD29 Mm01253230 ml

CD33 Mm00491152 ml

Mm00441891 ml

Mm03047343 ml

Mm00711660 ml
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Ferritin

Ferroportin

IGFl

IL-lp

iNOS

GFAP

GLAST

MRCl

MHCII

NGF

PFKFBl

PFKFB3

TNF-a

TREM2

Mm00444543_ml

Mm00850707_gl

Mm01254822_ml

Mm00439560_ml

Mm00434228_ml

Mm00440502_inl

Mm01253033_ml

Mm00600697_ml

Mm00485148_ml

Mm00482914_ml

Mm00443039_ml

Mm01256237_ml

Mm00504650_ml

Mm00443258_ml

Mm04209424_gl

Table 2.3 List of primers for RT-PCR.

2.8.4 PCR quantification

RT-PCR analysis was carried out using the delta CT method to determine gene 
expression. This method allows the user to determine the levels of target gene 
expression compared with their endogenous controls (8-actin). Values were
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normalised to control sample and the fold changes in gene expression is 

compared between groups.

2.9 Sodium dodecyl sulphate (SDS)-polyacrylamide gel 
electrophoresis

2.9.1 Sample preparation for SDS-PAGE

To harvest cells from 6-well plates for Western immunoblotting, supernatant 

samples were aspirated from wells and cells were gently rinsed with PBS, 

followed by a lOmin incubation with lysis buffer (Appendix I; 60pL/well). A cell 

scraper was used to harvest cells, which were centrifuged (15,000g; lOmin; 4°C) 

and the supernatant (50pL) was carefully collected and prepared for Western 

immunoblotting.

2.9.2 Pierce® BCA protein assay

A Pierce® BCA protein assay (Fisher Scientific, UK) was used to determine the 

protein concentration of samples. A standard curve was produced by carrying 

out serial dilutions of stock BSA prepared from stock (2mg/mL in dH20) which 

were in dH20 to create a range of concentrations up to 2000pg/mL which were 

added in duplicate (25pL/well) to designated wells. Samples were diluted in 

dH20 (1:5) and added to in duplicate (25pL/well) to designated wells. Pierce® 

BCA reagents A and B (Fisher Scientific, UK) were prepared in a 49:1 ratio (v:v) 

and added to each well (200pL/well). The plate was incubated in the dark for 

SOmin at 37°C to develop colour and the absorbance was read at a wavelength 

of 562nm using a BioTek Synergy HT Multi-Mode Microplate Reader.

A standard curve was produced using Prism software (v5.0, Graphpad, USA) 

and protein concentrations were determined using regression analysis (r^O.98). 

Protein concentrations were equalised with ice cold lysis buffer. Samples were 

diluted with 4X sample buffer (Appendix I) and heated for 5min at 70°C in order 

to denature proteins. Samples were stored at -20° C.

51



2.9.3 SDS-PAGE

Polyacrylamide separating gels (1mm thick) with a monomer of 7-15% 

(Appendix I) were cast between 2 glass plates (10cm; BioRad Laboratories, USA) 

and overlaid with 4% stacking gels (Appendix 1). A comb was inserted to 

construct separate loading wells. Gels were mounted in an electrophoretic unit 

(BioRad Laboratories, USA) and electrode running buffer (Appendix I) was 

added to the inner and outer reservoirs. Samples were thawed rapidly, heated 

for 5min at 70°C and loaded (lOpg or 20pg protein/well) into designated wells of 

the gels. A pre-stained molecular marker (lOpL; Spectra, Fisher Scientific, UK) 

was added to each gel for identification of bands by molecular weight. The 

proteins were separated by the application of lOOV across the unit until the 

molecular marker indicated that the samples had run the appropriate amount.

2.9.4 Western transfer protocol

Filter paper (Sigma-Aldrich, UK) and labelled nitrocellulose membranes 

(Sigma-Aldrich, UK) were cut to the size of the gel and soaked in transfer buffer 

(Appendix I) along with 2 blotting pads (BioRad Laboratories, USA). Once the 

electrophoretic unit was switched off, the gel was removed and the stacking gel 

was carefully detached and disposed of. The resolving gel was soaked in transfer 

buffer and placed on the sheet of nitrocellulose paper sandwiched between filter 

paper and blotting pads. Air bubbles were removed by gently rolling a glass 

pipette (Fisher Scientific, UK) along the surface of the gel. The sandwich was 

placed in a blotting unit (BioRad Laboratories, USA) which was filled with 

transfer buffer and transferred at 220mA for GOmin.

2.9.5 Western immunoblotting

Nitrocellulose membranes were blocked for Ih with 5% Marvel milk or BSA in 

TBS-T (w/v; lOmL; Appendix I) for non-specific binding of protein and probed 

with an antibody raised against the protein of interest. See-saw rockers (SSL4, 

Stuart Scientific, UK) were used throughout to ensure that complete coverage 

of the membrane by solutions was achieved. Primary antibodies (lOmL) were 

diluted as summarised in table 2.2 and applied for 2h at room temperature or
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overnight at 4°C. The membranes were washed 3 times with TBS-T (ISmin) and 
the appropriate secondary antibodies (Goat anti-mouse IgG or goat anti-rabbit 
IgG; 1:5000 in 5% Marvel milk or BSA in TBS-T; lOmL) conjugated to 
horseradish peroxidase (HRP; Jackson ImmunnoResearch Laboratories, USA) 
were applied for Ih at room temperature. After washing 3 times with TBS-T 
(15min), the membranes were incubated with a chemiluminescent detection 
solution (3min; Immobilon Western, Millipore, USA) to detect the HRP-linked 
antibodies and visualise protein complexes. Protein bands were imaged using 
FujiFilm LAS-4000 imaging system (Fuji, UK). Membranes were stripped with 
Re-Blot Plus strong solution (lOmL; Merck Millipore, Germany) for 5min and 
re-probed for 6-actin and imaged as described above.

Protein (Molecular 
Weight)

pAMPK (62kDa)

tAMPK (62kDa)

Ferritin (20kDa)

Ferroportin (63kDa)

GLUTl (55kDa)

HIF-la (130kDa)

Primary Antibody (Supplier) Dilution

Rabbit anti-phospho-AMPKa (Thrl72)
IgG (Cell Signalling cat # 2535)

1:1000 in 5%
Marvel/TBS-T

Rabbit anti-AMPKal -i- AMPKa2 IgG
(Abeam cat # Ab80039)

1:1000 in 5%
Marvel/TBS-T

Rabbit anti-ferritin IgG (Abeam cat #
Abl83781)

1:1000 in 5%
Marvel/TBS-T

Rabbit anti-SLA40Al IgG (Abeam cat #
Ab85370)

1:1000 in 5%
MarvelTTBS-T

Rabbit anti-GLUTl IgG (Abeam cat #
Ab652)

1:1000 in 5%
Marvel/TBS-T

Rabbit anti-HIF-l-alpha IgG (Abeam
cat# Ab 179483)

1:1000 in 5%
MarvelA’BS-T
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PDKl (49kDa)

PFKFBl (55kDa)

PFKFB3 (55kDa)

PGC-IP (113kDa)

Transferrin 
receptor (98kDa)

P-Actin (42kDa)

Rabbit anti-PDKl IgG (Abeam cat # 
Ab202468)

1:2000 in 5% 
Marvel/TBS-T

Rabbit anti-PFKFBl IgG (Abeam cat # 1:500 in 5%
Ab71626) MarvebTBS-T

Rabbit anti-PFKFB3 IgG (Abeam cat # 1:1000 in 5%
Abl81861) Marvel/TBS-T

Rabbit anti-PGCl beta IgG (Abeam cat 1:1000 in 5% 
#Abl76328) Marvel/TBS-T

Rabbit anti-Transferrin Receptor IgG 
(Abeam cat # Ab84036)

Mouse anti-B-actin IgG 
Aldrich)

(Sigma-

1:1000 in 5% 
Marvel/TBS-T

1:5000 in 5% 
MilkATBS-T

Table 2.4 Antibodies used for Western immunoblotting

2.9.6 Analysis

Protein bands were analysed and quantified by densitometric analysis using 
Imaged (Rasband W.S., National Institutes of Health, USA) and values are 
expressed as a ratio of total protein of interest or 6-actin as a loading control.

2.10 Statistical analysis

All statistical analysis was carried out using Prism 5 (GraphPad Prism, California, USA). 

Data were analysed, where appropriate, using two-tailed Student’s t-tests, one-way analyses 

of variance (AN OVA) with Dunnett’s post-hoc tests, or two-way ANOVA with Bonferroni 

post-hoc tests to determine whether significant differences existed between groups. 

Significance was conferred when p<0.05.
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Chapter 3: Metabolic reprogramming in 

polarised BMDMs
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3.1 Introduction

Macrophages are the primary cells of the innate immune system and can adopt 

phenotypically distinct activation states in response to stimuli encountered in 

the microenvironment (Mosser, 2003). The classical or Ml activation state is 

pro-inflammatory and is characterised by increased iNOS and TNFu expression 

and the secretion of IL-16. iNOS is an important enzyme responsible for the 

production of anti-microbial NO from L-arginine, while TNFu and IL-16 are pro- 

inflammatory cytokines that propagate the immune response, further 

exacerbating inflammation. This response is important for combating viral and 

bacterial pathogens and is induced by various stimuli including PAMPs, 

DAMPS, and pro-inflammatory cytokines such as IFN-y (Gordon and Taylor, 

2005). The alternative or M2 activation state is the antithesis of this and is 

associated with functions pertaining to the resolution of inflammation and 

tissue repair (Hume, 2015). The M2 phenotype is induced by anti-inflammatory 

cytokines, such as IL-4 and IL-13, and is characterised by expression of Arg-1, 

which competes with iNOS for L-arginine, as well as MRCl, Chi3L3 and FIZZl 

(Stein et al., 1992).

Although acute activation of the Ml phenotype is an important process in 

protection from infection, chronic activation of macrophages to a classical pro- 

inflammatory cells is associated with a plethora of inflammatory diseases such 

as RA (Li et al., 2012), while inhibition of inflammation has proven an effective 

treatment strategy (Feldmann, 2002). The M1/M2 classification of activation 

states, which is derived from in vitro experiments, has become outdated in 

recent years, in particular as it relates to the in vivo situation where cells are 

more likely to possess attributes of multiple phenotypes simultaneously (Mosser 

and Edwards, 2008). The M1/M2 classification also lacks the flexibility to reflect 

the diversity of macrophage activation. Therefore research has shifted towards 

identifing inflammatory cells in terms of functional outcomes, rather than their 

expression of particular molecular markers. A current area of research that is 

highly dynamic in this regard is immunometabolism.
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Under normal physiological conditions, energy is produced largely when 

pyruvate, generated from glycolysis, feeds into the TCA cycle and oxidative 

phosphorylation. Oxidative phosphorylation generates 36 molecules of ATP per 

molecule of glucose in the process (Dashty, 2013). However, under hypoxic 

conditions, oxidative phosphorylation is prevented and glycolysis, which 

becomes the predominant metabolic pathway, yields lactic acid or ethanol and 

is less efficient, producing only 2 molecules of ATP per molecule of glucose. In 

order to generate the sufficient ATP to support cellular activity, the rate of 

glycolysis is increased during hypoxia. This shift in metabolic profile has also 

been shown to occur in the presence of oxygen under certain circumstances; a 

phenomenon described by Otto van Warburg in cancer cells in the 1920s termed 

“aerobic glycolysis” (Warburg, 1924).

Although less efficient, cells utilise aerobic glycolysis to meet metabolic 

demands when rapid bursts of activity are required, such as during cell 

proliferation (Lunt and Vander Heiden, 2011). Polarisation of macrophages is 

accompanied by alterations in the metabolic pathways employed by the cell, and 

the rapid burst of energy associated with aerobic glycolysis is utilised by 

macrophages adopting an Ml phenotype. The evidence suggests that the 

increase in glycolysis is mediated by an up regulation of PFKFB3 induced by 

HIF-lu or NF-kB, which increases fructose-2,6-bisphosphate accumulation and 

drives glycolysis (Obach et ah, 2004). Macrophages adopting the M2 activation 

state meet the energy demands of activation by increasing oxidative 

metabolism, a more sustainable metabolic state (Galvan-Pena and O'Neill, 

2014).

Changes in iron handling by cells have also been identified in the Ml and M2 

phenotypes. Increased expression of the iron chelating protein, ferritin, which 

limits iron availability to intracellular bacteria, has been described in Ml cells 

while there is a decrease in expression of ferroportin to starve extracellular 

pathogens of the essential metal and induce Thl cell responses (Weiss et ah, 

1995). Conversely, ferroportin expression and iron recycling activity are
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identified in M2 macrophages to provide for healing tissue (Brunelli and Rovere- 

Querini, 2008).

The aims of this study were to:

1. Investigate the metabolic profiles of Ml and M2 activated BMDMs and 

identify markers of this metabolic signature.

2. Investigate the iron handling properties of Ml and M2 activated BMDMs.
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3.2 Methods

BMDMs were incubated in vitro with media alone, IL-4 (20ng/mL), or IFN-y 

(50ng/mL) for 24h to induce polarisation of cells. The metabolic profile of cells 

was assessed using the SeaHorse XF analyser. Stimulated cells were also 

harvested for RT-PCR and Western immunoblotting analysis of mRNA and 

protein expression respectively. These methods are described in detail in 

Chapter 2.
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3.3 Results

BMDMs were incubated with media alone, IFN-y or IL-4 for 24h in vitro to 
induce the polarisation of cells to Ml and M2 activation states respectively and 
markers of these activation states were assessed by RT-PCR. IFN-y significantly 
increased the Ml activation state markers TNFa, iNOS and IL-16 (*jo<0.05; 
***/><0.001; one-way ANOVA with Dunnett’s post hoc analysis; Figure 3.1A, B, 
C), while IL-4 significantly decreased expression of TNFa (*p<0.05; one-way 
ANOVA with Dunnett’s post hoc analysis; Figure 3.1A), but had no effect on the 
expression of iNOS or IL-16 (Figure 3.IB, C).

IL-4 increased expression of M2 activation state markers Arg-1, MRCl, Chi3L3 
and FIZZl (**p<0.01; ***p<0.001; one-way ANOVA with Dunnett’s post hoc 
analysis; Figure 3.2A, B, C, D). IFN-y did not affect the expression of Arg-1, 
Chi3L3, or FIZZl (Figure 3.2A, C, D). However, the expression of MRCl was 
significantly decreased following IFN-y treatment (**p<0.01; one-way ANOVA 
with Dunnett’s post hoc analysis; Figure 3.2B).

The SeaHorse XF analyser was used to determine the metabolic profiles of IFN- 
y and IL-4 stimulated macrophages. A glycolytic stress test was carried out on 
stimulated BMDMs (Figure 3.3A) and the data revealed a significant increase 
in the glycolysis in IFN-y stimulated BMDMs (**p<0.01; one-way ANOVA with 
Dunnett’s post hoc analysis; Figure 3.3B) and IL-4 stimulated cells (*p<0.05; 
one-way ANOVA with Dunnett’s post hoc analysis; Figure 3.3B), although the 
IL-4 induced change was not as significant as the IFN-y induced change. A 
mitochondrial stress test was also carried out (Figure 3.4A) and the data 
indicate that IL-4 stimulated M2 macrophages exhibited a significantly higher 
basal level of oxygen consumption than unstimulated and Ml activated cells 
(**p<0 01; one-way ANOVA with Dunnett’s post hoc analysis; Figure 3.4B).

The PFKFB family of isozymes have been implicated as having a pivotal role in 
the metabolic switch that occurs in inflammatory cells (Rider et al., 2004) and 
so expression of PFKFB 1 and PFKFB3 was assessed in IL-4 and IFN-y
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stimulated BMDMs. The data revealed that IFN-y significantly decreased 

PFKFBl expression (*p<0.05; one-way ANOVA with Dunnett’s post hoc 

analysis; Figure 3.5A), while IL-4 had no effect. In contrast, IFN-y significantly 

increased PFKFB3 expression (*p<0.05; one-way ANOVA with Dunnett’s post 

hoc analysis; Figure 3.5B). There was also a significant increase in the ratio of 

PFKFB3 to PFKFBl observed in BMDMs stimulated with IFN-y (**p<0.01; one­

way ANOVA with Dunnett’s post hoc analysis; Figure 3.5C).

Since the iron handling properties of polarised macrophages are reported to 

differ depending on the activation state of the cell (Recalcati et ah, 2010). The 

expression of transferrin receptor (TfR), ferritin and ferroportin were assessed 

in Ml and M2 macrophages.

The data revealed IL-4 increased the expression of TfR mRNA (***p<0.001; one­

way ANOVA with Dunnett’s post hoc analysis; Figure 3.6A) and protein 

(***p<0.001; one-way ANOVA with Dunnett’s post hoc analysis; Figure 3.6B). 

In contrast, IFN-y significantly decreased receptor mRNA expression 

(***p<0 001; one-way ANOVA with Dunnett’s post hoc analysis; Figure 3.6A), 

but did not affect protein expression (Figure 3.6B). IFN-y and IL-4 significantly 

decreased ferroportin mRNA expression (***p<0.001; one-way ANOVA with 

Dunnett’s post hoc analysis; Figure 3.7A). Although a decrease was also evident 

at the protein level, this did not reach statistical significance (Figure 3.7B). Both 

IL-4 and IFN-y also decreased ferritin mRNA (***p<0.001; one-way ANOVA 

with Dunnett’s post hoc analysis; Figure 3.8A). However, the data revealed a 

significant increase in the protein expression following stimulation with IFN-y 

(***p<0 001; one-way ANOVA with Dunnett’s post hoc analysis; Figure 3.8B), 

while IL-4 had no effect.
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Figure 3.1 IFN-y increased expression of Ml activation state markers in BMDMs

BMDMs were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) for 
24h in vitro and cells were harvested for assessment of mRNA expression of Ml 
activation state markers. The data show that IFN-y significantly increased the 
mRNA expression of TNFa (A), iNOS(B), and IL-16 (C).. *jd<0.05, ***p<0.001; one­
way ANOVA with Dunnett’s post hoc analysis. Data are expressed relative to control 
as mean ± SEM (n=4-5).
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Figure 3.2 IL-4 increased expression of the M2 activation state markers in BMDMs

BMDMs were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) for 
24h in vitro and cells were harvested for assessment of mRNA expression of M2 
activation state markers. The data show that IL-4 significantly increased the mRNA 
expression of Arg-1 (A), MRCl (B), CHI3L3 (C), and FIZZl (D). **j9<0.01,
***p<0.001; one-way ANOVA with Dunnett’s post hoc analysis. Data are expressed 
relative to control as mean ± SEM (n=4-5).
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Figure 3.3 IFN-y and IL-4 significantly increased glycolysis in BMDMs

BMDMs were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) for 
24h in vitro and a glycolytic flux assay was carried out to assess the metabolic 
signature of the cells. The SeaHorse analyser was used to measure ECAR (A) and 
the data show that IFN-y and IL-4 significantly increased the glycolytic rate of cells 
(B). * p<0.05, **p<0.01; one-way ANOVA with Dunnett’s post hoc analysis. Data are 
expressed as mean ± SEM (n=3).
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Figure 3.4 IL-4 significantly increased mitochondrial respiration in BMDMs

BMDMs were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) for 
24h in vitro and a mitochondrial stress test was carried out to assess the metabolic 
signature of the cells. The SeaHorse analyser was used to measure OCR (A) and the 
data show that IL-4 significantly increased the hasal respiration of cells (B). 
**p<0.01; one-way ANOVA with Dunnett’s post hoc analysis s. Data are expressed 
as mean ± SEM (n=4).
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Figure 3.5 IFN-y significantly increased PFKFB3:PFKFB1 in BMDMs

BMDMs were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) for 
24h in vitro and cells were harvested for assessment of mRNA expression of PFKFBl 
and PFKFB3. The data show that the IFN-y significantly decreased the mRNA 
expression of PFKFB1 (A), while PFKFB3 expression was significantly increased by 
IFN-y (B). The PFKFB3:PFKFB1 expression ratio was significantly higher in IFN-y 
stimulated BMDMs (C). *p<0.05, **/3<0.01;one-way ANOVA with Dunnett’s post hoc 
analysis. Data are expressed relative to control as mean ± SEM (n=5).
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Figure 3.6 IL-4 significantly increased TfR in BMDMs

BMDMs were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) for 
24h in vitroand cellswere harvestedfor assessmentofmRNAandproteinexpression 
of transferrin receptor. The data show that IL-4 significantly increased the mRNA 
expression of TrR while IFN-y had the opposite effect (A). The protein expression is 
also significantly increased by IL-4 (B). Western immunoblotting data were 
normalised to 6-actin and inserts illustrate representative blots for target proteins. 
***jD<0.001; one-way ANOVA with Dunnett’s post hoc analysis. Data are expressed 
relative to control as mean ± SEM (n=3).
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Figure 3.7 IL-4 and IFN-y decreased ferroportin in BMDMs

BMDMs were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) for 
24h in vitro and cells were harvested for assessment of mRNAand protein expression 
of ferroportin. The data show that the mRNA expression of ferroportin was 
significantly decreased by both IL-4 and IFN-y (A), yet the protein expression was 
not significantly altered by either stimuli (B). Western immunohlotting data were 
normalised to 6-actin and inserts illustrate representative blots for target proteins. 
**p<0.01, ***p<0.001; one-way ANOVA with Dunnett’s post hoc analysis. Data are 
expressed relative to control as mean ± SEM (n=4-5).

68



2n

O
q:

C
'■4—*

0) ■
Control IL-4 IFN-■y

B

o
03
CO.

03

2-

Ferritin

3-actin

Control IL-4 IFN-y

***

Control IL-4 IFN-y

Figure 3.8 IL-4 and IFN-y decreased the mRNA expression, but increased the 
protein expression of ferritin in BMDMs

BMDMs were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) for 
24h in vitroand cellswere harvestedfor assessmentofmRNAandproteinexpression 
of ferritin. The data show that the mRNA expression of ferritin was significantly 
decreased by both IL-4 and IFN-y (A), yet the protein expression was significantly 
increased by IFN-y (B). Western immunoblotting data were normalised to B-actin 
and inserts illustrate representative blots for target proteins. *p<0.05, ***p<0.001; 
one-way ANOVA with Dunnett’s post hoc analysis. Data are expressed relative to 
control as mean ± SEM (n=4-6).
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3.4 Discussion

The primary aim of this study was to characterise IFN-y and IL-4 stimulation 

in BMDMs in terms of metabolic reprogramming and iron handling. The most 

significant findings are that IFN-y, which predictably induced the Ml 

activation state, triggered an increase in glycolysis, correlating with 

increased expression of PFKFB3 and iron retention reflected by an increase 

in ferritin and decreased ferroportin and expression.

Macrophages are plastic cells that are capable of adopting different 

phenotypes in response to diverse activating stimuli. Classically- or Ml- 

activated cells are considered pro-inflammatory, while alternatively- or M2- 

activated cells are associated with tissue repair and remodelling and are 

generally considered anti-inflammatory (Martinez et ah, 2008). IFN-y, the 

cytokine commonly used to induce the Ml activation state, was used here. 

Predictably, IFN-y significantly increased the expression of the Ml activation 

state markers TNFa, iNOS and IL-16 mRNA. LPS is often used in conjunction 

with IFN-y to trigger Ml activation, but data have indicated that IFN-y alone 

is capable of inducing classical activation of cells (Mosser, 2003).

Although a combination of IL-4 and IL-13 is often used to polarise cells to an 

M2-like phenotype (Scotton et ah, 2005), IL-4 alone is also capable of inducing 

this state (Andrews etal., 2006). Here, IL-4 stimulation predictably increased 

the expression of Arg-1, MRCl, Chi3L3 and FIZZl, which confirm previously 

described finding (Loke et ah, 2002). IL-4 stimulated BMDMs also expressed 

significantly lower levels of TNFa mRNA expression than unstimulated cells, 

perhaps emphasising an anti-inflammatory phenotype.

As well as increasing the expression of Ml activation state markers in 

BMDMs, IFN-y decreased MRCl mRNA, which is consistently observed in 

the literature (Jablonski et al., 2015). In contrast to this, IFN-y did not 

significantly affect the expression of Arg-1, Chi3L3 and FIZZl, although
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modest increases were observed. Macrophages upregulate the expression of 

iNOS in response to pro-inflammatory stimuli and it converts L-arginine to 

NO (Forstermann and Sessa, 2012), which is directly involved in microbial 

killing (Nathan and Hibbs, 1991). In contrast, Arg-1 expression is increased 

in IL-4 treated macrophages and competes with iNOS for L-arginine, 

hydrolysing it to L-ornithine which supports cell proliferation, collagen 

synthesis and tissue repair (Gordon, 2003a, Hesse et al., 2001). In the context 

of the present findings it is suggested that the relatively modest increase in 

Arg-1 expression in IFN-y stimulated BMDMs would have a relatively small 

influence due to the very marked IFN-y-induced increase in iNOS expression. 

However, in IFN-y-stimulated BMDMs, expression of markers that are 

generally associated with the M2 activation state highlights the plasticity of 

these cells. The results are consistent with the view that absolute Ml or M2 

activation state may be less reflective of reality, but that cells are capable of 

possessing multiple attributes simultaneously (Mosser and Edwards, 2008).

It has recently become apparent that metabolism and immune cell function 

are tightly linked (Rodi’iguez-Prados et al., 2010, Odegaard and Chawla, 

2011, Olefsky and Glass, 2010b). Immune cells increase metabolism to 

support the energy demands of activation, with different metabolic pathways 

being employed under different circumstances. Generally, pro-inflammatory 

cells increase glycolysis and exhibit a disrupted TCA cycle to rapidly generate 

ATP and inflammatory mediators for acute activity (Liu et al., 2016). In 

contrast, anti-inflammatory cells display increased oxidative metabolism 

which is more efficient and sustainable for less urgent activity such as tissue 

repair (El Kasmi and Stenmark, 2015).

Metabolic reprogramming plays a role in facilitating the function of T cells 

(Buck et al., 2015, Man and Rallies, 2015), with effector CD4+ T cells 

exhibiting a robustly glycolytic phenotype to drive the inflammatory response 

(Michalek et al., 2011). mTOR has been identified as the primary mediator of 

this metabolic switch, as knockout of this kinase inhibits the differentiation
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of effector T cells and instead leads to the generation of anti-inflammatory 

Tregcells (Delgoffe et ah, 2009). mTOR activity induces HIF-la expression in 

effector T cells (Shi et al., 2011), which promotes glycolysis through the 

upregulation of PFE1FB3, GLUTl and PDKl activity (Iyer et al., 1998, Kim 

et al., 2006b, Minchenko et al., 2003). In contrast, Treg cells display a much 

more oxidative metabolic profile, deriving energy from FAO and 

mitochondrial respiration (Michalek et al., 2011) in a PPAR-y dependent 

manner (Hontecillas and Bassaganya-Riera, 2007).

Activated DCs also increase glycolysis to support their immune function 

(Pearce and Everts, 2015), demonstrated by increased ECAR in response to 

LPS (Everts et al., 2014), and similar metabolic reprogramming events have 

been reported in macrophages (Galvan-Pena and O'Neill, 2014). LPS induces 

increased HIF-la activity and PFKFB3 mRNA expression in atherosclerotic 

and peritoneal macrophages (Rodriguez-Prados et al., 2010, Tawakol et al., 

2015), which facilitates increased glycolysis. Enhanced glycolysis has also 

been demonstrated by increased ECAR in LPS-stimulated BMDMs 

(Haschemi et al., 2012a). Increased oxidative metabolism in anti­

inflammatory M2 BMDMs has been demonstrated by increased OCR 

(Nomura et al., 2016), which was found to be dependent on CPT system of 

mitochondrial 6-oxidation of long chain fatty acids.

By targeting and manipulating metabolic pathways it is possible to 

manipulate the immune functions of cells. For example, inhibition of 

glycolysis by 2-DG profoundly attenuates IFN-y secretion from Thl cells 

(Zheng et ah, 2009), and inhibition of mTOR by rapamycin attenuates IL-17 

secretion from Thl7 cells (Kopf et al., 2007). In macrophages, blocking 

glycolysis with dehydroepiandrosterone or oxamate attenuates the 

production of TNFa and IL-6 fifom LPS-stimulated RAW264.7 macrophages 

(Haschemi et al., 2012a), and siRNA knockdown of PFKFB3 attenuates iNOS 

and COX-2 mRNA expression in peritoneal macrophages (Rodriguez-Prados 

et ah, 2010). In contrast, inhibition of oxidative metabolism via siRNA
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targeting of PGC-16 inhibits M2 activation in BMDMs, as measured by 

attenuated arginase activity, and potentiates the Ml phenotype (Vats et ah, 

2006). This highlights the potential for targeting metabolic changes as 

immunotherapies for the treatment of inflammatory diseases.

In the curi’ent study, IFN-y-stimulated BMDMs displayed increased 

glycolysis, and lL-4 stimulated BMDMs exhibited increased oxidative 

metabolism. M2 activated cells also demonstrated an increase in glycolytic 

activity when compared with unstimulated cells, which has not been 

previously reported, but may be suggestive of a general increase in metabolic 

activity. Other studies have reported increases in ECAR in BMDMs 

stimulated with LPS (Haschemi et ah, 2012a) or a combination of LPS and 

IFN-y (Huang et ah, 2014), but the present data suggest that IFN-y alone is 

sufficient to induce metabolic changes in macrophages. Increases in basal 

respiration and maximal respiration in M2 activated BMDMs are consistent 

with changes reported in peritoneal macrophages polarised to an M2 

phenotype in response to IL-4 (Huang et al., 2014) and the apolipoprotein A- 

I mimetic peptide 4F (Datta et al., 2015). However, the effect of IL-4 on 

oxidative metabolism is disputed, with RAW264.7 macrophages failing to 

respond to IL-4 stimulation by altering OCR (Haschemi et al., 2012a).

In the present study. Ml macrophages expressed increased levels of PFKFB3 

and decreased levels of PFKFBl, correlating with the increased glycolytic 

rate demonstrated in these cells. In contrast, PFKFB3 expression in M2 

macrophages was decreased. These bifunctional kinase/phosphatase 

enzymes play a role in controlling the rate of glycolysis by altering the rate of 

F2,6BP production (Kelly and O'Neill, 2015). This is a potent activator of 

PFK-1, the enzyme that mediates the rate-limiting step in the glycolytic 

pathway (Atsumi et al., 2005). The PFKFBl isozyme is associated with 

I’espiration under normal physiological conditions and possesses a 1:1 ratio 

of kinaseiphosphatase activity. However, the kinase:phosphatase activity for 

PFKFB3 is 740:1 due to a mutated phosphatase active site (Sakakibara et al..
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1997), leading to increased F2,6BP production and a heightened glycolytic 

rate. Interestingly, the pfIzfbS gene possesses an AU-rich instability region, 

which is generally present in immune genes capable of inflicting damage, to 

deter aberrant activity (Chesney et ah, 1999). The findings of the present 

study are consistent with reports demonstrating increased PFKFB3 

expression in Ml macrophages (Tawakol et ah, 2015, Ruiz-Garcia et ah, 

2011), but here, changes were induced by IFN-y stimulation, while previous 

studies only described these changes following LPS stimulation. Although IL- 

4 did not induce expression of PFKFBl, this is consistent with the literature 

(Tawakol et ah, 2015), and there was an IL-4-induced decrease in the 

PFKFB3:PFKFB1 expression in BMDMs. These data indicate that 

PFKFB3:PFKFB1 correlates with the metabolic signature demonstrated by 

analysis using the SeaHorse technology, and could be used as a proxy marker 

of metabolic reprogramming in activated BMDMs. While it is important to 

recognise that the assessment of enzymatic activity would be more beneficial 

to attest to metabolic switching than examining changes in mRNA 

expression, previous reports have demonstrated a correlation between 

PFKFB3 mRNA expression and F2,6BP production (Rodriguez-Prados et ah, 

2010).

IFN-y decreased the mRNA expression of TfR and ferroportin in the present 

study, suggesting diminished iron cycling through transferrin-mediated iron 

influx and ferroportin mediated efQux. Assessing ferritin expression in Ml 

macrophages yielded conflicting results between mRNA and protein levels. 

An increase in protein was observed in IFN-y stimulated BMDMs despite 

lower levels of mRNA expression. However, as protein is the functional entity, 

this suggests that Ml macrophages increase ferritin-mediated iron storage. 

In IL-4 stimulated BMDMs, an increase in TfR and decrease in ferroportin 

was observed. However, similar to Ml activated cells, changes in the mRNA 

and protein expression of ferritin in response to lL-4 revealed conflicting 

results, with the protein expression significantly increasing.
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The decrease in TfR and ferroportin expression, and the increased ferritin 

expression observed in IFN-y-stimulated BMDMs is consistent with the 

literature and highlight the importance of iron handling in Ml macrophages 

(Coma et ah, 2010, Recalcati et ah, 2010). Ml macrophages retain iron 

through low uptake, high storage, and low exportation of the metal, 

mediating bacteriostatic and tumourostatic activity (Biswas and Mantovani, 

2012). Although the increased TfR expression observed in M2 BMDMs was 

consistent with the literature (Coma et ah, 2010), the changes in ferritin and 

ferroportin was unexpected (Recalcati et ah, 2010, Cairo et ah, 2011). 

However, glucocorticoid treatment of blood-derived macrophages induces an 

M2 phenotype that correlates with increased ferritin and ferroportin 

expression (Vallelianet al., 2010), which suggests that differential expression 

of these markers in polarised macrophages is not definite. The iron handling 

properties of M2 macrophages are characterised high iron influx, low iron 

storage, and high iron efflux, facilitating immunoregulation, matrix 

remodelling, and cell proliferation (Biswas and Mantovani, 2012).

Due to the level of inconsistency, it may be beneficial to examine the 

differential expression of other proteins associated with modulating iron 

handling in BMDMs following polarisation. For example, divalent metal ion 

transporter 1 (DMTl) is another protein involved in iron uptake and 

sequestration, is increased in LPS treated PBMCs (Theurl et ah, 2008). 

Hepcidin, which is upregulated by IFN-y and IL-6 (Urrutia et al., 2013), 

modulates iron handling by inducing the internalisation of ferroportin, thus 

inhibiting ferroportin mediated iron efflux.. The expression of these proteins 

serves as a proxy marker of iron handling properties of polarised 

macrophages, but measurements of iron flux would be essential in definitely 

determining the iron homeostasis of these cells.

The data presented in this study demonstrate that that polarisation of Ml 

and M2 BMDMs by IFN-y and IL-4 respectively is associated with metabolic 

changes that correlate with differential expression of PFKFB isozymes, and
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altered iron handling properties, as demonstrated by differential expression 

of proteins involved in controlling iron homeostasis.
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Chapter 4: Characterisation of the activation 

states of polarised glia
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4.1 introduction

Microglia are resident mononuclear phagocytes of the CNS. Although 

ontogenetically distinct (Ginhoux et ah, 2013), they are oft termed 

macrophages of the brain due to the striking functional similarities the cells 

exhibit. Microglia are responsible for a range of regulatory processes 

important for maintaining homeostasis in the brain, including the clearance 

of pathogens, dying cells, debris and aberrant proteins. Similar to 

macrophages, microglia exist in a relatively quiescent state under normal 

physiological conditions, which is partly due to interactions with neui’ons and 

astrocytes. Upon detection of an activating agent, microglia can adopt 

different phenotypes, depending on the specific stimulus, to mount an 

appropriate immune response (Lynch, 2009).

The characterisation of microglial phenotypes in vitro mirrors that of 

macrophages. However, it is important to consider these cells as distinct and 

their responses are not necessarily the same. Similar to macrophages, the Ml 

activation state of microglia is induced by PAMPs, DAMPs and pro- 

inflammatory cytokines, resulting in increased expression of iNOS, TNFa 

and IL-16 (Wu et ah, 2009). Although acute activation of pro-inflammatory 

Ml microglia plays an important role in host defence, chronic Ml activation 

is associated with most, if not all neurodegenerative disorders (Lynch, 2014, 

Tang and Le, 2016). In contrast to this, the M2 activation state is anti­

inflammatory, promoting tissue repair and the resolution of inflammation. 

This phenotype is induced by anti-inflammatory cytokines, such as IL-4 and 

IL-13, and is characterised by upregulation of activation state markers Arg- 

1, MRCl, ChiL3 and FIZZl.

Although microglia are the primary immune cells of the CNS, astrocytes also 

display some immunological characteristics, as they have antigen presenting 

capabilities and are capable of phagocytosis (Jones et ah, 2013) and the 

secretion of pro-inflammatory cytokines and chemokines (Choi et ah, 2014). 

Like microglia, expression of activation state markers is upregulated in
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response to polarising stimuli, and there is evidence that they are capable of 

adopting distinct phenotypes (Jang et ah, 2013).

The limitations of identifying cells as Ml or M2 phenotypes have been 

discussed (Martinez and Gordon, 2014, Mosser and Edwards, 2008) and 

functionally defined microglia is the ideal. Similarly, defining cells by their 

metabolic state is relevant for our understanding of functional consequences 

of activation (Heppner et ah, 2015), and the objective of the current study is 

to assess the metabolic signature of IFN-y and lL-4 stimulated cells.

As described in Chapter 3, an increased glycolytic rate is a hallmark of 

rapidly activated immune cells, such as LPS-activated maci’ophages and 

DCs, NK cells, Thl7, Thl, Th2, activated effector CD8+ T cells, and activated 

B cells (Pearce and Pearce, 2013). It is hypothesised that increasing glycolytic 

flux enables these cells to generate robust quantities of ATP rapidly to the 

meet the sizable increase in energy demands. In contrast to this, increased 

TCA cycle activity is associated with immune cells that are not inflammatory 

in nature and exhibit increased cellular lifespans, such as anti-inflammatory 

M2 macrophages, Treg cells, and memory T cells (Pearce and Pearce, 2013). 

Metabolic reprogramming has been reported in BV2 microglial cells in 

response to LPS (Voloboueva et al., 2013, Orihuela et ah, 2016), but 

descriptions of metabolic profiles in microglia are lacking.

Many factors are associated with the metabolic reprogramming of Ml 

activated macrophages. HIF-la plays a pivotal role in mediating this switch 

(Liu et ah, 2016), inducing PFKFB3 expression which facilitates increased 

glycolytic flux (Obach et al., 2004), which was demonstrated in Chapter 3. 

HIF-la also increases PDKl activity, which inhibits the conversion of 

pyruvate to acetyl-CoA thus inhibiting the TCA cycle and downregulating 

oxidative respiration (Kim et al., 2006a, Papandreou et al., 2006), and GLUTl 

expression, necessary to provide the cell with adequate glucose (Freemerman 

et al., 2014). GLUTl-mediated glucose uptake is also induced by AMPK (Wu 

et al., 2013). However, AMPK activation antagonises HIF-la-induced

79



glycolysis in DCs (Krawczyk et al., 2010) and is associated with M2 

polarisation of immune cells as it increases mitochondrial FA metabolism 

(Winder et ah, 2000). PGC-16 expression is induced by AMPK and IL-4- 

induced STAT6 signalling (Vats et ah, 2006) which induces increased FA 

oxidation, TCA cycle activity, and oxidative phosphorylation (Shao et ah, 

2010). Knockdown of PGC-16 impairs the metabolic profile and function of 

M2 macrophages (Vats et ah, 2006), demonstrating the importance of 

metabolic reprogramming for immune functions.

It has been shown that iron retention is a characteristic of Ml macrophages, 

whereas M2 cells increase iron recycling. Iron handling by glia has not been 

examined in any detail but it is likely iron metabolism plays an important 

role in immunological function in the CNS, as iron deposition is observed in 

the chronically inflamed CNS (Andersen et ah, 2014) and neurodegeneration 

is accompanied by iron and ferritin accumulation in microglia (Thomsen et 

ah, 2015).

The aims of the current study are:

1. To establish whether there is altered expression of proteins that are 

associated with changes in metabolic profile and iron handling in Ml 

and M2 polarised microglia.

2. To determine whether astrocytes adopt Ml-like andM2-like activation 

states and adopt metabolic profiles associated with these phenotypes.
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4.2 Methods

Primary microglia and astrocytes were polarised to Ml-like or M2-like and 

harvested for analysis of mRNA and protein expression by RT-PCR and 

Western immunoblotting respectively. The metabolic signature of cells was 

determined using glycolytic flux and mitochondrial stress tests with the 

SeaHorse XF analyser. These methods are described in detail in Chapter 2.
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4.3 Results

Microglia were stimulated with IL-4 or IFN-y and mRNA expression of 

markers of microglial activation were investigated by RT-PCR. IL-4 and IFN- 

Y significantly increased mRNA expression of CDllb (*p<0.05; **p<0.01; one­

way ANOVA with Dunnett’s post hoc analysis; Figure 4.1 A) and CD40 

(**p<0.01, ***jo<0.001; one-way ANOVA with Dunnett’s post hoc analysis; 
Figure 4.IB).

To confirm IFN-y- and IL-4-induced polarisation of microglia into Ml-like or 

M2-like phenotypes respectively, activation state markers were assessed by 

RT-PCR. IFN-y significantly increased TNFa (**p<0.01; one-way ANOVA 

with Dunnett’s post hoc analysis; Figure 4.2A), iNOS (***p<0.001; one-way 
ANOVA with Dunnett’s post hoc analysis; Figure 4.2B) and IL-16 (**p<0.01; 

one-way ANOVA with Dunnett’s post hoc analysis; Figure 4.2C) mRNA. IL-4 

had no effect on TNFa,iNOS or IL-16 mRNA expression (Figure 4.2A, B, C).

IL-4 induced the polarisation of microglia to an M2-hke phenotype, as 
confirmed by significant increases in mRNA expression of Arg-1 (***p<0.001; 

one-way ANOVA with Dunnett’s post hoc analysis; Figure 4.3A), MRCl 

(**jO<0.001; one-way ANOVA with Dunnett’s post hoc analysis; Figure 4.3B), 

Chi3L3 (***p<0.001; one-way ANOVA with Dunnett’s post hoc analysis; 

Figure 4.3C) and FIZZl (***p<0.001; one-way ANOVA with Dunnett’s post 

hoc analysis; Figure 4.3D). No significant IFN-y-induced changes were 

observed in Arg-1, MRCl, Chi3L3 or FIZZl (Figure 4.3A, B, C, D).The 
metabolic signature of polarised microglia was investigated using the 

SeaHorse XF flux analyser. A glycolytic stress test indicated that Ml-like 

microglia have significantly higher rates of glycolysis than unstimulated 

(**p<0.01; one-way ANOVA with Dunnett’s post hoc analysis; Figure 4.4B) 

and M2-hke cells (*p<0.05; one-way ANOVA with Dunnett’s post hoc 

analysis; Figure 4.4B). IL-4 had no effect on the rate of glycolysis (Figure 

4.4B). The maximal glycolytic capacity and glycolytic reserve were unchanged 
in Ml-like andM2-like microglia (Figure 4.4C, D).
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Oxidative respiration was assessed using a mitochondrial stress test (Figure 

4.5A) and the data revealed a significantly increased basal respiration in M2- 

like microglia (**p<0.01; one-way ANOVA with Dunnett’s post hoc analysis; 

Figure 4.5B). A significant increase in maximal respiration was also observed 

in these IL-4 stimulated cells (*p<0.05; one-way ANOVA with Dunnett’s post 

hoc analysis; Figure 4.5C), accompanied with a higher rate of ATP production 

(**jo<0.05; one-way ANOVA with Dunnett’s post hoc analysis; Figure 4.5D). 

IFN-y stimulation had no effect on the basal respiration, maximal 

respiration, or ATP production (Figure 4.5B, C, D) of microglia.

By assessing the ratio of ECAR to OCR, the SeaHorse technology provides an 

indication of the metabolic pathways being utilised by cells. A high 

OCR/E CAR indicates a preferential use of sustainable oxidative metabolism 

over anaerobic means of ATP production. In contrast, a higher ECAR/OCR 

suggests that the cells are utilising glycolysis in lieu of more sustainable 

oxidative metabolic pathways. OCR/E CAR was significantly decreased inMl- 

like microglia and increased in M2-like microglia (*p<0.05; one-way ANOVA 

with Dunnett’s post hoc analysis; Figure 4.6A). Conversely, ECAR/OCRwas 

significantly increased in Ml-like microglia and decreased in M2-like 

microglia (*p<0.05; one-way ANOVA with Dunnett’s post hoc analysis; Figure 

4.6B).

The data in Chapter 3 suggested that increased glycolysis was associated 

with increased PKFB3 and, here, the possibility that this correlation also 

exists in microglia was assessed. IFN-y significantly increased PFKFB3 

mRNA expression (*p<0.05; one-way ANOVA with Dunnett’s post hoc 

analysis; Figure 4.7A), although no change was observed at the protein level 

as indicated by the data obtained from Western immunoblotting (Figure 

4.7B). IL-4 did not affect PFKFB3 mRNA or protein. IFN-y significantly 

decreased PFKFBl mRNA expression (*p<0.05; one-way ANOVA with 

Dunnett’s post hoc analysis; Figure 4.7A), although this effect was not 

observed at the protein level (Figure 4.8B) and IL-4 exerted no effect on 

PFKFBl mRNA or protein (Figure 4.8A, B). IFN-y significantly increased
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PFKFB3/PFBFB1 (***p<0.001; one-way ANOVA with Dunnett’s post hoc 

analysis; Figure 4.9A), while IL-4 had no effect.

HIF-la is considered to he a crucial element responsible for the metabolic 

reprogramming of Ml-polarised macrophages (Cramer et ah, 2003) and 

analysis of HIF-la by Western immunoblotting showed that it was not 

significantly affected by IL-4 or IFN-y, although IFN-y increased its 

expression 2.5 fold (Figure 4.10A). HIF-la has been shown to decrease 

metabolism through the TCA because it activates PDKl which, in turn, 

inhibits pyruvate dehydrogenase that is required to drive the TCA cycle (Kim 

et ah, 2006a). Because of the marked, albeit insignificant, IFN-y-induced 

increase in HIF-la, PDKl expression was assessed. However, its expression 

was not affected by either IFN-y or IL-4 (Figure 4.10B).

AMPK activity and PGC-16 have been associated with the M2 polarisation of 

macrophages. AMPK is activated following phosphorylation, and so the 

expression of phospho-AMPK was assessed and analysed relative to the total 

AMPK expression. A small but insignificant increase in AMPK activation was 

observed in IL-4-stimulated microglia (Figure 4.11A). The expression of PCG- 

16 was not altered in Ml-like or M2-hke microglia (Figure 4.1 IB).

GLUTl is a plasma membrane protein that facilitates the influx of glucose 

into the cytosol that is upregulated by both AMPK and HIF-la to provide the 

cell with more glucose to meet the metabolic demands of activation. GLUTl 

expression in microglia was not affected by IFN-y or IL-4 (Figure 4.12A).

In Chapter 3, the Ml phenotype in BMDMs was associated with iron 

retention, while the M2 phenotype exhibited increased iron transport. Here, 

expression of TfR, ferritin, and ferroportin were examined in microglia 

treated with IFN-y and IL-4. TfR mRNA expression was significantly 

increased in IL-4-stimulated microglia and significantly decreased in IFN-y- 

stimulated cells (***p<0.001; one-way ANOVA with Dunnett’s post hoc 

analysis; Figure 4.13A). However, neither stimulus induced changes in
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expression at the protein level (Figure 4.13B). IFN-y also decreased 

ferroportin mRNA (***p<0.001; one-way ANOVA with Dunnett’s post hoc 

analysis; Figure 4.14A), similar to its effect onTfR, and this is consistent with 

its induction of iron sequestration. Consistent with this, IFN-y increased 

ferritin mRNA (**p<0.01; one-way ANOVA with Dunnett’s post hoc analysis; 

Figure 4.15A) and induced a marked, yet insignificant, increase in protein 

levels (Figure 4.15B). However IL-4 also decreased ferroportin mRNA 

(***p<0.001; one-way ANOVA with Dunnett’s post hoc analysis; Figure 

4.14A), while neither stimulus affected its protein levels (Figure 4.14B).

Astrocytes share some immune functions with microglia and here there 

effects of IFN-y and IL-4 were assessed on expression of markers of activation 

in polarised astrocytes. IL-4 did not induce any changes in GFAP or GLAST 

expression (Figure 4.16A, B), but IFN-y increases the expression of GFAP 

(Figure 4.16A), although this increase did not reach statistical significance, 

and GLAST (**p<0.05; one-way ANOVA with Dunnett’s post hoc analysis; 

Figure 4.16B).

IFN-y increased expression of TNFa and iNOS (***p<0 00L one-way ANOVA 

with Dunnett’s post hoc analysis; Figure 4.17A, B) but not IL-16 mRNA 

(Figure 4.17C). IL-4 decreased the expression of TNFa (**p<0.01; one-way 

ANOVA with Dunnett’s post hoc analysis; Figure 4.17A), but did not induce 

any changes in the expression of iNOS or IL-16 (Figure 4.17B, C). IL- 

4increased the expression of Arg-1, MRCl, Chi3L3 and FIZZl (**p<0.01, 

***p<0.001; one-way ANOVA with Dunnett’s post hoc analysis; Figure 4.18A- 

D), while IFN-y did not affect the expression of these markers (Figure 4.18A, 

B, C D).

The metabolic profiles of Ml-like and M2-like astrocytes were assessed using 

the SeaHorse XF flux analyser and the glycolytic flux test (Figure 4.19A) 

revealed that both IFN-y and IL-4 increased glycolysis (**p<0.01; one-way 

ANOVA with Dunnett’s post hoc analysis; Figure 4.19B). No changes were 

observed in the glycolytic capacity or glycolytic reserve with either stimulus 

(Figure 3.19C, D). A mitochondrial stress test was carried out to assess the
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impact of IFN-y and IL-4 on oxidative metabolism in astrocytes (Figure 
4.20A), but this did not reveal any differences in basal metabolic rate, 
maximal respiratory capacity or ATP production (Figure 4.20B-D
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Figure 4.1 IL-4 and IFN-y increased the mRNA expression of markers of 
microglial activation

Microglia were incubated with media alone, ILr4 (20ng/mL), or IFN-y (50ng/mL) 
for 24h in vitro and cells were harvested for assessment of mRNA expression of 
markers of activation. The data show that IL-4 and IFN-y induced significant 
increases in the the mRNA expression of CD 11b (A), and CD40 (B). *jD<0.05, 
**p<0.01, ***p<0.001; one-way ANOVA with Dunnett’spost hoc analysis. Data are 
expressed relative to control as mean ± SEM (n=5-6).
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Figure 4.2 IFN-y increased the mRNA expression of markers of the M1 
activation state in microglia

Microglia were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) 
for 24h in vitro and cells were harvested for assessment of mRNA expression of 
Ml activation state markers. The data show that IFN-y significantly increased 
the mRNA expression of TNFa (A), iNOS (B), and IL-16 (C). **p<0.01, 
***p<0 001; one-way ANOVA with Dunnett’s post hoc analysis. Data are 
expressed relative to control as mean ± SEM (n=3-5).
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Figure 4.3 IL-4 increased the mRNA expression of markers of the M2 activation 
state in microglia

Microglia were incubated with media alone, ILr4 (20ng/mL), or IFN-y (50ng/mL) 
for 24h in vitro and cells were harvested for assessment of mRNA expression of 
M2 activation state markers. The data show that IL-4 significantly increased the 
mRNA expression of Arg-1 (A), MRCl (B), Chi3L3(C), and FIZZl (D). **p<0.01, 
***jD<0.001; one-way ANOVA with Dunnett’s post hoc analysis. Data are 
expressed relative to control as mean ± SEM (n=3-5).
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Figure 4.4 IFN-y significantly increased glycolysis in microglia

Microglia were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) 
for 24h in vitro and a glycolytic flux assay was carried out to assess the metabolic 
signature of the cells. The SeaHorse analyser was used to measure ECAR (A) and 
the data show that IFN-y significantly increased glycolysis (B) but not glycolytic 
capacity (C) or glycolytic reserve (D). **p<0.01; one-way ANOVA with Dunnett’s 
post hoc analysis. Data are expressed as mean ± SEM (n=6).
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Figure 4.5 IL-4 significantly increased mitochondrial respiration in microglia

Microglia were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) 
for 24h in vitro and a mitochondrial stress test was carried out to assess the 
metabolic signature of the cells. The SeaHorse analyser was used to measure OCR 
(A) and IL-4 significantly increased basal respiration of cells (B). IL-4 also 
increased the maximal respiration (C) and ATP production (D) of microgha 
*p<0.05, **p<0.01; one-way ANOVA with Dunnett’s post hoc analysis. Data are 
expressed as mean ± SEM (n=6).
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Figure 4.6 IFN-y decreased OCR/ECAR and increased ECAR/OCR ratio in 
microglia, while IL-4 had the opposite effect

Basal ECAR and OCR values from the mitochondrial stress test were used to 
calculate ECAR/OCR (A) and OCR/ECAR (B) in microglia. The data show that 
IFN-y and IL-4 had opposite effects on the induction of a metabolic signature in 
microglia. *jD<0.05; one-way ANOVA with Dunnett’s post hoc analysis. Data are 
expressed as mean ± SEM (n=5).
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Figure 4.7 IFN-y significantly increased PFKFB3 mRNAin microglia

Microglia were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) 
for 24h in vitro and cells were harvested for assessment of mRNA and protein 
expression of PFKFB3. The data show that the IFN-y significantly increased the 
mRNA expression of PFKFB3 (A), however no change was observed at the protein 
level (B). Western immunoblotting data were normalised to 6-actin and inserts 
illustrate representative blots for target proteins. *p<0.05; one-way ANOVA with 
Dunnett’s post hoc analysis. Data are expressed relative to control as mean ± 
SEM (n=6-9).
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Figure 4.8 IFN-y significantly decreased the PFKFB1 mRNAin microglia

Microglia were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) 
for 24h in vitro and cells were harvested for assessment of mRNA and protein 
expression of PFKFBl. The data show that the IFN-y significantly decreased the 
mRNA expression of PFKFBl (A), however no change was observed at the protein 
level (B). Western immunoblotting data were normalised to 6-actin and inserts 
illustrate representative blots for target proteins. *jD<0.05; one-way ANOVA with 
Dunnett’s post hoc analysis. Data are expressed as mean ± SEM (n=6-9).
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Figure 4.9 IFN-y significantly increased PFKFB3/PFKFB1 in microglia
Microglia were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) 
for 24h in vitro and cells were harvested for assessment of mRNA and protein 
expression of PFKFB3. The data show that the IFN-y significantly increased the 
mRNA expression of PFKFB3/PFKFB1, while IL-4 had no effect (A). ***p<0.001; 
one-way ANOVA with Dunnett’s post hoc analysis. Data are expressed relative to 
control as mean ± SEM (n=9).
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Figure 4.10 HIF-1a expression was induced by IFN-y, but this had no effect on 
PDK1 expression in microglia

Microglia were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) 
for 24h in vitro and cells were harvested for assessment of protein expression of 
HIF-la and PDKl. The data show that the IFN-y increase in HIF-la expression 
did not reach significance (A), and there was no change in the PDKl expression (B). 
Western immunoblotting data were normalised to 6-actin and inserts illustrate 
representative blots for target proteins. Data are expressed relative to control as 
mean ± SEM (n=6).
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Figure 4.11 Polarised microglia did not alter pAMPK & PGCIp expression

Microglia were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) 
for 24h in vitro and cells were harvested for assessment of protein expression of 
pAMPK and PGC-16. The data show that the phosphorylation of AMPK did not 
change following stimulation with IL-4 or IFN-y (A), and the expression of PGC- 
16 did not change in either activation state (B). Western immunoblotting data 
were normalised to 6-actin and inserts illustrate representative blots for target 
proteins. Data are expressed relative to control as mean ± SEM (n=6).
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Figure 4.12 Polarised microglia did not alter GLUT 1 expression in microglia

Microglia were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) 
for 24h in vitro and cells were harvested for assessment of mRNA and protein 
expression of GLUTl. The data show that neither IL-4 nor IFN-y affected GLUTl 
expression (A) Western immunoblotting data were normalised to 6-actin and 
inserts illustrate representative blots for target proteins. Data are expressed 
relative to control as mean ± SEM (n=6).
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Figure 4.13 IL-4 and IFN-y had opposite effects on TfR mRNA expression in 
microglia

Microglia were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) 
for 24h in vitro and cells were harvested for assessment of mRNA and protein 
expression of TfR. The data show that TfR mRNA was significantly increased by 
IL-4, and significantly decreased by IFN-y (A), however no change was observed at 
the protein level (B). Western immunoblotting data were normalised to 6-actin and 
inserts illustrate representative blots for target proteins. ***p<0.001; one-way 
ANOVA with Dunnett’s post hoc analysis. Data are expressed relative to control as 
mean ± SEM (n=3-9).
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Figure 4.14 IL-4 and IFN-y decreased the mRNA expression of ferroportin in 
microglia

Microglia were incubated with media alone, lL-4 (20ng/mL), or IFN-y (50ng/mL) 
for 24h in vitro and cells were harvested for assessment of mRNA and protein 
expression of ferroportin. The data show that the mRNA expression of ferroportin 
was significantly decreased by both IL-4 and IFN-y (A), yet the protein expression 
was not significantly altered by either stimulus (B). Western immunoblotting data 
were normalised to 6-actin and inserts illustrate representative blots for target 
proteins. ***jD<0.001; one-way ANOVA with Dunnett’s post hoc analysis. Data are 
expressed relative to control as mean ± SEM (n=4-9).
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Figure 4.15 IL-4 and IFN-y had contrasting effects on ferritin mRNA expression 
in microglia

Microglia were incubated with media alone, lL-4 (20ng/mL), or IFN-y (50ng/mL) 
for 24h in vitro and cells were harvested for assessment of mRNA and protein 
expression of ferritin. The data show that the mRNA expression of ferritin was 
significantly decreased by lL-4 and increased by IFN-y (A) There was a trend 
towards an IFN-y-induced increase in ferritin protein expression, but this effect is 
not statistically significant (B). Western immunoblotting data were normalised to 
6-actin and inserts illustrate representative blots for target proteins. **/3<0.01, 
***/3<0.001;one-wayANOVAwithDunnett’s post hoc analysis. Data are expressed 
relative to control as mean ± SEM (n=4-7).
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Figure 4.16 IFN-y increased the mRN A expression of GLAST in astrocytes

Astrocytes were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) 
for 24h in vitro and cells were harvested for assessment of mRNA expression of 
markers of activation. The data show that IFN-y increased the mRNA expression 
of GFAP, although the effect was not statistically significant (A). There was a 
statistically significant IFN-y-induced increase in the mRNA expression of GLAST 
(B). *p<0.05; one-way ANOVA with Dunnett’s post hoc analysis. Data are expressed 
relative to control as mean ± SEM (n=4).

102



B
5.0

oa:

^ 2.5-

0.0

300
***

Control IL-4 IFN-y

a
(T

Z 150
I 2.
CO
O

***

Control IL-4 IFN-y

O

<̂
 1 

E
CD.

Control IL-4 IFN-y

Figure 4.17 IFN-y increased the mRNA expression of markers of the Ml 
activation state in astrocytes

Astrocytes were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) 
for 24h in vitro and cells were harvested for assessment of mRNA expression of 
Ml activation state markers. The data show that IFN-y significantly increased 
the mRNA expression of TNFa (A), iNOS (B), but not IL-16 (C). **p<0.01, 
***p<0.001; one-way ANOVA with Dunnett’s post hoc analysis. Data are 
expressed relative to control as mean ± SEM (n=4).
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Figure 4.18 IL-4 increased M2 activation state markers in astrocytes

Astrocytes were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) 
for 24h in vitro and cells were harvested for assessment of mRNA expression of 
M2 activation state markers. The data show that IL-4 significantly increased the 
mRNA expression of Arg-1 (A), MRCl (B), Chi3L3 (C), and FIZZl (D). **/><0.01, 
***jD<0.001; one-way ANOVA with Dunnett’s post hoc analysis. Data are 
expressed relative to control as mean ± SEM (n=4).
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Figure 4.19 IL-4 and IFN-y significantly increase the glycolytic rate in astrocytes

Astrocytes were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) 
for 24h in vitro and a glycolytic flux assay was carried out to assess the metabolic 
signature of the cells. The SeaHorse analyser was used to measure ECAR (A) and 
the data show that IL-4 and IFN-y significantly increased the glycolytic rate of 
cells (B), but did not alter glycolytic capacity (C) or glycolytic reserve (D). 
**p<0.01; one-way ANOVA with Dunnett’s post hoc analysis. Data are expressed 
as mean ± SEM (n=4).
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Figure 4.20 IL-4 or IFN-y did not affect oxidative metabolism in astrocytes

Astrocytes were incubated with media alone, IL-4 (20ng/mL), or IFN-y (50ng/mL) 
for 24h in vitro and a mitochondrial stress test was carried out to assess the 
metabolic signature of the cells. The SeaHorse analyser was used to measure OCR 
(A) and the data show that there was no change in basal respiration (B), maximal 
respiration (C), or ATP production of cells (D). Data are expressed as mean ± SEM 
(n=3).
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4.4 Discussion

The aim of this study was to determine whether changes in metaholism in 

microglia accompanied the changes in phenotypic markers induced hy IFN-y 

and IL-4, and to establish whether these stimuli induced similar changes in 

astrocytes. The most significant findings are that IFN-y, which predictably 

increased mRNA expression of TNFu and iNOS, triggered an increase in 

glycolysis and expression of PFKFB3 and increased iron retention reflected 

by an increase in ferritin and decreased ferroportin expression. Interestingly 

IFN-y exerted largely similar effects in astrocytes.

The data presented in Chapter 3 and the findings of several researchers 

(Nathan et ah, 1983, Stein et ah, 1992, Martinez and Gordon, 2014) have 

indicated that IFN-y and IL-4 trigger changes in macrophages that typify Ml 

and M2 phenotypes. The present data show that similar changes occur in 

microglia with IFN-y-induced increases in TNFu, iNOS and IL-16, and IL-4 

increasing Arg-1, MRCl, Chi3L3, and FIZZ 1. These data support the findings 

of other groups that reported similar IFN-y- and IL-4-induced changes in 

cultured microglia prepared from neonates (Chhor et ah, 2013b, Colton and 

Wilcock, 2010). These effects have been mirrored in microglia prepared from 

adult brains, which responded in the same way to IFN-y with increased 

expression of TNFu and iNOS (Jones et ah, 2015).

An important finding presented here is that IFN-y induced a metabolic shift 

in microglia and increased glycolysis, whereas IL-4 increased oxidative 

metabolism. The ECAR/OCRand OCR/ECAR data make clear the fact that 

microglia preferentially utilise different metabolic pathways in response to 

polarising stimuli, as IFN-y increased ECAR/OCR, and IL-4 increased 

OCR/ECAR. These changes demonstrate that microglia differentially adopt 

metabolic signatures in a similar manner to macrophages. As described in 

Chapter 3, pro-inflammatory macrophages preferentially use glycolysis to 

rapidly generate ATP to meet the demands of activation, generating

107



metabolic resources that drive inflammation in the process, such as ROS and 

TCA cycle intermediates (Tannahill et ah, 2013). In contrast, increased 

oxidative metabolism pi’ovides alternatively activated macrophages with an 

abundant, sustainable source of ATP.

Although reports on the metabolic reprogramming of microglia are lacking, 

studies examining the metabolism of BV2 microglial cells demonstrate that 

LPS increases glycolysis, as indicated by increased ECAR in these cells, 

suggesting metabolic reprogramming takes place (Voloboueva et ah, 2013, 

Orihuela et ah, 2016). While BV2 cells are poor representatives of primary 

microglia (Stansley et ah, 2012), increased glycolysis has also been shown in 

microglia following LPS-stimulation (Orihuela et ah, 2016). The present 

study is consistent with this report, with IFN-y increasing glycolysis in 

microglial cultures. The present study also revealed an IL-4-induced increase 

in oxidative metabolism which previous reports have failed to observe 

(Orihuela et al., 2016). This may be because microglia from the GDI mice 

used by Orihuela et al. exhibit greater inflammatory responses than 

microglia isolated from the C57/BL6 mice used here (Nikodemova and 

Watters, 2011) and so, the effects of anti-inflammatory cytokines may not be 

as robust.

The underlying mechanisms that facilitate this metabolic switch in microglia 

were investigated to determine whether microglia utilised similar processes 

to macrophages. In the present study, IFN-y increased mRNA expression of 

PFKFB3 and decreased PFKFB1 in microglia and the IFN-y-induced increase 

in PFKFB3/PFKFB1 reflects the increased glycolytic rate of these cells, and 

suggests that the differential expression of these enzymes can be used as a 

proxy marker to identify the metabolic signature of Ml-like microglia, as well 

as Ml macrophages. These changes have not yet been reported in microglia, 

but are consistent with findings in Ml polarised macrophages. As described 

in Chapter 3, classical activation of macrophages involves a switch in 

expression of PFKFB 1 to the more active PFKFB3 isoform, which
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accommodates increased glycolytic flux. Changes in protein expression of 

these enzymes would be more informative than mRNA expression and has 

been observed in macrophages stimulated with LPS (Rodriguez-Prados et al., 

2010), but not in microglia. The absence of changes in protein expression may 

be because changes are more modest in microglia than macrophages and are 

difficult to detect, or because IFN-y may not be as potent a stimulus as LPS 

and therefore may not induce as robust an effect.

The link between PFKFB3 and glycolysis identifies the enzyme as a potential 

therapeutic target for neuroinflammatory disorders, which are characterised 

by increased populations of pro-inflammatory, glycolytic microglia. There are 

no reports examining the effects of PFKFB3 inhibition in microglia, but 

numerous studies have investigated PFKFB3 inhibition as a potential cancer 

treatment and have shown that it is possible to attenuate the Warburg effect 

in cancer cells. For example, siRNA inhibits glycolysis and cell proliferation 

in HeLa cells (Calvo et al., 2006) and small molecule inhibitors of PFKFB3, 

3-(3-pyridinyl)-l-(4-pyridinyl)-2-propen-l-one (3PO) and l-(4-pyridinyl)-3-(2- 

quinolinyl)-2-propen-l-one (PFK15), inhibit the proliferation of ras- 

transformed tumour cells and induce apoptosis in transformed cells 

respectively (Clem et al., 2013, Clem et al., 2008). Since the Warburg effect, 

or aerobic glycolysis, can be attenuated by PFKFB3 inhibition, it may be 

possible to dampen pro-inflammatory immune responses in a similar 

manner.

HIF-la was investigated in microglia following IFN-y and IL-4 stimulation, 

as it induces expression of pffifbS (Obach et al., 2004) and has been shown to 

drive the metabolic reprogramming of Ml macrophages (Kelly and O'Neill, 

2015) by increasing glycolysis (Obach et al., 2004, Freemerman et al., 2014) 

and inhibiting oxidative metabolism (Kim et al., 2006a), the expression of this 

transcription factor. IFN-y induced a 2.5 fold increase in HIF-la expression 

in microglia and although HIF-la expression in polarised microglia has not 

been reported, the apparent increase observed in the present study is
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consistent with changes observed in LPS treated BV2 cells (Oh et ah, 2008) 

and macrophages (Tannahill et ah, 2013, Blouin et ah, 2004).

In the absence of a significant increase in HIF-la expression in Ml-like 

microglia, PDK-1 expression was predictably unchanged in these cells, which 

was highlighted by a functional TCA cycle in these cells as indicated by an 

absence of a decrease in OCR. PDK-1 expression is induced by HIF-lu and 

plays a role in the induction of the metabolic signature of Ml macrophages 

by inhibiting the conversion of pyruvate to acetyl-CoA, thus starving the TCA 

cycle of substrate (Kim et ah, 2006a). HIF-la mediated metabolic 

reprogramming was initially described in cells under hypoxic conditions, but 

also occurs in the presence of oxygen following activation of inflammatory 

cells (Palsson-McDermott et ah, 2015). The HIF-la-PDKl axis plays an 

essential role in the hypoxia induced activation of peritoneal macrophages, 

and HIF-la knockout or siRNA inhibition of PDKl inhibits the metabolic 

switching of these cells (Semba et ah, 2016). The present study suggests that 

HIF-la may not play a crucial role in the metabolic reprogramming of 

microglia, like it does in macrophages. Indeed, increases in PFKFB3 

expression have been reported in LPS-stimulated peritoneal macrophages 

prior to increases in HIF-la being observed, and transcription can occur 

independently of HIF-la (Rodriguez-Prados et ah, 2010). This suggests the 

presence of other yet unidentified factors responsible for mediating metabolic 

reprogramming of Ml microglia. For example, the Spl transcription factor 

induces pfIifbS transcription following the synergistic stimulation of 

macrophages with adenosine and LPS (Ruiz-Garcia et ah, 2011).

In the present study, there was an increase in AMPK activation, albeit 

insignificant, observed in IL-4-stimulated microglia, while IFN-y had no 

effect. This is consistent with the literature, AMPK is associated with the 

metabolic profile of M2 activated macrophages, as it increases the expression 

of proteins involved in oxidative phosphorylation (Vats et ah, 2006), fatty acid 

metabolism and mitochondrial enzymes (Winder et ah, 2000), while also
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inhibiting the metabolic reprogramming of Ml cells (Hardie, 2007). In 

macrophages, AMPK is associated with anti-inflammatory phenotype, 

antagonising LPS signalling through NF-kB inhibition (Ak and Levine, 

2010), and conversely expression of AMPK is decreased in macrophages 

stimulated with LPS (Sag et al., 2008). Furthermore, increased experimental 

autoimmune encephalomyelitis (EAE) disease severity is observed in AMPK- 

al '- mice, accompanied by increased IFN-y secretion (Nath et al., 2009), 

suggesting that AMPK plays a role in modulating the inflammatory response 

in the CNS.

PGC-16, which is downstream of AMPK and also STAT6, induces 

mitochondrial I’espiration and biogenesis (St-Pierre et al., 2003, Shao et al., 

2010), thus driving oxidative metabolism. However in the present study, 

there was no increase in PGC-16 expression observed following IL-4 

stimulation. Reports have demonstrated increased PGC-16 in macrophages 

in response to IL-4 is essential for M2 activation and PGC-16 expression 

attenuates inflammation (Vats et al., 2006). PPARy is activated by PGC-16 

and plays a role in modulation of microglial inflammation (Bernardo et al., 

2000), which suggests that PCG-16 expression should be also be increased in 

M2-like macrophages. This suggests that the IL-4-induced increase in 

respiratory rate in microglia is be mediated by other yet unknown factors.

Iron deposits in the brain are associated with ageing and neurodegenerative 

disorders (Andersen et al., 2014, Connor et al., 1995), highlighting the 

importance of iron homeostasis in the CNS. Macrophages alter their iron 

handling properties in response to polarisation, as described in Chapter 3, 

but the iron handling capabilities polarised microglia is less well defined. 

Here, IFN-y-stimulated microglia expressed low levels of TfR mRNA, high 

levels of ferritin mRNA, and low levels of ferroportin mRNA. These data 

suggest that iron metabolism in pro-inflammatory microglia is similar to that 

of Ml macrophages, displaying low iron uptake and efflux, but with high 

intracellular iron concentrations This is is consistent with reports showing
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iron and ferritin accumulation within microglia in response to 

neuroinflammation (Thomsen et ah, 2015). There were corresponding 

changes in protein expression, but perhaps a more potent stimulus, such as 

LPS, is required for these changes to reach significance.

Iron handling proteins in IL-4-stimulated microglia were assessed and these 

cells demonstrated high levels of TfR, low levels of ferritin, and low levels of 

ferroportin. In contrast to the apparent changes in protein expression 

observed in Ml-like microglia, IL-4 stimulation did not alter the protein 

expression of any of the markers assessed. Perhaps a combination of IL-4 and 

IL-13, which is commonly used in the literature to induce an M2-hke 

phenotype, would be capable of inducing such changes. The changes observed 

in TfR and ferritin were predictable, as the M2 phenotype in macrophages is 

associated with increased levels of iron recycling and decreased iron retention 

to facilitate the matrix remodelling and anti-inflammatory properties of the 

cell (Cairo et al., 2011). However, the decreased ferroportin expression was 

unexpected, but mirrors changes observed in IL-4 stimulated BMDMs shown 

in Chapter 3, suggesting that iron efflux from M2-like cells is more complex 

than previously believed. As described in Chapter 3, other proteins involved 

in iron handling have been associated with pro- and anti-inflammatory 

phenotypes in macrophages, such as hepcidin and DMTl, and perhaps 

examine the expression of these would provide a clearer indication of the iron 

handling properties of polarised microglia.

One of the more novel aspects of the present finding is that astrocytes respond 

to IFN-y and IL-4 in a manner similar to microglia. Specifically, IFN-y 

increased ecpression of both TNFa and iNOS and IL-4 expression increased 

expression of Arg-1, MRCl, Chi3L3 and FIZZl to approximately the same 

extent in both cell types. This is consistent with a recent report showing 

increased Arg-1 and MRCl expression in IL-4 stimulated astrocytes, and 

increased iNOS and TNFa in cells treated with a combination of LPS and 

IFN-y (Jang et al., 2013). The present study expands this by demonstrating
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IL-4-induced increases in ChiSLS and FIZZl and also reveals that IFN-y 

alone stimulates polarisation of astrocytes to an Ml-like phenotype. In 

addition, unpublished data from this laboratory confirmed the ability of 

astrocytes to adopt Ml- and M2-hke phenotypes. The responses of microglia 

and astrocytes were not identical however; whereas IFN-y increased IL-16 

mRNA in microglia, no change was observed in astrocytes.

Astrocytes were assessed to determine if they undergo the metabolic 

reprogramming observed in BMDMs and microglia in response to IFN-y and 

IL-4. Both stimuli significantly increased glycolysis in astrocytes and no 

changes in the glycolytic capacity or glycolytic reserve were observed. 

Increased glycolysis in astrocytes has been reported to occur in astrocytes 

following stimulation with IFN-y and LPS, through AMPK and PFKFB3 

expression (Almeida et ah, 2004). Oxidative metabolism in astrocytes did not 

change with either stimulus. These data suggest that differential metabolic 

reprogramming in polarised astrocytes does not occur, as cells respond to 

stimuli in the same way, namely by increasing glycolytic flux. This may be 

because immune activity is a secondary function of astrocytes and 

reprogramming occurs in specialised cells of the immune system.

The aim of this study was to characterise the metabolic profile of polarised 

microglia to assess whether changes occur in these cells upon activation. Like 

macrophages, microglia can adopt Ml-like and M2-like phenotypes in 

response to stimuli in the microenvironment. Chronic pro-inflammatory 

activation of microglia is associated with most neuroinflammatory diseases 

(Tang and Le, 2016) and altering the activation state of these cells to an anti­

inflammatory M2-hke phenotype can alleviate the neurodegeneration that 

accompanies these disorders. Increasing evidence suggests a role of metabolic 

reprogramming in the regulation of the innate and adaptive immune 

response (Chang and Pearce, 2016, Mills and O'Neill, 2016) and the function 

of pro-inflammatory immune cells can be modulated by targeting metabolic 

pathways. The present study demonstrates that metabolic reprogramming
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occurs in polarised microglia, which leads to the possibility for therapeutic 
interventions for neurodegenerative disorders that target metabolism of 
inflammatory cells.

114



Chapter 5: Functional consequences of glial
activation
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5.1 Introduction

As described in Chapter 4, microglia adopt Ml-like or M2-like activation 

states upon detection of specific stimuli. While the chronic activation of the 

Ml phenotype induces a pro-inflammatory environment associated with 

neurodegeneration, the M2 phenotype is considered to be anti-inflammatory 

and is important in the resolution of inflammation (Lynch, 2009). These 

phenotypes are characterised by the expression of particular markers 

designated as markers of activation (Chhor et ah, 2013b) but this paradigm 

fails when extrapolated to an in vivo setting as microglia seem to have near­

infinite plasticity that lends itself ideally to dealing with an endless variety 

of environmental challenges (Martinez and Gordon, 2014). Establishing 

functional characteristics of activated microglia provides greater insights into 

the consequences of microglial activation. By understanding induction of 

functional differences, it may be possible to understand why microglia 

contribute to neuroinflammatory disorders.

According to the amyloid hypothesis of AD, A6 deposition due to aberrant 

phagocytic function of microglia is central to disease pathology (Hardy and 

Selkoe, 2002). While pro-inflammatory Ml-like microglia are co-localised 

with A6 depositions in the AD brain, it is believed that phagocytic function is 

impaired and A6 clearance is diminished (Krabbe et ah, 2013). However, M2 

macrophage activation has also been shown to decrease phagocytic capability 

(Varin et ah, 2010) and it is unclear how phenotype affects microglial 

phagocytosis. Following the phagocytosis of an insulting agent, antigen 

presentation primes T cells to generate and adaptive immune response. The 

infiltration of T cells has been associated with disease pathology in AD and 

MS (Bryson and Lynch, 2016, Sawcer et ah, 2011), and while Ml 

macrophages can induce Thl cell differentiation (Arnold et ah, 2015), the 

antigen presenting capabilities of microglia are less well defined.

The recruitment of other immune cells by polarised microglia is an important 

aspect of the immune response. Pro-inflammatory microglia secrete a number
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of chemotactic proteins that induce the migration of peripheral immune cells 

through the BBB (D'Aversa et ah, 2002). The recruited cells exacerbate the 

inflammatory conditions experienced in the CNS and infiltrating peripheral 

immune cells have been implicated in a number of neurodegenerative 

disorders such as MS and AD (Benveniste, 1997, Fiala et ah, 2002). Microglia 

are also capable of secreting a number of growth factors that impact 

surrounding neurons. Microglia-specific BDNF plays an important role in 

learning and memory (Parkhurst et ah, 2013), and decreased expression of 

IGFl has been associated with pro-inflammatory microglia in AD (Steen et 

ah, 2005). By assessing secretion profile of polarised microglia, we can further 

our understanding the functional consequences of microglial polarisation.

The aims of this study are to investigate the functional consequences of 

microglial polarisation in terms of their:

1. Phagocytosis of latex beads and A6

2. Antigen presentation and induction of T cell responses

3. Secretion of chemokines and growth factors
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5.2 Methods

Primary microglia were procured from neonatal mouse pups and polarised to 

Ml-like and M2-like activation states respectively. Cells were harvested for 

assessment of the mRNA expression of markers associated with phagocytosis, 

antigen presentation and growth factors in polarised microglia using RT-PCR 

and supernatants from these cultures were analysed using ELISA to 

investigate the secretion of chemokines.

Primary mixed glia were procured from neonatal mouse and incubated with 

fluorescently-labelled latex beads or FITC-conjugatedAB for 2h in vitro. Cells 

were examined using ICC to confirm bead or A6 uptake. Mixed glial cultures 

were stimulated with IFN-y or IL-4 for 24h in vitro prior to 2h incubation 

with fluorescent particles and FACS analysis was used to assess the 

differences in phagocytic capabilities of the Ml-like or M2-like phenotypes.

Primary microglia were procured from neonatal mouse pups and polarised to 

Ml-like andM2-hke activation states respectively. Cells were then irradiated 

and co-cultured with CTV-stained T cells isolated from the spleens of 9 

month-old GFP mice for 7d. T cells were assessed for proliferation and 

differentiation by FACS and supernatants were assessed by ELISA for the 

secretion of cytokines.
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5.3 Results

Primary glial cultures were generated form neonatal mouse pups and 

incubated for 2h in the presence of fluorescently-labelled latex beads. Cells 

were stained and assessed by ICC and confocal microscopy to visualise uptake 

of fluorescent particles. Bead uptake in primary microglial cultures was 

demonstrated by ICC showing the co-Iocalisation of fluorescent beads with 

the Ibal+ microglial cells (Figure 5.1 A). Staining of primary mixed glial 

cultures with GFAP revealed that fluorescently-labelled latex beads were not 

phagocytosed by astrocytes (Figure 5.IB). Bead internalisation was 

confirmed using confocal microscopy, which demonstrated the absence of 

beads in GFAP-i- astrocytes, but the accumulation of the fluorescent particles 

inside microglial cells, identified by DAPI stained nuclei (Figure 5.1C).

Primary microglia and mixed glia generated form neonatal mouse pups were 

incubated for 2h in the presence of FITC-conjugated A6, and assessed for 

phagocytosis of peptide by ICC. Staining of microglia with anti-Ibal revealed 

the co-localisation of FITC-A6 with Ibal+ microglia cells, indicative of 

phagocytosis (Figure 5.2A). Mixed glial cultures stained with anti-GFAP 

reveal that GFAP+astrocytes do not phagocytose FITC-A6, but fluorescent 

peptide accumulates within GFAP microglia, identified by DAPI stained 

nuclei (Figure 5.2B).

Mixed glial cultures were stimulated with IFN-y or IL-4 for 24h in vitro, and 

incubated for 2h with fluorescently-labelled latex beads or FITC-conjugated 

A6 to determine whether microglial polarisation is accompanied with a 

change in microglial phagocytic function. Phagocytosis by microglia was 

assessed by FACS and analysis of the mean data revealed that neither IL-4 

nor IFN-y altered the phagocytosis of fluorescently-labelled latex beads or 

FITC-conjugated A6 when compared with unstimulated microglia (Figure 

5.3A, B). There was an apparent decrease in FITC-A8 phagocytosis by IFN-y 

stimulated cells, but this decrease did not reach statistical significance.
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Polarised microglia were assessed for the mRNA expression of markers 

associated with phagocytosis by RT-PCR. IL-4 significantly increased CD68 

mRNA expression (**p<0.01; one-way ANOVA with Dunnett’s post hoc 

analysis; Figure 5.4A) and both IL-4 and IFN-y decreased CD33 expression 

(*p<0.05, **p<0.01; one-way ANOVA with Dunnett’s post hoc analysis; 

Figure 5.4C), but no change was observed in TREM2 (Figure 5.4B).

To assess the antigen presenting functions of polarised microglia, the mRNA 

expression of proteins involved in the presentation of antigen to T cells was 

assessed by RT-PCR. MHC II expression was significantly increased by IFN- 

Y (***p<0.001; one-way ANOVA with Dunnett’s post hoc analysis; Figure 

5.5A), while IL-4 had no effect on its expression (Figure 5.5A). Neither 

stimulus affected the expression of CD80, although there was an apparent 

increase in IFN-y-stimulated microglia which did not reach statistical 

significance (Figure 5.5B). IFN-y significantly increased CD86 (***p<0.001; 

one-way ANOVA with Dunnett’s post hoc analysis; Figure 5.5C), while IL-4 

has no effect on its expression (Figure 5.5C). The ability of polarised microglia 

to induce the proliferation of T cells was assessed using a CTV proliferation 

assay, which revealed that neither activation of the Ml-like nor M2-like 

phenotypes affected T cell proliferation (Figure 5.6A). The differentiation of 

T cell subtypes was examined to investigate which populations were induced 

by co-culture with Ml-like or M2-like polarised microglia.

The expression of IFN-y, an indicator of Thl cell differentiation, was 

increased in T cells co-cultured with IFN-y- and IL-4-stimuIated microglia 

when compared to T cells co-cultured with unstimulated cells (*p<0.05, 

**p<0.01 ; one-way ANOVA with Dunnett’s post hoc analysis; Figure 5.7A). 

However, increased secretion of the cytokine was only observed in T cells co- 

cultured with IFN-y-treated microglia (*p<0.05; one-way ANOVA with 

Dunnett’s post hoc analysis; Figure 5.7B). Differentiation of T cells to a Thl7 

subtype was assessed by examining IL-17 expression. While neither stimulus 

affected the expression of IL-17 in T cells (Figure 5.7C), secretion of the
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cytokine was significantly decreased from T cells when co-cultured with IL- 

4-treated microglia (***p<0.001; one-way ANOVA with Dunnett’s post hoc 

analysis; Figure 5.7D). T cell expression of IL-4, an indicator of Th2 cell 

differentiation, was not affected by co-culture with microglia of either 

phenotype (Figure 5.7E), although an apparent decrease in IL-4 expression 

was observed inT cells co-cultured with Ml-like microglia.

Microglial secretion of chemokines plays an important role in the generation 
of an immune response and the release of chemokines from polarised 

microglia was examined by ELISA. CCL2 secretion was significantly 

increased by both IFN-y and IL-4 stimulation of microglia (***p<0.001; one­
way ANOVA with Dunnett’s post hoc analysis; Figure 5.8A). Microglial CCL3 
and CCL5 secretion was also induced by IFN-y (***jO<0.001; one-way ANOVA 

with Dunnett’s post hoc analysis; Figure 5.8B, C), but not by IL-4 (Figure 

5.8B, C).

Growth factors in the CNS can help modulate neuroinflammation and 
promote neuronal health and expression of growth factors was assessed in 

IFN-y and IL-4-stimulated microglia by RT-PCR. Neither stimulus altered 

NGF expression (Figure 5.9A). IL-4 significantly increased BDNF expression 
(*p<0.05; one-way ANOVA with Dunnett’s post hoc analysis; Figure 5.9B), 

but unchangedin IFN-y-treated cells. IL-4 also induced a significant increase 

in IGFl expression (***p<0.001; one-way ANOVA with Dunnett’s post hoc 

analysis; Figure 5.9C), while in contrast, a significant decrease was observed 

with IFN-y stimulation (*p<0.05, ***p<0.001; one-way ANOVA with 

Dunnett’s post hoc analysis; Figure 5.9C).
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Figure 5.1 Fluorescently-labelled latex beads were taken up by microglia, but not 
astrocytes in vitro

Primary microglia or mixed glia were incubated with fluorescently-labelled beads 
(green) for 2h. (A) Microglia were stained with anti-Ibal (red) and counter stained
withDAPI (blue) to identify nucleiand fluorescentbeads were present in Ibal cells. 
(B) Cells were stained with anti-GFAP (red) to identify astrocytes and 
counterstained with DAPI (blue) and there was no evidence of bead uptake in
GFAP^ cells. (C) Confocal microscopy confirmed the intracellular localisation of 
beads in GFAP cells. 2^23
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Figure 5.2 Microglia were shown to engulf FITC-conjugated Ap

Primary microglia or mixed glia were incubated with FITC-conjugated A6 (green) 
for 2h. (A) Microglial cultures were stained with anti-lbal (red) to identify cells 
and counterstained with DAPI (blue) to identify nuclei and FITC-conjugated A6
was found to accumulate within Ibal^ microglia. (B) Mixed glial cultures were 
stained with anti-GFAP (red) to identify astrocytes and counterstained with
DAPI (blue) and fluorescent peptide was shown to be engulfed by GFAP 
microglia.
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Figure 5.3 Neither IL-4 nor IFN-y affected phagocytosis of fluorescently-labelled 
latex beads

Mixed glia were incubated in the presence or absence of IL-4 (20ng/mL) or IFN-y 
(50ng/mL) for 24h in vitro, followed by a 2h incubation with fluo re see ntly-labelled 
latex beads (A) or FITC-conjugated A6 (B). Phagocytosis was assessed by flow 
cytometry and the data show that neither IL-4 or IFN-y affected the microgHal 
phagocytosis of beads (A) or FITC-A6 (B). Data are expressed relative to control as 
mean ± SEM (n=8).
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Figure 5.4 IL-4 increased the mRNA expression of CD68 and both IL-4 and IFN- 
Y decreased the expression of CD33 in microglia

Microglia were incubated in the presence or absence of IL-4 (20ng/mL) or IFN-y 
(50ng/mL) for 24h and cells were harvested for assessment of mRNA expression. 
IL-4 significantly increased CD68 (A). Neither stimulus affected TREM2 
expression (B), but both significantly decreased CD33 expression (C). *p<0.05, 
**jD<0.01; one-way ANOVA with Dunnett’s post-hoc analysis. Data are expressed 
relative to control as mean ± SEM (n=3-7).
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Figure 5.5 IFN-y increased the mRNA expression of MHC II and CD86 in 
microglia

Microglia were incubated in the presence or absence of ILr4 (20ng/mL) or IFN-y 
(50ng/mL) for 24h and cells were harvested for assessment of mRNA expression. 
IFN-y significantly increased MHC II (A) and while CD80 was unchanged by 
either stimulus (B), CD86 is significantly increased by IFN-y and unchanged by 
IL-4 (C). **/i<0.01, ***p<0.001; one-way ANOVA with Dunnett’s post-hoc 
analysis. Data are expressed relative to control as mean ± SEM (n=3).
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Figure 5.6 Neither IL-4 or IFN-y affected microglial capacity to induce T cell 
proliferation

T cells prepared from GFP mice were stained with CTV and cultured for 7 days 
with irradiated microglia which had been incubated in the presence or absence of 
lL-4 (20ng/mL) or IFN-y (50ng/mL) for 24h in vitro. T cells were harvested for 
assessment of prolife ration by flow cytometry and the data show that stimulation 
of microglia with IL-4 or IFN-y had no effect on their ability to induce T cell 
proliferation. Data are expressed relative to media alone control as mean ± SEM 
(n=3).
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Figure 5.7 IFN-y and IL-4 stimulated microglia induced the proliferation of IFN-y 
T cells

T cells from the CTV assay were analysed for cytokine expression by flow cytometry 
and cytokine releaseby ELISA. The data show that pre-treatment of microgba with 
IL-4 and IFN-y prior to co-culture significantly increased IFN-y expression in T 
cells (A), although only IFN-y treated microglia induced a significant increase in 
IFN-y secretion (B). Neither stimulus affected IL-17 expression in T cells (C), but 
IL-4 treated microgba significantly decreased its release (D) Neither IL-4- nor IFN- 
y-treated microglia altered IL-4 expression in T cells (E). *p<0.05, **p<0.01, 
***p<0.001;one-wayANOVA with Dunnett’s post-hoc analysis. Data are expressed 
relative to control as mean ± SEM (n=3).
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Figure 5.8 IFN-y significantly increased microglial secretion of chemokines

Microglia were incubated in the presence or absence of IL-4 (20ng/mL) or IFN-y 
(50ng/mL) for 24h and supernatants were harvested for assessment chemokine 
secretion. The data show that IFN-y and IL-4 significantly increased the expression 
of CCL2 (A), while IFN-y also increased the expression of CCL3 (B) and CCL5 (C). 
**p<0.0L ***p<0.001; one-way ANOVA with Dunnett’s post-hoc analysis. Data are 
expressed relative to control as mean ± SEM (n=3).
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Figure 5.9 IL-4 induced microglial secretion of BDNF and IGF1

Microglia were incubated in the presence or absence ofIL-4 (20ng/mL) or IFN-y 
(50ng/mL) for 24h and cells were harvested for assessment of mRNA expression. 
The data show that neither IFN-y nor IL-4 affected the mRNA expression of NGF 
(A). IL-4 significantly increased the mRNA expression of BDNF (B)and IGFl (C), 
while IFN-y significantly decreased the mRNA expression of IGFL *p<0.05, 
***p<0.001; one-way ANOVA with Dunnett’s post-hoc analysis. Data are 
expressed relative to control as mean ± SEM (n=3).
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5.4 Discussion

The aim of this study was to investigate the functional consequences of 

microglial polarisation. The most interesting findings were that IFN-y 

induced a modest decrease in the phagocytosis of FITC-A6, but neither IFN- 

y- nor IL-4-stimulated microglia induced an increase in T cell proliferation. 

IFN-y also increased the secretion of chemokines CCL2, CCL3,and CCL5 and 

decreased expression of IGFl. In contrast, IL-4 increased the expression of 

IGFl, as well as BDNF.

In the present study, fluorescently-labelled latex beads and FITC-labelled A6 

were used to assess microglial phagocytosis. Internalisation of these particles 

by microglia was confirmed using immunocytochemistry and confocal 

microscopy, which demonstrated the presence of fluorescently-labelled beads 

and FITC-labelled A8 in microglia, but not astrocytes. This is consistent with 

reports demonstrating the phagocytosis of FITC-labelled A6 by microglia 

(Hickman et al., 2008), but previous studies have also demonstrated the 

phagocytosis of FITC-labelled A8 by astrocytes (Jones et al., 2013). 

Internalisation of FITC-labelled A8 by astrocytes has been shown to occur 

heterogeneously, with some populations taking up the same quantities of 

peptide as microglia, whilst other populations take up no peptide at all 

(Mandrekar et al., 2009), which may explain the discrepancies between 

reports on astrocyte phagocytosis. Furthermore, mixed glial cultures were 

assessed in the present study rather than purified astrocytes, and decreased 

phagocytosis may be due to the presence of phagocytic microglia. Although 

astrocytes may be capable of the phagocytosis of A8 under certain 

circumstances, as demonstrated by the expression of TLR2, TLR4and RAGE 

(Casula et al., 2011), their proficiency as phagocytes does not appear to be as 

great as microglia.

Since it has been hypothesised that activated microglia have altered 

phagocytic function, IFN-y- and IL-4-stimulated microglia were assessed for
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changes in phagocytosis. Both stimuli induced the same differential 

expression profile for markers of phagocytosis; significantly increased CD68 

expression and significantly decreased CD33 expression, while TREM2 

expression remained unchanged. CD68 and TREM2 are associated with 

increased microglial phagocytosis (Hsieh et al., 2009, Taylor et al., 2005, 

Zotova et al., 2013), while CD33 modulates TREM2 activity (Chan et al., 

2015). Although TREM2 expression is not directly affected, the decrease in 

CD33 indicates increased TREM2 activity, which together with the increased 

CD68 expression, suggests increased phagocytic capabilities in both 

phenotypes.

To determine whether these changes in expression corresponded with altered 

phagocytic ability, the uptake of fluorescently-labelled latex beads and FITC- 

labelled A6 by polarised microglia was assessed by FACS. The data suggest 

that priming microglia to an Ml-like or M2-like phenotype has no effect of 

the phagocytosis of fluorescently-labelled latex beads, but there was an 

apparent decrease in the phagocytosis of FITC-labelled A6 by Ml-like cells 

compared with control cells. This decrease did not reach statistical 

significance, but could indicate that pro-inflammatory microglia are not as 

proficient at phagocytosing FITC-labelled AB.

There are conflicting reports of the effects of IL-4 and IFN-y on phagocytosis, 

which differ depending on cell type and the particle being phagocytosed. 

Although IL-4 has been reported to decrease phagocytosis of pathogens by 

macrophages (Varin et al., 2010), Arg-1 positive microglia reduce A6 

deposition in AD suggesting that M2-like microglia have increased 

phagocytic capability (Cherry et al., 2015). There are also conflicting reports 

of the effects of IFN-y on phagocytosis in macrophages (Marodi et al., 1993, 

Frausto-Del-Rio et al., 2012).

In AD, microglia are responsible for the phagocytosis and degradation of A6 

(Lee and Landreth, 2010) and impaired phagocytic function leads to chronic 

inflammation and neurodegeneration associated with disease progression (El
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Khoury and Luster, 2008). The deposition of A6 has been attributed to 

impaired phagocytic function of pro-inflammatory microglia (Krabbe et ah, 

2013) and microglia in the APP/PSl mouse model of AD express decreased 

levels of the A6-binding scavenger receptors SRA, CD36, and RAGE, and are 

conversely associated with increased expression of IL-16 and TNFu 

(Hickman et ah, 2008). Even though markers of phagocytosis are increased 

in Ml-like microglia in the present study, phagocytosis of A6 is decreased. 

This suggests that pro-inflammatory microglia are primed for phagocytosis, 

but A6 induces changes that impair phagocytic function, leading to increased 

plaque deposition. It may be that decreased phagocytic function observed in 

aged microglia (Njie et ah, 2012a) leads to A6 deposition, which accelerates 

AD pathology and plaque burden (Streit et al., 2009).

Although the present study did not reveal any increases in the phagocytosis 

of fluorescently labelled latex beads or the FITC-labelled AB by M2-like 

microglia, this may be due to the activation of these cells to a pro- 

inflammatory state by these molecules. A6 is widely reported to induce a pro- 

inflammatory Ml-like phenotype in microglia (Saijo and Glass, 2011b, Floden 

and Combs, 2006) and may have induced this activation state in the 

previously unstimulated cells, causing them to increase phagocytosis. A 

phenotypic switch subsequent to the adoption of the M2-like state may also 

have occurred due to the plastic nature of these cells. Microglial bead 

saturation could also account for the absence of differences in phagocytosis 

between phenotypes. As demonstrated by microscopy, there was robust 

uptake of fluorescent particles by microglia, with all cells positively staining 

for substrate, making differences in uptake difficult to differentiate by FACS.

Infiltrating T cells are the primary inflammatory aggressors in MS 

(Lassmann et al., 2001)and have also been associated with AD pathology 

(Bryson and Lynch, 2016). The ability of polarised microglia to generate an 

adaptive immune response was investigated and, although IFN-y increased 

the expression of markers associated with antigen presentation, neither IFN-
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Y nor IL-4 had any effect on the induction of T cell proliferation. T cell 

differentiation was assessed by ELISA and IFN-y secretion was significantly 

increased from T cells co-cultured with Ml-like microglia, suggesting that 

pro-inflammatory microglia promote a positive feedback loop to amplify the 

inflammatory response. In contrast to this, M2-like microglia decreased T cell 

secretion of IL-17, demonstrating the anti-inflammatory capacity of this 

phenotype.

The proliferation and differentiation of T cells by microglia has been 

demonstrated (Aloisi et ah, 2000, Zhang et ah, 2002, Aloisi et ah, 1999), and 

these findings are in contrast to previous reports showing that IFN-y 

stimulated microglia, which had been irradiated and co-cultured with T cells, 

increased T cell proliferation (Li et ah, 2007). However, this study used a 

different T cell stain to assess proliferation, and also co-cultured cells for 3 

days rather than the 7 day incubation period used in the present study. The 

discrepancy may be due to the irradiated microglia disintegrating over time 

and releasing cytosolic molecules that boost the proliferation of T cells, 

bringing all samples to an equal level of proliferation. Alternatively, T cell 

proliferation may slow over time, and the numbers of proliferated cells may 

reach a maximal capacity for the size of the culture plate well.

During CNS inflammation, microglia produce chemokines which recruit 

infiltrating peripheral immune cells (Aloisi, 2001), and chemokines and 

chemokine receptor expression is upregulated in neurodegenerative 

disorders (Cartier et ah, 2005). IFN-induced increased secretion of CCL2, 

CCL3, and CCL5fi:’om microglia and although IL-4 increased CCL2 secretion, 

no changes in CCL3or CCL5 were observed. These data suggest that Ml-like 

microglia enhance inflammation by inducing the infiltration of peripheral 

immune cells, while M2-hke cells induce a less severe level of inflammation. 

These findings complement the literature, which reports that activation of 

microglia to an Ml-like phenotype is associated with increased chemokine
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expression in neuroinflammatory disorders (Krabbe et al., 2013, Streit et al., 

2009).

The expression of growth factors were assessed in IFN-y- andIL-4-stimulated 

microglia, and the data show that IFN-y decreases IGFl expression, while 

IL-4 increases BDNF and IGFl. These results consistent with the literature, 

as Ml-like microglia and decreased levels of IGFl and BDNF are associated 

with the pro-inflammatory environment seen in AD (Mattson, 2008, 

Westwood et al., 2014, Gasparini et al., 2002). The data suggest that skewing 

microglial phenotype to the M2-like in such disorders may boost growth factor 

levels and help alleviate the inflammation in this disorder.

The findings of this study assist in the characterisation of the functional 

ability of inflammatory microglia associated with neuroinflammatory 

disorders. Ml-like cells display increased levels of phagocytic markers, but 

this is not associated with increased A6 phagocytosis. These cells can also 

induce the differentiation of Th 1 cells and recruit other immune cells to the 

site of inflammation through the secretion of chemokines. In contrast, M2- 

like microglia do not secrete the same quantities of chemokines and enhance 

neuronal health through expression of growth factors.
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Chapter 6 Characterisation of age- and 

genotype-related effects on microglial
activation
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6.1 Introduction

Several studies have demonstrated that glial activation occurs with age and 

increased expression of markers of both activated microglia and astrocytes 

have been reported (Lynch et al., 2010). In the case of microglia, some 

researchers have interpreted this as an indication that microglia become 

primed with age and are therefore more susceptible to inflammatory stimuli 

than microglia from the brain of young animals (von Bernhardi et al., 2010). 

Consistent with this, it has been shown that systemic or central 

administration of LPS to aged animals increases hippocampal expression of 

TNFa, IL-16 and IL-6, markers of microglial activation, to a greater extent 

than young animals (Hoogland et al., 2015). More recently, a similar 

increased responsiveness to LPS has been reported in isolated microglia 

prepared from the brain of aged, compared with young, mice (Sierra et al., 

2007, Wynne et al., 2010). This age-related change in microglial plasticity 

may, at least in part, explain the synaptic and neuronal deficits that progress 

with age (Loane et al., 2009).

Microglial activation, and indeed astrocytic activation, are also 

characteristics of Alzheimer’s disease (AD) and therefore the disease, like 

most neurodegenerative diseases, is characterized by neuroinflammatory 

changes (Heneka etal., 2015). Similar changes have been described in animal 

models of several neurodegenerative diseases including APP/PSl mice 

(Colton and Wilcock, 2010). There is compelling evidence demonstrating that 

mRNA expression of TNFa and iNOS is increased in the hippocampus of 

APP/PSl mice and this suggests that the microglia adopt an Ml-like state 

(Minogue et al., 2014a). Furthermore, stimulation of microglia prepared from 

APP/PSl mice with IFNy induces a greater increase in TNFa and iNOS 

mRNA than it induces in microglia from WT mice (Jones et al., 2015).

The data presented in Chapter 4 indicated that the inflammatory changes 

induced by IFN-y in microglia prepared from neonatal mice were 

accompanied by a metabolic switch to glycolysis, mirroring the evidence
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obtained from BMDMs in Chapter 3, and consistent with the literature 

(Galvan-Pena and O'Neill, 2014). This was associated with changes in 

PFKFB3 and PFKFB1, which are modulators of glycolysis (Ruiz-Garcia et ah, 

2011), and with a shift in iron handling hy cells. Here the objective was to 

determine whether a similar switch was observed in microglia prepared from 

APP/PSl, compared with WT mice and to establish whether there was 

evidence of an age-related change.

The aims of this study are:

1. To determine whether expression of markers of the Ml phenotype is 

greater in microglia from aged and/or APP/PSl mice compared with 

young WT mice.

2. To establish whether there is an age- or genotype-related change in 

metabolic signature and iron handling function in microglia.
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6.2 Methods

Groups of 9 month and 17 month old APP/PSl mice and their littermate WT 

controls were used in this study. The young WT mice consisted of 4 females 

and 3 males, and APP/PSl mice of 4 females and 2 males. Aged WT mice 

consisted of 6 females and 1 male, and APP/PSl mice of 4 females and 2 

males. Mice were anaesthetized using urethane (1.5 g/kg) and cardiac 

perfusion was carried out. Brains were dissected free and the cerebellum 

removed. Hippocampal tissue was snap frozen in liquid nitrogen and stored 

at -80°C for mRNA analysis and microglia were isolated from the remaining 

tissue as described in section 2.2 for analysis by SeaHorse, as described 

below, and RT-PCR, as described in section 2.8.

6.2.1 Modified SeaHorse mitochondrial stress test for isolated microglia
Preliminary experiments were carried out on cells isolated from the brains of 

9 month-old WT mice in order to optimize the conditions required for 

assessment of metabolism. It was found that isolated microglia from adult 

mice were less viable than the primary microglial cultures procured form 

neonatal mice, and did not survive when subjected to the same stresses. 

Therefore, modifications were made to the experimental protocol.

Firstly, poly-o-lysine was used to coat the plates to ensure adherence of the 

cells. Plates were incubated overnight in the flow hood in the presence of poly- 

D-lysine (50ng/mL; 200pL/well), and were protected from ultraviolet light 

using tinfoil. The following day, the poly-o-lysine was removed and the wells 

were washed twice with sterile H2O.

Preliminary experiments were carried out to assess the impact of time on cell 

viability. Cell death occurred when cells were left overnight to adhere to the 

cell culture plates, and cell respiration was inversely related to time in 

culture. To overcome this problem, cells were seeded in SeaHorse assay media 

(lOOpL/well) and incubated for Ih prior to being topped up to 475pL/well with 

assay media. At this point, the plate was placed in a no-C02 incubator for Ih 

prior to reading. Thus, preparation time was reduced to 2h.
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The mitochondrial stress test was modified for use in cells prepared fi’om 

adult mice. Preliminary experiments showed that the response to FCCP was 

minimal when cells had previously been incubated with oligomycin and 

therefore this step was removed. The reason for the poor FCCP response in 

oligomycin-treated cells is not clear, but may be due to cell death following 

24min without the production of ATP from the electron transport chain. 

Therefore, in the modified procedure, no oligomycin was added during the 

assay, but FCCP and antimycin A were added to ports A and B of the sensor 

cartridge.

The mitochondrial stress test was carried out in preference to the glycolytic 

stress test due because the cells failed to recover following the incubation in 

glucose-free media.
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6.3 Results

Expression of Ml activation state markers was investigated in hippocampal 

tissue from 9 month-old and 17 month-old WT and APP/PSl mice. A 

genotype-related increase in TNFa mRNA was observed (F('7,2Sj=6.34, 

p=0.018, two-way ANOVA; Figure 6.1A) but there was no age-related change. 

A significant age x genotype interaction effect was also observed (F(;,.2,?)=5.49, 

p=0.026; two-way ANOVA; Figure 6.1A). iNOS mRNA remained unchanged 

by age or genotype (Figure 6. IB).

Microglia, isolated from the brains of these mice, were also assessed for 

mRNA expression of TNFa and iNOS. The data indicate that there was an 

age-related increase in TNFa mRNA (F(;,25)=8.37,p=0.008; two-way ANOVA; 

Figure 6.2A), but no genotype-related change. A significant age x genotype 

interaction effect was also observed (F(i,25)=4.68, p=0.041; two-way ANOVA; 

Figure 6.2A). iNOS mRNA remained unchanged by age or genotype (Figure 

6.2B).

As indicated in Chapter 3, Ml macrophages preferentially utilize glycolysis 

as their energy source and M2 macrophages preferentially utilize oxidative 

phosphorylation. Here the possibility that age and/or phenotype modulated 

microglial metabolism was examined using SeaHorse technology. First, the 

data from analysis of the effect of age on metabolic signature of microglia are 

presented. A small age-related increase in basal OCR was observed (Figure 

6.3A); analysis of the mean data indicated that this increase did not reach 

statistical significance (Figure 6.3B). Addition of the uncoupling agent, 

FCCP, and the electron transport chain inhibitor, antimycin A allows 

analysis of maximal respiration. The data show that FCCP increased OCR to 

a greater extent in microglia from 9 month-old, compared with 17 month-old, 

mice (Figure 6.3A) and addition of antimycin A reduced OCR to the same 

extent in both preparations. Maximal respiration was significantly decreased 

in microglia from aged mice compared with young mice (**p<0.01; one-way 

ANOVA with Dunnett’s post hoc analysis; Figure 6.3B).
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Microglia isolated from the brains of 9 month-old WT and APP/PSl mice were 

assessed for OCR. The data show that there was a small genotype-related 

decrease in respiration (Figure 6.4A) but analysis of the mean data indicated 

that this decrease did not reach statistical significance (Figure 6.4B). There 

was no genotype-related difference observed in the maximal respiration of 

these cells (Figure 6.4C).

Next, the effect of age on the metabolic signature of microglia isolated from 9 

month-old was compared with microglia from 17 month-old APP/PSl mice 

(Figure 6.5A). The data revealed an age-associated increase in basal 

respiration (**p<0.01; one-way ANOVA with Dunnett’s post hoc analysis; 

Figure 6.5B). Microglia from the brains of aged mice also showed a 

statistically significant increase in maximal respiration (**p<0.01; one-way 

ANOVA with Dunnett’s post hoc analysis; Figure 6.5C).

The effect of genotype on the metabolic signature of microglia isolated from 

17 month-old mice was assessed. Basal respiration was similar in cells from 

WT and APP/PSl mice, but the addition of FCCP had a greater effect on cells 

from APP/PSl mice (Figure 6.6A). While mean basal respiration was 

unchanged with genotype (Figure 6.6B), maximal respiration was 

significantly greater in microglia from APP/PSl mice (***/)<0.01; one-way 

ANOVA with Dunnett’s post hoc analysis; Figure 6.6C).

Analysis of age- and genotype-related changes together showed that 

microglia isolated from the brains of 17 month-old APP/PSl mice exhibited 

the highest rate of oxygen consumption, while the lowest level of respiration 

was observed in the microglia isolated from the brains of 9 month-old 

APP/PSl mice (Figure 6.7A). The data indicate that there was an overall age- 

related increase in microglial basal respiration (F(/,i6)=l 1.97, p=0.0032; two- 

way ANOVA; Figure 6.7B) but there was no genotype-related change. In 

contrast to this, a genotype-related change in maximal respiration of 

microglia was observed (Fa,10.48, p=0.0052; two-way ANOVA; Figure 

6.7C), however this manifested in contrasting effects depending on the age
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groups, as indicated by the statistically significant interaction (F(/,/6)=34.46, 

jD=0.0001; two-way ANOVA; Figure 6.7C). The data suggest that there was a 

genotype-related decrease in maximal respiration in the 9 month-old group, 

and a genotype-related increase in maximal respiration in the 17 month-old 

group. There were no age-associated effects observed on the maximal 

respiration of cells.

The data presented in Chapter 4 suggested that PFKFB3:PFKFB1 may he 

correlated with glycolysis and therefore expression of these enzymes in 

microglia from 9 month-old and 17 month-old WT and APP/PSl mice was 

assessed. While neither significant age- nor genotype-related changes in 

expression of either enzyme was observed (Figure 6.8A, B), the

PFKFB3:PFKFB1 ratio revealed a significant age-related increase 

(F(i„?.^=5.47, p=0.026, two-way ANOVA; Figure 6.8C).

The data presented in Chapter 4 suggested that an inflammatory phenotype 

in microglia was correlated with increased iron storage and therefore the 

expression of markers of iron handling was assessed in microglia isolated 

from the mice. Modest age- and genotype-related increases in ferritin 

expression (Figure 6.9A), but no statistically significant changes, were 

observed. Ferroportin expression was significantly decreased by both age 

(F('i,^5j=21.38, p<0.0001; two-way ANOVA; Figure 6.9B) and genotype 

(Fri.45)= 16.48, p=0.0002; two-way ANOVA; Figure 6.9B) and there was a 

significant age x genotype interaction was observed (F16.73, p=0.0002; 

two-way ANOVA; Figure 6.9B).

Analysis of the mRNA expression of PFKFBl and PFKFB3 in hippocampal 

tissue from the 9 month-old and 17 month-old WT and APP/PSl mice 

revealed neither an age-, nor a genotype,-related change (Table 6.10A, B). A 

significant interaction effect was observed in the expression of PFKFB3, with 

macroglia from younger animals displaying elevated levels of the enzyme. 

The expression of ferritin and ferroportin was also assessed in this tissue. 

The data suggest that there was an age-related decrease in ferritin
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(F(/,55)=4.84, p=0.0373: two-way ANOVA; Table 6.IOC) and no genotype- 

related changes. A genotype-related increase in ferroportin was observed 

(Ff/,26j=6.551, p=0.0166; two-way ANOVA; Table 6.10D), but no age-related 

changes were identified.
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Figure 6.1 Increased TNF-a mRNA was observed in hippocampus of APP/PS1 
mice

Hippocampal tissue prepared from groups of 9 month-old and 17 month-old WT 
and APP/PSl mice was assessed for the mRNA expression of TNFa and iNOS using 
RT-PCR. The data show a significant genotype x age interaction in TNFa mRNA 
(A). No effect of age or genotype was observed in iNOS mRNA (B). Data are 
expressed relative to young WT values as mean ± SEM (n=6-12).

A: Genotype^ffe^t [F^^ ,sr6-34,P=0.018], age^jj^^j [F^^ ,^=2.61, p=0.117], interaction,,fj,<, 
[F„ ,^=5.49, *p=0.026)
B: Genotype^ff^^j [F^^ ,7^=0.79,p=0.379], age^jj^^j [F,^ ,7,=0.06, p=0.808], interaction^jj^ 
[F(y,27)=0.63, p=0.432)
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Figure 6.2. Microglial expression of TNFa mRNAwas affected by age and genotype

Isolated microgHa were prepared from groups of 9 month-old and 17 month-old WT 
and APP/PSl mice and assessed for mRNA expressionof TNFa and iNOS using RT- 
PCR. The data show a significant genotype x age interaction in TNFa mRNA (A). No 
effect of age or genotype was observed in iNOS mRNA (B). Data are expressed 
relative to young WT values as mean ± SEM (n=6-10).
A: Genotype^ff^^j [F^^ 25^=1.38, p=0.251], age^jj^^^ [F,^ 25)=8.37, p=0.008], interaction^jj^ 

[F(, 25)=4.68, *p=0.041)
B: Genotype^ff,,t [F^^ ,7^0.54, p=0.77], age^jj^^^ [F^^ 27)=0-62, p=0.435], interaction^jj^ 
[F(,,7,=1.95,p=0.174)
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Figure 6.3 Maximal respiration was decreased in aged WT mice compared with 
younger controls

Microglia were isolated from the brains of 9 month-old and 17 month-old WT mice 
and a mitochondrial stress test was carried out to assess the metabolism of the 
cells. The SeaHorse analyser was used to measure OCR (A) and the data show 
that there were no significant change in the basal respiration of cells with age 
(B). However, there was a significant decrease observed in the maximal 
respiration of cells from the older animals (C). **p<0.01; student’s t-test for 
independent means. Data are expressed as mean ± SEM (n=5).
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Figure 6.4 There was no change in respiration in 9 month-old APP/PS1 mice 
compared with WT controls

Microglia were isolated from the brains of 9 month-old WT and APP/PSl mice and a 
mitochondrial stress test was carried out to assess the metabolism of the cells. The 
SeaHorse analyser was used to measure OCR (A) and the data show that there were 
decreases in both the basal respiration of cells (B) and the maximal respiration of 
cells (C) in microglia from APP/PSl mice, but no statistically significant changes in 
either measure. Data are expressed as mean ± SEM (n=5).
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Figure 6.5 Respiration was higher in aged APP/PS1 mice compared with younger 
controls

Microglia were isolated from the brains of 9 month-old and 17 month-old APP/PSl 
mice and a mitochondrial stress test was carried out to assess the metabolism of 
the cells. The SeaHorse analyser was used to measure OCR (A) and the data show 
that cells from the older mice exhibited significant increases in both the basal 
respiration (B) and maximal respiration (C). **p<0.01; student’s t-test for 
independent means. Data are expressed as mean ± SEM (n=5).
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Figure 6.6 Maximal respiration was increased in aged APP/PS1 microglia

Microglia were isolated from the brains of 17 month-old WT and APP/PSl mice and 
a mitochondrial stress test was carried out to assess the metabolism of the cells. The 
SeaHorse analyser was used to measure OCR (A) and the data show that there no 
changes in basal respiration (B), but that there was a significant increase in the 
maximal respiration of cells from the APP/PSl mice (C). ***p<0.001; student’s t-test 
for independent means. Data are expressed as mean ± SEM (n=5).
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Figure 6.7 Age- and genotype-effects on microglial respiration

Microglia were isolated from the brains of 9 and 17 month-old WT and APP/PSl 
mice and a mitochondrial stress test was carried out to assess the metabohc 
signature of the cells. The SeaHorse analyser was used to measure OCR (A) and 
the data show that there was a significant age-associated increase in the basal 
respirationofcells(B). Significant genotype-related changes were observed in the 
maximal respiration from these cells, although with contrasting results (C). 
**p<0.01; Two-way ANOVA followed by Bonferroni post-hoc analysis. Data are 
expressed relative to WT controls as mean ± SEM (n=4-6).
B: Genotype^ff^^j [F^;^g^=0.1528, p=0.701], 
interaction^ffg^j [F,,^^=2.2, p=0.1575)
C: Genotype^ff^,,^

age effect [F,,,^=11.97, p=0.0032],

[F. ,,,=10.48, p=0.0052]. age.ff,,, [F„ ,„=0.8363., p=0.374].
interaction^ff,,^, [F„ ,„=34.46, p=0.0001)
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Figure 6.8 PFKBF3:PFKFB1 was increased in an age-dependent manner

Isolated microglia were prepared from groups of 9 month-old and 16 month-old 
WT and APP/PSl mice and assessed for mRNA expression of PFKFBl and 
PFKFB3 using RT-PCR. Although there was no age- or genotype-effect on the 
expression of either enzyme (A,B), there was a significant effect of age-associated 
increase in PFKFB3:PFKFB1 (C). Data are expressed as means ± SEM (n=6-12).

A: Genotype.ff,,^ [F^,^5^=2.52, p=0.121], ^S^effect [Fu,.5,=3.49, p=0.071],
interaction^ff^^j [F,j^5,=2.04, p=0.161)
B: Genotype.ff^^ [F^,^^j=0.167, p=0.685], ^S®effect [F<,.^=1.27, p=0.264],
interaction^ff^^j [F,^^^=0.055 /i=0.815)
C: Genotype^ff^^j [F^j,jjj=0.2.05, p=0.161], effect tF(i,55)—5.47, p=0.026],
interaction^ff^.^, [F„^^=2.68p=0.Ill)
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Figure 6.9 FerroportinmRNA expression was decreased in microglia from aged 
APP/PS1 mice

Isolated microglia were prepared from groups of 9 and 17 month-old WT and 
APP/PSl mice and assessed for mRNA expression of ferritin and ferroportin 
using RT-PCR. There was no significant age- or genotype-effect in ferritin 
expression (A), but significant age- and genotype-effects were observed in 
ferroportin mRNA. Data are expressed as means ± SEM (n=6-15).
A: Genotype^ffe^j [F^^^jj=3.61, p=0.064], age^f^.^ [F(^^j=3.43, p=0.071],
interaction „ [F,. .,.=2.17, p=0.148)
B: Genotype,effect [F 16.48, p=0.0002], age.ff,,, [F. ,,,=21.38, p<0.0001].
interaction^ffg^j [F^, ,,^=16.73, p=0.0002)
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Target

A)PFKFB1

B) PFKFB3

C) Ferritin

Source of 
variation

D) Ferroportin

df SS P value

Interaction ^ 0.01271 0.01271 0.07137 0.7922

Genotype 1 0.3653 0.3653 2.050 0.1684

Age 1 0.007502 0.007502 0.04211 0.8396

Residual 19 3.385 0.1781

Interaction 1 0.8951 0.8951 4.304 0.0499

Genotype 1 0.05967 0.05967 0.2869 0.5976

Age 1 0.4586 0.4586 2.205 0.1517

Residual 22 4.576 0.2080

Interaction 1 0.1088 0.1088 0.8531 0.3645

Genotype 1 0.09742 0.09742 0.7640 0.3904

Age 1 0.6172 0.6172 4.840 0.0373

Residual 25 3.188 0.1275

Interaction 1 1.649 1.649 1.548 0.2246

Genotype 1 6.978 6.978 6.551 0.0166

Age 1 0.1266 0.1266 0.1188 0.7331

Residual 26 27.70 1.065
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Table 6.1 Neither age nor genotype affected the mRNA expression of PFKFB 
isozymes in hippocampal tissue, but age and genotype affected ferritin and 
ferroportin expression respectively

Groups of 9 and 17 month-old WT and APP/PSl mice were sacrificed and 
hippocampal tissue was assessed for the mRNA expression of markers of 
metabolic profile and iron handling using RT-PCR. There were no age- or 
genotype-related effects on the mRNA expression of PFKFBl (A), or PFKFB3 (B). 
Ferritin mRNA expression decreased in an age-associated manner (C) and a 
genotype-associated decrease in ferroportin mRNA expression was observed (D). 
Data are expressed relative to young WT values as mean ± SEM (n=4-8).
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6.4 Discussion

The primary aim of this study was to assess changes in expression of 

activation state markers associated with an Ml phenotype that occur with 

age and/or an APP/PSl genotype and to determine whether these changes 

coincide with changes in metabolism and iron handling by cells. Previous 

studies indicated a detrimental role of Ml-like microglia in 

neurodegenerative diseases and ageing (Lynch et al., 2010, Lynch, 2014). 

Therefore, the hypothesis here was that increased expression of Ml 

activation state markers would be observed in hippocampal tissue, and in 

microglia, isolated from the brains of aged and/or APP/PSl mice, and that 

altered metabolic and iron handling profiles, similar to those observed in 

IFN-y-stimulated microglia in vitro described in Chapter 4, would be 

observed.

The data revealed significant age- and genotype-associated increases in 

TNFa expression in hippocampal tissue and microglia respectively. Microglia 

isolated from aged APP/PSl mice demonstrated increased oxygen 

consumption, indicative of a higher metabolic rate. This was accompanied by 

an increase in PFKFB3:PFKFB1, which, as demonstrated in Chapters 3 and 

4, is indicative of increased glycolysis and an Ml phenotype. Furthermore, 

microglia isolated from these mice also exhibited an expression profile 

indicative of increased iron retention. This provides evidence for the first 

time, that metabolic reprogramming may occur in microglia with 

neuroinflammation.

The increased expression of TNFa observed in hippocampal tissue from aged 

mice supports evidence suggesting that microglia become primed to adopt a 

pro-inflammatory phenotype with age (Lynch et al., 2010). Microarray 

analysis on brain tissue from young and aged animals has demonstrated the 

upregulation of genes encoding for inflammatory cytokines (Prolla, 2002a) 

and chemokines (Lee et al., 2000) in the aged brain and several studies
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explicitly report increases in TNFa expression with age (Sierra et al., 2007, 

Njie et al., 2012b).

Although there was no overall genotype-associated increase observed in 

hippocampal TNFa expression, there was a marked increase in expression in 

17 month-old mice compared with age matched WT controls, suggesting that 

an APP/PSl genotype is associated with increased TNFa at an advanced age. 

Increased TNFa expression has been reported to occur in the hippocampus of 

APP/PSl mice at 14 and 24 months of age (Minogue et al., 2014a), but 

perhaps disease pathology has not progressed sufficiently for the detection of 

changes at 9 months.

When microglia isolated from the brains of these animals were assessed for 

expression of these Ml-like activation state markers, simiilar changes in 

TNFa expression were observed. This is consistent with the idea that 

classically-activated microglia are associated with ageing (Lynch et al., 2010) 

and neurodegeneration (Heneka et al., 2015). Chronically activated pro- 

inflammatory microglia induce neuronal cell death associated with 

neurodegenerative disorders (Tang and Le, 2016), and treatment of microglia 

with AB induces anMl-like phenotype, demonstrated by increased expression 

of TNFa, IL-16, and iNOS (Jones et al., 2015). iNOS expression has been 

shown to increase in microglial-enriched population isolated from brain 

tissue from APP/PSl compared with WT control at 14 months (Jones et al., 

2015), but this change was not observed in the present study. The differential 

expression of TNFa and iNOS in isolated microglia demonstrates the 

complexities and shortcomings of the M1/M2 paradigm. Although in vitro 

evidence suggests that these markers are co-expressed in response to pro- 

inflammatory stimuli, this is too simplistic to be considered relevant in the in 

vivo setting.

The most novel frnding of this study was the characterisation of the metabolic 

profrles of microglia isolated from aged and APP/PSl mice. The basal 

metabolic rate was significantly increased in microglia in an age-dependent
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manner. This increase suggests that microglia in the aged hrain are 

metabolically active, consistent with the hypothesis that microglia of the aged 

brain are primed or reactive, and respond more readily to inflammatory 

stimuli (Norden and Godbout, 2013). Microglia in the aged brain may require 

more oxygen to carry out their actions due to impaired function and 

senescence, which has also been reported to occur with age (Streit and Xue, 

2009). The age-associated increase in metabolism is perhaps consistent with 

the absence of an age-related increase in iNOS. NO is associated with 

decreased oxidative metabolism, as it has been shown to inhibit complexes I 

and II in the respiratory complex, inhibit ATP synthase, and damage 

mitochondrial DNA and mitochondrial membranes (Brown, 2001, Borutaite 

et al., 2000). However, the data is at variance with reports showing that 

ageing downregulates genes associated with mitochondrial electron transport 

and oxidative phosphorylation (Kayo et al., 2001), although this was observed 

in skeletal muscle of rhesus monkeys and may be very different to microglia. 

Interestingly, microglia isolated from APP/PSl mice, which have previously 

been shown to become senescent in AD (Streit et al., 2009), exhibited no 

changes in basal metabolism compared with age-matched controls.

The change in OCR in response to FCCP is an indicator of the maximal 

respiratory capacity of cells and here an age-related decrease in microglia 

isolated from WT mice was observed. These data suggest that the 

responsiveness of cells to the increased energy demands associated with age- 

related activation is decreased. However, the maximal respiratory capacity 

of microglia from 17 month-old APP/PSl mice was significantly higher than 

isolated microglia fi:om all other groups. Enhanced oxidative metabolism is 

associated with long-term activation of immune cells, such as memory T cells 

and perhaps increased oxidative metabolism is necessary to facilitate chronic 

activation of microglia.

The finding that microglia from aged APP/PSl mice have increased aerobic 

basal respiration and a heighted maximal respiratory capacity was
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unexpected, as these changes are similar to the metabolic reprogramming 

observed in IL-4-stimulated microglia in Chapter 4. A possible explanation is 

that, although acute activation of a pro-inflammatory microglial phenotype 

is accompanied by increased glycolysis, another switch occurs with chronic 

activation to sustain the inflammatory activity of the cell.

As well as showing an age-associated increase in oxidative metabolism in 

microglia, the data revealed a significant age-related increase in 

PFKFB3:PFKFB1, with microglia from 17 month-old APP/PSl mice 

demonstrating the highest PFKFB3:PFKFB1 ratio. As demonstrated in 

Chapters 3 and 4, this is indicative of an increase in glycolysis. A number of 

glycolytic enzymes have previously been shown to be increased in CHME -5 

cells, a human microglial cell line, in response to treatment with plasma from 

AD patients (Jayasena et ah, 2015), suggesting increased microglial 

glycolysis could be a hallmark of the condition. The data in the present study 

suggest that microglia from aged APP/PSl have both increased levels of 

oxidative metabolism as well as an increased rate of glycolysis, consistent 

with a number of reports that implicate increased and chronic microglial 

activity in neurodegeneration (Lynch et al., 2010, Heneka et al., 2015).

The effect of age and an APP/PSl genotype on the iron handling properties of 

microglia were assessed by examining the expression of ferritin and 

ferroportin. Microglia isolated from aged APP/PSl mice were shown to 

increase and decrease ferritin and ferroportin expression respectively. These 

cells display characteristics of the Ml-like phenotype (Minogueet al., 2014a), 

and the findings are consistent with the observation that IFN-y-stimulation 

of microglia increased ferritin and decreased ferroportin (Chapter 4). In 

short, the results suggest that an inflammatory microglial phenotype is 

associated with increased iron retention. Interestingly ferritin-mediated iron 

accumulation is a feature of AD, PD and ALS (Oshiro et al., 2011), and 

impaired ferroportin-mediated iron export has been suggested to contribute 

to neurotoxicity in these diseases (Raha et al., 2013).
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The most interesting findings of this study were that microglia from aged 
APP/PSl mice demonstrate a significantly increased basal level of oxidative 
metabolism and PFKFB3:PFKFB1, indicative of highly active cells that 
utilise both glycolysis and oxidative phosphorylation to generate ATP. These 
cells also display similar iron handling properties to Ml-like microglia in 
vitro, which are indicative of increased iron retention.
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Chapter 7 General discussion
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7.1 General discussion

The overall aim of this study was to assess whether novel markers of 

microglial activation could be identified and, specifically, to determine 

whether IFN-y-activated and IL-4-activated microglia could be identified on 

the basis of metabolic changes and iron handling capabilities. The primary 

findings were that microglia adopted different metabolic and iron handling 

profiles upon polarisation with these cytokines, and that this switch was 

accompanied by changes in the ratio between expression of PFKFB3 and 

PFKFBl. IFN-y increased glycolytic rate and PFKFB3:PFKFB1 expression 

in microglia in vitro, while IL-4 stimulation increased mitochondrial 

respiration. An important objective of this study was to determine whether 

changes might be observed in microglia from ages mice or APP/PSl mice 

compared with young and WT mice respectively. The data show that 

microglia isolated from the brains of 17 month-old APP/PSl mice displayed 

increased oxidative metabolism as well as increased PFKFB3:PFKFB1, 

suggestive of increased activity, and an iron retentive pi'olife. These findings 

demonstrate a means for characterisation of microglial activation based on 

metabolism and iron handling that is novel and potentially valuable in the 

context of understanding more fully changes that develop with age.
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Ml activation 

state markers

BMDMs
Primary Primary 

microglia astrocytes

Microglia

isolated

from
adult

mice

Increased 
with IFN- 

Y

Increased Increased Increased 
with IFN-y with IFN-y with age

M2 activation 

state markers

Increased Increased Increased 
with IL-4 with IL-4 with IL-4

N/A

Glycolytic rate

Increased 
with IFN- 

Y

Increased 
with IFN-y

Increased
with IFN-y N/A 

&IL-4

Basal respiration
Increased Increased Increased

Unchanged
with IL-4 with IL-4 with age

PFKFB3:PFKFB1

Increased 
with IFN- 

Y

Increased 
with IFN-y

N/A
Increased 
with age

Iron retention

Increased 
with IFN- 

Y

Increased 
with IFN-y

N/A
Increased 
with age

Table 7.1 Summary of changes in metabolism and iron handling profile
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The intrinsic link between metabolism and function in immune cells is a 

relatively recent discovery (Olefsky and Glass, 2010a, Rodriguez-Prados et 

al., 2010, Michalek et al., 2011). Pro-inflammatory Ml macrophages and 

effector T cells have been shown to increase glycolysis in order to meet the 

energy demands associated with activation (Rodriguez-Prados et ah, 2010, 

Buck et ah, 2015). Glycolysis is not as efficient as oxidative metabolism, but 

the switch enables cells to rapidly produce ATP to deal with immediate 

threats, provided there is sufficient glucose. These cells also display impaired 

mitochondrial respiration, which mediates the generation of inflammatory 

mediators, such as succinate and citrate (Galvan-Pena and O'Neill, 2014, 

Tannahill et al., 2013). In contrast, the activation of macrophages by IL-4 to 

induce an M2-like phenotype is associated with increased mitochondrial 

respiration, which is also observed in Treg and memory T cells (Nomura et al., 

2016, Michalek et ah, 2011). This metabolic change is reflective of the fact 

that these cells are involved in long-term activities that require sustainable 

production of ATP.

Metabolic reprogramming has been studied in macrophages for the past few 

years, but reports investigating this phenomenon in microglia are very 

limited. However, increased glucose uptake, PFKl activity and E CAR in BV2 

cells following LPS stimulation has been described and this is accompanied 

by decreased OCR (Gimeno-Bayon et ah, 2014, Voloboueva et al., 2013, 

Orihuela et al., 2016). Although this is consistent with findings in 

macrophages, BV2 cells fail to replicate at least some functions of microglia 

and it is questionable whether they can be considered as a suitable model for 

primary microglia (Stansley et al., 2012). Oriheula and colleagues have 

shown that primary microglia undergo metabolic reprogramming in a similar 

manner to macrophages, with increased glycolysis and decreased oxidative 

respiration following LPS stimulation (Orihuela et al., 2016). However, they 

failed to observe any changes in metabolism in microglia treated with a 

combination of IL-4 and IL-13. The present study is the first to demonstrate 

that IFN-y-induced expression of Ml activation state markers TNFa, iNOS
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and IL-16 in primary microglia is accompanied by increased glycolysis, and 

that IL-4-induced increases in M2 activation state markers Arg-1, MRCl, 

Chi3L3 and FIZZl are accompanied by increased oxidative metabolism. This 

novel way of characterising microglial phenotype provides a greater insight 

into the functional capacity of cells than characterisation though the 

expression of specific activation state markers, which is now considered 

outdated (Martinez and Gordon, 2014, Murray et ah, 2014).

This study demonstrates that the ratio between expression of PFKFB3 and 

PFKFBl can be used as a marker for the metabolic profile and activation 

state of macrophages and microglia. PFKFB3 has been shown to play an 

important role in mediating the increased glycolytic rate associated with Ml 

macrophages. The data presented here demonstrate that PFKFB3 is also 

more active in Ml-like microglia. Interestingly PFKFB3, unlike other 

members of that family of enzymes, has a predominantly kinase activity 

which drives glycolytic flux and mediates increased glycolytic rate.

Whereas macrophages and microglia share many properties, there are 

several distinctions that separate the cells. One difference that is relevant to 

the present findings is that HIF-la expression is not robustly increased in 

microglia following IFN-y stimulation. PFKFB3 expression is induced by 

HIF-la and this transcription factor is believed to be a key mediator in 

enabling the aerobic glycolysis that occurs in Ml macrophages. Although 

modest increases in HIF-la were observed in IFN-y-stimulated microglia, the 

expression of downstream proteins, such as PDKl and GLUTl, were 

unchanged. Failure to detect changes in the expression of these proteins 

suggests that metabolic reprogramming in microglia is mediated by 

mechanisms that are different in macrophages. Other transcription factors 

have been associated with mediating increased glycolysis and glucose uptake, 

as c-Myc has been shown to do in transformed rat fibroblasts (Osthus et ah, 

2000). Perhaps a combination of HIF-la and other, yet unidentified factors, 

mediate the metabolic changes observed in Ml-like microglia.
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Decreased mitochondrial respiration has been shown to occur in Ml 

macrophages is believed to be mediated by PDKl. However, in the present 

study, IFN-y stimulation of microglia did not alter OCR or PDKl expression, 

suggesting that Ml-like microglia do not inhibit oxidative metabolism like 

macrophages.

A possible explanation for the absence of changes in OCR and the expression 

of proteins downstream of HIF-la may be the stimuli used. IFN-y was used 

in the present study to induce the Ml activation state and, while increases in 

archetypal activation state markers were observed, this may not be as potent 

an activator as LPS alone, or a combination of LPS and IFN-y, which have 

been shown to increase HIF-la expression of decrease OCR in macrophages. 

Perhaps further investigation into the mechanisms mediating the metabolic 

reprogramming of microglia is required using LPS to induce more robust 

changes.

Similarly, a combination of IL-4 and IL-13 could be used to induce a greater 

response in microglia for the adoption of the M2 activation state. In the 

present study, IL-4 increased expression of PGC-16 and pAMPK were not 

observed. Although AMPK activity is associated with an anti-inflammatory 

M2 phenotype, STATG'^- mice do not show attenuated expression of the 

enzyme, suggesting that IL-4 stimulation does not affect its activity (Vats et 

al., 2006), and it may therefore require dual stimulation with IL-4 and IL-13 

to induce changes.

Astrocytes have been shown to play a role in the immune response in the 

CNS, and secrete cytokines and chemokines in response to inflammatory 

mediators (Lau and Yu, 2001, Smits et al., 2002). In the present study, IFN- 

y and IL-4 upregulated the expression of Ml and M2 activation state markers 

respectively in astrocytes, but this was not accompanied by the changes in 

ECARand OCR observed in macrophages and microglia. This suggests that 

metabolic reprogramming may be a phenomenon reserved for cells of myeloid 

lineage and also, as shown, in lymphocytes. The role of astrocytes in the
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immune response in the CNS may be an auxiliary one, as they failed to 

phagocytose fluorescently-labelled latex beads or FITC-A6 in mixed glial 

cultures, while microglia demonstrated robust uptake of both. Although 

astrocytes have previously been shown to be capable of phagocytosis, it may 

be that they do not do so in the presence of the more phagocytic microglia.

This study is the first to examine the metabolic profile of microglia isolated 

from the brains of adult mice. The increase in basal oxygen consumption 

observed in microglia isolated from older animals suggests increased activity 

in these cells. It has been hypothesised that microglia become senescent with 

age (Streit, 2006) and it might have been predicted that these cells may be 

metabolically compromised. On the face of it, the increased oxygen 

consumption is inconsistent with this. However, an alternative explanation 

may be that dysfunctional microglia fail to modulate their metabolic demands 

for normal functions and therefore require more oxygen. This may be 

consistent with their increased secretory activity, as they are known to 

increase their production and release of inflammatory mediators. Indeed, 

microglia become over active with age, which could explain the increased 

responsiveness of cells from aged animals to inflammatory stimuli (Minogue 

et ah, 2014b, Perry and Teeling, 2013). Although basal OCR was increased 

with age, so too was PFKFB3:PFKFB1, which was shown to be associated 

with increased glycolysis and a pro-inflammatory phenotype in macrophages 

and microglia in vitro. This suggests that cells increase both glycolysis and 

oxidative metabolism and provides evidence that microglia become 

inappropriately activated with age.

The increased maximal respiratory capacity observed in microglia isolated 

from the brains of APP/PSl mice was an interesting finding; it might suggest 

that the persistent presence of A6 causes cells to become more responsive to 

inflammatory stimuli like IFN-y, consistent with the synergy that has been 

shown to exist (Jones et ah, 2015). There was no genotype-related change in 

basal OCR, but an increase in PFKFB3:PFKFB1 in microglia from 17 month-

172



old APP/PSl mice indicative of a glycolytic phenotype that may prevail in 

these cells, which is associated with the Ml activation state in vitro. This is 

consistent with the literature (Minogue et ah, 2014b) and the increased TNFa 

expression observed in these cells and suggests that microglial activation can 

be characterised by metabolic profile.

It is clear that further studies are required to investigate metabolic 

reprogramming with age and APP/PSl genotype. PFKFB3:PFKFB1 can be 

used as a proxy marker for metabolic profile, but more direct measures are 

necessary. Glycolytic stress tests were found to be problematic in cells 

prepared from adult mice; specifically, cells failed to recover from the glucose 

deprivation required for the assay. Glucose uptake and lactate production 

could be assessed as alternate measures to investigate the glycolytic nature 

of these cells.

Similar changes in the expression of iron handling proteins in both 

macrophages and microglia were observed in vitro. Consistent with the 

current understanding of how iron is handled in polarised macrophages 

(Recalcati et ah, 2010, Cairo et ah, 2011); IFN-y induced an iron-retentive 

phenotype as indicated by increased ferritin expression, whereas IL-4 

increased the expression of TfR and decreased the expression of ferritin, 

indicative of iron recycling in cells. This suggests that the expression of these 

proteins may be used to further characterise an inflammatory phenotype in 

microglia. Microglia isolated from the brains of aged and APP/PSl mice 

showed increased expression of ferritin and decreased expression of 

ferroportin, paralleling the profile observed in IFN-y stimulated microglia in 

vitro. This is consistent with reports demonstrating that microglia in the CNS 

of APP/PSl mice adopt an Ml-like phenotype (Jones et ah, 2015) and that 

pro-inflammatory ferritin-mediated iron retention is associated with 

neuroinflammatory disorders, such as AD (Aytonet ah, 2015, Thomsen et ah, 

2015). It has been suggested that iron accumulation in these conditions is a 

due to the inflammatory environment (Urrutia et ah, 2013), but iron
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accumulation also exacerbates and promotes an inflammatory phenotype 

(Siegert et al., 2015). It remains to be determined whether iron accumulation 

drives or is a result of inflammation.

It is important to note that there are other proteins involved in iron 

homeostasis that were not assessed here, such as DMTl and hepcidin, that 

are associated with inflammatory phenotype in macrophages (Urrutia et al., 

2013). DMTl is involved in the transport of iron into the cell, while hepcidin 

induces the internalisation of ferroportin and promotes iron retention. 

Therefore the present data represent an incomplete portrayal of the iron 

handling properties of polarised cells. Assessment of the uptake of iron 

nanoparticles by cells, perhaps fluorescently labelled for flow cytometric 

analysis would provide a more thorough representation of how these different 

stimuli alter iron homeostasis in microglia.

IFN-y- and IL-4-stimulated microglia were assessed for their phagocytic, 

antigen presentation, and secretory capabilities, in order to provide a further 

insight into the functional consequences of polarisation. There are conflicting 

reports on the effects of polarisation on microglial phagocytosis, but the 

present data suggest that neither IFN-y nor IL-4 stimulation affected 

phagocytosis of latex beads, or A6, suggesting that there is no phenotypic 

modulation of phagocytic function. It must be noted that robust phagocytosis 

was observed in unstimulated microglia when examined by microscopy, 

indicating that a ceiling effect may have prevented any modulation by IFN-y 

or IL-4. Although neither stimulus affected phagocytosis or the microglial- 

induced proliferation of T cells, there were distinct profiles observed between 

IFN-y and IL-4 polarised microglia in terms of their expression of secretory 

proteins. IFN-y increased the expression of chemokines which promote a 

heightened immune response and are associated with neurodegeneration; 

these included CCL2, CCL3 and CCL5 (Cartier et al., 2005). M2-like cells 

were associated with increased expression of growth factors, which serve to
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protect and promote neuronal health. These findings suppoi’t several 

previous reports indicating that M2-like cells are associated with repair.

This study demonstrates that microglial activation states can be 

characterised by their metabolic and iron handling profiles. It would be 

beneficial for future research into this area to elucidate the mechanisms that 

mediate metabolic reprogramming in microglia, as this could identify possible 

therapeutic targets for modulating microglial activation. Chronic activation 

of pro-inflammatory Ml-like microglia is associated with most 

neurodegenerative disorders, and much research has attempted to quell the 

inflammatory phenotype observed in these cells. By targeting the metabolism 

of activated cells, it may be possible to induce a switch in microglial 

phenotype. Disrupting metabolic pathways has been shown to alter 

functional outcome of activation in macrophages (Mills and O'Neill, 2016). 

For example, inhibition of HIF-lu activity attenuates the Warburg effect in 

LPS-stimulated macrophages, which is accompanied by decreased IL-16 

secretion (Palsson-McDermott et al., 2015). Similarly, increasing AMPK 

activity can skew macrophages to an M2 phenotype (Mounier et al., 2013). T 

cell function can also be modulated by targeting the metabolic 

reprogramming associated with activation (Chang and Pearce, 2016). For 

example, inhibition of PDKl diminishes Thl7 cell-mediated inflammation in 

models of inflammatory bowel disease and EAE (Gerriets et al., 2015). With 

further research, it may be possible to abrogate microglial-mediated 

inflammation through phai’macological blockade of metabolism as a 

therapeutic possibility in neurodegenerative disorders.
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Appendix I

Poly-D-lysine coated coverslips: Poly-D-lysine (lOmg; Sigma Aldrich, UK) was 
reconstituted to a stock solution (Img/mL) in sterile H2O and sterilised using 
a syringe filter (0.2iim). This stock solution was aliquoted and stored at -20°C. 
Poly-D-lysine was diluted to a working concentration (50ng/mL) in dH20. 
Glass coverslips (10mm diameter; VWR, UK) were sterilised by autoclaving 
and exposure to UV light. The following day, the coverslips were placed in a 
petri-dish containing poly-o-lysine (50ng/mL) and placed in an incubator for 
Ih at 37°C. Coverslips were carefully removed using a sterile forceps, rinsed 
with sterile dH20 and air dried in a sterile fume hood. They were then placed 
on tissue paper in the flow hood to dry and coated coverslips were stored at 
4°C for up to 2 weeks.

Macrophage colony-stimulating factor (M-CSF): Recombinant mouse M-CSF 
(50pg; E. co/i-derived; R&D Systems, UK) was reconstituted to a stock 
solution (lOOpg/mL) in bovine serum albumin (BSA; 0.1%) in sterile PBS and 
stored at -20° C. Stock solution was diluted to a working concentration 
(lOOng/mL) in pre-warmed cDMEM prior to use.

Granulocyte macrophage colony-stimulating factor (M-CSF): Recombinant 
mouse GM-CSF (50pg; E. co/i-derived; R&D Systems, UK) was reconstituted 
to a stock solution (lOOpg/mL) in bovine serum albumin (BSA; 0.1%) in sterile 
PBS and stored at -20°C. Stock solution was diluted to a working 
concentration (lOOng/mL) in pre-warmed cDMEM piior to use.

Interferon-y (IFN-y): Recombinant mouse IFN-Y(100pg; E. co/i-derived; R&D 
Systems, UK) was reconstituted to a stock solution (lOOpg/mL) in bovine 
serum albumin (BSA; 0.1%) in sterile PBS and stored at -20°C. Stock solution 
was diluted to a working concentration (50ng/mL) in pre-warmed cDMEM 
prior to use.
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Interleukin-4 (IL-4): Recombinant mouse IL-4 (lOOpg; E. co/i-derived; R&D 
Systems, UK) was reconstituted to a stock solution (lOOvig/mL) in BSA(0.1%) 
in sterile PBS and stored at -20°C. Stock solution was diluted to a working 
concentration (20ng/mL) in pre-warmed cDMEM prior to use.

HiLyte Fluor® 488-labelled A01-42: Lyophilised peptide (O.lmg) was dissolved 
in ammonium hydroxide (NH4OH; 1%) and diluted to a stock solution 
(0.25pg/mL) using PBS. In order to prepare more aggregated species, stock 
solutions were incubated for 24h at 37°C with continuous shaking (220rpm). 
Stock solutions were stored at -20° C and diluted to a working concentration 
(0.5pM) in pre-warmed cDMEM prior to use.

Solutions

Phosphate buffered saline (PBS):

PBS tablets (Sigma Aldrich, UK): 5 

dH20: IL

Complete Roswell park memorial institute medium (cRMPI):

RPMI: SOOmL

Foetal bovine serum (FBS): 50mL 

Penicillin-streptomycin: 5mL 

B-mercaptoethanol: 50pM 

L-glutamine 2.5mM

Complete Dulbecco’s modified Eagle’s medium (cDMEM):

DMEM: SOOmL 

FBS: SOmL

Penicillin-streptomycin: 5mL

cDMEM was were filter sterilised and stored at 4°C for up to 2 weeks
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Medium A-

HESS; 500mL

45% D-(+)-glucose solution; 6.5mL 

IMHEPES: 7.5mL

RBC lysis buffer:

NH4CI: 8.3g 

KHCO3: Ig 

EDTA: 0.037g 

dH20: IL 

Filter sterilised

Freezing buffer:

FBS: 45mL

Dimethyl sulfoxide: 5mL

Neuronal dissection solution:

HESS; 9.8mL

lOOmM sodium pyruvate solution: lOOpL 

IM HEPES pH 7.4: lOOpL

Neuronal platins media:

Neurobasal media; lOOmL 

Penicillin-streptomycin: ImL 

200mM L-glutamine solution; 250pL 

B27 + antioxidants (2mL)
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Neuronal replenishins media:

Neurobasal media: lOOmL 

200mM L-glutamine solution:: 250nL 

B27 without antioxidants: 2mL

Papain inhibiting solution:

Plating media: 20mL 

DNase: dOOpL

Papain solution:

Neurobasal media: 8.5mL 

Papain (approx. 15U/mL): l.SmL

MACS buffer:

Sterile PBS: 200mL 

BSA: Ig 

EDTA: 2mM 

Filter sterilised

FACS buffer:

PBS: SOOmL 

FBS: lOmL (2%)

NaNs: 0.5g(0.1%)
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4% paraformaldehyde (PFA):

PFA: 20g 

dH20: 250mL 

Dissolved for Ih at@60°C 

NaOH: 1 drop 

2X PBS: 250mL

The solution was brought to a pH of 7.4 and filter sterilised

PBT:

PBS: 500mL 

Triton-X: SOOpL

Assay media for slycolytic flux test:

XF base medium: 50mL

200mM L-glutamine solution: SOOpL (2mM)

pH to 7.35 and filter sterilise

Assay media for mitochondrial stress test:

XF assay medium: SOmL

200mM L-glutamine solution: SOOpL (2mM)

lOOmM sodium pyruvate solution: SOOpL

Glucose: 0.09g

pH to 7.4 and filter sterilise
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ELISA wash buffer:

PBS; IL 

Tween: SGOjiL

Lysis buffer:

Tris HCl: 0.394g 

NaCl: 0.438g 

NP-40 aOEPAL): SOOuL 

dH20: 50mL

Phosphatase inhibitor: 1% (Sigma # P5726, #P0044) 

Protease inhibitor; 1% (Sigma # P8340)

4X sample buffer for SDS-PAGE:

IM Tris HCl pH6.8: 1.25mL 

Glycerol: 5mL 

25% SDS: 1.6mL 

dH20: 1.15mL 

6-mercaptoethanol: ImL 

Bromophenol blue: a few granules

SPA buffer for SDS-PAGE:

Tris base: 90.8g 

dH20: 450mL 

pH to 8.8 

SDS: Ig

209



7% polyacrylamide sel for SDS-PAGE:

30% bis/acrylamide solution: 2.3mL

dH20: S.lmL

SPA buffer: 2.5mL

10% APS: lOO^iL

TEMED: SO^iL

10% polyacrylamide sel for SDS-PAGE:

30% bis/acrylamide solution: 3.3mL

dH20: 4.1mL

SPA buffer: 2.5mL

10% APS: lOO^iL

TEMED: 50^L

12% polyacrylamide sel for SDS-PAGE:

30% bis/acrylamide solution: 4mL

dH20: 3.4mL

SPA buffer: 2.5mL

10% APS: lOO^L

TEMED: 50^L
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15% yolyacrylamide gel for SDS-PAGE:

30% bis/acrylamide solution: 5mL

dH20: 2.4mL

SPA buffer: 2.5mL

10% APS: lOO^iL

TEMED: 50^L

Stackins buffer for SDS-PAGE:

Tris base: 15.13g 

dH20: 200mL 

pH to 6.8 

SDS: Ig

4% polyacrylamide sel for SDS-PAGE:

30% bis/acrylamide solution: 1.3mL

dH20: 6.1mL

Stacking buffer: 2.5mL

10% ammonium persulphate (APS): 50pL

TEMED: lOpL

IPX electrode runnins buffer for SDS-PAGE:

Tris base: 30g 

Glycine: 144g 

SDS: lOg
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IPX western transfer buffer for SDS-PAGE:

Tris base: 30g 

Glycine: 144g 

dH20: IL

20% methanol added when making IX transfer buffer

IPX TBS:

Tris HCl, pH 7.5: 31.52g 

NaCl: 87.66g 

dH20 IL

TBS-T:

TBS: IL 

Tween: 500pL
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