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Abstract       

Neuroinflammation is a key feature of neurodegenerative disorders, including multiple 

sclerosis (MS). Glial cells, particularly microglia and astrocytes, are key players in the CNS 

pro-inflammatory response, capable of secreting inflammatory mediators and altering their 

phenotypes in response to external cues. The TAM (Tyro3, Axl, Mer) family of receptor 

tyrosine kinases are important negative regulators of the inflammatory response and have 

also been implicated in MS. The main aims of this thesis were to investigate the roles of TAM 

receptors and their ligands Gas6 and ProS1 in suppressing pro-inflammatory mediator 

production in glial cells, in regulating pro-resolving functions such as astrocyte migration, 

and to investigate TAM dysregulation in post-mortem MS brain lesions.  

Experiments utilised cultures of primary brain glial cells, as well as organotypic brain slices, 

from mice of wild-type, Tyro3-/-, Axl-/-, and Mertk-/- genetic backgrounds. Experiments 

revealed that Mer and Axl were key receptors in modulating the pro-inflammatory response 

to lipopolysaccharide. In microglia, Axl signalling proved essential for Tnf upregulation and 

regulated the expression of Mertk. Furthermore, Gas6 suppressed induction of both TNF-α 

and GM-CSF, acting through Mer and Axl receptors. The Gas6 suppressive effect occurred 

through blocking NF-κB signalling and was able to alter the morphology and reactivity of 

glial cells. Furthermore, Gas6 reduced astrocyte migration under inflammatory conditions, 

with a dependence on microglial interactions. To correlate in vitro findings with human 

lesion pathology, clinical samples from MS brains were analysed by immunohistochemistry. 

Analysis revealed an increase in Mer, Axl and Gas6 within MS lesions, irrespective of the 

stage of lesion development.  

Overall, this PhD study presents novel information on the role of TAM signalling in the 

modulation of the inflammatory response in microglia and astrocytes. Future investigations 

that translate these findings into clinically relevant models could lead to development of 

novel therapies for neurodegenerative disorders such as MS.   
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Chapter 1. Introduction 

 

1.1 General introduction   

Since they were first described in 1919 (Sierra et al., 2016), glial cells of the central nervous 

system (CNS) have increasingly been recognised as significant players in 

neuroinflammation. Microglia are CNS-resident immune cells whose diverse phenotypic 

plasticity allows for tight regulation of the CNS inflammatory response. Astrocytes have a 

looser association with inflammation, their main role being  maintenance of homeostasis 

and the blood-brain barrier (BBB; Sofroniew & Vinters, 2010). However, mounting evidence 

has shown complex crosstalk between microglia and astrocytes during immune activation 

(Bernaus, Blanco, & Sevilla, 2020). Dysregulation of the inflammatory process is implicated 

in multiple neurodegenerative disorders (Hickman, Izzy, Sen, Morsett, & El Khoury, 2018; 

Phatnani & Maniatis, 2015; Verkhratsky, Parpura, Pekna, Pekny, & Sofroniew, 2014). 

The TAM (Tyro3, Axl, Mer) family of receptor tyrosine kinases (RTKs), along with their 

vitamin K-dependent ligands growth arrest specific 6 (Gas6) and protein S (ProS1), are an 

important receptor family for inflammatory resolution. Through binding of the ligands, TAM 

receptors are activated on glial cells to modulate their pro-inflammatory response.  

My PhD project aims to combine studies into glial cell functions and TAM receptor activation 

or deficiency in order to understand how TAM receptor signalling can temper 

neuroinflammation, thereby reducing the inflammatory damage found in 

neurodegenerative diseases. 

 

1.2 Neuroinflammation 

Inflammation and the inflammatory response are of vital importance to the fight against 

damage or invading pathogens within the body. Traditionally, inflammation was detected 

using the four cardinal signs: calor (heat), dolor (pain), rubor (redness) and tumor 

(swelling). Now, there is a much greater understanding into the underlying cellular changes 

that lead to these signs. The inflammatory process is a highly complex and sensitive series 

of pathways involving multiple cell types and cellular interactions (Fullerton & Gilroy, 

2016). Immune cells involved include macrophages, dendritic cells, lymphocytes, 

endothelial cells, fibroblasts and mast cells. These cells release a plethora of cytokines and 

induce many signalling pathways in response to an inflammatory stimulus, ensuring 

removal of the antigen from the host system. 
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The inflammatory response within the CNS (i.e. neuroinflammation) is distinct from that 

observed in the rest of the body. The BBB, which is formed by endothelial cells that form 

tight junctions in collaboration with CNS glial cells such as astrocytes (see below; Arima et 

al., 2013), limits the presence of lymphocytes and dendritic cells into CNS tissue. Instead, 

immune cells gather in the meninges until disruption of the BBB allows entry of these cells 

under pathological conditions. Therefore, entry of immune cells from the peripheral blood 

circulation into the CNS is a process that rarely occurs during normal physiological 

conditions. Instead, the CNS has a collection of glial cells that work in concert to maintain a 

healthy environment and promote homeostasis (Q. qiao Yang & Zhou, 2019). Overall, a 

culmination of glial cell and immune cell interactions shape the overall inflammatory 

response within the CNS (Q. qiao Yang & Zhou, 2019).  

This section will focus on the common mediators and signalling pathways vital for induction 

of an inflammatory response within the CNS. We will then discuss how this response can be 

resolved to allow functions to revert to homeostasis.  

 

1.2.1 Pathogen recognition and signalling response 

Recognition of pathogens or tissue damage is key to the initiation of an immune response. 

Cells involved in responding to an insult detect infection or injury through binding of 

pathogen- or damage-associated molecular patterns (PAMPs, DAMPs) to pattern 

recognition receptors (PRRs) on their surfaces. PRRs are constitutively expressed in host 

cells and are capable of detecting pathogens regardless of their life cycle (Akira, Uematsu, & 

Takeuchi, 2006). Activation of PRRs ignites multiple inflammatory pathways resulting in an 

increase in pro-inflammatory mediators such as interleukin (IL)-1β, tumour necrosis factor 

(TNF)-α and inducible nitric oxide synthase (iNOS), among others.  

 

1.2.1.1 Toll-like receptors 

Toll-like receptors (TLRs) are a major family of PRRs, 10 members of which have been 

identified in humans and 12 members in mice (G. Liu, Zhang, Zhao, & Zhang, 2020). TLRs 

are type 1 integral membrane glycoproteins that are characterised by an extracellular 

domain containing leucine-rich-repeat (LRR) motifs and a cytoplasmic signalling domain 

termed the Toll/IL-1R homology (TIR) domain (Akira et al., 2006). TLRs can be divided into 

two subgroups based on where they are expressed within the cells. Generally, TLRs 1, 2, 4, 

5 and 6 are expressed on the surface of cells, whereas TLRs 3, 7, 8 and 9 are found on the 

membranes of intracellular compartments such as lysosomes or endosomes (Akira et al., 
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2006). Expression of TLRs is modulated rapidly in response to pathogens and 

environmental stresses.  

TLRs can be activated by a variety of stimuli. TLRs 1, 2 and 6 can be divided into a subfamily 

able to recognise lipids, and TLRs 7-9 are able to recognise nucleic acids. Interestingly, there 

are some TLRs that are able to recognise a variety of structurally unrelated ligands (Akira 

et al., 2006). For example, TLR4 can recognise ligands from various sources such as bacteria, 

viruses and plants. Lipopolysaccharide (LPS), a potent activator of TLR4, is a component of 

the cell wall of Gram-negative bacteria and induces activation of TLR4 signalling cascades 

(Chow, Young, Golenbock, Christ, & Gusovsky, 1999; B. S. Park & Lee, 2013). Upon activation, 

TLRs signal through either the myeloid differentiation primary response 88 (MyD88)-

dependent pathway or the MyD88-independent pathway (Figure 1-1). TLR4 is a unique and 

powerful receptor as it elicits a response through both signalling routes (Y. C. Lu, Yeh, & 

Ohashi, 2008). This makes TLR4 a worthy representative target for the investigation and 

understanding of TLR signalling mechanisms.  
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Figure 1-1. Overview of TLR and nuclear factor κB (NF-κB) signalling. When agonists bind to TLRs, 

they activate intracellular signalling through MyD88-dependent (TLRs 1, 2, 4, 5 and 6) or MyD88-

independent (TLRs 3, 7 and 9) signalling pathways to stimulate downstream cascades. The NF-κB 

signalling pathway (box in figure) can be activated by both signalling routes. The IKK complex induces 

proteasomal degradation of the IκB subunit. This frees the NF-κB heterodimer (p65-p50) to translocate 

into the nucleus where p65 acts as a transcription factor.  

For activation of the MyD88-dependent pathway, MyD88 attaches to the TLR cytoplasmic 

region to recruit IRAK1 (Interleukin-1 receptor-associated kinase 1) and IRAK4. IRAK1 

binds to MyD88 and is phosphorylated by IRAK4, leading to the attachment of TRAF6 (Tnf-
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receptor-associated factor 6; Kumar, 2019). TRAF6 can then act as an E3 ubiquitin ligase to 

potentiate the TLR4/NF-κB (nuclear factor κB) pro-inflammatory response in glial cells. 

Many other signalling molecules are also activated, such as TAK1 which can activate the AP-

1 family of transcription factors, furthering the release of pro-inflammatory cytokines 

including IL-6, IL-12 and TNF-α (Arthur & Ley, 2013). Another TLR4-stimulated pathway is 

the TRIF-TRAM signalling pathway, which is also activated following the stimulation of 

TLR3, 7 or 9 (Kumar, 2019). Signal induction occurs when the TRAM molecule acts as a 

bridge between TRIF and the TLR (Akira et al., 2006). TRIF can then interact with TRAF6 

and RIP1 (receptor interacting protein-1) to mediate NF-κB signalling, as in MyD88-

dependent signalling (Meylan et al., 2004). TRIF can also associate with other molecules, 

resulting in the induction of type I interferons and IL-10 (Kumar, 2019).  

 

1.2.1.2 NF-κB signalling 

First discovered in 1986, NF-κB is a major intracellular inflammation/immune regulatory 

protein that can be activated in all cell types in response to inflammatory stimulation 

(Ranjan Sen & David Baltimore, 1986). Activation of NF-κB results in the reprogramming of 

a cell’s gene expression patterns in order to respond to a specific signal (Perkins, 2007). 

This can alter the genes responsible for controlling apoptosis, cell adhesion, proliferation 

and inflammation, among others.  

NF-κB is composed of multiple protein subunits – p50, p52, p65, RelB and c-Rel – which 

require dimerisation and nuclear translocation for NF-κB to become an activated 

transcription factor. The p65-p50 heterodimer is the most common combination found in 

immune cells and the p65 subunit is directly responsible for regulating transcription 

(Diamant & Dikstein, 2013). Regulation of the NF-κB response is dependent on NF-κB 

association with the IκB inhibitory molecule. While bound to IκB, the NF-κB molecule is 

sequestered within the cytoplasm in an inactivated state. When IκB is cleaved (described 

below), the NF-κB heterodimer is released to translocate to the nucleus where it 

subsequently causes gene transcriptional activation or repression (Figure 1-1, box).  

Activation of NF-κB signalling can result through various mechanisms, the most frequent of 

which is the canonical pathway, induced in response to various inflammatory stimuli, 

including TNF-α and LPS (Hayden & Ghosh, 2004). Activation through this mechanism 

results in rapid phosphorylation of IκB through activation of the IKK (IκB kinase) complex, 

consisting of the catalytic subunits IKKα and IKKβ, and the regulatory subunit, NF-κB 

essential modifier (NEMO; also called IKKγ; Bonizzi & Karin, 2004). This results in 

ubiquitination and proteasomal degradation of IκB, freeing the NF-κB heterodimer (e.g p65-



Chapter 1 – Introduction 
 

Page | 6 
 

p50) for nuclear translocation. This pathway is important for the survival of immune cells 

during inflammatory stimuli (Bonizzi & Karin, 2004). NF-κB signalling can also be activated 

through the non-canonical route, which is important for adaptive immune responses. This 

mechanism can be induced through stimulation of CD40 and lymphotoxin-β receptors by 

LPS and Epstein-Barr virus, among others (Perkins, 2007). Activation of the IKKα subunit 

by NF-κB inducing kinase (NIK), results in formation of p52 subunits through 

phosphorylation-induced ubiquitin-dependent processing of p100 (Perkins, 2007). 

Several stimuli that activate the NF-κB pathway converge on the IKK complex and induce 

canonical signalling. For example, all TLR pathways lead to the eventual activation of NF-κB 

signalling and subsequent transcriptional changes (Kawai & Akira, 2006). Within the CNS, 

NF-κB signalling regulates the production of pro-inflammatory mediators from various cell 

types (Dresselhaus & Meffert, 2019). A role for NF-κB signalling in the pathology of multiple 

neurodegenerative disorders, including multiple sclerosis (MS), has also been well 

documented (Dresselhaus & Meffert, 2019).  

 

1.2.2 Resolution of the inflammatory response 

Before an immune response is complete, there must be resolution of the pro-inflammatory 

response. If this is not successful, then inflammation becomes chronic and can result in 

further tissue damage and cell death. For optimal resolution, the initiating inflammatory 

stimulus must be removed. Following this, the synthesis of pro-inflammatory cytokines 

must be halted, and immune cells cleared from the area (Fullerton & Gilroy, 2016). 

Microglia, and astrocytes to a lesser degree, are vital for the removal of debris from the CNS 

through phagocytosis (Galloway, Phillips, Owen, & Moore, 2019).  

Several regulatory mechanisms have evolved to control inflammatory signalling pathways. 

For example, TLR signalling can be negatively regulated by LRRC33 (leucine-rich-repeat 

containing protein 33), which in turn suppresses NF-κB activation, dampening the TLR-

induced inflammatory response (J. Liu et al., 2013). There are also post-transcriptional 

regulatory mechanisms that mRNAs possess in order to destabilise the mRNA transcripts 

encoding several inflammatory cytokines (Stoecklin & Anderson, 2006). For example, non-

coding regions of mRNAs can recruit specific RNA-binding proteins that can regulate the 

translation or stability of cytokine mRNA (Stoecklin & Anderson, 2006). Additionally, major 

pro-resolving cytokines exist, such as IL-10 and transforming growth factor-β (TGF-β). IL-

10 is produced by many immune cells including macrophages and microglia to inhibit major 

histocompatibility complex (MHC) class II expression on antigen presenting cells (APCs). 

This then reduces the production of pro-inflammatory cytokines and chemokines in the 
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cellular environment (Couper, Blount, & Riley, 2008). Binding of IL-10 to its receptor (IL-10 

receptor) activates the JAK/STAT signalling pathway which causes changes in the 

expression profile of immunomodulatory genes (Iyer & Cheng, 2012). Interestingly, some 

pathogens (e.g. Epstein Barr virus) are able to mimic IL-10 signalling to create a favourable 

environment for infection (Iyer & Cheng, 2012). TGF-β has many cellular effects, including 

roles in cell proliferation, adhesion, migration, and communication (Batlle & Massagué, 

2019). TGF-β signalling occurs through the TGF-β receptor complex, a paired kinase 

receptor. This causes phosphorylation and activation of SMAD proteins that bind to specific 

regulatory sites on the genome, therefore, altering transcriptional responses (Batlle & 

Massagué, 2019). Astrocytes are a key contributor to TGF-β signalling in the CNS 

(Linnerbauer & Rothhammer, 2020), and one route of their anti-inflammatory ability is by 

attenuating pro-inflammatory signalling in microglia (Norden, Fenn, Dugan, & Godbout, 

2014). Together, these two cytokines play a major role in the negative regulation of the 

inflammatory response. 

 

1.3 Glial cells involved in neuroinflammation 

The functional cells within the CNS are neurons, which are responsible for mediating signal 

transduction throughout the body via saltatory conduction. For them to continue 

functioning optimally, neurons are supported by many other interacting CNS-resident cells, 

termed glial cells. The main classes of glial cells are oligodendrocytes, astrocytes and 

microglia. Oligodendrocytes are derived from oligodendrocyte precursor cells (OPCs). 

These cells produce a lipid-based myelin sheath to surround and insulate axons, optimising 

signal transduction and protecting axons from environmental factors. Microglia are the 

resident immune cells of the CNS. When healthy, microglia have a mainly surveillant role 

but, when stimulated, react by inducing a neuroinflammatory response. Astrocytes, under 

normal physiological conditions, are important for maintaining homeostasis within the CNS 

and to provide trophic support to neurons. However, under pathological conditions, 

astrocytes are also involved in inflammation and create a barrier around the area of damage. 

OPCs have also been implicated in the neuroinflammatory response (Kirby & Castelo-

Branco, 2021). However, as the two most recognised inflammatory cell types within the 

CNS, microglia and astrocytes will be the focus of this section. 
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1.3.1 Microglia 

1.3.1.1 Origins and development 

Microglia are the resident immune cells of the CNS, derived from the yolk sac at embryonic 

day 9.5 (E9.5) in mice (Ginhoux et al., 2010). The origins of microglia are distinct from 

macrophages that are initially derived from bone marrow, with some populations able to 

self-renew thereafter (Hoeffel & Ginhoux, 2015). Microglia are myeloid cells that have a 

complex distribution around the brain parenchyma (Herz, Filiano, Smith, Yogev, & Kipnis, 

2017). As seen in rodents, there is an initial slow increase in microglial numbers (from E10.5 

– E14.5), followed by a rapid phase of increased cell number (E14.5 – E15.5; Dalmau, Vela, 

González, Finsen, & Castellano, 2003). Finally, there is a further slow phase (E15.5 – E17.5) 

which continues postnatally (Dalmau et al., 2003; Swinnen et al., 2013). Microglial numbers 

begin to decline in postnatal week 3 until week 6, then this number is maintained 

throughout adulthood (Nikodemova et al., 2015). 

During the developmental period, microglia show many transformations in morphology 

and activity (Harry & Kraft, 2012; Menassa & Gomez-Nicola, 2018). Initially, microglia have 

an amoeboid morphology, originating in the germinal matrix. As they develop, they migrate 

into the cortex, differentiating into a ramified morphology with downregulation of their 

surface markers (Andjelkovic, Nikolic, Pachter, & Zecevic, 1998; Hutchins, Dickson, 

Rashbaum, & Lyman, 1990; Monier et al., 2007; Monier, Evrard, Gressens, & Verney, 2006). 

Developing microglia have antigenic properties (Andjelkovic et al., 1998) and their 

spatiotemporal organisation suggests that these cells play active roles in developmental 

processes and injury in the developing brain (Monier et al., 2007). After development, the 

main functions of microglia include surveillance of the CNS by extending processes to 

constantly sample the environment, becoming activated when injury or infection is detected 

(Nimmerjahn, Kirchhoff, & Helmchen, 2005; Salter & Stevens, 2017).  

 

1.3.1.2 Microglial heterogeneity 

In the adult brain, microglia are a self-renewing population of cells that can be maintained 

independently from progenitor cells by undergoing rapid local expansion in response to an 

insult (Ajami, Bennett, Krieger, Tetzlaff, & Rossi, 2007). For a long time, microglia were 

impossible for researchers to distinguish from macrophages or other immune cells. 

However, as genetic and protein methods have improved in precision, many microglia-

specific markers have been identified (Jurga, Paleczna, & Kuter, 2020). Steady-state 

microglial markers include transmembrane protein 119 (Tmem119) and Ig-like lectin H 

(Siglec-H). However, depending on the varying activation states, markers for identification 
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can change. An often used marker for microglia/macrophages is Iba1 (ionized calcium 

binding adapter molecule 1), which can be used to show activation of microglia as cell 

membrane changes induced by altered morphology cause increased protein accumulation 

of Iba1 (Sasaki, Ohsawa, Kanazawa, Kohsaka, & Imai, 2001).  

Microglia have spatial heterogeneity within the CNS, with further heterogeneity developing 

through varying responses to local stimuli. Upon contact with stimuli, microglia elicit rapid 

responses by altering their phenotypes. This can vary from a ‘classically-activated’ M1-like 

phenotype where a pro-inflammatory response is favoured, to an ‘alternatively-activated’ 

M2-like phenotype where an anti-inflammatory, neuroprotective response is raised (Amici, 

Dong, & Guerau-de-Arellano, 2017; Miron et al., 2013). However, it is important to note that 

the M1/M2 microglial characterisation is a very simplified classification approach and its 

use is debated as the knowledge of microglia complexity grows (Ransohoff, 2016). In light 

of this, it is more appropriate to consider the microglial phenotype as ranging across a 

spectrum of activation states, which reflects the cell’s stimulation profile at a given time 

(Figure 1-2).  

 

Figure 1-2. Microglial phenotype spectrum. Under normal physiological conditions, microglia are 

surveillant cells with extended processes. When stimulated, microglia respond by becoming anti-

inflammatory (releasing cytokines such as TGF-β or IL-10) or pro-inflammatory (releasing cytokines 
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such as TNF-α, IL-1β or IL-6) at the extremes. The two profiles are not mutually exclusive, but instead 

microglia can adapt a phenotype anywhere between the two extremes. 

1.3.1.3 Microglial response to neuroinflammation 

When an insult to the CNS leads to infection or tissue damage, microglia are rapidly 

recruited to the location of the injury. The microglia react by releasing pro-inflammatory 

cytokines into the environment and aid in creating a toxic environment so as to destroy the 

antigen. Then, upon resolution of the inflammatory response, microglial phagocytosis is 

promoted to allow for clearance of the pathogen or damaged cells/materials.  

For microglia to survey their environment, they have a wide variety of cell surface receptors. 

Microglia have receptors capable of recognising cytokines, chemokines and 

neurotransmitters, among others, so that they are able to mount a finely regulated response 

(Kettenmann, Hanisch, Noda, & Verkhratsky, 2011). As with other immune cells, microglial 

expression of PRRs is vital for the detection of damage or infection. Microglia express a 

range of PRRs including TLRs, nucleotide binding and oligomerisation domain (NOD)-like 

receptors and RIG-I-like receptors (Kettenmann et al., 2011). Furthermore, microglia 

express all members of the TLR family in humans and mice (Bsibsi, Ravid, Gveric, & Van 

Noort, 2002; Olson & Miller, 2004). However, microglial TLR expression levels can be 

altered during ageing, which may contribute to age-related neurodegenerative diseases 

(Calvo-Rodríguez et al., 2017; Fiebich, Batista, Saliba, Yousif, & de Oliveira, 2018).  

Activation of TLRs results in microglia creating a milieu of pro-inflammatory molecules to 

combat the insulting agent. For example, stimulation of microglia with LPS and interferon-

γ (IFN-γ) causes microglia to produce the pro-inflammatory cytokines TNF-α and IL-1β, as 

well as upregulate the  enzyme, iNOS (Orihuela, McPherson, & Harry, 2016), which can then 

further enhance the response. TNF-α can also induce a positive feedback loop by having 

autocrine effects on microglia via TNF receptors (Kuno et al., 2005). Another interesting 

mediator that stimulates the microglial pro-inflammatory response is granulocyte 

macrophage-colony stimulating factor (GM-CSF). GM-CSF was originally identified as a 

haematopoietic growth factor, and has since been shown to enhance particular myeloid cell 

populations, including microglia, by stimulating their survival or differentiation via its 

specific receptor, GM-CSFR (Hamilton, 2019; S. C. Lee, Liu, Brosnan, & Dickson, 1994). 

Moreover, GM-CSF has also been shown to enhance TLR4 signalling and subsequent NF-κB 

activation (Parajuli et al., 2012).  

Conversely, microglia can also be stimulated by cytokines such as IL-13 or IL-4 to create an 

anti-inflammatory environment, through releasing IL-10 and other anti-inflammatory 

mediators (Orihuela et al., 2016). These mediators are key to limiting the pro-inflammatory 
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response and avoiding the development of a prolonged neurotoxic environment once the 

original insult has been resolved. Therefore, the balance between different microglial 

phenotypes is essential for the optimal function of all CNS cells. Dysregulation of this system 

has been implicated in many CNS disorders, including Alzheimer’s disease and MS. 

 

1.3.1.4 Phagocytosis 

Phagocytosis of cellular debris and pathogens by microglia is critical for maintaining CNS 

homeostasis, performed by cells with both ramified and amoeboid morphologies. When 

unwanted debris is not removed from the brain parenchyma, tissue damage results from a 

build-up of reactive oxygen species (ROS) and various other inflammatory mediators 

(Andoh & Koyama, 2021). Microglia phagocytose neurons during both development and 

adulthood (Marín-Teva et al., 2004; Sierra et al., 2010); they are also able to phagocytose 

OPCs and myelin debris under both physiological and pathological conditions (Grajchen, 

Hendriks, & Bogie, 2018; Nemes-Baran, White, & DeSilva, 2020; Safaiyan et al., 2016).  

There are three main stages in the process of phagocytosis. First, the phagocyte (e.g. 

microglia) must encounter an appropriate target for phagocytosis (Sierra, Abiega, Shahraz, 

& Neumann, 2013). For this, microglial surveillance by extended processes aids them in 

encountering such a target. Furthermore, apoptotic cells also release signals (“find-me” 

signals) to attract microglia to the site of apoptotic cell death. Next, microglia must recognise 

and engulf their target. Microglia express a wide array of various receptors on their cell 

surface that allow them to recognise signals on their target (“eat-me” signals) and to 

discriminate between these and “don’t-eat-me” signals that are expressed by living cells 

(Ravichandran, 2010). The two main receptor groups for recognition of “eat-me” signals are 

phosphatidylserine (PtdSer) receptors (e.g. Mer or triggering receptor expressed on 

myeloid cells-2 (TREM2); Lemke, 2019; Shirotani et al., 2019) and scavenger receptors (e.g. 

CD14/TLR4; Sierra et al., 2013). To engulf the phagocytic target, phagocytes remodel their 

cytoskeleton, triggering the formation of a phagocytic cup that can engulf the target (W. L. 

Lee, Mason, Schreiber, & Grinstein, 2007). Finally, the target is completely engulfed by the 

phagocytosing cell and it is degraded by a cocktail of proteins (Sierra et al., 2013). However, 

although most research has been done in macrophages as phagocytes of the myeloid 

lineage, little is known about this process specifically in microglia.  

 

1.3.2 Astrocytes 

Astrocytes are the most numerous cell type within the CNS and are vital for maintaining 

homeostasis, ensuring normal functions at all levels of CNS organisation. Various 
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mechanisms are implicated in homeostatic astrocyte functions including ionic and 

metabolic (i.e. lactate) regulation, and clearance of glutamate from the extracellular matrix 

(ECM; Figure 1-3; Ravi, Paidas, Saad, & Jayakumar, 2021; Verkhratsky, Bush, Nedergaard, & 

Butt, 2018). When required, astrocytes are also important for the defence of the CNS against 

injury and disease. Through formation of glia limitans, a border between CNS parenchyma 

and non-neuronal cells, astrocytes maintain functional barriers that restrict leukocyte 

access to the CNS (Sofroniew, 2015). Astrocytes are also involved in the maintenance of the 

BBB. The BBB is a selective barrier composed of cerebral capillary endothelial cells that are 

surrounded by basal lamina, perivascular pericytes, astrocyte end-feet, microglia and 

neuronal processes (Sofroniew & Vinters, 2010). The BBB contains tight junctions that 

allows the transport of small gaseous (e.g O2 and CO2) or lipophilic (e.g ethanol) molecules 

freely through the lipid membrane (Abbott, Rönnbäck, & Hansson, 2006). However, specific 

transport systems are required to facilitate entry of small hydrophilic molecules, such as 

essential nutrients. Furthermore, these systems also ensure harmful compounds are 

excluded from the CNS parenchyma. Through their end-feet, astrocytes are able to 

upregulate various features of the BBB, such as increasing proficiency of tight junctions and 

increasing the expression of small molecule transporters (Abbott et al., 2006). Furthermore, 

astrocytes are able to communicate with other CNS-resident cell types to aid in their 

response to external cues (Linnerbauer, Wheeler, & Quintana, 2020). Under pathological 

conditions such as MS, there is disruption of the BBB, making it more permeable and 

allowing access of extrinsic factors (Abbott et al., 2006; Minagar & Alexander, 2003). 

Inflammatory agents released by astrocytes and other cells during inflammation are also 

able to increase permeability of the BBB, for example TNF-α (Abbott et al., 2006). 

There are two main subtypes of astrocyte within the healthy CNS – protoplasmic and fibrous 

(Sofroniew & Vinters, 2010). Protoplasmic astrocytes are found in grey matter and have 

several branches from which numerous fine processes extend. Fibrous astrocytes exist in 

white matter and possess long fibre-like processes. Both subtypes make extensive contact 

with blood vessels throughout the parenchyma. Astrocytes are found throughout the CNS 

in a continuous and non-overlapping network, with integration at the distal tips of 

processes (Bushong, Martone, Jones, & Ellisman, 2002). This is where there is formation of 

gap junctions, disruption of which can result in pathological phenotypes such as 

demyelination (Lutz et al., 2009).  
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Figure 1-3. Functions of astrocytes under homeostatic conditions. (1) Astrocytes are responsible 

for the clearance of glutamate from the extracellular matrix and (2) are important for the maintenance 

of ion homeostasis. (3) Astrocytes aid in neuronal maintenance by providing metabolic support (i.e. 

through lactate) and (4) can communicate with other CNS cells, including neurons. (5) Astrocytes play 

an important role in maintaining the BBB and controlling movement of small molecules to and from the 

CNS. Figure adapted from Ravi et al. (2021). 

Glial fibrillary acidic protein (GFAP) is an intermediate filament protein involved in the 

cytoarchitecture of astrocytes, dysfunction of which causes detrimental pathological effects 

in the CNS (Pekny & Pekna, 2004). First identified in demyelinated plaques of MS patients, 

it is now recognised as being highly expressed in reactive astrocytes from various 

pathological contexts (Eng, Ghirnikar, & Lee, 2000). GFAP is often used as a marker of 

astrocytes; however, while GFAP is highly expressed in reactive astrocytes, healthy 

astrocytes do not reliably express detectable levels of the protein (Sofroniew, 2009).  
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1.3.2.1 Reactive astrogliosis and glial scar formation 

There are many intracellular molecules that can trigger astrocytes to become reactive, or to 

regulate specific aspects of astrogliosis. For example, growth factors and cytokines such as 

TNF-α, TGF-β and IL-10, mediators of immunity such as LPS, products of neurodegeneration 

such as β-amyloid and regulators of cell proliferation all have the ability to regulate reactive 

astrogliosis (Sofroniew, 2009). These factors can be released from all cell types within the 

CNS in response to any CNS insult (Sofroniew & Vinters, 2010). Astrocytes are able to 

respond to these factors due to a limited variety of cell-surface receptors, which includes 

some members of the TLR family such as TLR3, TLR4 and TLR9 (El-Hage, Podhaizer, Sturgill, 

& Hauser, 2011; Jack et al., 2005). Reactivity of astrocytes is important for the protection of 

CNS cells and tissue as they play vital roles in repair of the BBB, myelination and in limiting 

the spread of pro-inflammatory mediators (Colombo & Farina, 2016; Farina, Aloisi, & Meinl, 

2007; Faulkner et al., 2004).  

Reactive astrogliosis is not a single phenotypic feature of astrocytes but is instead a 

continuous process of progressive changes (Figure 1-4). Initial mild changes to astrocytes 

can result in upregulation of GFAP and other genes, and hypertrophy of astrocyte cell bodies 

and processes without increasing the area which the astrocyte is occupying (Wilhelmsson 

et al., 2006). Astrogliosis of this degree often occurs in areas distal to focal CNS lesions and 

has the potential for resolution, with astrocytes returning to a healthy phenotype 

(Sofroniew & Vinters, 2010). With more severe astrogliosis, reactive astrocytes begin to 

proliferate and neighbouring astrocyte processes start to intermingle, causing long-lasting 

reorganisation of tissue architecture that extends diffusely in areas surrounding focal 

lesions (Sofroniew & Vinters, 2010).  

The most severe stage of astrogliosis is when there is substantial proliferation of astrocytes 

with pronounced overlapping of their processes (Sofroniew & Vinters, 2010). This results 

in the formation of dense, narrow astrocytic scars. At the borders of the scar, astrocyte cell 

body density is nearly double that of healthy tissue (Wanner et al., 2013). Elongated 

processes of these astrocytes surround areas filled with inflammatory cells through a 

STAT3-dependent mechanism, localising inflammatory cells to the lesion site to reduce 

spreading of damage (Wanner et al., 2013). Furthermore, astrocytic scar formation has been 

shown to aid the regeneration of axons within areas of damage (Anderson et al., 2016) and 

promotes neuroprotection through release of TGF-β, among others (Dhandapani et al., 

2003). Concomitant with astrocyte loss or dysfunction, there is prolonged infiltration of 

inflammatory cells into the CNS tissue, failed BBB repair and consequently neuronal 

degeneration (Anderson et al., 2016; Verkhratsky & Nedergaard, 2018; Wanner et al., 2013).  
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Figure 1-4. Process of astrogliosis and glial scar formation. (A) Healthy astrocytes in CNS tissue 

respond to an insult by (B) initiating astrogliosis, with cells becoming hypertrophic and expressing 

higher levels of GFAP. (C) More severe astrogliosis causes astrocytes to lose their non-overlapping 

domains and new astrocytes begin to proliferate (red nuclei). (D) In the most severe stages of 

astrogliosis, a compact glial scar forms which, although acting as a barrier to inflammatory cells and 

infectious agents from the damaged site, also inhibits regeneration of axons into the damaged area. 

Figure adapted from Sofroniew & Vinters (2010). 

 

1.3.2.2 Astrocyte cell migration 

During astrogliosis, astrocytes are stimulated into migrating toward the area of damage. For 

this to occur, the molecular response must have integration of hundreds of proteins that are 

fundamental for cell migration to occur (Zhan et al., 2017).  

One aspect of cell migration is the ability of cells to form attachments at the front of the 

migrating area (leading edge) and to release attachment from behind (trailing edge). This 

requires the change in cell-cell and cell-ECM adhesion properties (Zhan et al., 2017). 

Astrocyte migration can involve many different cell adhesion molecules (CAMs), including 

immunoglobulins, integrins, syndecans, cadherins and selectins, all of which, apart from 

immunoglobulins, are Ca2+-dependent (Harjunpää, Asens, Guenther, & Fagerholm, 2019). 

CAMs are located on the surface of cells to help cells stick and move forwards. Furthermore, 

the ECM contains various adhesive molecules that contribute to the organisation of the 
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matrix and aid cells when attaching to it. Fibronectin is a major CAM which is secreted as a 

soluble protein from a variety of cells (Pankov & Yamada, 2002). After interacting with 

integrins, fibronectin forms insoluble fibrils that are a major component of the ECM and cell-

ECM adhesion (Zhan et al., 2017). Deposition of fibronectin creates an environment that is 

favourable for glial scar formation (Zhu, Soderblom, Trojanowsky, Lee, & Lee, 2015). 

Integrins are a group of regulated receptors that are activated by “inside-out” signalling, 

with intracellular events influencing the extracellular domain of integrin receptors. They 

can also modulate their own activation in response to mechanical forces (Sun, Guo, & 

Fässler, 2016). During CNS injury, rearrangement of integrin networks is common and 

integrin signalling can induce reactive phenotypes in astrocytes (Wagner, Tagaya, Koziol, 

Quaranta, & del Zoppo, 1997). Another protein family involved in reorganising the ECM is 

the metalloproteinases (MMPs). The MMPs are a family of enzymes capable of degrading 

many substrates, including all ECM proteins (Sternlicht & Werb, 2001). MMP9 is expressed 

by reactive astrocytes and is essential for astrocyte migration to occur (Hsu et al., 2008). 

MMP9 has also been implicated in MS, where astrocyte migration and scar formation is a 

crucial step in disease pathogenesis (Trentini et al., 2016). 

 

1.3.3 Microglia-astrocyte crosstalk 

The health of the CNS is not only dependent on the optimal function of each individual cell 

type, but on appropriate interactions between them, via cell-cell contact or the release of 

soluble mediators (de Waard & Bugiani, 2020; Domingues, Portugal, Socodato, & Relvas, 

2016). These cellular interactions are also an important factor during the development of 

various pathologies, including MS (Domingues et al., 2016). Therefore, the inflammatory 

response of each glial cell type does not occur in isolation, but instead requires interactions 

between each glial type, as well as with other infiltrating immune cells.  

Communication between microglia and astrocytes is maintained partially through the 

secretion of growth factors, cytokines and chemokines or via transport of active 

biomolecules via extracellular vesicles (Matejuk & Ransohoff, 2020). The release of pro- and 

anti-inflammatory molecules from these glial cells can have both autocrine and paracrine 

functions, depending on the expression of the necessary cell surface receptors. Cytokines 

released from microglia, such as TNF-α and IL-1β are able to regulate astrocytes to enable 

tissue repair; however, these same molecules can stimulate astrocytes into being neurotoxic 

in a context-dependent manner (Liddelow et al., 2017; Shinozaki et al., 2017). Crosstalk 

between microglia and astrocytes is essential in both the resting and activated CNS, as well 

as having an important role during ageing (Bernaus et al., 2020). Furthermore, appropriate 

glial response and crosstalk is essential in disease states to ensure survival and optimal 
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functioning of neuronal cells, and these responses can differ substantially during the course 

of different diseases (Matejuk & Ransohoff, 2020).  

 

1.4 Multiple sclerosis 

The complexity of the CNS and its inflammatory response has a part to play in many 

neurodegenerative disorders. Due to this complexity, there are many circumstances where 

neuroinflammation is not adequately resolved and is instead exacerbated. Therefore, 

neuroinflammation is a common feature of disorders such as MS (Dendrou, Fugger, & Friese, 

2015; Frischer et al., 2009). A combination of over-stimulation of the pro-inflammatory 

response, failure of inflammatory resolution, or autoimmunity, can have detrimental effects 

on an individual’s health. Furthermore, in recent years the extent of glial cell involvement 

in the progression of these diseases has become more apparent (Bernaus et al., 2020). Here, 

we will focus on MS, describing the immunopathology of the disorder as well as the 

astrocyte and microglial response.  

 

1.4.1 Epidemiology and diagnosis 

MS is an autoimmune demyelinating disorder of the CNS. After disease onset, inappropriate 

immune reactions target the myelin sheath, resulting in focal, inflammatory demyelination 

in the white and grey matter. Approximately 130,000 people in the UK are living with MS, 

with a male to female ratio of 2:5 (MS Society, 2020). Development of MS has been 

associated with environmental causes including smoking (Palacios, Alonso, BrØnnum-

Hansen, & Ascherio, 2011; Ramanujam et al., 2015) and vitamin D deficiency (Ascherio et 

al., 2014). Furthermore, genome-wide association studies (GWAS) have identified hundreds 

of genetic variants that have been associated with disease susceptibility (Patsopoulos et al., 

2019; Sawcer et al., 2011). Clinical investigations of a patient results in the diagnosis of one 

of three forms of MS, although patient symptomology varies extensively. Symptoms 

experienced can include fatigue, muscle weakness, optic neuritis and Uhthoff’s 

phenomenon (symptom exacerbation due to hot temperatures). Patients are diagnosed 

with relapsing-remitting MS (RRMS) in 85% of cases (Dendrou et al., 2015). During this 

stage, remyelination takes place in the CNS, allowing there to be a period of remission from 

clinical symptoms. Unfortunately, in over 50% of cases, RRMS develops into secondary 

progressive MS (SPMS) within 10-15 years of disease onset. In these cases, the CNS is no 

longer capable of remyelinating lost myelin sheaths, causing axon degeneration and 

neuronal loss which are associated with progressive worsening of disability. In the 

remaining 15% of cases, patients are diagnosed with primary progressive MS (PPMS) where 
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there is immediate progression of the disease with no periods of remyelination or symptom 

remission (Dendrou et al., 2015).  

1.4.2 Immunopathology 

MS displays a multicellular pathophysiology, with involvement of immune cells from 

outwith the CNS as well as CNS-resident glial cells (Figure 1-5; Dendrou et al., 2015). As 

mentioned above, increased permeability of the BBB to external factors is an aspect of MS 

pathology (Minagar & Alexander, 2003). This allows recruitment of multiple immune cell 

types into the brain parenchyma where myelin and oligodendrocytes are their autoimmune 

targets (Dendrou et al., 2015; Høglund & Maghazachi, 2014). Therefore, myelin protein-

derived antigens, such as myelin oligodendrocyte glycoprotein (MOG) and myelin basic 

protein (MBP), are thought to be the main target of autoreactive T and B cells (Kuerten et 

al., 2020; Reindl et al., 1999). Instead of predominantly IL-10 secretion seen in T cell subsets 

from healthy controls, myelin-reactive T cell subsets in MS patients release pro-

inflammatory cytokines, including IL-17, GM-CSF and IFN-γ (Cao et al., 2015). This 

pathogenic milieu targets myelin sheaths, resulting in degradation of myelin proteins and 

subsequently, demyelination (Dendrou et al., 2015).  

 

Evidence suggests that regulatory T (Treg) cells are also defective in MS. For example,  they 

are less effective in secreting IL-10, resulting in overall reduced activation of the IL-10R 

signalling pathway (Martinez-Forero et al., 2008). Also, pathogenic effector T cells are 

actively resistant to Treg mechanisms (A. Schneider et al., 2013). There is also an important 

role for B cells in the generation of the autoimmune response seen in MS patients (van 

Langelaar, Rijvers, Smolders, & van Luijn, 2020). This has been demonstrated through B-

cell targeted therapies for MS patients (Roach & Cross, 2021). Furthermore, B and T cells 

interact for appropriate antigen presentation and development of immune memory. 

However, in MS these interactions are disturbed resulting in pathogenic immunity, causing 

inflammation and subsequent demyelination (van Langelaar et al., 2020). Overall, there is 

still much to learn regarding MS pathology, however, there is a clear role for multiple 

immune cells and interactions between them and CNS-resident cells.  
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Figure 1-5. Overview of the multicellular nature of MS pathology. Immune cells are recruited to the 

CNS and increased permeability of the BBB allows them access to the CNS parenchyma. Within the CNS, 

immune cells, astrocytes and microglia release soluble mediators (e.g. IL-17, IFN-γ and GM-CSF) which 

promote neuroinflammation. B cells produce autoreactive antibodies that target myelin antigens, 

resulting in demyelination of axons. Figure adapted from Dendrou et al., 2015. 

 

1.4.3 Lesion development 

As MS pathology develops, lesions enter different stages with different pathological 

characteristics (Figure 1-6). Active demyelinating lesions which are found in early RRMS 

can be subdivided into four distinct patterns (I-IV; Lucchinetti et al., 2000). Pattern I depicts 

a ‘standard’ active lesion characterised by diffuse infiltration with microglia, peripheral 

macrophages and other immune cells (Guerrero & Sicotte, 2020; Lucchinetti et al., 2000). In 

early demyelinating lesions, microglia/macrophages contain both minor myelin proteins 

(e.g. MOG) and major myelin proteins (e.g. MBP), whereas in the later stages of 

demyelinating lesions, only major myelin proteins are detected. In pattern II lesions, 

deposition of immunoglobulin and complement proteins are also detectable. Patterns III 

lesions are characterised by apoptosis of oligodendrocytes, with near complete loss of these 

cells in pattern IV. In some cases, lesions are evident where there is remyelination (“shadow 

plaques”) which are distinguishable by thinner, less organised myelin sheaths (Guerrero & 
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Sicotte, 2020). During later stages of MS, chronic lesions are observed with a hypocellular 

lesion core with activated microglia and macrophages localised to the lesion border 

(Frischer et al., 2015). The latest stages of MS displaying inactive lesions where there are 

few remaining microglia in the lesion centre, loss of oligodendrocytes and evidence of 

axonal loss.  

 

Figure 1-6. Development of an MS lesion. MS lesions can be categorised in the following ways. Active 

and demyelinating: contains infiltrating immune cells from the periphery along with 

macrophages/microglia, some of which consume myelin debris. Active and post-demyelinating: loss of 

myelin-laden microglia/macrophages with other immune cells spread throughout the lesion. Mixed 

active/inactive and demyelinating: part of the lesion still contains myelin-consuming 
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macrophages/microglia, while other immune cells form a border around the lesion. Mixed 

active/inactive and post-demyelinating: no myelin debris for macrophages/microglia to consume, 

border formation around the lesion. Inactive: very few cells left within the lesion area. Figure adapted 

from Kuhlmann et al. (2017). 

 

1.4.4 Glial cell involvement 

All three CNS glial cell types have an important role to play throughout the course of MS 

pathology. Oligodendrocytes are vital for the production of myelin sheaths to insulate axons 

and optimise neuronal signalling. In MS, oligodendrocytes and myelin are often the target 

of autoimmune attack leading to the breakdown of myelin sheaths, resulting in the 

characteristic demyelinated lesion in which axons are exposed to an inflammatory CNS 

environment which can be detrimental to cell function. However, as oligodendrocytes are 

not the focus of this work, they will not be discussed further.  

In an MS lesion, almost all microglia present are activated with no expression of the 

homeostatic marker, P2RY12 (Zrzavy et al., 2017). Even within normal-appearing white 

matter of MS patients, a marked reduction in the levels of homeostatic markers can be 

evident, suggesting increased microglial activation. Microglia that are found within active 

demyelinating lesions have a strong pro-inflammatory phenotype, whereas there is an 

increase in the levels of anti-inflammatory markers in microglia that are found in the centre 

of inactive lesions (Guerrero & Sicotte, 2020; Zrzavy et al., 2017). Internalisation of myelin 

by microglia gives them a foamy appearance and results in a phenotype in which they 

express anti-inflammatory markers and do not mount a pro-inflammatory response (Boven 

et al., 2006). Furthermore, animal models have shown that anti-inflammatory microglia are 

key to driving oligodendrocyte differentiation which is essential for remyelination (Miron 

et al., 2013).  

Astrocytes are highly active in the developing MS lesion and are involved from the early 

stages. In active lesions, astrocytes adopt a hypertrophic morphology with enlarged cell 

bodies and reduced process density (Ponath, Park, & Pitt, 2018). In the animal model 

experimental autoimmune encephalomyelitis (EAE), which exhibits some aspects of human 

MS, it has been shown that astrocytes become active before significant immune cell 

infiltration takes place (Pham et al., 2009). Hypertrophic astrocytes may sustain damage 

that leads to loss of the glia limitans, resulting in increased immune infiltration to the lesion 

site (Ponath et al., 2018). Furthermore, astrocytes have also been shown to be key 

regulators in the removal of damaged myelin, with cells at the leading edge of actively 

demyelinating lesions containing myelin debris (Ponath et al., 2017). Moreover, by 
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genetically targeting astrocytes in a cuprizone model of demyelination, microglia are 

prevented from being recruited to the site of demyelination, resulting in delayed myelin 

removal, impaired remyelination and reduced proliferation of OPCs (Skripuletz et al., 2013). 

Eventually astrocytes form a glial scar in the centre of white matter lesions (Sofroniew & 

Vinters, 2010).  

 

1.5 TAM receptors 

RTKs are a highly conserved family of receptors that are key regulators in many biological 

processes including cell survival and migration. In humans, there are 58 known RTKs that 

are separated into 20 subfamilies (Lemmon & Schlessinger, 2010). In general, RTKs share a 

molecular structure with an extracellular ligand-binding domain, transmembrane helix and 

a cytoplasmic tyrosine kinase domain. Mutations in RTKs have been linked to many 

disorders including cancers, inflammatory diseases and arteriosclerosis.  

The TAM (Tyro3, Axl, Mer) receptor family are one subfamily of RTKs that have been 

implicated in many systems, including the reproductive, nervous and immune systems. The 

TAM receptors have a conserved structure (Figure 1-7) consisting of two immunoglobulin 

(Ig)-like domains, two fibronectin type III domains and a tyrosine kinase domain (Hafizi & 

Dahlbäck, 2006a). The tyrosine kinase domain of the receptors have a conserved amino acid 

sequence (KW(I/L)A(I/L)ES) with autophosphorylation sites and a immunoreceptor 

tyrosine based inhibitory motif (ITAM) domain. Extracellular portions of the Axl and Mer 

receptors contain cleavage sites for ADAM17 and ADAM10 (Axl only) near the 

transmembrane domain, resulting in soluble forms of the receptors being available in the 

extracellular matrix (O’Bryan, Fridell, Koski, & Liu, 1995; Thorp et al., 2011). The soluble 

extracellular domain of these receptors is then able to compete with the intact receptor to 

bind ligands. Dysregulation of the TAM system can have detrimental effects on the cellular 

processes responsible for the regulation of homeostasis, phagocytosis and inflammation 

(Shafit-Zagardo, Gruber, & DuBois, 2018). 

There are two main ligands of the TAM receptors, Gas6 and ProS1, which both have a C-

terminal sex hormone binding globulin (SHBG)-like domain made up of two laminin G (LG)-

like domains, which are crucial for binding to TAM receptors. At the N-terminal are a γ-

carboxyglutamic acid (Gla) domain and four epidermal growth factor (EGF)-like domains 

(Hafizi & Dahlbäck, 2006a). Vital for the activation of TAM receptors, the Gla domain of the 

ligand must undergo vitamin K-dependent γ-carboxylation. This allows binding of PtdSer 

residues to the Gla domain (M. Huang et al., 2003), tethering the ligand to the membrane 

and enabling it to bind to and activate the TAM receptors. This drives dimerisation and 
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autophosphorylation of the two assembled RTK domains (Lew et al., 2014; Tsou et al., 

2014).  

Not all TAM receptors share binding efficacy for each of the ligands. The Axl receptor is 

exclusively activated by Gas6 whereas Mer and Tyro3 can be activated by both Gas6 and 

ProS1. However, ProS1 will preferentially bind to Tyro3 (Al Kafri & Hafizi, 2019) and Mer is 

weakly activated by both ligands (Tsou et al., 2014). Moreover, there is also evidence of 

heterodimerisation of TAM receptors when ProS1 was able to activate Axl receptors 

through this mechanism (Ray et al., 2017).  

 

 

 

Figure 1-7. TAM receptor and ligand general structure. Tyro3, Axl and Mer (TAM) receptors share 

a conserved structure (green), with an internal tyrosine kinase domain, extracellular fibronectin type 

III domains and extracellular Ig-like domains. TAM receptors can be cleaved by ADAM 10 or 17 near the 

transmembrane domain (blue dashed arrow), resulting in soluble TAMs. The TAM receptor Ig-like 

domain allows binding of their ligands, Gas6 and ProS1 (blue). The ligands also share a general 

structure with an SHBG-like domain for binding to the TAM receptors, EGF-like domains and a Gla 

domain.  
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Activation of the TAM receptors by ligand binding results in autophosphorylation of the 

tyrosine residues of the RTK domain which is then able to recruit several intracellular 

signalling molecules such as Grb2 and PI3 kinase (PI3K; Weinger et al., 2008). Cell survival 

is stimulated by binding of the p85 subunit of PI3K to receptor phospho-tyrosine residues, 

therefore activating the Akt survival pathway. Other downstream signalling can also 

enhance cell migration, aid in the dampening of the inflammatory response and enhance 

phagocytosis. Neuronal cell migration can be enhanced through the activation of Axl which 

allows for recruitment of Grb2 and Sos proteins resulting in activation of the ERK signalling 

pathway (Allen et al., 1999). Furthermore, TAM receptors are also able to associate with 

other cell surface receptors. For example, interaction between Axl and the type I interferon 

receptor (IFNAR) increases levels of suppressor of cytokine signalling (SOCS)1 and SOCS3, 

therefore reducing expressing of pro-inflammatory molecules (Rothlin, Ghosh, Zuniga, 

Oldstone, & Lemke, 2007).  

 

1.5.1 TAM expression in CNS-resident glial cells 

Within the CNS, expression of TAM receptors differs between cell types. Tyro3 is highly 

expressed in adult CNS neurons and oligodendrocytes, with low expression during 

postnatal development. Axl is expressed early in development of the CNS and is highly 

expressed in mature microglia (especially during inflammation), astrocytes and 

oligodendrocytes. Mer is expressed at low but constant levels throughout the development 

of the CNS, with highest levels detected in microglia and lower levels detectable in 

astrocytes (Cahoy et al., 2008). Both Gas6 and ProS1 are expressed in microglia, astrocytes 

and endothelial cells, with Gas6 also being expressed in neurons (Prieto, Weber, & Lai, 2000; 

Shafit-Zagardo et al., 2018; Y. Zhang et al., 2014; Ye Zhang et al., 2016).  

 

1.5.2 TAM receptors and CNS inflammation 

TAM receptors and ligands regulate several functions within the CNS. For example, Gas6 has 

a beneficial role in oligodendrocyte survival and myelination of axons (Binder et al., 2008, 

2011) acting directly through Tyro3 receptor activation (Goudarzi, Rivera, Butt, & Hafizi, 

2016) to ensure there is optimal developmental myelination and expansion of the myelin 

sheath around axons (Akkermann et al., 2017; Blades et al., 2018). However, much research 

has focused on the ability of the TAM receptors to reduce inflammation both within and 

outside the CNS (reviewed in: Lee and Chun, 2019). Mer has clearly been identified as having 

a key role in inflammation, as observed in Mer knockout mice which have increased 
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susceptibility to LPS-induced inflammation (Camenisch, Koller, Earp, & Matsushima, 1999). 

Furthermore, all three receptors were implicated in the lupus-like autoimmune phenotype 

observed in TAM triple knockout (Tyro3-/-, Axl-/-, Mertk-/-) mice, the immune dysfunction 

being mainly due to loss of the TAM receptors in macrophages and APCs (Q. Lu & Lemke, 

2001).  

Focussing on the roles of the TAM receptors in neuroinflammatory disease, both Mer and 

Axl have been associated with reduced microglial activity and impairment of phagocytosis 

(Fourgeaud et al., 2016). Furthermore, receptor-specific roles are apparent as Mer mainly 

regulates resting microglia, whereas Axl becomes vital in pro-inflammatory environments 

(Zagórska, Través, Lew, Dransfield, & Lemke, 2014).  

TAM signalling has been implicated in the processes of neuroinflammation, which have 

been shown to be important aspects of multiple neurodegenerative disorders. For example, 

polymorphisms in the MERTK gene have been shown to increase susceptibility to MS 

(Binder et al., 2016; Ma et al., 2011). Additionally, there is an increase of Gas6 levels in the 

cerebrospinal fluid of MS patients with developing lesions (Pier Paolo Sainaghi et al., 2016). 

Furthermore, evidence from animal models of MS have also shown the TAM system to be 

essential for limiting disease progression. For example, an increase in Gas6, Axl and Mer 

receptors have also been shown in animal models of MS (Binder et al., 2008; Gruber et al., 

2014). Additionally, administration of Gas6 has been shown to improve repair following 

cuprizone-induced demyelination (Tsiperson, Li, Schwartz, Raine, & Shafit-Zagardo, 2010), 

whereas knockout of Gas6 caused exacerbation of demyelination and axonal damage in EAE 

(Gruber et al., 2014). Moreover, deficiency of Axl in the EAE model increases the observed 

inflammatory response and hinders the clearance of both cellular and myelin debris 

(Weinger et al., 2011).  

 

1.6 Rationale, aims and objectives 

1.6.1 Rationale 

With the growing evidence showing a role of TAM receptors in the resolution of 

inflammation, particularly during neurodegenerative diseases, it is becoming clear that the 

TAM receptors offer a potential route for therapeutic intervention for such diseases. 

However, it is not fully understood how the TAM receptors have this role in glial cells and, 

therefore, this is the focus of this PhD project. From this work and other studies, fully 

elucidating the role of the TAM receptor system in the modulation of the inflammatory 

response, both through suppressing the pro-inflammatory response and initiating 
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phagocytosis and repair processes, may present a novel avenue for treatment of 

neurodegenerative diseases.  

 

1.6.2 Aims and objectives 

The first aim of my PhD project was to investigate how TAM receptors can alter the cytokine 

and phenotypic changes seen in mouse microglia and astrocytes under inflammatory 

conditions (Chapter 3). I determined the ability of TAM receptor single knockouts to alter 

the expression of the pro-inflammatory cytokine, TNF-α, in pure microglia and astrocyte 

cultures. I also investigated the changes that inflammatory conditions induced in the 

morphological phenotypes of these cells, using both cell and tissue culture models. 

Secondly, I aimed to examine the ability of TAM receptor stimulation by its ligands to 

modulate the pro-inflammatory response in microglia and astrocytes. I firstly focused on 

the ability to modulate TNF-α (Chapter 4) before using a TLR signalling gene array to 

identify other novel targets of Gas6 modulation (Chapter 5). From this, GM-CSF was selected 

and examined in detail to identify its role in CNS-resident glial cells and its regulation during 

inflammation by Gas6.  

My third aim was to determine the ability of TAM receptors to promote anti-inflammatory 

and repair processes in CNS glial cells (Chapter 6). For this, I studied the anti-inflammatory 

cytokines IL-10 and TGF-β in microglia and astrocytes, respectively, and the involvement of 

each TAM receptor and ligand. Furthermore, astrocyte migration was investigated to 

identify the functional effects of the TAM receptor system on the induction of migratory 

factors and migration rate, and the role of microglial-astrocyte communication.  

My final aim was to investigate the expression of the TAM ligand-receptor system in clinical 

post-mortem brain tissue from MS patients, and to determine any association with astrocyte 

and microglial distributions in MS lesions (Chapter 7). For this translational work, I 

collaborated with Prof Delphine Boche at the University of Southampton and the Histology 

Research Unit at Southampton General Hospital to perform immunohistochemistry and 

image analysis on tissues.  
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Chapter 2. Methods 

 

2.1 Ethical approval  

All animal experimental procedures were performed in accordance with the Animals 

(Scientific Procedures) Act, 1986 under a UK Home Office project licence (licence number: 

PC2238199) and with approval from the institutional ethics committee (AWERB). 

All experimental procedures using human clinical samples were performed under ethical 

approval granted by the Wales REC 3 research ethics committee (reference number: 

18/WA/0238). 

 

2.2 TAM single knockout mice 

Single gene knockout mice for Mertk, Axl, and Tyro3 were commercially available from 

Jackson Laboratories (Bar Harbor, ME, USA) with details of the gene inactivation process 

found in Lu et al. (1999). Mice were bred in-house with C57BL/6 wild-type mice to produce 

heterozygous offspring that were then bred together to produce homozygous Mertk-/-, Axl-/- 

or Tyro3-/- offspring. The homozygous mice were then maintained through breeding in-

house. All animals were housed with a 12-hour light/dark cycle with access to food and 

water ad libitum.  

 

2.2.1 Genotyping – PCR and agarose gel electrophoresis 

For breeding purposes and for confirmation of homozygous gene knockout for each genetic 

background (Mertk-/-, Axl-/- or Tyro3-/-), mice were genotyped using genomic PCR with 

follow-up agarose gel electrophoresis.  

Ear clippings were taken from mice and genomic DNA was extracted using a QIAamp Fast 

DNA Tissue kit (Qiagen, Hilden, Germany) according to manufacturer’s instructions. Briefly, 

tissue was homogenised in a digestion mixture containing the provided kit components: 

AVE and VXL buffers, DX reagent and the enzymes proteinase K and RNase A. The mixture 

was incubated on a thermoshaker at 56°C, shaking at 134 x g for 1 hour. A QIAamp mini spin 

column was then used for multiple centrifugation steps to purify the sample DNA, which 

was finally eluted using the elution buffer provided (ATE). DNA concentrations and purity 

were measured using a spectrophotometer measuring the 260/280 optical density (ND-

1000; NanoDrop Technologies, Wilmington, DE, USA).  
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Samples containing approximately 50ng of DNA were used to perform genomic PCR using 

custom gene-specific primers (Integrated DNA Technologies (IDT), Leuven, Belgium; Table 

1) and OneTaq Hot Start DNA polymerase (New England Biolabs (NEB), Hitchin, UK), in a 

reaction mix containing OneTaq Hot Start Standard Reaction Buffer (NEB), dNTPs (Fisher 

Scientific), MgCl2 (25mM) and water up to a volume of 25μL (Table 2). Cycling conditions 

used are shown in Table 3 with annealing temperatures calculated for each primer pair. The 

PCR product was then separated on a 2% agarose gel using gel electrophoresis to determine 

the presence of the mutation. 

Table 1. Custom primer sequences specific to genetic knockout in mice. 

Primer name Primer sequence (5’ → 3’) Annealing 

Temperature (°C) 

Tyro3 common (reverse) CAC ACA CGC AAA ATC AGG TC 

53 Tyro3 wild-type (forward) TCA CTG CAC CCC TAA GGT TC 

Tyro3 mutant (forward) GCC AGA GGC CAC TTG TGT AG 

Axl common (forward) AGA AGG GGT TAG ATG AGG AC 

51 Axl wild-type (reverse) GCC GAG GTA TAG TCT GTC ACA G 

Axl mutant (reverse) TTT GCC AAG TTC TAA TTC CAT C 

Mertk common (reverse) CAT CTG GGT TCC AAA GGC TA 

53 Mertk wild-type (forward) TGC CAT TAT ACC TGG CTT TCA 

Mertk mutant (forward) ATC AGC AGC CTC TGT TCC AC 

 

Table 2. Components of genotyping PCR reaction mix. 

Component Concentration Volume used (μL) 

Reaction buffer 1x 5 

dNTPs 0.26mM 0.5 

Primer 1 0.5µM 0.25 

Primer 2 0.5µM 0.25 

DNA polymerase 1.25units/50μL PCR 0.125 

MgCl2 1mM 1 

DNA 50ng Variable 

H2O N/A Up to 25 
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Table 3. Cycling parameters for genotyping PCR. 

Stage Temperature 

(°C) 

Time 

(seconds) 

Number 

of cycles 

Initial denaturation 94 30 1 

Denaturation 94 20 

30 Annealing 45-60 20 

Extension 68 40 

Final extension 68 600 1 

 

2.3 Primary mouse glial cell cultures 

Primary glial cells were derived according to the method described by Mecha et al. (2011). 

Aseptic technique was applied to all procedures and sterile materials were used throughout 

to maintain sterile experimental conditions. Initially, brains were dissected from neonatal 

(postnatal day (P)1-3) mice into cold 10:10:1 supplemented Dulbecco’s modified eagle 

medium (DMEM; details of media supplements are in Table 4) and the cerebellum and 

meninges were removed. Cells were isolated by mechanical dissociation and centrifuged at 

2000 x g for 10 minutes, producing a pellet containing all cells. This pellet was then re-

suspended in warm 10:10:1 DMEM and cultured at 37ᵒC with 5% CO2 for 10-14 days. For 

purified cell cultures, mixed cells were seeded onto sterile poly-D-lysine coated T75 flasks 

for incubation, with each mouse brain being separated over two flasks. For experiments 

using mixed glial cultures, cells were seeded directly onto poly-D-lysine coated 24-well 

plates after mechanical dissociation. After the 10-14-day incubation period, medium was 

changed to 1:1 DMEM to which treatments were added.  
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Table 4. Media and supplements used for primary cell cultures. These supplements were added to 

DMEM modified with high glucose and GlutaMAX (Fisher Scientific).  

Medium Components 
Concentration 

(%) 
Supplier 

10:10:1 DMEM 

Foetal bovine serum 10 Lonza, Slough, UK 

Horse serum 10 
Gibco Invitrogen, 

Paisley, UK 

Penicillin/streptomycin 1 
Fisher Scientific, 

Loughborough, UK 

5:5:1 DMEM 

Foetal bovine serum 5 Lonza 

Horse serum 5 Gibco Invitrogen 

Penicillin/streptomycin 1 Fisher Scientific 

1:1 DMEM 
Foetal bovine serum 1 Lonza 

Penicillin/streptomycin 1 Fisher Scientific 

 

2.3.1 Microglia 

After the initial incubation period of dispersed mixed brain cells, microglial cells were 

separated by mechanical detachment with the flasks being shaken orbitally at 230rpm at 

37ᵒC for 3 hours (Figure 2-1). The media containing the detached microglia was removed 

from flasks and centrifuged as before to produce a pellet. The pellet was resuspended in 

1mL of warm 10:10:1 DMEM and 20μL was stained with Trypan blue for cell counting of 

live/dead cells using a haemocytometer. Cells were then seeded onto plastic poly-D-lysine 

coated 24-well plates containing 10:10:1 DMEM at a cell density of approximately 300,000 

cells/well. Cells were allowed to adhere for 1-2 days before the media was changed to 1:1 

DMEM into which experimental treatments could then be added.  

 

2.3.2 Astrocytes 

For astrocyte cells, fresh 10:10:1 DMEM was added to the original flasks following removal 

of the microglia and they were orbitally shaken for a further 21 hours to detach OPCs (not 

used), leaving a monolayer of astrocytes attached to the original flasks (Figure 2-1). TrypLE 

Express (TX; Fisher Scientific) was added to the monolayer and incubated at 37ᵒC for 7-10 

minutes until cells had visibly detached into the solution. The TX containing astrocytes were 

added to an equal volume of 5:5:1 DMEM and centrifuged as before. Cells were counted as 

previously described and seeded onto plastic poly-D-lysine coated 24-well plates containing 

5:5:1 DMEM at a cell density of approximately 200,000 cells/well. Cells were allowed to 
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adhere for 1-2 days before the media was changed to 1:1 DMEM into which experimental 

treatments could then be added.  

 

Figure 2-1. Schematic diagram illustrating the stages of enriched glial cell separation from a 

mixed glial culture. Initially, mixed glial cells were orbitally shaken for 3 hours at 37°C to isolate 

microglial cells for experimental use. A further 21 hours of shaking at 37°C led to detachment of OPCs, 

resulting in a monolayer of astrocytes remaining for use.  

 

2.4 Organotypic cerebellar slice culture 

Preparation of mouse cerebellar slices for organotypic cultures was performed according 

to the protocol modified from Swinny et al. (2004). P5-8 mouse pups from wild-type, Axl-/- 

and Mertk-/- backgrounds were decapitated and the cerebellum was dissected under aseptic 

conditions and placed into ice-cold minimum essential media (MEM) supplemented with 

GlutaMAX (Gibco; Figure 2-2A-B), before being cut into 300μm thick sections using a 

McIlwain tissue chopper (Figure 2-2C). Sections were separated and transferred onto 
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humidified 0.4μm pore hydrophilic PTFE cell culture inserts (Merck Millipore, 

Hertfordshire, UK), on a liquid layer of MEM supplemented with GlutaMAX (containing 25% 

horse serum, 25% HBSS and 10mM HEPES; Figure 2-2D). Slice cultures were maintained 

for 7 days in a humidified incubator at 37°C with 5% CO2 and media was refreshed every 2-

3 days. Treatments were added so that experimental termination was on day 7.  

 

Figure 2-2. Representation of organotypic cerebellar slice culture preparation. (A) Whole brain 

is dissected from P5-8 mice and (B) cerebellum is separated from the forebrain and brainstem. Blue 

arrow indicates the cerebellum. (C) Cerebellum is sliced into 300μm thick sections (black arrows) which 

are (D) transferred onto a cell culture insert. Each insert had a total of nine cerebellar slices from 3 

mouse brains. Images are not to scale.  

 

2.5 Gene expression analysis by RT-qPCR 

2.5.1 Total RNA extraction 

After experimental treatments (detailed in Chapters 3-6), media was removed from wells 

and cells were lysed for total RNA extraction and purification using the Monarch Total RNA 

Miniprep Kit (NEB) according to the manufacturer’s instructions. Briefly, cells were 

mechanically disrupted from plates and lysed using lysis buffer. To this, 95% ethanol was 

added to promote binding of RNA to RNA purification column membranes. Contaminants 

were washed away using a series of washing and centrifugation steps. Finally, RNA was 

eluted from the spin columns using nuclease-free water provided. RNA concentration and 
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purity (measuring the 260/280 optical density) were measured using a spectrophotometer 

(ND-1000). Optionally, genomic DNA (gDNA) removal steps were included when primers 

were not specific to mRNA. For this, cell lysates were initially centrifuged through a gDNA 

removal column (provided) to remove most gDNA from the sample. Samples were then 

transferred to the RNA purification columns and ethanol was added as before and samples 

were centrifuged. Samples were washed with buffer to remove residual ethanol before 

DNase I was added for a 15-minute on-column incubation step to enzymatically remove 

residual gDNA. Steps then proceeded in the same way as before until pure total RNA was 

obtained.  

 

2.5.2 Reverse transcription to produce complementary DNA (cDNA) 

Equal amounts of total RNA were reverse transcribed into cDNA (High Capacity cDNA 

Reverse Transcription Kit, Applied Biosystems, Foster City, CA, USA) using the provided 

cycling conditions in a thermal cycler (PTC-100™; MJ Research Inc., Bio-Rad, Hemel 

Hempstead, UK; Table 5). For the reaction mixture, RT buffer was combined with dNTPs, 

random primers and reverse transcriptase along with 200-500ng RNA samples, diluted to 

the appropriate concentration in a 20μL reaction volume using RNase-free water.  

Table 5. Reverse transcription reaction cycles for use with High Capacity cDNA Reverse Transcription 

Kit. 

Cycle name Temperature (ᵒC) Time (minutes) 

Step 1 25 10 

Step 2 37 120 

Step 3 85 5 

 

2.5.3 Quantitative polymerase chain reaction (qPCR) 

The cDNA was used to perform quantitative polymerase chain reaction (qPCR) using gene 

specific exon-exon spanning primer/fluorescent hydrolysis probe sets (IDT; Table 6) 

diluted in Maxima Probe/ROX qPCR Master Mix (containing HotStart Taq DNA polymerase 

and dNTPs in an optimised PCR buffer; Thermo Scientific; Table 7) or FastStart Essential 

DNA Probes Master (containing FastStart Taq DNA polymerase, reaction buffer, dNTP mix 

and MgCl2; Roche Diagnostics, Burgess Hill, UK; Table 8) and molecular biology grade water. 

Each reaction was prepared in technical duplicates in a white 96-well plate (Roche 

Diagnostics), which was placed in a LightCycler 96 (Roche Diagnostics) and run using pre-

defined cycling conditions. Gene expression was normalised to a reference 



Chapter 2 – Methods 
 

Page | 34 
 

(“housekeeping”) gene for each sample, which in all cases of non-array qPCR was Gapdh. 

Relative gene expression was calculated using 2-ΔCt (Eq. 1) and fold change in expression 

was calculated using 2-ΔΔCt (Eq. 2) for different experiments, as previously described 

(Schmittgen & Livak, 2008).  

2−Δ𝐶𝑡 = [𝐶𝑡 gene of interest −  𝐶𝑡 reference gene]      (Eq. 1) 

2−ΔΔ𝐶𝑡(𝑓𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒) = [(𝐶𝑡 gene of interest − 𝐶𝑡 reference gene)𝑠𝑎𝑚𝑝𝑙𝑒 𝐴 −

                                                  (𝐶𝑡 gene of interest − 𝐶𝑡 reference gene)𝑠𝑎𝑚𝑝𝑙𝑒 𝐵] (Eq. 2) 

Table 6. Unique identifiers for IDT primer/probe assays. 

Primer name IDT Assay ID 

Axl Mm.PT.58.11506780 

Cd80 Mm.PT.58.10255942 

Csf2 Mm.PT.58.9186111 

Gas6 Mm.PT.58.7992530 

Gja1 Mm.PT.58.5955325 

Ifng Mm.PT.58.41769240 

Il10 Mm.PT.58.13531087 

Il10ra Mm.PT.58.11980819 

Il1b Mm.PT.58.41616450 

Il6 Mm.PT.58.10005566 

Intb3 Mm.PT.58.11401536 

Mertk Mm.PT.58.13019379 

Mmp9 Mm.PT.58.10100097 

Pros1 Mm.PT.58.8481028 

Tgfb1 Mm.PT.58.11254750 

Tlr5 Mm.PT.58.44022786 

Tnf Mm.PT.58.12575861 

Table 7. qPCR reaction cycles for use with IDT primer/probe arrays with Maxima Probe/ROX qPCR 

master mix. 

Cycle name Temperature (ᵒC) Time (seconds) Number of cycles 

Pre-incubation 95 600 1 

Denaturation 95 10 

45 Annealing and 

extension 
60 60 
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Table 8. qPCR reaction cycles for use with IDT primer/probe arrays with Roche qPCR master mix. 

 

2.5.3.1 RT2 Profiler PCR Array 

The RT2 Profiler PCR Array (Qiagen) was used to explore a wide array of genes commonly 

related to a defined pathway. Total RNA, with contaminating gDNA removed, at a 

concentration of 15ng/μL was converted to cDNA for use with the array. The cDNA was 

diluted in PowerTrack SYBR green master mix (Thermo Fisher) and added to the provided 

96-well qPCR plate containing primers for each of the genes of interest (Appendix 1). 

Reaction cycles used are shown in Table 9. Data analysis was conducted using the online 

Qiagen Gene Globe platform (https://geneglobe.qiagen.com/gb/analyze/) which calculated 

2-ΔCt, fold change and fold regulation (values below 1 were inverted) for each gene based on 

a selection of housekeeping genes included in the array.   

Table 9. Reaction cycles to be used with RT2 Profiler PCR Array 

Cycle name Temperature (ᵒC) Time (seconds) Number of cycles 

Pre-incubation 95 600 1 

Denaturation 95 15 

45 Annealing and 

extension 
60 60 

 

2.6 Protein expression analysis by SDS-PAGE and western blotting 

2.6.1 Protein extraction 

For protein extraction, media was removed from cells and they were washed in ice-cold 

phosphate buffered saline (PBS; Fisher Scientific). Cells were then lysed in ice-cold RIPA 

buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris 

pH 8.0; Fisher Scientific) supplemented with a cocktail of protease (1%) and phosphatase 

(1%) inhibitors (Fisher Scientific), incubating at 4ᵒC for at least 1 hour then using 

mechanical dissociation to fully disrupt cells. Cell lysates were then centrifuged at 16,000 x 

Cycle name Temperature (ᵒC) Time (seconds) Number of cycles 

Pre-incubation 95 600 1 

Denaturation 95 10 

40 Annealing and 

extension 
60 30 

https://geneglobe.qiagen.com/gb/analyze/
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g for 10 minutes at 4°C and supernatants were collected for sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting (see below).  

 

2.6.2 SDS-PAGE 

Proteins in protein lysates were separated using SDS-PAGE. The gel was made of a stacking 

gel followed by a resolving gel (Figure 2-3A) using the reagents listed in Table 10. The 

resolving gel was allowed to set before adding the stacking gel and well template. 

Protein samples were prepared by combining 5μL “Laemmli” loading buffer (containing 2M 

dithiothreitol; DTT) to 20μL of cell culture lysates and boiling at 95ᵒC for 3 minutes. Samples 

(25μL) and protein ladder (8.5μL; proteins 10-250kDa; Fisher Scientific; Figure 2-3B) were 

then added to the gel as indicated and run initially at 100V until the samples had run 

through the stacking gel, followed by 200V until the samples had run through to the bottom 

of the resolving gel. Protein samples were not corrected for the concentration of proteins in 

each sample due to low protein levels; nevertheless, cells were seeded evenly across wells 

in a 24-well plate for each experiment. 

Table 10. Reagents sufficient for two polyacrylamide gels. Protogel (30:8) is a stabilised, ready-to-

use acrylamide/methylene bisacrylamide solution upon which the gel percentage is based. TEMED – 

tetramethylethylenediamine; APS – ammonium persulfate  

Resolving gel (10%) Stacking gel (4%) 
Company 

Reagent Volume Reagent Volume 

Protogel (30:8) 3.3 mL Protogel (30:8) 1.2mL Fisher Scientific 

2.0M Tris (pH 8.8) 2 mL 0.5M Tris (pH 6.0) 1.4mL Fisher Scientific 

60% sucrose 2 mL 60% sucrose 2mL Fisher Scientific 

20% SDS 25 μL 20% SDS 25μL Fisher Scientific 

TEMED 5 μL TEMED 10μL Sigma Aldrich 

ddH2O Up to 10mL ddH2O Up to 10mL In house 

20% APS 30μL 20% APS 30μL Fisher Scientific 
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Figure 2-3. Polyacrylamide gel arrangement and protein ladder. (A) Schematic diagram of 

polyacrylamide gel with blue arrows indicating wells where samples were loaded. (B) 10-250kDa 

protein ladder as it would appear on resolving gel and blot.  

 

2.6.3 Membrane transfer and western blotting 

After gels finished running, proteins were transferred to an activated polyvinylidene 

fluoride (PVDF) membrane (Millipore; activated in 100% methanol for 3 minutes) using 

either semi-dry transfer or wet transfer. For proteins smaller than 100kDa, semi-dry 

transfer was efficient to allow transfer from the polyacrylamide gel to the activated PVDF 

membrane. For this, the gel was placed in contact with the membrane between two layers 

of thick filter paper (Figure 2-4A) within a PierceG2 fast blotter (Thermo Scientific) and all 

components were soaked in specialised fast transfer buffer (Thermo Scientific). The blotter 

was set to run at 1.3A for 7-10 minutes to allow transfer of the sample proteins and protein 

ladder. For proteins larger than 100kDa, wet transfer was required to ensure optimal 

transfer of sample proteins. The polyacrylamide gel was placed in contact with the activated 

PVDF membrane, sandwiched between two sponges and two layers of thick filter paper 

(Figure 2-4B). The ‘sandwich’ was submerged in transfer buffer (25mM Tris base, 200mM 

glycine, 0.04% SDS, 0.005% Tween-20) and a 300-350mA current was applied for 2-3 hours 

at 4ᵒC. Gel-membrane orientation was such that the proteins travelled from the cathode to 

the anode. 

After proteins were transferred to the membrane, the membrane was blocked for 1 hour 

using 3% milk or 3% bovine serum albumin (BSA) made up in TBS-T (Tris-buffered saline 

and Tween-20) for total or phosphorylated protein detection, respectively. After incubation, 

blocking buffer was removed and primary antibodies (Table 11) diluted in blocking buffer 

were added to the membrane and incubated overnight at 4ᵒC on a rocking platform. After 
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overnight incubation, primary antibodies were removed, and membranes were washed (3 

x 5 minutes) using washing buffer (TBS-T). Membranes were then incubated with 

horseradish peroxidase conjugated secondary antibodies (Table 11) diluted in blocking 

buffer for 2 hours at room temperature. Following further washing (3 x 5 minutes), 

membranes were incubated with an enhanced chemiluminescence (ECL) development 

reagent (Luminata Forte; Millipore) for 3 minutes in the dark before visualisation with a 

chemiluminescence CCD camera (ImageQuant LAS 500; GE Healthcare Life Science, Chalfont 

St. Giles, UK). ImageJ software was used for densitometric quantification of western blot 

band intensities (C. A. Schneider, Rasband, & Eliceiri, 2012).  

Table 11. Primary and secondary antibodies used for western blotting. Dilutions are according to 

manufacturer’s recommended concentrations.  

Antibodies Dilution Supplier 

Rabbit anti-Axl 1:500 Proteintech, Manchester, 

UK 

Rabbit anti-Tyro3 1:1000 Cell Signaling Technologies, 

London, UK 

Mouse anti-IκB 1:1000 Cell Signaling Technologies 

Mouse β-actin 1:1000 Cell Signaling Technologies 

Rabbit anti-cyclophilin 1:1000 Abcam, Cambridge, UK 

Mouse anti-p-Tyr (PY99) 1:200 Santa Cruz Biotechnology, 

Dallas, TX, USA 

Anti-rabbit-HRP 1:10,000 Dako, Agilent, Cheadle, UK 

Anti-mouse-HRP 1:5000 Dako 

 

 

Figure 2-4. Component layout for western blot transfer. (A) illustrates semi-dry transfer and (B) 

illustrates wet transfer methods. 
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2.7 Enzyme linked immunosorbent assays (ELISAs)  

After experimental treatments, conditioned media was removed from microglial cell 

cultures seeded in 24-well plates (details in section 2.3.1). Cell conditioned media samples 

were immediately frozen at -80℃ until further use in ELISA experiments, without 

centrifugation for removal of floating cells. ELISA kits were used following manufacturer’s 

instructions to quantify levels of specific proteins in cell-conditioned media. All samples and 

reagents were brought to room temperature before experiments were conducted. 

 

2.7.1 TNF-α ELISA  

Legend Max™ Mouse TNF-α ELISA kit from Biolegend (San Diego, CA, USA) was used to 

quantify the levels of TNF-α released from cells into conditioned media. All steps were 

performed at room temperature and all reagents were provided with the ELISA kit. First, 

96-well plates pre-coated with hamster monoclonal anti-mouse TNF-α capture antibody 

were washed four times using 1X wash buffer before 100µL of 100% cell-conditioned media 

and TNF-α protein standards (diluted in Assay Buffer A) were added (one well for each 

sample). After 2-hour incubation while shaking at 200rpm, samples were removed and 

plates were washed as before. Biotinylated rabbit polyclonal anti-mouse TNF-α detection 

antibody was then added and incubated for a further 1 hour, while shaking. Plates were 

washed again before addition of avidin-HRP B solution for 30 minutes, while shaking. Plates 

were washed once more before substrate solution D was added and incubated for 15 

minutes in the dark. The reaction was stopped by adding stop solution. Absorbance was 

measured at 450nm and 570nm (Multiscan GO; Fisher Scientific) and protein standards 

were used to calculate levels of protein in each experimental sample. For this, standard 

curve was plotted on a log-log graph and the line of best fit provided a linear equation to 

allow conversion of sample absorbance to concentration.  

 

2.7.2 GM-CSF ELISA 

GM-CSF protein in cell-conditioned media was quantified using the Mouse GM-CSF DuoSet 

ELISA kit (R&D Systems, Biotechne, Minneapolis, MN, USA). All steps were performed at 

room temperature. Initially, a Nunc MaxiSorp 96-well plate (Thermo Fisher) was coated 

overnight with rat anti-mouse GM-CSF capture antibody. The plate was washed three times 

using washing buffer (0.05% Tween 20 in PBS) and then blocked with reagent diluent (1% 

BSA in PBS) for at least 1 hour. Cell-conditioned media (diluted 1:1 using reagent diluent) 

and protein standards were then added to the coated wells and incubated for 2 hours 

(100µL of samples were added into triplicate wells). The plate was washed as before, before 
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being incubated with biotinylated goat anti-mouse GM-CSF detection antibody for 2 hours. 

Plates were once again washed and then incubated with streptavidin-HRP reagent for 20 

minutes. Substrate solution (Thermo Scientific™ Pierce™ TMB Substrate Kit) was then 

added for a further 20 minutes and the reaction was stopped using 2M H2SO4. Optical 

density was measured as before.  

 

2.8 Immunostaining and microscopy 

2.8.1 Cellular immunofluorescence staining with confocal microscopy 

For cellular immunofluorescence staining, cells were seeded directly onto poly-D-lysine 

coated glass coverslips when initially preparing cell cultures. After treatments, media was 

removed from coverslips by aspiration and cells were washed twice with PBS and then fixed 

by incubation with 4% paraformaldehyde (PFA; Sigma Aldrich) in PBS for 10 minutes at 

room temperature. Cells were then washed in PBS (3 x 5 minutes) before permeabilisation 

with 0.3% Triton X-100 (Fisher Scientific) at room temperature for 5 minutes. Coverslips 

were washed again (3 x 5 minutes) before a further permeabilisation step using 100% 

methanol at -20°C for 10 minutes. Methanol permeabilisation was used to target proteins 

that were present in the cell membrane. After a final wash (3 x 5 minutes), cells were 

blocked in 5% horse serum in PBS for 1 hour.  

For staining, coverslips were incubated in primary antibodies made in antibody solution 

(1% BSA in 0.3% Triton-PBS) to appropriate dilutions at 4ᵒC overnight. Primary antibodies 

were removed, coverslips were washed (3 x 5 minutes) and secondary antibodies in 

antibody solution were added for 1 hour at room temperature in the dark. Coverslips 

underwent a final wash (3 x 5 minutes) in PBS before rinsing with H2O and being mounted 

onto clear glass microscopy slides using PermaFluor Aqueous Mounting Medium (Thermo 

Fisher). 

All images were taken on a laser scanning confocal microscope (Zeiss LSM 710, Cambridge, 

UK) and image processing was done through ZEN microscopy software (Zeiss) and RBS 

ImageJ. All images were scaled to micrometres before image processing.  

 

2.8.1.1 Microglial morphology quantification from cell cultures 

To quantify the morphology of pure microglial cultures (Chapter 4), cells were stained with 

rabbit anti-Iba1 (1:1000; Wako) and mouse anti-β-actin (1:2500; Cell Signaling 

Technologies) with goat anti-mouse AlexaFluor647 (1:1000; Invitrogen) and donkey anti-

rabbit AlexaFluor488 (1:1000; Life Technologies, Carlsbad, CA, USA) secondary antibodies, 
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using DAPI to stain cell nuclei. Images were taken using a x20 optical lens. All images were 

converted to black and white (B&W) images using ‘‘Image. . . Colour Threshold.’’ Cellular 

characteristics were then measured using ‘‘Analyse… Analyse Particles’’ where numbered 

outlines were created for each cell over 100 µm2 that did not cross the image threshold 

(Figure 2-5A) and parameters were automatically measured. Parameters used were area, 

perimeter, Feret’s diameter, minimum Feret, roundness, and aspect ratio as described in 

Zanier et al. (2015). Area was defined as the area of the selection in µm2 and perimeter was 

the length of the outside border in µm. Feret’s diameter was calculated as the longest 

distance between any two points of the selection and minimum Feret was the shortest 

distance. Roundness was defined using Eq. 3 and aspect ratio was calculated as the major 

axis divided by the minor axis of the best fitting ellipse of the selection.  

𝑅𝑜𝑢𝑛𝑑𝑛𝑒𝑠𝑠 =
4 ×𝐴𝑟𝑒𝑎

𝜋 × 𝑚𝑎𝑗𝑜𝑟 𝑎𝑥𝑖𝑠2       (Eq. 3) 

 

2.8.1.2 p65 nuclear translocation quantification 

For analysis of p65 nuclear translocation, cells were stained with mouse anti-p65 primary 

antibody (1:300; Proteintech) with goat anti-mouse AlexaFluor647 (1:1000; Invitrogen) 

secondary antibody and DAPI counterstaining. Images were taken using an oil submersion 

x63 optical lens. Images were converted to an 8-bit image for both anti-p65 staining and 

DAPI staining. A nuclear mask was obtained for DAPI images and the anti-p65 integrated 

density for this area was measured (Figure 2-5B). The data obtained provided quantitative 

data for anti-p65 staining within the nuclear area of individual cells. Cytosolic staining 

intensity was also calculated by subtracting the nuclear integrated density from the total 

integrated density for each individual cell.  
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Figure 2-5. Image processing for fluorescent image analysis. (A) Processing for microglial 

morphological analysis. Red arrow illustrates staining artefact that was not included in analysis. (B) 

Processing of images for p65 nuclear staining quantification.  

 

2.8.1.3 Mixed glial ratio quantification 

To quantify the ratio of microglia:astrocytes in mixed glial cultures, cells were stained with 

rabbit anti-Iba1 primary antibody (1:1000; Wako Fujifilm, Neuss, Germany) and anti-rabbit 

Cy3 (1:1000) secondary antibody with DAPI counterstaining. ImageJ was used to calculate 

the number of Iba1-positive cells and compare it to the number of nuclei stained with DAPI. 

This resulted in a value representing the percentage of Iba1-positive cells (microglia) out of 

all cells in view, with the assumption that almost all remaining cells were astrocytes, with 

the possibility of a very small number of OPCs.  
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2.8.2 Mouse cerebellar tissue slice immunofluorescence with confocal 

microscopy 

For immunofluorescence staining of mouse cerebellar tissue cultures, all steps were 

performed on the culture inserts until mounting. Initially, media was removed from treated 

tissue slices, which were then fixed by incubation in 4% PFA for 30 minutes at room 

temperature. Slices were then washed for 3 x 5 minutes in PBS before permeabilisation by 

incubation in 0.5% Triton X-100 (diluted in PBS) overnight at 4°C. Following further 

washing (3 x 5 min), slices were then blocked in 20% FBS (diluted in PBS) for 4 hours at 

room temperature. Blocking solution was removed and primary antibodies diluted to the 

appropriate concentrations in 1% BSA (in PBS) were added and slices were again incubated 

overnight at 4°C. After further washing (3 x 5 min), slices were incubated in secondary 

antibodies for 2 hours at room temperature before the slices were cut from the inserts 

(remaining on the membrane) and mounted on glass microscopy slides using Mowiol 

mounting medium (Sigma Aldrich). Primary antibodies used were rabbit anti-Iba1 (1:2000; 

Wako) and chicken anti-GFAP (1:1000; Sigma Aldrich). Secondary antibodies were anti-

rabbit Cy3 conjugated (1:1000; Molecular Probes, Eugene, OR, USA) or anti-chicken 

AlexaFluor488 conjugated (1:1000; Molecular Probes).  

All images were taken on a laser scanning confocal microscope (Zeiss LSM 710, Cambridge, 

UK) and image processing was done through ZEN microscopy software and RBS ImageJ. All 

images were scaled to micrometres before image processing.  

 

2.8.2.1 Astrocyte and microglia reactivity quantification 

To quantify the reactivity of astrocytes or microglia in cerebellar slice cultures, images were 

taken of either GFAP or Iba1 staining, respectively. For each slice, three images were taken 

across the slice area. Images were scaled appropriately and integrated density was 

calculated for each image. Integrated density was normalised to non-treated experimental 

groups for statistical analysis.  

 

2.8.3 Human brain tissue immunohistochemistry with light microscopy 

Formalin-fixed paraffin-embedded sections (6μm) of post-mortem human MS brain tissue 

and controls (8x MS patients, 4x healthy controls) were acquired from the MS and 

Parkinson’s Brain Bank (Imperial College London, UK). Ethical approval was granted by the 

Wales REC 3 research ethics committee (reference number 18/WA/0238). Sections were 

dewaxed by immersing in Tissue-Tek Tissue-Clear for 10 minutes, twice. Sections were then 
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rehydrated by submerging in 100% alcohol for 5 minutes a total of two times, followed by 

one 5-minute submersion in 70% alcohol. After this, endogenous peroxidase was blocked 

by coating the sections in 3% H2O2 in methanol for 10 minutes. Sections were then washed 

in tris-buffered saline (TBS; 3x10 seconds). Appropriate antigen retrieval steps were 

performed based on primary antibodies used (Table 12). Antigen retrieval methods were 

(1) heat-mediated (microwave) with 1mM EDTA buffer, pH 8, for 25 minutes; (2) heat-

mediated with 10mM citrate buffer, pH 6, for 25 minutes; or (3) coated in 0.5% pronase 

(enzymatic) for 20 minutes at room temperature. After antigen retrieval, sections were 

washed as before (3x10 seconds) and blocked for 20 minutes using the appropriate 

blocking agent. Primary antibodies were then incubated either overnight at 4°C, overnight 

at room temperature or for 1.5h at room temperature (Table 12). Sections were washed 

(3x10 seconds) and biotinylated secondary antibodies were added for 30 minutes at room 

temperature. After washing (3x10 seconds), biotinylated secondary antibodies were 

visualised using avidin-biotin-peroxidase system (Vectastain Elite ABC-HRP Kit; Vector 

Labs, Burlingame, CA, USA) which was used to coat sections for 30 minutes. After further 

washing (3x10 seconds), 3,3’-diaminobenzdine was used as a chromogen (DAB substrate 

kit, Peroxidase (HRP); Vector Labs) to visualise the staining as a brown colour. The reaction 

was stopped with TBS after 5-8 minutes depending on the antibodies used (Table 10) and 

washed once in water. Sections were then counterstained with haematoxylin by immersing 

it in haematoxylin solution for 1 minute. After rinsing off the haematoxylin with tap water, 

sections were dehydrated using 70% alcohol for 1 minute, two washes in 100% alcohol for 

1 minute and were then immersed in Tissue-Tek Tissue-Clear for 3 minutes a total of three 

times before mounting with ExPert XTF mounting medium (CellPath, Newtown, UK).  

 

Table 12. Combinations of antigen retrieval, blocking, antibodies and DAB duration for human 

tissue IHC. Blocking media contains DMEM, FBC and BSA. RT – room temperature 

Antigen 
retrieval 

Blocking 
solution 

Primary antibody Secondary antibody DAB 
time 

  Type Dilution / 
incubation 

Supplier Type Dilution Supplier  

Heat-
mediated 
citrate 

Blocking 
media  

Rabbit 
anti-
Iba1 

1:750 / 
Overnight 
4°C 

Wako Goat 
anti-
rabbit 

1:800 Vector 
Labs 

5 min 

Heat-
mediated 
citrate 

5% 
normal 
goat 
serum 

Rabbit 
anti-
GFAP 

1:20000 / 
Overnight 
4°C 

Dako Goat 
anti-
rabbit 

1:800 Vector 
Labs 

5 min 

Heat-
mediated 
EDTA 

5% 
normal 
rabbit 
serum 

Goat 
anti-
Axl 

1:1000 / 
Overnight 
RT 

R&D 
Systems 

Rabbit 
anti-
goat 

1:600 Vector 
Labs 

8 min 
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Pronase 5% 
normal 
rabbit 
serum 

Goat 
anti-
Gas6 

1:500 / 
Overnight 
RT 

R&D 
Systems 

Rabbit 
anti-
goat 

1:600 Vector 
Labs 

5 min 

Heat-
mediated 
EDTA 

5% 
normal 
goat 
serum 

Mouse 
anti-
Mer 

1:100 / 
Overnight 
4°C 

Santa 
Cruz 
Biotech. 

Goat 
anti-
mouse 

1:800 Vector 
Labs 

8 min 

Heat-
mediated 
EDTA 

5% 
normal 
goat 
serum 

Mouse 
anti-
Gla 

1:500 / 
1.5hr RT 

Bio-
Medica 
Diag-
nostics 

Goat 
anti-
mouse 

1:800 Vector 
Labs 

5 min 

 

To visualise neurons and myelin sheaths in the brain sections, Luxol Fast Blue (LFB) with 

Cresyl Violet counterstaining was used. For this, sections were dewaxed and rehydrated as 

before and were then washed in water before being immersed in 95% alcohol for 5 minutes. 

Sections were then transferred to a coplin jar containing LFB solution (0.1g LFB; RA Lamb, 

Fisher Scientific), 100mL methanol and 500μL 10% acetic acid) and incubated at 37°C for 2 

hours. Sections were then washed in 70% alcohol followed by water. Next, 0.05% lithium 

carbonate solution was used to cover the slides for 30 seconds, to distinguish between grey 

and white matter. The reaction was stopped by washing with water. Cresyl Violet (0.5% 

solution in distilled water; Acros Organics, Fisher Scientific) was used as a counterstain to 

visualise neurons and was applied for 7 minutes before removal with water. Finally, a Cresyl 

Violet differentiator (0.25% glacial acetic acid in absolute ethanol) was applied for 

approximately 5 seconds and washed off with water. Once staining was complete, sections 

were dehydrated, rewaxed and mounted as before.  

Regions of interest were selected based on LFB staining showing areas of demyelination 

(MS cases) or normal white matter (control cases). Images were taken using an Olympus 

dotSlide system and regions were extracted using VS-desktop. Image processing was 

conducted using Fiji software version 1.53n (Wayne Rasband and contributors, NIH, USA) 

using a pre-designed macro with manual area selection and thresholding (Appendix 2) to 

obtain the percentage of the area of each image containing DAB staining which was defined 

as protein load.  

 

2.9 Cell-based assays 

2.9.1 Cell viability (MTS) assay 

To measure the viability or proliferation of cells, the reduction of 3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) in the presence 

of phenazine methosulphate (PMS) was measured. This reaction relied on NAD(P)H-
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dependent oxidoreductase enzymes and was therefore reflective of changes to the 

metabolic activity of cells as a result of alterations to cell proliferation or viability.  

To do this, cells were initially seeded onto poly-D-lysine coated 96-well plates (100µL/well) 

and allowed to settle for 24 hours. Appropriate treatments were then added in 1% media 

and cells were incubated at 37°C for a further 20 hours. At the end of treatments, 10μL of 

MTS reagent (containing 0.4μM MTS and 0.3nM PMS) were added to the wells and incubated 

for a further two hours. After incubation with the MTS reagent, absorbance was measured 

at 492nm using a spectrophotometric microplate reader.  

 

2.9.2 Cell migration (scratch wound) assay 

The scratch wound assay was used to measure the migration of cells in the presence of 

different treatments. When using pure cell cultures, cells were initially seeded onto poly-D-

lysine coated 24-well plates and allowed to settle for 48 hours.  

To begin the assay, a straight scratch was made vertically down the centre of each well using 

a 200μL pipette tip. Media was then removed and wells were washed using warm PBS. The 

PBS was replaced by 1% DMEM containing cell treatments. For each treatment, triplicate 

wells were used for technical replication. Phase contrast images were then taken on a Leica 

DMi1 (Leica Microsystems, Milton Kenes, UK) in grayscale using the 5x objective at the start 

(0 hours) and after 24 hours.  

For image analysis, colour was inverted for image clarity and the boundary of the wound 

was manually marked using RBS ImageJ software. The area of the wound was then 

measured at 0 hours and 24 hours and the area difference was used to determine the rate 

of the wound closure.  

 

2.10 Statistical analysis 

Experimental design determined whether parametric or non-parametric tests were used. 

Generally, if experimental samples were collected directly from independent cell cultures, 

the data were considered as non-parametric; otherwise, data were considered parametric. 

Details of statistical analyses are provided with the results. For direct comparisons, paired 

Student’s t-tests (parametric) or Wilcoxon signed-rank tests (non-parametric) were used to 

determine statistical significance of the results. When three or more experimental groups 

were being compared, repeated measures one-way ANOVA (parametric) with Tukey’s post-

hoc analysis or Freidman’s tests (non-parametric) with Dunn’s post-hoc analysis were used 

to determine statistical significance of the data (Figure 2-6).  
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For all data, graphs presented show the mean ± standard error of the mean (SEM) with 

significance set to p<0.05, unless otherwise stated in the figure legend. For experiments 

using cells, the number of experiments (n) was considered as separate cell cultures 

extracted from different animals and mean was generated for each numerical value gained 

per culture treatment. For organotypic cell cultures n was the number of mice used in each 

experiment and mean was calculated using three slices (therefore, three numerical values) 

for each mouse.  

 

Figure 2-6. Flow chart describing the process for choosing the appropriate statistical tests. 

Details of tests used will be detailed appropriately for each data set. ANOVA – analysis of variance.  
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Chapter 3. Investigating the role of the TAM 

receptors in the inflammatory response of glial 

cells 

 

3.1 Introduction 

Within the CNS, microglia and astrocytes have a variety of both dependent and independent 

roles and functions. Microglia are the resident immune cells of the CNS, recognised for their 

ability to elicit an immune response. They can recognise a large variety of PAMPs or DAMPs 

through their diverse expression of PRRs on membrane surfaces (Kigerl, Rivero Vaccari, 

Dietrich, Popovich, & Keane, 2014). Astrocytes are the most numerous glial cell type, 

responsible for providing support to neuronal cells and maintaining homeostasis within the 

CNS environment (Kimelberg & Nedergaard, 2010). In addition, astrocytes are also able to 

respond to injury and infection within the CNS, both by releasing cytokines into the 

environment and by creating borders around the area of damage (Sofroniew, 2015; 

Zamanian et al., 2012). Astrocytes also respond to PAMPs and DAMPs, however, the range 

of PRRs is more limited than for microglial cells. Furthermore, communication between 

astrocytes and microglia must be maintained during inflammation to ensure both cell types 

are able to fully respond in the appropriate manner (Domingues et al., 2016; W. Liu, Tang, 

& Feng, 2011). 

LPS, a cell wall component of Gram-negative bacteria such as E. coli, is an agonist for TLR4 

and is capable of producing a strong intracellular response in both microglia and astrocytes 

(Kielian, 2009; Y. C. Lu et al., 2008). This response produces a plethora of both pro- and anti-

inflammatory cytokines that can, respectively, cause or resolve damage within the CNS 

environment. For example, TNF-α, IL-1β and IL-6 are common pro-inflammatory cytokines 

that are often used as markers of a pro-inflammatory response whereas IL-10 and TGF-β 

are examples of anti-inflammatory cytokines, which are also stimulated in response to LPS 

stimulation (Lively & Schlichter, 2018). Under disease conditions, glial cells lose their 

homeostatic abilities and become chronically inflammatory, allowing a neurotoxic 

environment to develop that causes damage to healthy neuronal tissue (Butovsky & Weiner, 

2018; Voet, Prinz, & van Loo, 2019).   

The TAM RTKs are implicated as major players in the resolution of inflammation in various 

disorders and experimental models (Tondo, Perani, & Comi, 2019). TAM receptors were 

first recognised for their roles in inflammation when Mer knockout mice were found to be 
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more sensitive to inflammation caused by systemic LPS injections (Camenisch et al., 1999). 

Furthermore, knockout of all three TAM receptors in mice causes them to develop an 

autoimmune phenotype (Q. Lu & Lemke, 2001). The Mer and Axl receptors have been 

proven to be the main receptors that are involved in the inflammatory response, whereas 

Tyro3 is more involved in myelination, cell adhesion and signalling in neurons and 

oligodendrocytes (Goudarzi et al., 2016; Shafit-Zagardo et al., 2018; Weinger, Omari, 

Marsden, Raine, & Shafit-Zagardo, 2009; Zagórska et al., 2014). In this chapter, single TAM 

receptor knockout mice have been used to study the roles of the TAMs in regulating the pro-

inflammatory response to LPS in both primary CNS glial cell cultures and in organotypic 

cerebellar slice cultures. Therefore, the aims of this chapter were to: 

1. Establish and validate the experimental conditions for LPS stimulation of the 

inflammatory response in primary microglia and astrocytes. 

2. Identify the effects of inflammation on the expression of the TAM system 

components and the role of each TAM receptor in this response. 

3. Translate the above findings into an organotypic cerebellar slice culture model to 

determine the effects on glial cell reactivity. 

 

3.2 Methods 

In this chapter, mice of wild-type, Mertk-/-, Axl-/- and Tyro3-/- C57BL/6 backgrounds had their 

specific genotypes confirmed using genomic PCR-agarose gel electrophoresis (section 2.2). 

Once confirmed, the mouse lines were subsequently used as sources of primary cultures of 

pure microglial and astrocyte cells (section 2.3) and organotypic slice cultures (section 2.4). 

Cells were stimulated with an array of TLR agonists for varying time periods. MTS assays 

were used to determine cell viability in response to LPS-induced inflammation (section 

2.9.1). For gene expression analysis, total RNA was extracted from cells to measure 

expression of pro-inflammatory cytokine genes Tnf, Il1b and Il6, and TAM receptor genes 

Mertk and Axl using RT-qPCR with Gapdh as a reference gene (section 2.5). A gene array kit 

containing 84 TLR signalling-related genes was used to measure gene expression in LPS-

stimulated microglial cells from all backgrounds (section 2.5.3.1). Immunofluorescence 

staining was used to visualise the cell-specific markers Iba1 (microglia) and GFAP 

(astrocytes) in cerebellar slice cultures (section 2.8.2).  
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3.3 LPS elicits a powerful inflammatory reaction in mouse glial cells 

3.3.1 TLRs 1-9 were stimulated in mouse glial cells to determine breadth of 

the microglial TLR-mediated response 

A mouse TLR1-9 agonist kit was used to stimulate microglia and astrocytes for 8h or 7h, 

respectively. Cells were stimulated with the agonists provided, as well as another 

preparation of LPS (LPS-SA) from a separate source (10ng/mL; Sigma Aldrich; Table 13). It 

was this latter preparation, LPS-SA, that was used for all subsequent LPS experiments. As 

an indicator of the cellular inflammatory signalling response, RT-qPCR was used to measure 

the gene expression of Tnf in response to each of the TLR agonists. In microglia, the agonists 

Pam3CSK4, LPS-EK, FLA-ST, FSL-1 and LPS-SA stimulated a powerful upregulation of Tnf 

gene expression by increasing levels over 25-fold in comparison to control, which was 

endotoxin-free water (Figure 3-1A). In astrocytes, Pam3CSK4, HKLM, LPS-EK, FLA-ST, 

ODN1826 and LPS-SA upregulated Tnf gene expression over 50-fold, an even stronger 

response than that observed in microglia (Figure 3-1B). As the agonist LPS-SA commonly 

caused over a 50-fold increase in Tnf expression in both astrocytes and microglia, it was 

used to induce inflammation for the remainder of this work.  

Table 13. Agonists provided in a mouse TLR1-9 agonist kit. In addition to these, a separate 

preparation of LPS was used that was purchased from Sigma Aldrich (LPS-SA). 

Toll-like 

receptor 

Agonist Working 

Concentration 

Supplier 

TLR1/2 Pam3CSK4 0. 1μg/mL 

InvivoGen, 

Toulouse, France 

TLR2 HKLM 107 cells/mL 

TLR3 Poly(I:C) (high molecular weight) 1μg/mL 

TLR3 Poly(I:C) (low molecular weight) 1μg/mL 

TLR4 LPS-EK 10ng/mL 

TLR5 FLA-ST 0.5μg/mL 

TLR6/2 FSL-1 0.1μg/mL 

TLR7 ssRNA40 1μg/mL 

TLR9 ODN1826 0.4μM 

TLR4 LPS-SA 10ng/mL Sigma Aldrich 
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Figure 3-1. Multiple TLR agonists upregulate Tnf gene expression to varying extents in microglia 

and astrocytes. RT-qPCR was used to measure Tnf gene expression in pure (A) microglial cultures (red 

bars) and (B) astrocyte cultures (blue bars) after 8h or 7h treatment, respectively, with agonists: 

Pam3CSK4 (0.1μg/mL, HKLM (107 cells/mL), Poly(I:C) (high molecular weight; 1μg/mL), Poly(I:C) (low 

molecular weight; 1μg/mL), LPS-EK (10ng/mL), FLA-ST (0.5μg/mL), FSL-1 (0.1μg/mL), ssRNA40 

(1μg/mL), ODN1826 (0.4μM) and LPS-SA (10ng/mL). Gapdh was used as a reference gene. Data shown 

as fold change in gene expression (2-ΔΔCt) compared to treatment with endotoxin-free water. Darker bars 

indicate the treatment selected for use in subsequent experiments. n=1.  

 

3.3.2 LPS concentration response of microglia and astrocytes measured 

through Tnf gene expression 

Following the TLR agonist array screen, pure microglial and astrocyte cultures were treated 

with varying concentrations of LPS, targeting TLR4, for 8h or 7h respectively. RT-qPCR was 

used to measure the gene expression levels of the pro-inflammatory cytokine TNF-α to 

determine the optimal concentration for an LPS-induced inflammatory response. In 

microglia, a range of LPS concentrations from 0.1-10ng/mL was used, whereas a broader 

range of 10-1000ng/mL LPS was used to stimulate astrocytes as these cells were expected 

to be less sensitive than microglia. In microglia, there was a concentration-dependent 

increase in the levels of Tnf gene expression, reaching maximum levels at 10ng/mL LPS 

concentration compared to untreated cells (fold change = 35.69±17.04 (mean ± SEM); 

Figure 3-2A). In astrocytes, 10ng/mL LPS caused an over 400-fold increase in Tnf 

expression, although not reaching significance (fold change = 481.9±90.56, p>0.9999; 

Figure 3-2B). However, 100ng/mL of LPS significantly induced Tnf mRNA levels (fold 

change = 1084.0±291.0, p=0.0266; Figure 3-2B). As 10ng/mL was capable of inducing a 
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powerful response with less variability than the higher concentrations of LPS, 10ng/mL of 

LPS was used to stimulate inflammation in all following experiments.  

 

 

Figure 3-2. LPS upregulates Tnf gene expression in microglia and astrocytes from 10ng/mL 

concentration. RT-qPCR was used to measure the gene expression of Tnf in (A) microglia (red) and (B) 

astrocytes (blue) after 8h and 6h of LPS treatment, respectively. (A) Microglia were treated with a range 

of LPS concentrations from 0.1-10ng/mL. (B) Astrocytes were treated with a range of LPS 

concentrations from 10-1000ng/mL. Gapdh was used as a reference gene to calculate the fold-change 

(2-ΔΔCt) of gene expression compared to untreated cells. Statistical significance was determined using 

Friedman’s test compared to the untreated groups for each cell type. Data presented are the mean±SEM 

with individual data points on display (n=3 independent experiments on separate cultures).   

Furthermore, the effect of LPS on cell viability was measured using MTS assay. Microglia 

and astrocytes were treated with 0.1-1000ng/mL LPS for 20h before MTS/PMS reagent mix 

was added to reveal the levels of metabolic activity in both cell types. In microglia, LPS 

concentrations of 10ng/mL or greater increased MTS dye conversion in cells in a 

concentration-dependent manner, reaching a maximum at 100ng/mL (absorbance: 

10ng/mL = 0.4530±0.0063, 100ng/mL = 0.4771±0.0074 vs NT = 0.3957±0.0070, p=0.0133 

or p=0.0011, respectively; Figure 3-3A). However, astrocyte metabolic activity was not 

significantly altered by LPS at the concentrations tested (Figure 3-3B).  



Chapter 3 – TAM receptors in inflammatory glial cells 
 

Page | 53 
 

 

Figure 3-3 LPS increases microglial viability but has no effect on astrocyte viability. (A) Microglia 

(red) and (B) astrocytes (blue) were treated with 1-1000ng/mL of LPS for 20h before addition of 

MTS/PMS for 1h and absorbance at 450nm was measured. Data displayed are mean values for triplicate 

wells per treatment from n=1 experiment. 

 

3.3.3 The optimal time point to measure the initial pro-inflammatory 

response in microglia was 8 hours of LPS exposure 

After determination of the optimal LPS concentration at which to observe a consistent 

induction of Tnf gene expression, a time course experiment was performed on microglia 

treated with 10ng/mL of LPS over a period of 48h and the expression of Tnf, Il1b and Il6 

genes were measured by RT-qPCR. For Tnf, 8h incubation with LPS significantly 

upregulated mRNA levels, dropping back to near basal levels by 24h (relative gene 

expression: 8h = 2047±474.2 or 24h = 226.1±75.24 vs 0h = 18.92±6.825, p=0.0014 or 

p=0.0858, respectively; Figure 3-4A). Like Tnf, Il1b mRNA expression levels also 

significantly increased by 8h, and the raised levels were maintained over the 48h period 

(relative gene expression: 8h = 1884±342.2 vs 0h = 4.871±1.615, p=0.0423; Figure 3-4B). 

In addition. gene expression of Il6 was also increased by LPS from 8h and remained at 

roughly the same raised levels until 48h (relative gene expression: 8h = 103.8±34.96 or 24h 

= 96.74±31.16 vs 0h = 0.0241±0.005535, p=0.1649 or 0.0423, respectively; Figure 3-4C). As 

there was a substantial increase in mRNA levels of all genes measured after 8 hours, it was 

determined that 8h was the appropriate time point to further probe the pro-inflammatory 

response of microglial cells to LPS stimulation and the involvement of the TAM system.  



Chapter 3 – TAM receptors in inflammatory glial cells 
 

Page | 54 
 

 

Figure 3-4. LPS creates an inflammatory response with a substantial increase in gene expression 

of selected pro-inflammatory cytokines by 8h. RT-qPCR was used to measure the gene expression of 

(A) Tnf , (B) Il1b, and (C) Il6 in microglial cells treated with 10ng/mL LPS over 48h. Gapdh was used as 

a reference gene to calculate the relative gene expression (2-ΔCt) compared to untreated cells (0h). 

Statistical significance was determined using the Friedman test, comparing treated groups to untreated 

cells. Data presented are the mean±SEM with individual data points on display (n=5 independent 

experiments). *, p<0.05 

 

3.4 Confirmation of TAM receptor single knockout mice genotypes by 

PCR 

End-point genomic PCR was used to test if the wild-type or mutant TAM genes were present 

for each genetic background of mouse used. Genomic DNA was extracted from C57BL/6 

mouse ear tissue and underwent PCR using gene-specific primers. While wild-type mouse 

DNA contained the wild-type, Mertk, Axl and Tyro3 gene sequences, each TAM single 
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knockout mouse instead contained a defined mutant gene sequence instead of the 

corresponding targeted wild-type genes (Figure 3-5). Tyro3-/- #1 failed to display a band, 

but this was due to insufficient DNA template in the reaction (Figure 3-5A).  

 

Figure 3-5. Tissue from each TAM single knockout mouse contains the correct mutated TAM 

receptor gene sequence. PCR and agarose gel electrophoresis were used to confirm the genotypes of 

mouse litters from C57BL/6 backgrounds. Tyro3 wild-type expected band size was 190bp and mutant 

was 200bp. Axl wild-type gene size was 368bp and mutant genes were 275bp. Mertk band sizes were 

235bp for wild-type and 250bp for mutant genes. Images displayed are from raw gels with a 50bp DNA 

nucleotide ladder with black arrowheads indicating ladder sizes.  

 

3.5 LPS inflammatory stimulation differentially alters expression of 

TAM receptors Mer and Axl in microglia 

Here, the effect of 8h stimulation by LPS on the expression levels of the TAM receptors Mer 

and Axl were measured in wild-type microglia using RT-qPCR. Notably, LPS had opposite 

effects on expression of each receptor. Mertk levels were significantly downregulated (LPS 

= 3.249±1.034 vs NT = 8.267±2.283, p=0.001; Figure 3-6A), whereas Axl was significantly 

upregulated (relative gene expression: LPS = 17.05±6.993 vs NT = 4.065±1.460, p=0.0117; 

Figure 3-6B).  
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Figure 3-6. LPS causes a suppression of Mertk but an increase in Axl gene expression. Microglia 

were stimulated with 10ng/mL LPS for 8h and RT-qPCR was used to measure the gene expression of (A) 

Mertk and (B) Axl genes, using Gapdh as a housekeeper gene. Data presented shows the relative gene 

expression (2-ΔCt; mean ±SEM with individual data points). Wilcoxon signed-rank tests were used to 

determine statistical significance of the data. Data show n=9-11 independent experiments. ***, p<0.001; 

*, p<0.05 

 

3.6 LPS no longer affects Mer expression in Axl-/- microglia 

To explore the relationships between the TAMs in terms of gene regulation, the LPS effect 

on gene expression of either Axl or Mertk was measured using RT-qPCR in microglia lacking 

the other TAM receptor, i.e. Mertk-/- or Axl-/-, respectively. As in wild-type cells, Mertk-/- 

microglia displayed a significant upregulation of Axl gene expression by LPS after 8h 

(relative gene expression: LPS = 96.40±19.31 vs NT = 48.10±11.76, p=0.0156; Figure 3-7A). 

In contrast to wild-type cells, Axl-/- microglia did not respond to LPS stimulation with any 

change in Mertk gene expression (relative gene expression: LPS = 44.88±12.14 vs NT = 

38.04±10.73, p=0.625; Figure 3-7B). Therefore, these experiments showed that Axl is 

involved in regulation of Mer expression at gene level. 
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Figure 3-7. LPS upregulates Axl expression in Mertk-/- microglial cells. RT-qPCR was used to 

determine the relative gene expression (2-ΔCt) of (A) Axl in Mertk-/- microglia or (B) Mertk in Axl-/- 

microglia in response to 8h stimulation with LPS (10ng/mL). Gapdh was used as a reference gene. Data 

shown are individual data points with mean±SEM for n=5-7 independent experiments. Statistical 

significance was determined using Wilcoxon signed-rank tests. *p<0.05 

 

3.7 Axl-/- microglia show reduced baseline TNF-α expression, but wild-

type and TAM knockout cells respond equally to LPS 

To discover the role of Mer and Axl receptors in intrinsic TNF-α expression in primary 

microglia, RT-qPCR was used to measure Tnf gene expression in non-stimulated microglia 

of wild-type, Mertk-/- and Axl-/- backgrounds. Under basal conditions, Axl-/- microglia 

displayed significantly lower Tnf gene expression when compared to wild-type microglia 

(relative gene expression: Axl-/- = 21.77±16.48 vs WT = 62.75±22.94, p=0.0477), whereas 

Mertk-/- cells displayed no such difference (relative gene expression: Mertk-/- = 47.42±17.73 

vs WT = 62.75±22.94, p=0.3144; Figure 3-8A). It was shown earlier that LPS stimulation 

causes a profound upregulation of Tnf gene expression in wild-type microglia. Here, the 

responsiveness of Mertk-/- and Axl-/- microglia in terms of degree of Tnf upregulation were 

analysed in comparison to wild-type levels, following 8h LPS treatment (Figure 3-8B). It was 

found that LPS caused similar degrees of significant upregulation of Tnf gene expression in 

wild-type and both knockout groups (relative gene expression: Axl-/- = 231.5±109.3 or 

Mertk-/- = 426.4±139.4 vs WT = 181.9±43.03, p=0.9612 or p=0.2512, respectively; Figure 3-

7B). Therefore, Axl or Mer deficiency does not affect the responsiveness of microglia to LPS 

stimulation on terms of Tnf upregulation. 
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Figure 3-8. Reduced baseline expression of Tnf in Axl-deficient microglia but equally profound 

levels of inflammatory gene induction by LPS in all genotype variants. RT-qPCR was used to 

determine the relative gene expression (2−∆Ct) of Tnf in wild-type (WT), Mertk−/− or Axl−/− microglia when 

(A) unstimulated or (B) stimulated with LPS (10ng/mL) for 8h. Gapdh was used as a reference gene. 

Data shown are mean±SEM with individual data points displayed for n=6-11 independent experimental 

repeats. Statistical significance was determined using Mann-Whitney test comparing Mertk−/− or Axl−/− 

microglia against WT cells; *p<0.05 

 

3.8 In astrocytes, single TAM receptor deficiency has no effect on either 

basal or LPS-induced Tnf mRNA expression 

The involvement of Mer and Axl receptors in the astrocyte TNF-α response was also 

investigated. Primary astrocytes treated with LPS for 7h were tested for Tnf gene expression 

using RT-qPCR. It was found that baseline levels of Tnf mRNA were not altered with receptor 

knockout (relative gene expression: Axl-/- = 1.273±0.7856 or Mertk-/- = 1.505±1.016 vs WT 

= 8.598±4.848, p=0.9143 or p=0.6857, respectively; Figure 3-9A). LPS stimulation caused 

upregulation of Tnf expression in wild-type and both knockout cells with no significant 

differences observed (relative gene expression: Axl-/- = 106.4±34.72 or Mertk-/- = 

191.5±69.97 vs WT = 298.8±155.6, p=0.6095 or p=0.8857, respectively; Figure 3-9B).  
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Figure 3-9. Astrocyte Tnf gene expression is not altered by TAM receptor expression status. RT-

qPCR was used to determine the relative gene expression (2−∆Ct) of Tnf in wild-type (WT), Mertk−/− or 

Axl−/− astrocytes when (A) unstimulated or (B) stimulated with LPS (10 ng/ml) for 7h. Gapdh was used 

as a reference gene. Data shown are mean±SEM with individual data points displayed for n=4-6 

independent experimental repeats. Statistical significance was determined using Mann-Whitney test 

comparing Mertk−/− or Axl−/− astrocytes against WT cells.  

 

3.9 The effects of single TAM receptor deficiency on microglial 

expression of an array of genes relevant to inflammation 

As the TAM receptors are well known modulators of the inflammatory response, a TLR 

signalling gene array was used to identify any genes that were differentially altered by 

inflammatory LPS stimulation of cells in which a single TAM receptor was lacking. Microglial 

cultures from wild-type, Mertk-/-, Axl-/- and Tyro3-/- mice were treated with LPS for 8 hours. 

As verification of the cells’ responsiveness, all experimental samples were first observed to 

successfully show Tnf gene upregulation by LPS treatment using RT-qPCR (Figure 3-10), as 

has already been shown to be the expected response in Figure 3-5.  
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Figure 3-10 Both wild-type and TAM single knockout microglia respond robustly to 

inflammatory stimulation with LPS. RT-qPCR was used to measure Tnf expression in wild-type (WT), 

Tyro3-/-, Axl-/- and Mertk-/- microglia. Data displayed shows the fold change values upon treatment with 

LPS (10ng/mL) compared to non-treated controls for each group for n=1 experiment. 

The LPS-treated microglia from each TAM knockout group were used in a single exploratory 

experiment to identify genes from the array that showed a different profile of LPS response 

to wild-type cells. The gene array showed that, in the presence of LPS, Tlr5 expression was 

greater in microglia of all three knockout groups compared to wild-type cells (Figure 3-11). 

Conversely, Il10 expression was lower in all knockout microglia compared to wild-type 

cells. In both genes’ cases, the degree of difference was greatest in Mertk-/- microglia out of 

the three TAMs. Another particularly notable difference among the TAM knockouts was that 

Tyro3-/- and Axl-/- cells displayed increased expression of the Ifng gene, whereas Mertk-/- cells 

displayed decreased gene expression. Another gene of note was Elk1, which was almost 6-

fold greater in expression exclusively in Tyro3-/- cells compared to all other groups. Other 

genes that were downregulated more than 3-fold, in one or more TAM knockout group, 

were Il2, Muc13, Csf2, Csf3, Ppara and Ube2v1.  
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Figure 3-11. Multiple genes from the TLR signalling cascade are altered by single TAM receptor 

knockout. An RT2 Profiler TLR signalling gene array was used to measure gene expression of 84 

different genes in wild-type, Tyro3-/- (purple), Axl-/- (pink) and Mertk-/- (green) microglia, all treated 

with 10ng/mL LPS for 8h. Data are displayed as fold regulation compared to wild-type microglia and is 

from one exploratory experiment. Each part (A-J) groups data together for genes according to their key 

associated functions.  
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3.10 Axl is vital for GFAP and Iba1 reactivity in inflammatory cerebellar 

slice cultures 

To discover if LPS could elicit an inflammatory phenotype in a tissue model of the CNS, 

organotypic cerebellar slice cultures from wild-type, Axl-/- and Mertk-/- mice were treated or 

not with LPS (10ng/mL) for 18h. Astrocyte reactivity was determined through 

immunofluorescence staining with GFAP (Figure 3-12), and microglial reactivity with Iba1 

(Figure 3-13). Wild-type tissue slices showed a strong increase in GFAP staining intensity 

when compared to non-treated slices (percentage intensity: LPS = 281.0±17.46% vs NT = 

100.0±11.47%, p<0.0001; Figure 3-12A). Conversely, in Axl receptor knockout slices, LPS-

induced GFAP reactivity was reduced significantly to below non-stimulated levels 

(percentage intensity: LPS = 15.38±3.199% vs NT = 100.0±11.90%, p<0.0001; Figure 3-

12B). Furthermore, knockout of the Mer receptor resulted in a complete loss of an LPS-

induced GFAP response, but with higher variability between slices than non-treated 

controls (percentage intensity: LPS = 86.44±12.38% vs NT = 100.0±3.129%, p=0.2836; 

Figure 3-12C).  
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Figure 3-12. Axl knockout reverses, and Mer knockout prevents, LPS-induced GFAP upregulation 

in cerebellar slice cultures. Organotypic cultures from (A) wild-type (WT), (B) Axl-/- and (C) Mertk-/-

were treated with LPS (10ng/mL) for 18h before fixation in 4% PFA and subsequent 

immunofluorescence staining with chicken anti-GFAP primary antibody with anti-chicken 

AlexaFluor488-conjugated secondary antibody. Images were taken under fluorescence confocal 

microscopy, and fluorescence intensity for each image was quantified using ImageJ. Scale bar = 100µm. 

Data shown are mean±SEM of percentage integrated density normalised to non-treated controls for 

n=6 separate animals (3 slices per animal). Statistical significance was determined using Student’s t-

tests. ****, p<0.0001 

When investigating microglial reactivity through Iba1 staining, in wild-type tissue slices, 

18h LPS incubation caused a significant increase in Iba1 staining intensity (percentage 
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intensity: LPS = 150.0±22.14% vs NT = 100.0±7.727%, p=0.0401; Figure 3-13A). An even 

more pronounced staining increase was observed in tissue from Mertk-/- mice (percentage 

intensity: 415.7±70.87% vs NT = 100.0±13.12%, p<0.0001; Figure 3-13C). Interestingly, in 

brain slices lacking the Axl receptor, an increase in Iba1 staining after LPS treatment was no 

longer evident (percentage intensity: LPS = 87.90±11.15% vs NT = 100.0±8.219%, 

p=0.3847).  

Morphological analysis of microglial cells was not possible due to the overlapping nature of 

the cells in the slice cultures. However, high magnification images were taken to more 

closely examine the morphology (Figure 3-13A inserts). From the images displayed, as well 

as showing more intense Iba1 fluorescence, microglia from LPS treated slice cultures 

display a more amoeboid morphology with larger cell bodies and shorter processes than 

non-treated cells. 
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Figure 3-13. LPS-induced Iba1 reactivity is suppressed by knockout of the Axl receptor. 

Organotypic cultures from (A) wild-type (WT), (B) Axl-/- and (C) Mertk-/-were treated with LPS 

(10ng/mL) for 18h before fixation in 4% PFA and subsequent immunofluorescence staining with rabbit 

anti-Iba1 primary antibody with anti-rabbit Cy3-conjugated secondary antibody. Scale bar = 100µm for 

large images. Scale bar = 50µm for inserts shown in (A) to show morphological differences of microglia. 

Data shown are mean±SEM of percentage integrated density normalised to non-treated controls for 

n=6 separate animals (3 slices per animal). Statistical significance was determined using Student’s t-

tests. ****, p<0.0001 
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3.11 Discussion  

The main aim of this chapter was to determine the role of each TAM receptor in the mouse 

brain microglial and astrocyte inflammatory response. First, the response of each glial cell 

type to LPS-induced inflammation was characterised through gene expression analysis, 

identifying 8 hours to be a key time point for measurements and analyses. The Axl receptor 

was identified as an important TAM receptor required for the microglial inflammatory 

response, with this receptor also showing an important role in the regulation of Mer. The 

Mer receptor appeared to be important for limiting the pro-inflammatory response in 

microglia. Finally, we have translated what was found in the cell culture model into an 

organotypic cerebellar slice culture and have further identified a role for Axl and Mer in 

astrocyte and microglial reactivity in this model. Together, this work shows a clear role for 

Axl in regulating the inflammatory glial cell response.  

 

3.11.1 LPS causes potent induction of inflammation in microglia and 

astrocytes 

Inflammatory cells of the CNS, particularly microglia, have a wide range of PRRs on their 

surface. This range allows them to respond to many different stimuli to induce an 

inflammatory response. One of the major groups of PRRs is the TLR family, and TLRs 1-9 

are expressed on various CNS glial cells (Bsibsi et al., 2002; El-Hage et al., 2011; Jack et al., 

2005). Here, a variety of TLR agonists were used to induce an inflammatory response in 

both microglial and astrocyte cells. In both cases, LPS was a very strong inducer of 

inflammation, showing a substantial increase in Tnf gene expression in both cell types, with 

further pro-inflammatory genes also shown to be induced in microglia. LPS is often used to 

induce inflammation in glial cells to understand the processes of neuroinflammation and 

degeneration (Fiebich et al., 2018; Y. Peng et al., 2021; Shabab, Khanabdali, Moghadamtousi, 

Kadir, & Mohan, 2017) By activating TLR4, LPS has a unique ability among TLR agonists to 

stimulate both MyD88-dependent and -independent signalling events, therefore, having a 

wider range of actions within cells (Y. C. Lu et al., 2008). Here, we have used LPS extracted 

from E. coli to successfully induce a pro-inflammatory cytokine response in microglial cells, 

similar to studies conducted by others (Lively & Schlichter, 2018; Pulido-Salgado, Vidal-

Taboada, Barriga, Solà, & Saura, 2018; Sivagnanam, Zhu, & Schlichter, 2010). Interestingly, 

stimulation of various TLRs can cause a different response in cells. For example, microglia 

have unique responses not only to different individual TLR stimulation, but also to the 

stimulation of multiple TLRs in concert (He, Taylor, Yao, & Bhattacharya, 2021; Rosenberger 

et al., 2014). Therefore, although TLR4 stimulation was used for this project, it does not 

result in a “general” response in glial cells. Furthermore, in neuroinflammatory disorders, 
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such as MS, multiple TLRs have been implicated in its pathology (Gooshe, Abdolghaffari, 

Gambuzza, & Rezaei, 2014). For example, TLR2 and TLR4, along with their endogenous 

ligand HMGB1, have been shown to have increased levels in MS lesions (Andersson et al., 

2008) suggesting they play a role in stimulating inflammation within the lesion area. 

Conversely, TLR3 stimulation has been shown to have ameliorative effects in the MS animal 

model EAE, which is independent of MyD88 signalling (Touil, Fitzgerald, Zhang, Rostami, & 

Gran, 2006). Moreover, TLR5 is upregulated in the brains of patients with Alzheimer’s 

disease (Herrera-Rivero, Santarelli, Brosseron, Kummer, & Heneka, 2019). Therefore, 

further elucidating the various roles of TLRs, through both MyD88-dependent and 

independent signalling routes, may reveal important insights into neuroinflammation and 

the development of multiple pathologies. 

TNF-α is a prominent biomarker of inflammation whose signalling mechanisms and 

physiological responses have been well characterised (Muhammad, 2019; Zelová & Hošek, 

2013). TNF-α is able to stimulate extrinsic apoptotic cell death via Fas-associated death 

domain (FADD) and inflammation via NF-κB signalling (Muhammad, 2019). TNF-α can also 

stimulate JAK-STAT signalling, leading to the synthesis of further cytokines (Muhammad, 

2019). For these reasons, TNF-α was selected as the cytokine of interest for these 

experiments. In agreement with previous reports, profound upregulation of TNF-α, along 

with other pro-inflammatory cytokines, was observed in microglia and astrocytes in 

response to LPS treatment (Lively & Schlichter, 2018; Pulido-Salgado et al., 2018; Wong et 

al., 2016). The time course of LPS-induced Tnf gene expression changes was used to 

determine 8 hours as the time where the most consistently raised gene expression levels 

were observed. Moreover, it has been reported that LPS stimulates proliferation of 

microglial cells in vivo and in vitro (Furube, Kawai, Inagaki, Takagi, & Miyata, 2018; He et al., 

2021) The ability of pro-inflammatory stimuli to induce cellular proliferation is important 

for a sufficient cellular turnover and a strong inflammatory response (Gómez-Nicola, 

Fransen, Suzzi, & Hugh Perry, 2013). These studies are in agreement with the observations 

here of an LPS-induced increase in microglial metabolic activity, indicating increased 

microglial cell number or survival. 

Together, these results show a clear and dynamic response of both microglia and astrocytes 

to LPS-induced inflammation. This lays a strong foundation for further investigations into 

the role of TAM receptors under these conditions.  
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3.11.2 TAM receptors are modulated by LPS-induced inflammatory 

conditions 

The role of the TAM receptors in multiple physiological systems, including the immune 

system, has been well established. Initial evidence from a Mertk-/- mouse model showed 

increased susceptibility to LPS-induced systemic inflammation (Camenisch et al., 1999). 

Further evidence confirmed this link when triple TAM receptor knockout mice displayed 

clear autoimmune characteristics (Q. Lu & Lemke, 2001). The effects of TAM receptors on 

the inflammatory response are often identified through alterations in cytokine expression 

or changes to intracellular signalling pathways (Ji et al., 2013; Rothlin et al., 2007; Zheng, 

Hedl, & Abraham, 2015). Here, it was observed that knockout of the TAM receptors in 

microglia did not remove their capability of mounting a profound pro-inflammatory 

response to LPS, with similar degrees of upregulation of TNF-α. However, similar work in 

macrophages demonstrated that Axl-/- macrophages were hyper-responsive to LPS, with Tnf 

gene expression being induced in knockout cells to a greater degree than in wild-type levels 

(Rothlin et al., 2007). Of note, these investigations were conducted at a later time point than 

this work which may have implications for the levels of gene induction observed. 

Furthermore, Axl deficiency has been shown to exacerbate neuroinflammatory damage in 

the animal model EAE (DuBois, Ray, Davies, & Shafit-Zagardo, 2020; Weinger et al., 2011), 

further demonstrating the role for Axl in neuroinflammatory regulation. Induction of Axl 

signalling during an inflammatory response can have an immunosuppressive role through 

heterodimerisation with IFNAR, which subsequently drives SOCS1 and SOCS3 signalling 

(Rothlin et al., 2007). SOCS1/3 can then suppress inflammatory signalling occurring via the 

JAK/STAT pathway, therefore, having an overall immunosuppressive role. Further studies 

are required to validate the direct role of Axl in mediating microglial basal and inflammatory 

responses and to determine any time-dependent effects on Axl-mediated inflammatory 

hypersensitivity. Conversely, no effect was observed in astrocyte Tnf gene expression levels 

when either the Axl or Mer receptor was knocked out. As Mer expression is primarily on 

microglia/macrophages (Y. Zhang et al., 2014), and microglia are the primary responders 

to inflammation, it was not surprising that the effects observed were more prominent in 

microglia. As little research has investigated the direct functions of TAM receptors on 

astrocytes, this is an appealing target for future work. By utilising knockout models of the 

receptors, singly or in combination, along with investigating TAM-dependent cell-cell 

interactions, the full impact of these receptors on the glial cell inflammatory response can 

be further elucidated. 

Furthermore, these studies have proven that TAM receptors themselves are also sensitive 

to an insult with LPS. Axl expression was increased with LPS treatment, whereas there was 
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a decrease in Mer receptor expression. This agrees with a previous in vitro study on CNS 

myeloid cells which displayed an increase in Axl expression upon inflammatory stimulation. 

In contrast, Mer expression was enhanced only upon anti-inflammatory stimulation (e.g. 

TGF-β; Healy et al., 2016). This is further supported by the same expression changes 

occurring in macrophages (Zagórska et al., 2014). These distinct responses suggest that Axl 

is the major responder to inflammatory stimulation, whereas Mer is mainly involved in 

homeostatic functions. Furthermore, we have expanded this understanding of Axl and Mer 

inflammatory regulation by demonstrating that the LPS-induced decrease in Mer 

expression is an Axl-mediated response, as Axl-deficient cells do not display LPS-induced 

Mer downregulation. The loss of LPS-induced Mer downregulation suggests a basal 

upregulation of the receptor as a potential means to compensate for the loss of Axl. The 

dependence observed is complemented by other studies that show associated actions of Axl 

and Mer in various contexts. Axl and Mer have been shown to work together for optimal 

clearance of apoptotic cell bodies by microglia (Fourgeaud et al., 2016). Additionally, 

phagocytosis by bone marrow-derived macrophages is dependent on both Mer and Axl 

kinase activity (Zagórska et al., 2014). More recent evidence supports the independent roles 

of Axl and Mer during liver disease, with Mer driving phagocytosis and Axl having protective 

functions during intoxication, while they also work together to suppress the inflammatory 

response (Zagórska et al., 2020). However, a direct regulatory association between the 

genes in terms of transcriptional co-regulation or promoter control has not before been 

reported. 

Taken together, the Axl receptor has been highlighted as a potential target for LPS-mediated 

pro-inflammatory changes, with a potential role in mediating immunosuppression. 

Furthermore, it has also been shown that Axl is directly involved with LPS-mediated Mer 

expression, which likely influences Mer-mediated cellular functions. 

 

3.11.3 Effects of single TAM receptor knockout on glial cell reactivity in a 

tissue culture model 

Although informative, cell cultures are far removed from true tissue and organ physiology. 

Therefore, an organotypic slice culture model of the cerebellum was used in order to 

preserve the three dimensional in situ network of all CNS cell types. Previously, distinct 

differences have been reported between primary microglia and microglia in a slice culture 

model, displaying the latter model’s usefulness for studying neuroinflammation (Delbridge 

et al., 2020). Moreover, detailed insights into neurodegenerative disorders have been 

derived using this model, further supporting its use for these investigations (Croft, Futch, 
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Moore, & Golde, 2019). The effects observed can be considered to relate more closely to in 

vivo models. Using this model, the effects of LPS on glial cell reactivity were determined 

using immunofluorescence analysis to examine Iba1 and GFAP staining in microglia and 

astrocytes, respectively. Subsequently, the model was utilised to study the effects of LPS on 

tissues lacking either the Axl or Mer receptor.  

GFAP staining intensity increased when slices were treated with LPS. This increase is a well-

accepted response of astrocyte reactivity (Sofroniew, 2009), which validates the slice 

culture model in our hands. In addition, this agrees with the findings shown here in pure 

astrocyte cultures, where pro-inflammatory TNF-α signalling was also increased. 

Interestingly, knockout of either Axl or Mer caused profound changes in the LPS-induced 

GFAP reactivity. When slices were deficient in Axl (and hence associated signalling), there 

was a complete reversal in LPS-induced changes in GFAP levels, with reactivity significantly 

falling. However, when using Mertk-/- tissue, LPS had no significant effect on GFAP reactivity. 

These results were distinct from those in primary cell cultures where knockout of the 

receptors in cells had no effect on astrocyte Tnf gene expression levels and thereby the 

inflammatory response. However, Axl has been shown to have an important role in cell 

survival and proliferation (Axelrod & Pienta, 2014), with Axl proving to be key for axonal 

survival following cuprizone toxicity (Hoehn et al., 2008) and also for the proliferation and 

growth of gliomas (Vajkoczy et al., 2006). Perhaps, deficiency of Axl signalling in the brain 

slices resulted in decreased levels of astrocyte survival, rather than it being a loss of GFAP 

staining intensity. Furthermore, interactions between multiple cell types in the slice culture 

model has the potential to exacerbate inflammatory signalling, as has previously been 

reported (Kirkley, Popichak, Afzali, Legare, & Tjalkens, 2017; Norden, Trojanowski, Walker, 

& Godbout, 2016; Steelman & Li, 2014). This may account for the Mer-mediated effect, as 

Mer is highly expressed on microglia and has been shown to be needed for cells maintaining 

an anti-inflammatory phenotype (H. Wu et al., 2021). Mer may also be present on astrocytes, 

although its role has yet to be determined. Therefore, further research is required to 

determine the exact roles of the Axl receptor in the astrocyte inflammatory response, and 

how intercellular communication may be involved. It would be insightful to learn whether 

Axl and Mer expression responds to LPS-induced inflammation in a whole tissue model in 

the same way as was shown for primary cell cultures.  

Iba1 reactivity was also investigated as a method to study changes in microglial activation. 

Iba1 is commonly used as a marker of microglia activation as it is essential for 

transformation of the microglial cytoskeleton to enable them to perform their pro-

inflammatory functions such as cell migration and phagocytosis (Ohsawa, Imai, Sasaki, & 

Kohsaka, 2004). LPS stimulated an increase in Iba1 staining intensity, although this was not 
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as strong as the changes seen in GFAP. However, absence of the Axl receptor prevented this 

effect, which is the opposite of the expected result when considering in vivo models of 

neurodegeneration show a role for Axl in limiting the inflammatory response and reducing 

tissue damage (DuBois et al., 2020; Ray et al., 2017; Weinger et al., 2011). However, there 

are also studies which show the Axl receptor is important for stimulation of the pro-

inflammatory response (DeBerge et al., 2021; Zagórska et al., 2014). Furthermore, it is 

possible that, like in astrocytes, knockout of the Axl receptor is having a detrimental effect 

on cell viability. Together, these discrepancies illustrate the complexities of the TAM 

receptor response and the dependence on specific inflammatory triggers for the effects 

observed. With regards to Mer-deficient tissue, the increase in Iba1 reactivity was even 

more pronounced than in wild-type tissue. This is suggestive of a hypersensitivity to LPS in 

the Mertk-/- tissue which would be expected based on in vivo and in vitro studies where Mer 

deficiency resulted in an exacerbated inflammatory response (Choi et al., 2015; H. Wu et al., 

2021). It would be interesting, in future, to generate specific cell-targeted genetic models to 

fully comprehend the importance of each TAM receptor/glial cell interaction in the scale of 

whole tissue neuroinflammation. 

Together, these data suggest an important role for both Axl and Mer in the pro-

inflammatory activation of microglia and astrocytes, with Axl having a potential role in cell 

survival in both glial cell types, and Mer having a clear anti-inflammatory role in microglia. 

In future, it will be important to explore these changes further to pinpoint how each 

receptor is able to produce the observed effects.  

 

3.11.4 Limitations and future directions 

The main route of inflammatory stimulation in this work is through incubation with LPS. 

Although this has allowed a broad exploration into various cytokines and TAM receptor 

effects, the consideration must be made that different stimuli can provide a different 

signalling response in these cells (Lively & Schlichter, 2018). Therefore, various 

inflammatory stimuli must be examined in future to clarify general pro-inflammatory 

events versus LPS-specific events. Furthermore, due to time constraints of the project, the 

work conducted using organotypic slice cultures is very preliminary, although the effects 

observed are clear. This opens a path for investigation in the future, allowing TAM signalling 

to be studied in a model that integrates microglia and astrocytes in an inflammatory model 

of the CNS.  
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3.12 Conclusion 

To conclude, the TAM family of RTKs are an important regulatory component of the pro-

inflammatory response, with multiple genes being altered by their disruption in microglial 

cells. A direct dependence of the Axl receptor on Mer signalling was also presented for the 

first time. Furthermore, both microglia and astrocytes were shown to be responsive to a 

pro-inflammatory environment in a tissue model of the CNS, with cellular reactivity 

markers being increased for both cell types. There is also clear evidence which points to 

Mer and Axl being involved in the levels of glial cell reactivity observed, with Axl illustrating 

a potential role for glial cell survival during inflammatory conditions and Mer being 

involved in suppressing the inflammatory response. The work in this chapter has laid a 

strong foundation to further investigate the role of the TAM receptors and their ligands in 

the glial pro-inflammatory response. 
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Chapter 4. Gas6 inhibits Toll-like receptor-

mediated inflammatory pathways in mouse 

microglia and astrocytes 

 

4.1 Introduction 

In response to changes in the CNS environment, both microglia and astrocytes can display 

profound changes to their phenotypes, which includes changes to their expression profiles 

and their cellular morphology. Microglia, in their resting state, are responsible for surveying 

the CNS environment in search of damage, with many fine extending processes continuously 

making contact with other components of the CNS (Salter & Stevens, 2017). When exposed 

to inflammatory cues, microglia react by acquiring an amoeboid morphology, reflecting a 

macrophage-like structure (Arcuri, Mecca, Bianchi, Giambanco, & Donato, 2017; Michell-

Robinson et al., 2015; Tam & Ma, 2014) with an associated increase in Iba1 protein levels 

(Sasaki et al., 2001). Astrocytes are also highly dynamic cells that change in response to 

inflammatory stimuli. Reactive astrocytes become hypertrophic and proliferative, 

increasing levels of GFAP in their cytoskeleton and forming an astrocytic scar around areas 

of damage (Sofroniew, 2009).  

The TAM RTKs are known to play an important role in the control of the inflammatory 

response, not only throughout the body but also within the CNS (C. Lee & Chun, 2019; Lemke 

& Rothlin, 2008; Shafit-Zagardo et al., 2018). The two main ligands for activation of the TAM 

receptors are Gas6 and ProS1, which share a similar molecular structure (Hafizi & Dahlbäck, 

2006a). Both receptors act as a bridge between PtdSer within membranes and TAM 

receptors to stimulate TAM signalling (M. Huang et al., 2003; Lew et al., 2014; Tsou et al., 

2014). Gas6 can bind to all three TAM receptors, whereas ProS1 only binds to Tyro3 and 

Mer receptors. ProS1, unlike Gas6, also has an alternative function where it is an important 

regulator of the blood coagulation cascade (Lumbroso et al., 2018; van der Meer, van der 

Poll, & van ’t Veer, 2014). Gas6 has been shown to be a key ligand for regulation of the 

inflammatory response in disorders such as MS (Alciato, Sainaghi, Sola, Castello, & Avanzi, 

2010; Bellan, Pirisi, & Sainaghi, 2016; Binder et al., 2008). Whereas, in the CNS, ProS1 has 

been more often associated with cell survival and phagocytosis (Tondo et al., 2019).  

There is much about the role of the TAM system in the glial cell inflammatory response that 

is yet to be uncovered. The ability to follow the course of TAM signalling from receptor 
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activation to cellular functional outcome is important in order to understand all aspects of 

their involvement. Therefore, the aims of this chapter were to: 

1. Explore the ability of TAM ligands Gas6 and ProS1 to interfere with the 

inflammatory response induced by LPS in microglial cells. 

2. Determine the specific involvement of the TAM receptors Mer and Axl in mediating 

the TAM ligand effect on LPS-induced upregulation of the pro-inflammatory 

cytokine TNF-α. 

3. Investigate how Gas6-mediated effects on the inflammatory response are reflected 

in microglial morphology and glial cell reactivity. 

 

4.2  Methods 

In this chapter, mice of wild-type, Mertk-/- and Axl-/- C57BL/6 backgrounds were used as a 

source of primary cultures of pure microglial and astrocyte cells (section 2.3) and for 

organotypic slice cultures (section 2.4). Cells were either unstimulated, stimulated with 

10ng/mL of LPS for 8 hours, or primed with TAM ligands Gas6 (1.6μg/mL; produced in 

house following the procedure previously described in Stenhoff, Dahlbäck, & Hafizi, 2004) 

or ProS1 (500ng/mL; both recombinant human (hProS1) and recombinant mouse 

(mProS1) were used for different experiments; R&D Systems) for 1 hour before LPS 

stimulation, with the ligand remaining throughout the rest of the experimental period. Also, 

two small molecule kinase inhibitors, UNC2881 and BGB324 were used to inhibit Mer and 

Axl kinases, respectively. For gene expression analysis, total RNA was extracted from cells 

to measure expression of mouse genes Tnf, Mertk, Axl, Gas6 and Pros1 using RT-qPCR with 

Gapdh as a reference gene (section 2.5). An ELISA kit was used to measure TNF-α protein 

levels in cell-conditioned media (section 2.7.1). MTS assays were used to measure cellular 

metabolic activity to determine cell viability (section 2.9.1). Immunofluorescence staining 

was used to visualise microglial morphology by staining cells with the microglial marker 

Iba1 and the cytoskeletal protein β-actin, with DAPI used as a nuclear stain (section 2.8.1). 

The program RBS ImageJ was used for all image processing. Immunofluorescence staining 

was also used to measure astrocyte (GFAP) and microglial (Iba1) reactivity in organotypic 

slice cultures (section 2.8.2).  
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4.3 Effect of TAM ligand stimulation on basal TAM receptor expression 

in microglia 

To understand the function of Gas6 and ProS1 under basal, non-inflammatory conditions, 

microglial cells were stimulated with either TAM ligand for 8h to determine their effects on 

the expression of Mer or Axl receptors in microglia. Neither ligand altered the levels of Mertk 

mRNA (relative gene expression: Gas6 = 3.841±1.026 vs NT = 7.873±3.045, p=0.25; ProS1 

= 5.656±2.972 vs NT = 8.386±2.703, p=0.4375; Figure 4-1A) or Axl mRNA (relative gene 

expression: Gas6 = 3.478±1.447 vs NT = 4.176±1.651, p=0.5469; ProS1 = 6.236±1.268 vs 

NT = 7.003±1.652, p=0.625; Figure 4-1B) in microglia.  

 

Figure 4-1. Effects of TAM ligands Gas6 and ProS1 on the basal expression of Axl or Mer in 

primary microglial cells. RT-qPCR was used to determine the relative gene expression (2-ΔCt) of (A) 

Mertk or (B) Axl receptors in primary microglia (approximately 300,000 cells per 24-well plate) 

following 8h treatment with either Gas6 (1.6μg/mL) or ProS1 (500ng/mL). Relative gene expression 

was calculated using Gapdh as a reference gene. Results are displayed as mean±SEM and individual data 

points (n=5-9 separate cultures). Statistical significance was determined using Wilcoxon signed-rank 

tests for each ligand compared to non-treated (NT) samples (n=8 for Gas6 vs NT comparison, n=5 for 

ProS1 vs NT (Mertk) or n=8 (Axl) comparison).  

 

4.4 Measuring TAM signalling activation in microglia and astrocytes 

through phosphorylated protein analysis 

To determine the kinetics of stimulation of the TAM receptors by ProS1 and Gas6 ligands, 

western blotting was used to measure changes in phosphorylated tyrosine residues 

(pTyrosine) in protein extracts from microglia and astrocyte cultures treated for up to 15 

minutes. Overall, astrocyte protein analysis displayed many strong phosphorylated tyrosine 
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bands, with the strongest being approximately 40kDa in size. In contrast, microglia band 

intensity was much lower with the most intense band being approximately 80kDa, with no 

bands visible smaller than this. For identification of changes to TAM receptor activation, 

protein bands at approximately 96kDa for Tyro3 (astrocytes only), 140kDa for Axl and 

110kDa for Mer (microglia only) were expected. However, it was not possible to target each 

of these bands for independent analysis. Treatment with Gas6 and ProS1 for up to 15 

minutes had no effect on overall protein phosphorylation levels in either cell type. As the 

data acquired was highly variable with no clear effect, it was not continued beyond n=2. 
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Figure 4-2. Effects of TAM receptor ligand treatments on phosphorylated tyrosine levels in 

cellular proteins. Western blotting was used to measure levels of pTyrosine in cells incubated with 

Gas6 or ProS1 for 0-15 min. Representative blots are displayed for (A) astrocytes and (B) microglia with 

β-actin and cyclophilin used, respectively, for loading controls. Densitometric analysis was performed 

on blots for (C) astrocytes and (D) microglia using either β-actin or cyclophilin to normalise for non-

treated (NT) being 100%. n=2 experiments in separate cultures.  
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4.5 LPS stimulation downregulates expression of both Gas6 and ProS1 

in microglia 

Next, the impact of inflammatory conditions on TAM ligand gene expression levels were 

measured by RT-qPCR after 8h treatment with LPS. Microglia displayed nearly complete 

loss of Gas6 mRNA upon LPS treatment (relative gene expression: LPS = 8.516±1.428 vs NT 

= 77.68±18.02, p=0.0039; Figure 4-3A), whereas Pros1 expression was reduced to 

approximately a third of non-treated levels (relative gene expression: LPS = 2.703±0.9683 

vs NT = 8.318±2.997, p=0.0039; Figure 4-3B).  

 

Figure 4-3. Expression of Gas6 and Pros1 genes are downregulated in microglia by LPS 

stimulation. RT-qPCR was used to determine the relative gene expression (2-ΔCt) of (A) Gas6 and (B) 

Pros1 in wild-type microglial cells incubated with LPS for 8h. Gapdh was used as a reference gene. Data 

shown are the mean±SEM for n=9 independent experiments on separate cultures, with individual values 

displayed. Statistical significance was determined using Wilcoxon signed-rank tests. ** p<0.01. 

 

4.6 Gas6 inhibits LPS-induced Tnf upregulation in both wild-type and 

TAM knockout microglia 

In the following experiments, Gas6 was used as the most appropriate TAM ligand for 

activation of both the Mer and Axl receptors. Under conditions of LPS stimulation, the 

presence of Gas6 throughout the 8h incubation period, and the 1h preceding it, attenuated 

the upregulation of Tnf gene expression in both WT and single TAM receptor knockout 

microglia (Figure 4-4A). Although these experiments did not reach significance level, they 

did approach significance in the Mertk-/- and Axl-/- cells. Moreover, most samples in 

treatment pairs showed a substantial downregulation of gene expression, indicating that 
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higher experimental repetitions would reach significance (fold change: wild-type: LPS = 

71.81±16.45 vs Gas6+LPS = 55.29±29.59, p=0.4375; Mertk-/-: LPS = 87.63±9.82 vs Gas6+LPS 

= 39.44±3.98, p=0.0625; Axl-/-: LPS = 186.45±58.13 vs Gas6+LPS = 92.88±21.70, p=0.0625).  

Furthermore, LPS also strongly induced the upregulation of TNF-α at the protein level as 

measured by ELISA analysis of TNF-α released from cells into the medium (concentration: 

wild-type: LPS = 10943±462.9pg/mL vs NT = 11.22±2.293pg/mL, p=0.04; Mertk-/-: LPS = 

7291±837.1pg/mL vs NT = 20.68±15.35pg/mL, p=0.014; Axl-/-: LPS = 4465±1105pg/mL vs 

NT = 11.27±10.16pg/mL, p=0.014; Figure 4-4B). However, the Gas6 inhibitory effects 

observed by qPCR were not significantly replicated at the protein level.  

 

Figure 4-4. Gas6 inhibits Tnf gene induction by LPS in wild-type and single TAM receptor 

knockout microglia. (A) RT-qPCR was used to determine the fold change (2-ΔΔCt) in Tnf gene expression 

in wild-type, Mertk-/- or Axl-/- microglia following 8h of LPS stimulation with or without 1h pre-

treatment with Gas6 (1.6μg/mL); fold change in expression for each experimental repeat (n=5 

individual cell cultures) using non-treated samples as baseline is displayed. (B) ELISA measurement of 

TNF-α protein in culture media under the same experimental conditions as in panel (A), with mean±SEM 

and individual data points displayed (n=4 individual cell cultures). Statistical significance was 

determined using (A) Wilcoxon signed-rank tests or (B) Friedman’s tests. *, p<0.05. 

The interference of Gas6 in the signalling pathways regulating Tnf expression was not 

unique to TLR4 activation. Microglial cells were treated with a selection of TLR agonists 
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after pre-incubation with Gas6 for 1h. TLR agonists were selected based on a high response 

by cells, as seen in section 3.3.1. The TLR agonists used were Pam3CSK4 (0.1μg/mL), HKLM 

(107cells/mL; astrocytes only), LPS-EK (10ng/mL), FLA-ST (0.5μg/mL), FSL-1 (0.1μg/mL; 

microglia only), ODN1826 (0.4μM; astrocytes only). The LPS used for all other experiments 

(LPS-SA) was also compared against the LPS provided with the other agonists. RT-qPCR was 

used to measure the level of Tnf gene expression in cells in response to each agonist with 

the addition of Gas6. During stimulation by all TLR agonists tested, Gas6 was able to 

suppress Tnf mRNA levels by approximately 25-60% in microglia and up to 30% in 

astrocytes (Figure 4-5). 

 

Figure 4-5. Gas6 suppresses Tnf gene upregulation induced by multiple agonists of different 

TLRs in both wild-type microglia and astrocyte cultures. RT-qPCR was used to determine the fold 

change in Tnf gene expression in (A) microglia and (B) astrocytes with Gas6 pre-treatment for 1h before 

TLR agonists were added for a further 8h. Fold change (2-ΔΔCt) was calculated against non-treated cells. 

TLR agonists: Pam3CSK4 (0.1μg/mL; TLR1/2 agonist); HKLM (107 cells/mL; TLR2 agonist); LPS-EK 

(10ng/mL; TLR4 agonist); FLA-ST (0.5μg/mL; TLR5 agonist); FSL-1 (0.1μg/mL; TLR6/2 agonist); 

ODN1826 (0.4μM; TLR9 agonist); LPS-SA (10ng/mL; TLR4 agonist). Graphs display data for one 

representative experiment. 

 

4.7 ProS1 does not alter LPS-stimulated upregulation of Tnf gene 

expression in microglia 

Recombinant ProS1 was also tested for comparison against Gas6 in terms of its ability to 

regulate LPS-stimulated Tnf gene expression in microglial cells. RT-qPCR showed that, 

unlike Gas6, ProS1 had no influence on the raised levels of LPS-induced Tnf expression 

(Figure 4-6). Both human and mouse ProS1 proteins were used as they were both expected 
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to be ligands for the mouse Mer receptor (Hafizi & Dahlbäck, 2006a). Pre-incubation with 

ProS1 for 1h and co-incubation with LPS for a further 8h hours resulted in no effect on the 

robust LPS induction of Tnf expression in wild-type, Mertk-/- or Axl-/- microglial cells (fold 

change: wild-type: LPS = 71.81±16.45 vs ProS1+LPS = 86.04±49.87, p=0.7136; Mertk-/-: LPS 

= 87.63±9.818 vs ProS1+LPS = 84.02±12.96, p=0.6994; Axl-/-: LPS = 186.5±58.13 vs 

ProS1+LPS = 166.3±47.29, p=0.3082).   

 

Figure 4-6. ProS1 did not alter pro-inflammatory LPS-induced Tnf expression in wild-type or 

single TAM receptor knockout microglia. RT-qPCR was used to determine the fold change (2-ΔΔCt) in 

Tnf gene expression in (A) wild-type, (B) Mertk-/- or (C) Axl-/- microglia following 8h of LPS stimulation 

with or without 1h pre-treatment with ProS1; fold change in expression for each experimental repeat is 

displayed for n=5 separate cultures. Statistical significance was determined using Wilcoxon signed-rank 

tests. 

 

4.8 In astrocytes, TAM ligands did not alter the upregulation of Tnf 

gene expression by LPS 

As astrocytes are also important cells during a neuroinflammatory response, the effect of 

TAM ligands on LPS-induced Tnf gene expression was also investigated in these cells. Using 

RT-qPCR, gene expression of Tnf was measured for both wild-type and single knockout 

astrocyte cells in response to 7h of LPS, with or without Gas6 or ProS1 pre-treatment for 

the hour preceding it and remaining throughout. As shown in the previous chapter (Figure 

3-9), LPS caused a strong inflammatory response in wild-type, Mertk-/- and Axl-/- astrocytes 

as determined by fold-change in Tnf expression (fold change: wild-type: LPS = 311.3±135.9, 

p=0.037 vs control; Mertk-/-: LPS = 239.7±122.9, p=0.037 vs control; Axl-/-: LPS = 

195.7±59.35, p=0.0036 vs control; Figure 4-7). However, neither Gas6 nor ProS1 treatment 

could suppress this inflammatory reaction in wild-type or single TAM-knockout astrocytes.  
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Figure 4-7. LPS-stimulated astrocytes do not respond to TAM ligands Gas6 or ProS1 by 

suppressing gene expression of Tnf. RT-qPCR was used to determine the fold change in gene 

expression (2-ΔΔCt), normalised to untreated cells, of Tnf in (A) wild-type, (B) Mertk-/- or (C) Axl-/- 

astrocytes following 7h LPS stimulation with or without 1h pre-treatment with Gas6 (1.6μg/mL) or 

recombinant ProS1 (500ng/mL). Mean±SEM and individual data points (n=4 separate cultures) is 

displayed. Statistical significance was determined using Friedman’s test. #, p<0.05; ##, p<0.01 vs 

untreated control.  

 

4.9 A Gas6/ProS1 chimeric protein does not affect LPS induction of Tnf 

expression in microglia as is shown by wild-type Gas6 

A set of chimeric protein constructs have previously been created where certain domains of 

the ProS1 molecule were replaced by the corresponding domains of Gas6 (Evenäs, Garcia 

De Frutos, Nicolaes, & Dahlbäck, 2000). Here, one of these chimeric proteins, with a Gas6 

SHBG-like binding domain and ProS1 EGF-like and Gla domains (Figure 4-8A) was used to 

determine if the Gas6 receptor-binding region was sufficient to suppress LPS-induced gene 

expression changes. Microglia were incubated with either wild-type Gas6 or the chimera 

(7.5nM) for 1h, before addition of LPS and co-incubation for a further 8h. Results show that 

the Gas6/ProS1 chimera was not able to inhibit LPS-induced Tnf expression as the wild-

type Gas6 protein could (fold change: chimera+LPS = 1.207±0.1677 vs Gas6+LPS = 

0.6630±0.02518, p=0.0133; Figure 4-8B), and as shown earlier (Figure 4-4).  
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Figure 4-8. A Gas6/ProS1 chimeric protein is not able to mimic the Gas6 effect on Tnf expression 

induced by LPS in microglia. RT-qPCR was used to measure the gene expression of Tnf in microglial 

cells after 8h LPS with either Gas6 (1.6µg/mL) or a Gas6/ProS1 chimera (7.5nM). Gene expression is 

fold change (2-ΔΔCt) compared to LPS with Gapdh as a reference gene. Data displayed are mean±SEM 

with individual data points. Statistical analysis was conducted using Friedman test. *, p<0.05 

 

4.10 Pharmacological targeting of Mer kinase for inhibition in Axl 

knockout microglia, and vice versa  

To test if there is an additional effect from having two out of three TAM receptors inactive, 

selective pharmacological inhibition of either the Mer or Axl receptors was performed using 

the small molecule inhibitors UNC2881 or BGB324, respectively, in microglia from single 

TAM knock-out mice. This would be expected to mimic a “double knockout” state where one 

receptor was genetically non-functional while the other was pharmacologically non-

functional.  

Experiments were first conducted to determine whether either inhibitor/knockout 

combination influenced cell viability through MTS assays that measured the metabolic rate 

of microglia in response to varying concentrations of each inhibitor incubated over a 24h 

period. For the Mer inhibitor, UNC2881, concentrations were used based on previous 

reports (Cockram, Puigdellívol, & Brown, 2019; W. Zhang et al., 2013), ranging from 0-

2000nM. At all concentrations tested, there was no change to the metabolic rate of Axl-/- 

microglia when both the Mer and Axl receptors were non-functional (Figure 4-9A). The Axl 
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inhibitor, BGB324, was tested at the concentration range of 0-5μM, with 5μM treatments 

proving to be detrimental to cell health (Figure 4-9B). Off-target effects were also tested for 

each inhibitor. For this, microglia from Axl-/- or Mertk-/- were treated with the inhibitor that 

targets the protein missing in that knockout line, and the same effect was seen as with the 

“double knockouts” (Figure 4-9C-D). From these results, the concentrations chosen for 

further experiments were 200nM UNC2881 and 1μM BGB324 as the compounds did not 

drastically impair cell viability at these concentrations.  

 

Figure 4-9. The effects of selective small molecule inhibitors of Mer (UNC2881) and Axl (BGB324) 

on microglial cell number/viability. MTS assays were used to measure the metabolic rate of 

microglial cells in response to increasing concentrations of UNC2881 (0-2000nM) and BGB324 (0-5μM). 

(A) and (B) display absorbance for Axl-/- and Mertk-/- microglia, respectively, in response to 

pharmacological inhibition of a second TAM receptor. (C) and (D) display absorbance for Mertk-/- and 

Axl-/- cells in response to targeting for inhibition of the same receptor that was genetically knocked out 

(i.e. off-target effects). Data displayed shows trends for two experimental repeats conducted in technical 

triplicate. 

To determine if the “double knockout” effect targeting both Mer and Axl receptors could 

alter the Gas6-mediated suppression of Tnf gene expression, Axl-/- microglia were incubated 

with UNC2881 for 30 minutes prior to addition of Gas6, allowing sufficient time for receptor 
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inhibition. As before, Gas6 was added for 1h before 8h LPS treatment, with all treatments 

remaining throughout. Interestingly, addition of UNC2881 had no effect on the fold change 

of Gas6-mediated suppression of Tnf mRNA (Figure 4-10). A higher concentration of 

UNC2881 (2µM) was also tested to determine if there was concentration dependence, 

however, there was still no discernible effect (n=1; data not shown). In addition, BGB324 

was used on Mertk-/- microglia to determine if the opposite knockout/inhibitor combination 

had a different effect. Again, no effect was seen on the suppression of Tnf (n=1; data not 

shown). Therefore, it appears that the Gas6 effects could not be inhibited using this dual 

genetic/pharmacological approach. 

 

Figure 4-10. "Double knockout" of Mer and Axl receptors using UNC2881 does not alter the Gas6 

suppression of Tnf gene expression in microglia. RT-qPCR was used to measure levels of Tnf gene 

expression in Axl-/- microglia with or without addition of UNC2881 (200nM) 30 minutes before addition 

of Gas6, which was added 1h preceding 8h treatment with LPS. All treatments remained throughout. 

Gene expression is fold change (2-ΔΔCt) normalised to non-treated cells with Gapdh as a reference gene. 

Statistical significance was determined using Friedman’s test. n=3 experiments from separate cultures.  

 

4.11 Gas6 modulates LPS-induced morphological changes in microglia 

In this section, the effects of LPS on microglial morphology, and the influence of Gas6 on 

this, were investigated. Wild-type microglia were primed with Gas6 for 1h before co-

incubation with LPS, with both treatments remaining for 19h. A longer time point was 

employed to allow for the molecular effects to better translate to phenotypic changes, in this 

case, cellular morphology. Cells were stained with the microglial marker Iba1 to confirm 

culture purity, β-actin to visualise the cytoskeleton and hence morphology of the cells, and 

DAPI to visualise cell nuclei (Figure 4-11A). Morphological characteristics were then 
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measured for individual cells (Figure 4-12). LPS stimulation of microglia significantly 

altered multiple measurable morphological parameters. All characteristics were 

upregulated except for aspect ratio, which showed a significant downregulation (Area fold 

change: LPS = 2.021±0.0429 vs NT = 1.0±0.0224, p<0.0001; Perimeter fold change: LPS = 

1.504±0.0289 vs NT = 1.0±0.0194, p<0.0001; Feret’s diameter fold change: LPS = 

1.106±0.0169 vs NT = 1.0±0.0190, p=0.0005; Minimum Feret fold change: LPS = 

1.555±0.01792 vs NT = 1.0±0.0160, p<0.0001; Roundness fold change: 1.440±0.0211 vs NT 

= 1.0±0.0228, p<0.0001; Aspect ratio fold change: LPS = 0.6033±0.0117 vs NT = 1.0±0.0312, 

p<0.0001; Figure 4-11B). Furthermore, Gas6 co-incubation had an inhibitory or 

preventative effect on some morphological features, with area, perimeter and roundness 

being altered toward the non-stimulated phenotype (Area fold change: Gas6+LPS = 1.868± 

0.0612 vs LPS, p=0.366; Perimeter fold change: Gas6+LPS = 1.386±0.0402 vs LPS, p=0.015; 

Roundness fold change: Gas6+LPS = 1.332±0.0236 vs LPS, p=0.0024).   
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Figure 4-11. Gas6 counteracts LPS-induced changes in microglial morphology. (A) Representative 

images of primary microglial cultures treated with LPS for 19h with or without 1h pre-treatment with 

Gas6 which remained throughout. Cells were stained with DAPI, Iba1, and β-actin and imaged under 

fluorescence confocal microscopy. Scale bar = 100 µm. (B) Quantification of morphological 

characteristics (area, Feret’s diameter, roundness, perimeter, minimum Feret, and aspect ratio) for n=4 

individual experimental repeats (n>300 cells per treatment group, multinucleated cells removed from 

analysis). Data were normalised to the non-treated group and is displayed as fold change on violin plots 

showing median and upper/lower quartiles. Statistical tests used were one-way ANOVA. *, p<0.05; **, 

p<0.01; ***, p<0.001; ****, p<0.0001. 



Chapter 4 – Gas6 inhibition of inflammatory pathways 
 

Page | 88 
 

 

Figure 4-12. Image processing for morphological characterisation. Images taken from cells 

stained with Iba1, β-actin and DAPI were converted to black and white (B&W) using colour threshold. 

The cells were then analysed individually to determine morphological characteristics – area, perimeter, 

Feret’s diameter, minimum Feret’s, roundness and aspect ratio. Red arrow indicates an artefact that 

was removed from analysis.  

 

4.12 Gas6 inhibits LPS-induced increase in GFAP reactivity in mouse 

cerebellar slice cultures 

Note: These experiments are expanded from those shown in Chapter 3 (section 3.10), rather 

than a separate experimental set, to reduce the number of animals sacrificed for the 

purposes of method validation. 

As previously described in Chapter 3, LPS caused marked increases in GFAP and Iba1 

immunoreactivity in organotypic cerebellar slice cultures from wild-type mice. Here, 

analysis is included of an additional experimental group where slices were co-incubated 

with Gas6 added 1h prior to LPS. For Iba1 staining, although a significant increase was 

displayed when only two groups were included in the analysis, correction for multiple 

comparisons resulted in no significant effects being observed. However, Gas6 co-incubated 

slices more closely resembled values seen in non-treated slices (percentage intensity: NT = 

100.0±7.727, LPS = 150.0±22.14, Gas6+LPS = 101.8±14.17; NT vs LPS p= 0.0745, LPS vs 

Gas6+LPS p=0.0887, NT vs Gas6+LPS p=0.9964; Figure 4-13B). For GFAP staining, Gas6 co-

incubation resulted in a clear downregulation of staining intensity in comparison to LPS-

only stimulated slices (percentage intensity: Gas6+LPS = 226.8±12.88 vs LPS = 281.0±17.46, 

p=0.0256; Figure 4-13C). Quantitative analysis was not possible for glial morphology due to 

much overlapping between cells; however, it was possible to capture representative images 

of microglial morphology for each group (Figure 4-13D). From these, it can be observed that 

while non-stimulated cells had a ramified morphology with fine processes extending from 

cell bodies, LPS-stimulated slices showed larger cell bodies and fewer processes, as 

discussed in Chapter 3. Here, we also see that Gas6+LPS co-incubated slices appear to fall 
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between the other two groups, with fine extended processes visible in some cells but not 

others.  

 

Figure 4-13. Gas6 suppresses the LPS-induced increase in GFAP and Iba1 reactivity in 

organotypic slice cultures. Cerebellar brain slices were incubated with LPS for 18h with or without 1h 

pre-treatment with Gas6, which remained throughout. (A) Representative images of slices stained with 

Iba1 (microglia) or GFAP (astrocytes). Scale bar = 100μm. Percentage staining intensity of (B) Iba1 or 

(C) GFAP is displayed for n=6 mice (3 slices per mouse) with mean±SEM visible. Statistical analysis was 
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determined using one-way ANOVA. (D) Representative high magnification images of Iba1 stained cells. 

Scale bar = 50μm. *, p<0.05; ****, p<0.0001 

 

4.13 Discussion 

The main aim of this chapter was to examine the ability of TAM receptor ligands to modulate 

the pro-inflammatory response in microglia and astrocytes. First, it was shown that both 

Gas6 and ProS1 were downregulated in their expression by LPS stimulation. Of the two 

ligands added exogenously to cells in culture, only Gas6 was able to inhibit Tnf gene 

induction following pro-inflammatory stimulation of multiple TLRs in microglia. 

Furthermore, the TAM ligands did not alter LPS-induced Tnf mRNA levels in astrocytes. 

When using small molecule inhibitors of the Mer or Axl receptors to model a “double 

knockout” of both TAMs, the Gas6 LPS-counteracting effect was not affected. Furthermore, 

the use of a chimeric protein was not able to replicate the effects of wild-type Gas6. Finally, 

the Gas6 effects observed at the molecular level translated into morphological changes at 

the cellular level in primary cell cultures as well as a suppression of glial cell reactivity 

following an LPS insult in a cerebellar slice culture model.  

 

4.13.1 TAM ligand involvement in inflammatory resolution 

Gas6 is the only TAM ligand capable of binding to all three of the TAM family members 

(Hafizi & Dahlbäck, 2006a; van der Meer et al., 2014), whereas ProS1 is able to activate 

Tyro3 and Mer only (Tsou et al., 2014). As Gas6 has previously been reported to have a 

negative regulatory role in inflammatory signalling in various immune cell types, including 

mouse macrophages (Deng, Zhang, Chen, Yan, & Han, 2012), microglial cell lines (Grommes 

et al., 2008; Li et al., 2019) and primary rat microglia (Binder et al., 2008), we wanted to 

analyse this ability in primary mouse microglia to further elucidate the biological function 

of the ligand. It was shown that the expression of both TAM ligands was sensitive to LPS-

induced inflammation, with their mRNA levels being reduced, especially for Gas6. These 

findings are supported by previous studies in macrophages that showed downregulation of 

Gas6 under inflammatory conditions (Deng et al., 2012; Feng et al., 2011). In mouse 

macrophages, which generally express ProS1 at higher levels, ProS1 mRNA expression has 

also been shown to decrease in response to LPS (Deng et al., 2012). Ensuring ProS1 

expression remains higher than Gas6 is vital, as ProS1 has an additional TAM-independent 

role as a key negative regulator of the blood coagulation cascade (Lumbroso et al., 2018; 

van der Meer et al., 2014). Therefore, if inflammation caused near-complete loss of ProS1, 
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as it appears to do with Gas6, this may result in uncontrolled increased vascular thrombosis 

as well as dysfunction of the pro-inflammatory response.  

Experiments with TAM ligand treatments involved adding the ligands to cultures 1 hour 

prior to addition of LPS, allowing for TAM receptor stimulation before inflammation was 

induced. Exogenous recombinant Gas6 was able to suppress LPS-induced Tnf mRNA levels; 

however, this was not seen at protein level. As TNF-α protein release occurs at the end of a 

multi-level pathway, post-transcriptional mechanisms such as protein modification or 

stability could mask the effect visible at the gene level (Vogel & Marcotte, 2012). 

Furthermore, it is possible that 8 hours is not the appropriate time to observe accumulation 

of TNF-α in media. Therefore, ensuring that full TNF-α induction by microglia is captured 

may require sample analysis at longer time periods. Multiple other studies have reported 

data that agree with these findings, including showing that Gas6 has a suppressive effect on 

TNF-α induction (Binder et al., 2008; Deng et al., 2012; Grommes et al., 2008; Li et al., 2019). 

We add to these finding by showing that Gas6 also plays an important role in Tnf mRNA 

suppression in response to LPS in primary mouse microglial cells.  

There are fewer investigations into the role of ProS1 in inflammation. Here, in contrast to 

Gas6, addition of recombinant ProS1 to cells had no effect on Tnf gene expression levels 

under inflammatory conditions. However, evidence has shown that ProS1 can cause 

augmentation of LPS-induced increases in TNF-α release from monocytes (Barth et al., 

2018). Conversely, ProS1 has also been reported to reduce immune infiltration following 

brain injury (Xiaowei Wang et al., 2020). Furthermore, as was previously mentioned, ProS1 

does not bind to the Axl receptor. This means that during an inflammatory microglial 

response, Mer is the only available receptor for ProS1 binding and, as shown in Chapter 3, 

levels of Mer receptor expression are significantly reduced during LPS-induced 

inflammation. Therefore, it is possible that ProS1-TAM signalling does not occur at high 

levels in microglia during inflammation, providing a possible explanation for why we do not 

see any effects of exogenous ProS1 treatment on microglia.  

In addition, no TAM ligand-mediated effects were observed in pure astrocyte cultures. A 

previous study by Liddelow et al. (2017) has illustrated an involvement of the TAM system 

when astrocytes were stimulated with microglial conditioned media. Furthermore, the 

interactions between astrocyte and microglia are highly complex and only beginning to be 

elucidated (Matejuk & Ransohoff, 2020). The TAM receptor profile of microglia and 

astrocytes is distinct, with Axl and Tyro3 being the main receptors expressed on astrocytes, 

and Mer and Axl on microglia (Shafit-Zagardo et al., 2018). Therefore, it is likely that each 

cell type has distinct TAM receptor functions which, when allowed to interact in a mixed cell 

model, would result in a response that differs from either cell type alone. In addition, each 
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cell type also has a different response to inflammation, with microglia leading the response. 

Therefore, in pure astrocyte cultures, the independent response may not be sufficient to 

induce TAM signalling effects and microglial presence may be necessary. Therefore, studies 

that consider the interactions and contribution of each glial cell type in TAM signalling will 

be essential to targeting the system to resolve neuroinflammation.  

When activating TAM signalling, both Gas6 and ProS1 act as bridging molecules binding 

PtdSer residues exposed on the outer surface of (mainly apoptotic) cells through their Gla 

domains. This allows bridging between PtdSer residues and TAM receptors on microglia 

and astrocytes, among others (M. Huang et al., 2003; Lew et al., 2014; Tsou et al., 2014). 

Gas6 and ProS1 proteins share 43% sequence identity with the same domain organisation 

(Hafizi & Dahlbäck, 2006a). Therefore, a chimeric protein (Evenäs et al., 2000) was used to 

examine if the SHBG-like domain of Gas6, with ProS1 Gla and EGF-like domains, was 

sufficient to allow for Gas6-mediated suppression of Tnf. It was evident that this was not the 

case, with the chimera unable to replicate the Gas6 effects of suppressing LPS-induced Tnf 

upregulation. These results suggest that the SHBG-like domain of Gas6 is not sufficient to 

exert the effects observed for full-length Gas6, and that ligand-specific triggering of TAM 

receptors is dependent additionally on the presence in the protein of either the Gla or EGF-

like domains of the ligand, or both. Utilising other chimeric proteins for other Gas6 domains 

may allow full elucidation of domain-specific requirements in each TAM ligand for their 

receptor-mediated effects on inflammatory resolution. 

 

4.13.2 Independent roles for Axl and Mer receptors in Gas6-mediated 

inflammatory changes 

The previous chapter discussed the varied functions of Axl and Mer receptors in 

inflammatory situations, with both shared and independent roles for each receptor. This 

section focuses on the ability of Gas6 to suppress inflammation via either Axl, Mer or both. 

For this, microglia and astrocytes from Mertk-/- and Axl-/- mice were used to investigate the 

specific roles of each receptor in mediating the Gas6 response. In astrocytes, as with wild-

type cells, no effects of Gas6 were observed in either receptor knockout culture, for reasons 

which remain inconclusive. However, microglia from both knockout groups still showed 

suppression of Tnf gene expression with Gas6 co-incubation. This suggests that Gas6 can 

exert its effect through either Mer or Axl, but synergistic effects are not evident when both 

receptors are present. In the tunicate, Halocynthia roretzi, a protein was identified that 

appears to combine that Gla domain of TAM ligands with the RTK domain of the receptors 

(C. P. Wang et al., 2003). This suggests that, in addition to the TAM components being highly 
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conserved, they also evolved from a single ancestral protein that has become more diverse 

through evolution. As such, it is highly likely that there is a certain degree of functional 

redundancy between each of the receptors. Thus, at least in the context of regulating TLR4-

mediated TNF-α induction, the Gas6-mediated suppression seen here may be an example of 

redundancy among the TAMs, allowing each receptor to mediate the same effect in the 

absence of the others.  

This effect was further dissected by the use of small molecule inhibitors to block the kinase 

activity of either Mer (UNC2881) or Axl (BGB324) while the other was genetically non-

functional, creating in essence a “double knockout”. While high concentrations of BGB324 

appeared detrimental to cell health, neither inhibitor affected microglial metabolic rate at 

the concentrations used. When using UNC2881 in Axl-/- microglia co-incubated with Gas6 

and LPS, no difference was observed on the Tnf suppressive effect of Gas6. The same was 

seen when using a higher concentration of UNC2881 or with the combination of BGB324 

applied to Mertk-/- cells. Evidence has shown that Axl can heterodimerise with other 

receptors outside the TAM family. For example, Axl/IFN-receptor interactions result in 

altered SOCS1/3 signalling (Ray et al., 2017; Rothlin et al., 2007). Furthermore, Axl/EGF 

receptor heterodimerisation can mediate distinct signalling pathways (Vouri et al., 2016). 

This suggests the possibility of receptor heterodimerisation between Axl/Mer and non-TAM 

receptors, allowing for kinase signalling through non-inhibited signalling routes, which may 

explain why effects were still observed after TAM kinase inhibition. Of note, validation of 

the capabilities of each inhibitor were originally performed in human cell lines (Holland et 

al., 2010; W. Zhang et al., 2013). Although TAM proteins are highly conserved between 

human and mouse (Hafizi & Dahlbäck, 2006b), small differences may alter the effectiveness 

of the inhibitors used. Furthermore, it was attempted to detect the levels of phosphorylated 

tyrosine residues in proteins as a method of measuring the signalling effects of TAM 

receptor activation; however, no effects were observable through this method. This could 

have been due to low levels of protein extracted from primary cells, with only the highest 

expressing phosphorylated tyrosine residues being visible, therefore presenting a technical 

limitation to this type of analysis.  

 

4.13.3 Gas6 alters microglial morphology and glial cell reactivity 

Microglia undergo morphological alterations when under inflammatory conditions. These 

changes are associated with pro-inflammatory signalling responses and cytokine 

expression (Honjoh, Nakajima, Hirai, Watanabe, & Matsumine, 2019; Kalakh & Mouihate, 

2017; B. Zhang et al., 2019; X. M. Zhang, Lund, Mia, Parsa, & Harris, 2014). The work 

displayed in this chapter shows a clear modification in the cellular characteristics in 
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microglia in response to LPS. The rounded, amoeboid morphology is a common phenotype 

observed when cells are stimulated with a pro-inflammatory agent (Fernández-Arjona, 

Grondona, Fernández-Llebrez, & López-Ávalos, 2019; Fernández-Arjona, Grondona, 

Granados-Durán, Fernández-Llebrez, & López-Ávalos, 2017; Ye et al., 2020). The 

morphological parameters that were used support this change to an amoeboid structure, 

with the area, perimeter and roundness of the cells increasing. The observed Gas6-mediated 

suppression of these parameter changes suggests deviation from the amoeboid form. This 

deviation could occur from reducing the pro-inflammatory response, therefore suppressing 

the cellular changes, or through the promotion of cells to adapt a different morphological 

phenotype from either non-stimulated or LPS-stimulated phenotypes. This alternative 

phenotype may be more adept at promoting the resolution of inflammation, which would 

agree with the anti-inflammatory role of Gas6, which has previously been discussed. In 

addition, TAM signalling has also been implicated in cytoskeletal rearrangement of cells. 

When activated by autophosphorylation, the Mer receptor can help regulate the cytoskeletal 

dynamics of macrophages through activation of the Rho family members, Rac1, Cdc42 and 

RhoA (Myers, Amend, & Pienta, 2019). Therefore, this signalling route is also likely to also 

be a factor of microglial cytoskeletal changes observed when exposed to Gas6 under 

inflammatory conditions. Recent advances in microscopy techniques and transcriptional 

analysis will allow for a more thorough understanding of phenotypic differences in 

microglia (Davis, Salinas-Navarro, Cordeiro, Moons, & Groef, 2017; Dubbelaar, Kracht, 

Eggen, & Boddeke, 2018). Future work to characterise the cell morphological impact of Gas6 

in microglia will further elucidate its role in inflammatory regulation.  

Although the morphological data in microglial cell cultures provided clear evidence of a 

Gas6 effect, it was limited to the morphological changes that are observable in a cellular 

monolayer, which is not directly translatable into an in vivo model (Becher & Antel, 1996). 

Therefore, as was discussed in Chapter 3, an organotypic cerebellar slice model was used to 

relate to in vivo changes in glial cell reactivity and morphology more closely. Expanding on 

the results already discussed (section 3.11.3), here we could see a distinct suppressive effect 

of Gas6 on astrocyte reactivity (GFAP staining) as well as effects on microglia (Iba1 

staining). Therefore, it would appear that Gas6 is able to suppress the activation of microglia 

and astrocytes under inflammatory conditions. Furthermore, although the morphological 

characteristics could not be measured for microglia, due to too many overlapping or 

connecting cells, qualitative images suggest a possibility for alterations to microglial cell 

morphology similar to that seen in primary cell culture. Additionally, these changes in 

cellular morphology have also been identified using in vivo models where microglial 

activation has been stimulated through injury (Zanier, Fumagalli, Perego, Pischiutta, & De 
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Simoni, 2015). The ability of Gas6 to have an effect in both a cell model and tissue model 

provides promising foundations for this also being observable in whole animal models.  

These morphological experiments were limited by not investigating the baseline effects of 

Gas6 on microglial morphology and Iba1 reactivity. This was due to limited cell and tissue 

availability, resulting in a smaller number of experimental groups. It would have been 

beneficial to have made the basal comparison, however, as the main objective was to 

determine if Gas6 could suppress the LPS-induced inflammatory response of microglia, the 

appropriate comparisons were still available to examine this role of Gas6. 

 

4.13.4 Conclusions 

To conclude, the TAM ligand, Gas6, has the capacity to suppress LPS-induced stimulation of 

Tnf gene expression in mouse brain glial cells. This suppression appears to require the full 

domain composition of Gas6, as swapping the non-receptor binding domains of Gas6 with 

those of ProS1 removed the protein’s ability to act as wild-type Gas6. It was shown that the 

Gas6 effect occurs through both the Mer and Axl receptors interchangeably. Finally, the 

observed Gas6 suppression of Tnf translated into microglial morphological changes, and 

effects on both microglial and astrocyte reactivity could be detected. Overall, these results 

support the notion that Gas6 functions to suppress the inflammatory response of glial cells, 

presenting Gas6 as a potential route for therapeutic prevention of chronic 

neuroinflammation.   
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Chapter 5. Gas6/TAM signalling effects on GM-

CSF induction in glial cells  

 

5.1 Introduction 

TAM signalling via Gas6 is an important regulatory pathway for the resolution of 

neuroinflammation (Tondo et al., 2019). It was shown in Chapter 4 that TAMs, through Gas6, 

can limit TLR-dependent inflammatory responses, as observed through TNF-α induction. 

The same has been observed for mouse macrophages, in which Gas6 was able to suppress 

the production of inflammatory cytokines TNF-α and IL-1β (Deng et al., 2012) which can in 

turn, promote phagocytosis of apoptotic cells (Feng et al., 2011; Grommes et al., 2008).  

Within the CNS, microglia and astrocytes work to maintain environmental homeostasis and 

to combat any insult that is presented to them (Nimmerjahn et al., 2005; Sofroniew & 

Vinters, 2010). The ability of microglia and astrocytes to communicate and coordinate their 

response during inflammatory conditions is also becoming better understood (Bernaus et 

al., 2020). Through activation of PRRs such as TLRs, microglia and astrocytes are capable of 

many complex and distinctive responses, a key outcome of which is enhancing the pro-

inflammatory environment (Colombo & Farina, 2016; Dubbelaar et al., 2018). Furthermore, 

evidence points to astrocytes becoming activated as a result of the microglial inflammatory 

response (Liddelow et al., 2017).  

When activated by specific agonists (for example LPS), TLR activation causes a complex 

signalling cascade via either MyD88-dependent or independent routes depending on the 

TLR (Kawasaki & Kawai, 2014; Y. C. Lu et al., 2008). Both routes culminate in stimulating 

intracellular signalling pathways that control transcriptional changes within inflammatory 

cells. The inflammation-suppressive ability of Gas6 has been reported to involve various 

intracellular signalling pathways including NF-κB, SOCS3 and PI3K/Akt pathways (S. Y. Kim 

et al., 2016; C. K. Peng et al., 2019). NF-κB signalling is one of the most recognised pro-

inflammatory pathways (Hayden & Ghosh, 2004). Upon inflammatory stimulation, the IκB 

protein is targeted for proteasome-mediated degradation, allowing the NF-κB p65 subunit 

to translocate to the nucleus and regulate transcription of many pro-inflammatory 

cytokines and growth factors (Diamant & Dikstein, 2013).  

Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a powerful pro-

inflammatory mediator that is involved in the pathology of neuroimmune disorders, 

including MS (Kostic, Zivkovic, Cvetanovic, & Stojanovic, 2018). GM-CSF, encoded by the 
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Csf2 gene, was originally described as a haematopoietic growth factor (Burgess & Metcalf, 

1980). The biology of GM-CSF is now well understood, with GM-CSF known to act through 

a specific receptor, GM-CSFR, that is mainly expressed on myeloid cells, including microglia 

(Hamilton, 2019; Hamilton & Achuthan, 2013). GM-CSFR is a heterodimeric receptor that, 

when activated, stimulates multiple signalling pathways including the JAK-STAT, MAPK and 

PI3K pathways (Hamilton, 2008) to enhance cell survival and activation (Hamilton, 2019). 

The role of GM-CSF on microglia cell has also been documented (Esen & Kielian, 2007; 

Mancuso et al., 2019; Ponomarev et al., 2007). GM-CSF can promote cellular proliferation, 

and it has indeed been used as an agent to propagate microglial cells in vitro (S. C. Lee et al., 

1994; Yu, Neil, & Quandt, 2017).  

Although Gas6 has been recognised for its ability to interact with inflammatory signalling 

pathways, the extent of its impact on these pathways remains to be fully elucidated. 

Therefore, identifying novel insights into Gas6’s ability to suppress inflammatory signalling 

within CNS glial cells is a compelling area of study. As such, the aims of this chapter were to: 

1. Identify through an array screen, novel inflammatory mediators that can be altered 

by Gas6 in microglia. 

2. Select the most prominent molecule emerging from the array, GM-CSF, for further 

study, including identifying the CNS cellular source and microglia-astrocyte 

crosstalk. 

3. Investigate the NF-κB pathway as a target of Gas6/TAM signalling for negative 

regulation of the inflammatory response in microglial cells.  

 

5.2 Methods 

In this chapter, wild-type, Mertk-/- and Axl-/- mice from C57BL/6 backgrounds were used as 

a source of pure primary microglia, pure primary astrocytes (wild-type only) and primary 

mixed glial cell cultures (wild-type only; section 2.3). Mixed glial cell cultures were 

quantified using immunofluorescence to stain microglia (Iba1) with nuclear (DAPI) 

counterstaining, and the number of Iba1-positive cells in each culture was calculated 

(section 2.8.1.3). Cells were treated with LPS (10ng/mL) to induce inflammation and Gas6 

(1.6μg/mL) was added 1h prior to LPS treatment and co-incubated for the remainder of 

treatment duration to stimulate TAM receptor activation. A gene array was used to 

investigate 84 genes associated with TLR signalling in response to LPS with or without Gas6 

co-incubation after 8h (section 2.5.3.1). RT-qPCR was used for further investigations into 

Cd80, Csf2, Ifng and Tlr5 (section 2.5). GM-CSF protein release into cell-conditioned media 

was measured using a mouse GM-CSF ELISA kit (section 2.7.2). Immunofluorescence 
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staining of p65 was used to stain microglia to enable measurement of nuclear translocation 

of the protein using DAPI nuclear counterstaining (section 2.8.1.2). IκB protein degradation 

was measured using western blotting (section 2.6).  

 

5.3 Quantification of proportion of microglia in primary mixed glial 

cultures  

In this chapter, primary mixed glial cultures were used to investigate possible associations 

between microglia and astrocytes with biologically relevant cell ratios. Therefore, the 

number of microglia in these cultures was quantified using immunofluorescence to detect 

Iba1-positive cells. The percentage of these cells was then calculated using DAPI nuclear 

staining to count the total number of cells per slide. The results showed that most mixed 

glial cultures contain between 10-15% of Iba1-positive cells (Iba1-positive cells = 

13.24±2.073%; Figure 5-1).  

 

Figure 5-1. Mixed glial cultures contain 10-15% of Iba1-positive cells. (A) Mixed glial cell cultures 

underwent immunofluorescence staining with Iba-1 primary antibody with Cy3 anti-rabbit secondary 

antibody to stain microglia, and DAPI nuclear counterstaining to stain all cells. (B) Percentage of Iba1-

positive cells was quantified, with data displayed as mean±SEM. Data points displayed from separate 

images analysed over two cell cultures.  
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5.4 Identification of novel targets of Gas6 regulation 

The RT2 Profiler PCR Array was used to identify mouse TLR pathway genes that were 

regulated by Gas6 in microglial cells under inflammatory conditions. Microglia were treated 

with LPS for 8h with or without 1h pre-treatment with Gas6, remaining present thereafter. 

Before use in the gene array, each sample was analysed for Tnf gene expression in a 

preparatory experiment to verify a robust pro-inflammatory response in these cells as 

previously shown in Chapters 3 and 4. A robust upregulation in Tnf gene expression was 

detected in response to LPS stimulation, with the upregulation being strongly inhibited by 

Gas6 co-incubation, in this case by approximately 75% (Figure 5-2). These samples were 

therefore used in the gene array.  

 

Figure 5-2. Confirmation of Gas6-mediated suppression of Tnf gene expression. RT-qPCR was used 

to measure the fold change of Tnf gene expression in microglia exposed to 8h LPS with or without Gas6 

added 1h before and remaining throughout. Treatment groups were compared to non-treated microglia 

with Gapdh as a reference gene. n=1 experiment.  

The array results showed a profound gene expression reprogramming response in 

microglia under the influence of LPS stimulation (Figure 5-3). Out of all genes in the array, 

four genes – Csf2, Cd80, Ifng and Tlr5 – were identified for which the presence of Gas6 

markedly modified the LPS-induced changes in mRNA expression by over 50%. Gas6 co-

incubation showed the same suppressive effect as previously shown in Tnf on a set of other 

inflammatory cytokine genes that were upregulated by LPS, including Csf2, Csf3, Il6, Il1a, 

Il1b and Ptgs2, in which Gas6 blunted the LPS effect by at least 15% (Figure 5-3A). LPS 

treatment also resulted in downregulation of multiple genes (Figure 5-3B). Most notable of 
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these was Tlr5 whose gene expression was downregulated more than 100-fold, an effect 

that was completely negated by Gas6 presence in this experiment. Most of the remaining 

genes measured in the array were not altered to a great degree by LPS (>5-fold; Figure 5-

3C). However, we proceeded to analyse Cd80 and Ifng genes further as Gas6 altered their 

expression by approximately 50%.  

 

Figure 5-3. A TLR signalling gene array identified genes Csf2, Cd80, Tlr5 and Ifng as markedly 

affected by Gas6/TAM signalling in microglial cells undergoing inflammatory stimulation. An 

RT2 Profiler Gene Array for the TLR signalling pathway was used to measure the expression of 84 genes 

of interest in pure mouse microglial cultures. Microglia were treated with LPS (10ng/mL; blue bars) for 

8h in the presence or absence of Gas6 co-incubation (1.6μg/mL; red bars) added 1h before. Genes are 

separated into (A) genes upregulated more than 10-fold after LPS stimulation, (B) genes downregulated 

more than 2-fold with LPS or (C) genes that were mostly unchanged with LPS treatment. Data are 

displayed as fold regulation (the negative inverse of fold change for values less than one) of gene 

expression and is from an exploratory experiment in one mouse culture. Green boxes highlight the genes 

for which Gas6 presence markedly altered the LPS-induced expression changes. 
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5.5 Csf2 was confirmed as a major Gas6 target gene in microglia 

undergoing pro-inflammatory stimulation 

To confirm the PCR array results, gene-specific RT-qPCR was used to measure separately 

the expression levels of the genes of greatest interest under the same experimental 

conditions. As seen in the array, the Csf2 gene was profoundly upregulated by LPS 

stimulation of microglia by several thousand-fold, and co-incubation with Gas6 blunted this 

induction by approximately 50% (fold change: Gas6+LPS = 1634±596.2 vs LPS = 

2973±965.4, p=0.0313; Figure 5-4A). LPS-induced Cd80 gene induction was more modest 

but consistent with Gas6 also having an inhibitory effect on the induction (fold change: 

Gas6+LPS = 4.505±1.177 vs 8.025±3.05, p=0.0781; Figure 5-4B). Gene expression analysis 

of Tlr5 and Ifng was also conducted; however, their mRNA levels were too low for accurate 

measurements, and therefore investigations into these genes were not continued.  

 

Figure 5-4. Gas6 inhibits the inflammatory LPS-induced upregulation of Csf2 and Cd80 genes in 

microglia. RT-qPCR was used to measure the fold change in gene expression of (A) Csf2 and (B) Cd80 

in microglial cultures in response to 8h LPS (10ng/mL) exposure in the presence or absence of Gas6 

(1.6μg/mL), which was added 1h before. Data displayed are the fold change (2-ΔΔCt) normalised to non-

stimulated cells (not shown) with each pairwise change illustrated with a connected line for each 

separate culture and bars displaying mean±SEM (n=6-7 independent experiments on separate cultures). 

Statistical significance was determined using Wilcoxon signed-rank test with p<0.05. 
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5.6 Single TAM receptor knockout in microglia does not affect the Gas6 

suppression of LPS-induced Csf2 upregulation 

As shown in Chapter 4, knockout of Mer or Axl receptors did not influence the ability of Gas6 

to suppress LPS-induced Tnf gene expression. Here, Axl-/- and Mertk-/- microglia were used 

to determine the effects of single TAM receptor knockout on the ability of Gas6 to suppress 

the LPS-induced increase in Csf2 mRNA. Both Axl-/- and Mertk-/- microglia displayed a varied 

response between experimental repeats, with most experiments showing Gas6 to 

downregulate LPS-induced increases in Csf2 (fold change: Axl-/-: Gas6+LPS = 1503±305.5 vs 

LPS = 3192±522.6, p=0.125; Mertk-/-: Gas6+LPS = 3493±1615 vs LPS = 10819±6369, 

p=0.125; Figure 5-5). Interestingly, Mertk-/- microglia, in 3 out of 4 cultures, displayed a 

vastly greater response to LPS stimulation as compared to Axl-/- cells, although Gas6 was 

also able to suppress Csf2 induction in the majority of cultures.  

 

Figure 5-5. Axl-/- and Mertk-/- microglia both display Gas6-mediated suppression of LPS-induced 

inflammatory Csf2 gene expression. RT-qPCR was used to determine the fold change of Csf2 mRNA in 

(A) Axl-/- or (B) Mertk-/- microglia cultures in response to 8h LPS exposure in the presence or absence of 

Gas6, which was added 1h before. Data displayed are the fold change (2-ΔΔCt) normalised to non-

stimulated cells (not shown) with each pairwise change illustrated with a connected line for each 

separate culture and bars displaying mean±SEM (n=4 independent experiments on separate cultures). 

Statistical significance was determined using Wilcoxon signed-rank tests. 
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5.7 Distinct profiles of GM-CSF gene and protein induction in different 

inflammatory glial cell cultures 

The product of the Csf2 gene, GM-CSF, is a growth factor for myeloid cells that has an 

important role in inflammation (Hamilton, 2020). Thus, due to the massive induction of Csf2 

mRNA by LPS, and the inhibition of this induction by Gas6, and its biological significance in 

the immune system, GM-CSF was chosen for further exploration in relation to Gas6/TAM 

signalling. To investigate the time course of Csf2 induction by LPS, separate primary cultures 

of pure microglia, pure astrocytes, and mixed glia were treated with LPS for 8h, 24h and 

48h. RT-qPCR and ELISA were used to quantify changes in Csf2 mRNA and GM-CSF protein 

release into cell-conditioned media, respectively. 

In microglia, Csf2 mRNA expression was significantly increased by several thousand-fold 

after 8h of LPS incubation, which was sustained for at least 48 hours (relative gene 

expression: 8h = 3.95±0.892 or 48h = 5.531±1.6 vs 0h = 0.011±0.005, p=0.0423 or 0.0197, 

respectively; Figure 5-6A). The shorter time of 1h with LPS exposure did not stimulate Csf2 

gene expression (n=2, relative gene expression: 1h = 1.409±0.322; data not shown). 

However, GM-CSF release by cells into the media was not detectable until 24 hours after LPS 

exposure and was significantly increased only at 48 hours (concentration: 24h = 

14.35±5.22pg/mL or 48h = 141.6±31.73pg/mL vs 0h = 0pg/mL, p=0.6681 or 0.0057, 

respectively).  

In astrocytes, Csf2 gene expression was also upregulated by LPS, reaching a peak after 8 

hours but reverting to near baseline levels by 48 hours (relative gene expression: 8h = 

9.563±1.065 or 48h = 0.453±0.199 vs 0h = 0.031±0.007, p=0.0061 or p>0.99, respectively; 

Figure 5-6B). However, GM-CSF protein release increases were detectable in cultures after 

8h, with a significant increase observed after 48 hours (concentration: 8h = 

23.0±13.13pg/mL or 48h = 49.46±17.65pg/mL vs 0h = 0pg/mL, p>0.99 or p=0.0155, 

respectively).  

Finally, the LPS effect on GM-CSF gene and protein levels was also analysed in primary 

mixed glial cell cultures. The time course profile of Csf2 gene induction by LPS mirrored that 

of pure astrocyte cultures (relative gene expression: 8h = 23.87±14.38 or 48h = 4.459±1.969 

vs 0h = 0.009±0.002, p=0.0087 or 0.1649, respectively), whereas the longer period for 

increased protein detection (at 48h) was similar to that observed in microglia 

(concentration: 24h = 35.22±19.08pg/mL or 48h = 92.29±62.16pg/mL vs 0h = 

0.62±0.62pg/mL, p=0.1198 or 0.224, respectively; Figure 5-6C). Furthermore, GM-CSF 

protein release levels between microglia and astrocytes were compared after 48h, with 

microglia displaying near significantly higher levels of GM-CSF than astrocytes (microglia 
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concentration = 141.6±31.73pg/mL vs astrocytes concentration = 49.46±17.65pg/mL, 

p=0.0635). 

 

Figure 5-6 Microglia are the main resident CNS glial source of GM-CSF. Time course of GM-CSF 

upregulation by LPS (10ng/mL) in (A) pure microglial cultures, (B) pure astrocyte cultures and (C) 
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mixed glial cultures, using RT-qPCR and ELISA to measure gene expression and protein release into the 

cell media, respectively. Gene expression is displayed as relative gene expression (2-ΔCt) and protein 

concentration is in pg/mL. Statistical analysis was determined using Friedman’s tests (n=4-5 

independent experiments on separate cultures). 

 

5.8 Gas6 alone does not alter Csf2 gene expression in microglia 

Gas6 treatment alone was used to determine if there were any basal effects of the Gas6 

treatment without LPS co-incubation. It was found that Gas6 treatment did not alter the Csf2 

gene expression in microglia (relative gene expression: Gas6 = 0.0097±0.0018 vs NT = 

0.0103±0.0018, p>0.99; Figure 5-7). Therefore, the inhibitory effect of Gas6 (and thereby 

TAM signalling) takes place under conditions of stimulated inflammatory gene induction.  

 

Figure 5-7 Gas6 treatment alone did not alter baseline Csf2 expression levels in microglia. RT-

qPCR was used to measure the relative gene expression of Csf2 in microglia exposed to Gas6 for 9h. 

Gapdh was used as a reference gene. Statistical analysis was determined using the Wilcoxon signed-

rank test. Data displayed are mean±SEM with individual data points (n=3 experiments on separate 

cultures). 

 

5.9 Gas6 inhibits LPS-induced GM-CSF release in microglial, but not 

mixed glial, cell cultures 

Our initial analysis revealed the LPS-counteracting influence of Gas6 at gene level after 8h 

LPS exposure (Figure 5-3A). However, a 48-hour period was required to observe a 

consistent LPS-induced GM-CSF protein release across all cultures (Figure 5-6). Therefore, 

we next determined the effect of Gas6 co-incubation on GM-CSF protein release following 
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48 hours of exposure to LPS. In microglial cultures, GM-CSF levels were significantly 

decreased by the presence of Gas6, was an effect not observed in mixed glia (fold change: 

microglia: Gas6+LPS = 259.7±47.13pg/mL vs LPS = 394.7±79.89pg/mL, p=0.0273; mixed 

glia: Gas6+LPS = 97.76±69.63 vs LPS = 121.8±79.78, p=0.375; Figure 5-8). Furthermore, the 

decrease observed in microglia was not reflected in Csf2 gene expression at this time. 

Therefore, these results showed that the influence of Gas6 on the microglial cell 

inflammatory response was prolonged and sustained over at least a 48h period, but the 

presence of astrocytes masked this effect.  

 

Figure 5-8. Gas6 supresses the LPS-upregulated GM-CSF protein release by microglia. RT-qPCR 

and ELISA were used to measure the gene expression and protein release of GM-CSF from (A) pure 

microglial cultures or (B) mixed glial cultures after 48h LPS treatment (10ng/mL) with or without 1h-

pre-treatment with Gas6 (1.6µg/mL), the Gas6 remaining throughout. Gene expression data show fold 

change (2-ΔΔCt) and protein release data display GM-CSF protein concentration (pg/mL). Non-treated 

microglia had a protein concentration of 0pg/mL and mixed glia had baseline levels of 0-2pg/mL (data 
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not shown). Statistical significance was determined using Friedman’s tests for ELISA data or Wilcoxon 

signed-rank tests for RT-qPCR data (n=4-10 independent experiments on separate cultures).  

 

5.10 Gas6 inhibits NF-κB p65 nuclear translocation in microglia 

To probe the molecular mechanism by which Gas6 interferes with TLR4 signalling in 

microglial cells, we investigated the Gas6 effect on pro-inflammatory NF-κB signalling. 

Immunofluorescence staining and confocal microscopy was used to measure the nuclear 

translocation (Figure 5-9) of the NF-κB p65 subunit following brief exposure to LPS for 30 

minutes with or without Gas6 co-incubation. The analysis showed that LPS exposure caused 

a clear and significant increase in the levels of nuclear staining. Furthermore, the presence 

of Gas6 completely inhibited the LPS-induced p65 nuclear translocation (integrated 

density: LPS = 2518±283.8 vs NT = 176.0±74.41, p<0.0001; or LPS vs Gas6+LPS = 

236.0±47.89, p<0.0001; Figure 5-10). Interestingly, cytosolic levels of p65 were also 

increased with LPS treatment as well as inhibited by Gas6 co-incubation (integrated 

density: LPS = 6794±505.2 vs NT = 172.9±73.15, p<0.0001; or LPS vs Gas6+LPS = 

616.4±130.0, p<0.0001). Data presented are for one representative experiment with at least 

19 cells analysed per group, which was replicated with the same statistical trends (raw data 

are available upon request).  

 

Figure 5-9. Image processing of p65 nuclear translocation. Original images were divided into single 

channels (red for p65 and blue for DAPI) and transformed to 8-bit images. DAPI staining was used to 

generate and the nuclear mask (area of DAPI staining) and p65 integrated density was measured within 

this area.  
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Figure 5-10. Gas6 inhibits LPS-induced nuclear translocation of the NF-κB p65 subunit in 

microglia. Pure microglial cell cultures were treated with LPS (10ng/mL) for 30 minutes with or 

without 1h pre-incubation with Gas6 (1.6µg/mL), which then remained throughout. (A) Cells underwent 

immunofluorescence staining with anti-p65 primary antibody with AlexaFluor647 anti-mouse 

secondary antibody and DAPI nuclear counterstaining. Scale bar = 25µm. (B) p65 staining within the 

nuclear area of each cell was quantified for each treatment group. Data are shown in a violin plot with 
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median and interquartile ranges visible (n≥19 cells). Data were statistically analysed using one-way 

ANOVA; ****p<0.0001 vs both other conditions.  

 

5.11 The Gas6 inhibitory effect on LPS in microglia does not appear to 

occur through IκB degradation 

To further examine the NF-κB pathway, the effect of Gas6 on the proteasome-mediated 

degradation of the IκB protein was investigated using western blotting. We observed a time 

course of LPS-induced degradation of IκB protein, with all experimental repeats showing a 

downward trend and the lowest levels were detected at 60 minutes with levels being 

partially restored at 90 minutes (Figure 5-11A). In experiments involving Gas6, LPS 

treatment caused a significant downregulation compared to non-treated cells (LPS = 

32.36±5.27% vs 100%, p=0.0045). However, the LPS-induced IκB protein degradation was 

not observably affected by Gas6 (relative protein expression: Gas6+LPS = 38.4±6.8% vs LPS, 

p=0.7446; Figure 5-11B). 

 

Figure 5-11. Western blot showing IκB protein degradation in microglia exposed to LPS. 

Microglial cells were treated with LPS (10ng/mL) for (A) a 10-90 min time course or (B) 45 min together 

with Gas6 (1.6µg/mL), with Gas6 added 1h previously. Protein levels of IκB, as well as loading control 

proteins β-actin or cyclophilin, were determined by SDS-PAGE and western blotting. Data displayed in 
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bars are from densitometric quantification analysis of IκB western blot band intensities normalised to 

loading control band intensities. Blot images are representatives of n=4-6 independent experiments 

using separate cultures. Individual data points from separate experiments are displayed, with lines 

connecting samples from the same experiment, and in (B) bars also show mean±SEM relative protein 

expression with Friedman’s tests for statistical significance. #, p<0.01 vs non-treated samples.  

 

5.12 Discussion 

Microglia, as the major immune cell in the CNS, respond to inflammatory stimuli by altering 

their phenotype and releasing a plethora of cytokines and soluble factors into the 

extracellular milieu. Together, this response regulates the course of neuroinflammatory and 

immune sequelae. In this chapter, we report for the first time that the TAM ligand Gas6 is a 

strong suppressor of the myeloid growth factor GM-CSF in microglia under inflammatory 

conditions. These experiments also identified microglia as a major CNS resident cellular 

source of GM-CSF, although it was also induced to a lesser degree in astrocytes. RT-qPCR 

and ELISA identified a significant upregulation of Csf2 mRNA expression, peaking at 8h, and 

GM-CSF protein release, peaking at 48h, respectively. The presence of Gas6 markedly 

inhibited the LPS-stimulated GM-CSF production at both gene and protein levels. 

Furthermore, Gas6 exerted a profound inhibitory effect on the NF-κB signalling pathway in 

microglia, as observed through complete inhibition of LPS-stimulated NF-κB p65 nuclear 

translocation. Thus, our findings demonstrate that Gas6/TAM signalling suppresses 

microglial GM-CSF production in response to inflammatory stimulation which likely occurs 

through blockade of NF-κB signalling. 

 

5.12.1 Identification of GM-CSF as a key pro-inflammatory cytokine in 

microglia 

As CNS-resident immune cells, microglia are highly responsive to an inflammatory insult. 

Stimulation of TLR4 is known to cause a vast change to the microglial cell’s molecular profile 

(Rodríguez-Gómez et al., 2020). Here, a gene array was used to explore changes to TLR-

associated genes upon treatment with LPS, and to assess the ability of Gas6 to modulate 

these changes. Focussing on the ability of LPS to induce a phenotypic change in microglia, 

there was a vast change in the expression of genes associated with TLR signalling, as would 

be expected in these cells (Lively & Schlichter, 2018). Alongside a substantial upregulation 

of genes encoding multiple pro-inflammatory cytokines and chemokines, Ptgs2 and Clec4 

were also upregulated over 100-fold. Ptgs2 encodes a rate-limiting enzyme in prostaglandin 

production (J. Barnett et al., 1994). Prostaglandins participate in the generation of the 
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inflammatory response, therefore, upregulation of their production is important during 

inflammation (Ricciotti & Fitzgerald, 2011). Clec4e encodes a C-type lectin PRR (Mincle) 

which is essential for the recognition of pathogens or damaged cells (Brown, Willment, & 

Whitehead, 2018). Stimulation of this receptor leads to production of pro-inflammatory 

cytokines (Patin, Orr, & Schaible, 2017). Together, these genes illustrate the vastness of 

components in the inflammatory response and the importance of immune mediators 

beyond the cytokines produced. Although the Csf2 and Csf3 genes were included in this 

array, Csf1 was not as it plays an anti-inflammatory role in cells of myeloid lineage whereas 

the array focused on signalling pathway genes under pro-inflammatory conditions (Ushach 

& Zlotnik, 2016).  

Out of all upregulated genes, the profound increase in Csf2 gene expression stood out most 

for further investigation. Furthermore, GM-CSF is implicated in neuroinflammatory 

disorders such as MS (Kostic et al., 2018) where deficiency in GM-CSF alleviated signs of 

disease in EAE (McQualter et al., 2001). Although many cellular sources of GM-CSF have 

been documented, including T cells, macrophages and endothelial cells (Shi et al., 2006), it 

has not been well established whether microglia themselves are a CNS cellular source of 

GM-CSF. The work in this chapter demonstrates that under inflammatory conditions, 

microglia are indeed a considerable source of GM-CSF, with profound inductions of both 

mRNA and protein observed. Therefore, these findings suggest a capacity for autocrine 

regulation of GM-CSF in microglia as has previously been reported (Parajuli et al., 2012). 

Moreover, our results also reveal the potential for some degree of paracrine regulation by 

astrocytes under the same conditions, as supported by other studies showing that co-

incubation of microglia and astrocytes was required for enhanced GM-CSF production (S. 

Kim & Son, 2021; Malipiero, Frei, & Fontana, 1990). Through our investigations using 

cultures containing both astrocytes and microglia, we demonstrated a gene expression 

profile similar to that of astrocytes alone, but a protein release profile reflecting that of pure 

microglial cultures. This suggests that in the mixed cultures, astrocytes (the most numerous 

cell type in the culture) were the main cells behind the gene expression changes that we 

observed, while microglia were the main source of the GM-CSF protein detected after pro-

inflammatory stimulation. Therefore, we have shown that microglia, and astrocytes to a 

lesser degree, are distinct resident CNS cellular sources of GM-CSF, independent of other 

immune cells, proving that these glial cells play a role in the inflammatory response in the 

brain. 
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5.12.2 Gas6 suppresses GM-CSF induction in microglia 

Through the PCR array, we also identified two novel target genes that were regulated by co-

incubation of Gas6 with LPS – Csf2 and Cd80. Interestingly the array showed that the Csf3 

gene was also upregulated by LPS in microglia; however, Gas6 did not affect this induction 

as much as it did with the Csf2 gene in microglia. Therefore, Gas6/TAM signalling was 

specific to regulating Csf2 gene regulation. In contrast to Csf2, the dampening effect of Gas6 

on LPS induction of the Cd80 gene was both smaller and not significant in repeat 

experiments. CD80 is a membrane bound protein, responsible for facilitating antigen 

presentation along with other membrane proteins (Jurga et al., 2020), and so the variable 

results with Gas6 suggests that it is not directly involved in antigen presentation. 

Additionally, the array also showed the Tlr5 and Ifng genes to be altered by Gas6. However, 

when conducting further qPCR experiments, using samples from 8h incubations, expression 

of these genes was too low to reliably measure Gas6 effects. It is however possible that 8h 

was an inappropriate time for measuring induction of these genes, therefore, future time 

course studies of other genes will help clarify the role of Gas6 in their regulation.  

The ability of Gas6/TAM signalling to negatively regulate the CNS glial pro-inflammatory 

response was previously presented in Chapter 4. Though use of TAM single receptor 

knockout mice, we observed that Gas6 acts separately through both Mer and Axl receptors 

in microglia, to suppress TNF-α induction. Furthermore, after CNS damage, the TAM 

receptor system is capable of regulating the microglial inflammatory response and 

promoting the survival of other CNS cells (Binder et al., 2008). Here, we have demonstrated 

a profound regulatory effect of Gas6 on the Csf2 gene, showing a halving of the LPS-induced 

gene induction as compared to the absence of Gas6. This suppressive effect of Gas6 also 

translated over a longer period to cellular GM-CSF protein release by microglia exposed to 

LPS. The Csf2 gene response was also measured in cells deficient in either the Mer or Axl 

receptor, which determined that the Gas6 effect could be relayed through either receptor. 

Interestingly, the Gas6 suppressive effect on the Csf2 gene response was not as substantial 

in TAM knockout microglia as with wild-type cells. It is possible that in this case, Mer and 

Axl may have a synergistic effect whereupon working together they can produce a stronger 

response than either one can individually. This is supported by a previous study that reports 

knockout of multiple TAMs exacerbates pro-inflammatory induction in dendritic cells in 

comparison to single receptor knockout (Rothlin et al., 2007).  

Altogether, we illustrate here the ability of Gas6, via both Mer and Axl separately, to strongly 

suppress another immune pathway, involving myeloid cell proliferation, which has the 

potential effect of subduing an aberrant immune response. The similarities observed 

between this work and that in Chapter 4 suggest a common intracellular signalling pathway 
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for the effects seen with both TNF-α and GM-CSF. Considering that GM-CSF can enhance 

microglial proliferation and promotes an inflammatory response, the importance in having 

a modulatory mechanism is clear. The ability of Gas6 to suppress GM-CSF induction over a 

prolonged period could provide a novel avenue to therapeutically target GM-CSF in 

disorders such as MS, where GM-CSF plays a critical role in mediating the disease pathology 

(Monaghan & Wan, 2020).  

 

5.12.3 Gas6 impacts pro-inflammatory signalling through the NF-κB pathway 

The NF-κB signalling cascade is a multi-step process resulting in nuclear translocation of 

the NF-κB p65 subunit and subsequent transcriptional gene changes. TLR-induced 

inflammatory signalling stimulates the NF-κB pathway in CNS glial cells, causing the 

upregulation of a variety of pro-inflammatory cytokines and growth factors (Diamant & 

Dikstein, 2013). Evidence confirms that NF-κB signalling is involved in the induction of GM-

CSF (Schreck & Baeuerle, 1990). Therefore, we investigated NF-κB as a potential route for 

Gas6 to mediate the effects observed on GM-CSF. Through examination of NF-κB p65 

nuclear translocation, we observed a strong increase in levels of p65 in the nuclear area of 

microglia exposed to LPS. However, this increase was markedly reduced when cells were 

co-incubated with Gas6. Furthermore, cytosolic levels of p65 were also significantly altered 

by LPS stimulation which was suppressed by Gas6 co-incubation. Interestingly, the anti-p65 

antibody used in this experiment was raised against an epitope with a protein sequence that 

overlaps with the known IκB binding site in p65 (Ganchi, Sun, Greene, & Ballard, 1992; 

Appendix 3). Therefore, it is possible that the anti-p65 antibody was significantly more able 

to recognise cellular p65 proteins when IκB was degraded, which is a prerequisite for p65 

nuclear translocation. This may explain why p65 was only identifiable in the cytosol of LPS-

stimulated microglia, as the cytosolic protein was rendered free of IκB interaction through 

the latter’s degradation. In western blots, Gas6 did not appear to show any change to LPS-

induced IκB degradation in microglial cells. As Gas6 has previously been observed to restore 

IκB levels in inflammatory models (Li et al., 2019; C. K. Peng et al., 2019), it is likely that 

technical limitations resulted in no change being observed, such as a poor protein yield after 

extraction from primary cells. Gas6 has been shown to attenuate inflammation through both 

total p65 protein and phosphorylated p65 (C. K. Peng et al., 2019; Xuekui Wang et al., 2020; 

G. Wu, McBride, & Zhang, 2018). Moreover, both the Mer and Axl receptors were shown to 

be involved in the Gas6-mediated response. Here, we have expanded the known 

associations by demonstrating that Gas6 alters GM-CSF signalling through modification of 

the NF-κB pathway. The NF-κB pathway is highly dynamic in response to inflammation, 

therefore, further investigations are required to pinpoint the exact position in this pathway 
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where Gas6 has its effect but we have shown that this occurs before p65 nuclear 

translocation.  

 

5.12.4 Conclusion 

Overall, the experiments performed in this chapter show that, under inflammatory 

conditions, microglia are a major resident CNS cellular source of GM-CSF. Furthermore, 

Gas6/TAM signalling inhibits the induction of GM-CSF as it does with TNF-α (Chapter 4). 

The Gas6 effect observed in microglia is likely mediated through suppression of the NF-κB 

signalling pathway. These insights allow us to suggest a possible common signalling 

pathway for these cytokines, with their NF-κB-mediated inflammatory induction being 

suppressed by Gas6 through both Mer and Axl receptors (Figure 5-12).  

 

Figure 5-12. Suggested signalling pathway resulting in increased TNF-α and GM-CSF. LPS 

activates TLR4 signalling which stimulates nuclear translocation of NF-κB p65 in microglia. 

Transcriptional changes result in increased pro-inflammatory cytokine release in microglia and 

astrocytes. GM-CSF can then have autocrine and paracrine effects on microglia. Gas6, through both Mer 

and Axl receptors can inhibit the pro-inflammatory signalling response.  



Chapter 6 – TAM signalling in glial repair 
 

Page | 115 
 

Chapter 6. TAM signalling involvement in anti-

inflammatory and pro-repair pathways in glial 

cells 

 

6.1 Introduction 

An important feature of the immune response is the resolution of inflammation and repair 

of the damaged tissue. If the repair process is not induced correctly, there could be a build-

up of toxic substances, leading to chronic cell damage that could become irreparable. This 

damage is often a factor of neurodegenerative diseases such as MS and Alzheimer’s disease 

(Guzman-Martinez et al., 2019). Astrocytes are the main CNS resident cell type responsible 

for initiating repair. Once activated by a pro-inflammatory agent, astrocytes can produce a 

variety of regulatory molecules, control peripheral leukocyte entry across the BBB, migrate 

to the area of damage, and form a glial scar between the damaged and healthy tissue to 

minimise the spread of the toxic, inflammatory environment that is created as a result of 

inflammation (Sofroniew, 2015). By producing regulatory substances such as TGF-β, 

astrocytes are also able to suppress this pro-inflammatory response (Colombo & Farina, 

2016; Yoshimura, Wakabayashi, & Mori, 2010), promoting the restorative functions and 

suppressing the inflammatory response of many immune cells (Batlle & Massagué, 2019).  

Under normal physiological conditions, astrocytes are quiescent cells with a star-like 

morphology of many fine, branching processes that maintain regionality between other 

astrocyte cells (Lagos-Cabré, Burgos-Bravo, Avalos, & Leyton, 2020). However, during 

injury or disease, the inflammatory response can be triggered as astrocytes are exposed to 

a variety of molecules that stimulates reactive gliosis (Sofroniew, 2009). When this occurs, 

astrocytes become hypertrophic and lose their regionality. A subgroup of reactive 

astrocytes migrate to the damaged tissue, where they orchestrate the formation of a glial 

scar through the proliferation of newly-formed astrocytes via a STAT3-dependent 

mechanism (Wanner et al., 2013). For this to occur, astrocytes must be able to communicate, 

which they do through direct cell-cell communication (via gap junctions) or by the uptake 

or secretion of molecules to and from the extracellular matrix (via hemichannels; Lagos-

Cabré et al., 2020). Astrocytes must sense their environment and the surrounding cells to 

promote forward migration. This process of collective cell migration requires the 

coordinated response of several proteins, including connexins and proteinases (Ladoux & 

Mège, 2017). Matrix metalloproteinase 9 (MMP9) is an example of a proteinase involved in 

this response. MMP9 aids in structural rearrangement of the extracellular matrix through 
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breakdown of the many extracellular proteins including the degradation of denatured 

collagen and gelatin (Yabluchanskiy, Ma, Iyer, Hall, & Lindsey, 2013), a process essential for 

astrocyte migration (Hsu et al., 2008; Sternlicht & Werb, 2001). Connexin 43 (Cx43) is one 

of the main connexin proteins expressed by astrocytes and is a major protein required for 

the formation and functioning of gap junctions and hemi-channels, through the formation 

of connexons (hexameric rings of connexins; Giaume & McCarthy, 1996; Lagos-Cabré et al., 

2020). Through these channels, astrocytes can release and receive small molecules such as 

glucose or lactate to and from the ECM or other cells, allowing for communication and a 

coordinated response between cells (Lagos-Cabré et al., 2020). Together, these proteins and 

others ensure an optimal astrocyte migratory response when astrogliosis is stimulated.  

Microglia also have an important role to play in this process, through communication with 

astrocytes, reinforcing their response. After their initial acute pro-inflammatory response, 

microglia are able to switch to a pro-resolving state where they release multiple anti-

inflammatory cytokines, including IL-10, which is vital for the complete resolution of 

inflammation (Laffer et al., 2019). IL-10 can act on astrocytes to induce the production of 

TGF-β, eliciting neuroprotective functions and restraining the inflammatory response 

(Cekanaviciute et al., 2014; Norden et al., 2014). In the reverse direction, there are many 

other molecules and signalling routes through which astrocytes have anti-inflammatory 

effects on the microglial cell population. For example, astrocyte-conditioned media has 

proven able to suppress the production of reactive oxygen species (ROS) in microglia (Min, 

Yang, Kim, Jou, & Joe, 2006).  

The TAM receptor system has been shown to have many functions within the CNS, including 

cell proliferation, myelination and the resolution of inflammation (Shafit-Zagardo et al., 

2018). However, the role of TAM receptors on astrocytes is poorly understood and warrants 

investigation owing to the fact that astrocytes express multiple components of the TAM 

system. This chapter focuses on how the TAM system functions in astrocytes in response to 

an inflammatory or physical stimulus and begins to untangle the possible routes of 

communication between astrocytes and microglia. Therefore, the aims of this chapter were 

to: 

1. Investigate IL-10 and TGF-β as TAM-regulated cytokines involved in microglia-

astrocyte communication during repair. 

2. Examine the role of Gas6 and TAMs on astrocyte migration during inflammation and 

how microglia may be involved. 

3. Explore key mediators of migration (i.e. MMP9) and how these are altered by 

Gas6/TAM signalling. 
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6.2  Methods 

In this chapter, mice of wild-type, Mertk-/-, Axl-/- and Tyro3-/- C57BL/6 backgrounds were 

used to produce primary cell cultures of mixed glia, pure microglia, and pure astrocytes 

(section 2.3). Cells were stimulated with LPS (10ng/mL) to induce inflammation. TAM 

ligands Gas6 (1.6µg/mL) or ProS1 (500ng/mL), or recombinant IL-10 (100ng/mL) were 

added 1h prior to LPS to stimulate a cellular response before inflammatory stimulation, and 

all treatments remained throughout. To study astrocyte migration rate, scratch wound 

assays with phase-contrast imaging were used for pure astrocyte and mixed glial cultures 

over 24h (section 2.9.2). Gene expression analysis was used to measure expression levels 

of Il10, Il10ra, Tgfb, Mmp9, Gja1 (Cx43) and Intb3 genes, with Gapdh as a reference gene 

(section 2.4). IL-10 protein levels in cell-conditioned media were measured using a mouse 

IL-10 ELISA kit (section 2.7.2). MRes student, Grace Pennelli aided in the experimental 

procedures and generation of raw data for these experiments. 

 

6.3 The Axl receptor is associated with IL-10 expression in microglial 

cells under basal and inflammatory conditions 

From the PCR array performed in Chapter 3, Il10 was highlighted as a gene whose 

expression was inhibited substantially by knocking out either the Mer or Axl receptor genes 

in microglial cells. Therefore, Mertk-/-, Axl-/- and wild-type microglia were analysed to 

measure Il10 gene expression through RT-qPCR to confirm this finding. To induce 

inflammation, cells were treated with LPS over a 48h time course and the profile of Il10 

mRNA expression in wild-type pure microglial cultures was investigated. Il10 expression 

levels were shown to peak during 1-8h of LPS treatment, with levels then reducing steadily 

to baseline by 48h (relative gene expression: 1h = 50.77±5.172, 8h = 39.04±9.782, 24h = 

33.84±1.599 or 48h = 6.012±0.4280 vs 0h = 4.357±0.5102, for 8h vs 0h p=0.0685; Figure 6-

1A). From this, 8h was chosen as the time point for further investigations into Il10 gene 

expression.  

Basal Il10 expression was significantly lower in Axl-/- microglia than in wild-type cells, 

whereas it was not different in Mertk-/- cells (relative gene expression: Axl-/- = 0.08216 

±0.03979 or Mertk-/- = 0.3164±0.1246 vs WT = 0.5988±0.1455, p=0.0373 or 0.4378, 

respectively; Figure 6-1B). LPS was able to cause significant increases in Il10 in all microglial 

groups (relative gene expression: wild-type: LPS = 4.495±1.487 vs NT = 0.5988±0.1445, 

p=0.0039; Mertk-/-: LPS = 5.930±3.496 vs NT = 0.3164±0.1246, p=0.0078; Axl-/-: LPS = 

0.7507±0.3984 vs NT = 0.08212±0.03979, p=0.0313). However, upon LPS treatment, Axl-/- 
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cells displayed a more subdued induction of Il10 gene expression levels compared to wild-

type cells to a degree very close to significance, whereas Mertk-/- microglia showed no 

difference (relative gene expression: Axl-/- = 0.7507±0.3984 or Mertk-/- = 5.930±3.496 vs WT 

= 4.495±1.487, p=0.0727 or 0.7789, respectively; Figure 6-1C).  

 

Figure 6-1. Knockout of the Axl receptor shows both reduced baseline and LPS-induced Il10 gene 

expression in microglia. RT-qPCR was used to determine the relative gene expression (2−∆Ct) of Il10 in 

wild-type (WT) microglia exposed to LPS (10ng/mL) for 0-48h (A). Gene expression for Il10 in WT, 

Mertk−/− or Axl−/− microglia was then measured when (B) unstimulated or (C) stimulated with LPS for 

8h. Gapdh was used as a reference gene. Data shown are mean±SEM with individual data points 

displayed for n=2-11 experimental repeats on separate cultures. Statistical significance was determined 

using (A) Friedman’s test (1h data were not included in analysis due to low number of repeats) or (B) 

Kruskal-Wallis tests comparing Mertk−/− or Axl−/− microglia against WT cells; *p < 0.05. 

ELISA assays were also conducted on cell conditioned media from the same microglial 

samples as were used for qPCR. However, the results were inconclusive for the 
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measurements of IL-10 protein at this time point (data not shown) and, therefore, these 

investigations were not continued.  

 

6.4 Exogenous Gas6 or ProS1 do not influence wild-type microglial Il10 

gene expression under LPS-induced inflammatory conditions 

Here, TAM ligands were used to determine if activation of the TAM receptors could have an 

impact on the LPS-induced stimulation of Il10 expression in microglia. Wild-type microglia 

were treated with LPS for 8h with or without co-incubation with TAM receptor ligands Gas6 

or recombinant human (h)ProS1, which were added 1h prior to LPS and remained 

throughout. RT-qPCR was used to determine the gene expression of Il10. Presence of Gas6 

was insufficient to alter the mRNA expression levels stimulated by LPS (fold change: 

Gas6+LPS = 1.659±1.755 vs LPS = 3.557±0.48, p=0.625; Figure 6-2A). Furthermore, co-

incubation with hProS1 was also unable to influence the Il10 levels induced by LPS (fold 

change: hProS1+LPS = 3.761±1.832 vs LPS = 3.497±0.6148, p>0.9999; Figure 6-2B). 

 

Figure 6-2. Co-incubation of LPS with the TAM ligands does not alter LPS-induced Il10 gene 

expression levels in microglia. RT-qPCR was used to determine the fold change in gene expression 

(2−∆∆Ct) of Il10 in microglia stimulated with LPS for 8h with or without co-incubation with (A) Gas6 

(1.6μg/mL) or (B) hProS1 (500ng/mL) added 1h before and remaining throughout. Fold change was 

calculated against unstimulated cells with Gapdh as a reference gene. Data shown are mean±SEM with 

individual data points displayed for n=4-5 independent experiments on separate cultures. Statistical 

significance was determined using Wilcoxon signed-rank tests. 
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6.5 Exogenous Gas6 or ProS1 do not influence Mer or Axl knockout 

microglial Il10 gene expression under LPS-induced inflammatory 

conditions 

Similar experiments as in wild-type cells were conducted in Mertk-/- and Axl-/- microglial 

cells to determine any influence of TAM ligands Gas6 or recombinant mouse (m)ProS1 on 

LPS-induced Il10 expression. Again, no effect of Gas6 or mProS1 co-incubation on knockout 

microglia were observed (fold change: Mertk-/-: Gas6+LPS = 15.29±8.569 vs LPS = 

15.89±8.304, p=0.625, or mProS1+LPS = 22.76±11.98 vs LPS = 25.14±11.09, p>0.9999; Axl-

/- = Gas6+LPS = 16.96±10.59 vs LPS = 8.541, p=0.125, or mProS1+LPS = 5.065±2.469 vs LPS 

= 5.578±3.283, p=0.75; Figure 6-3). 

 

Figure 6-3. Co-incubation of LPS with TAM ligands does not impact LPS-induced Il10 gene 

expression levels in TAM knockout microglia. RT-qPCR was used to measure the fold change in gene 

expression (2-ΔΔCt) of Il10 in Mertk-/- microglia treated with LPS for 8h with or without co-incubation 

with (A) Gas6 (1.6µg/mL) or (B) mProS1 (500ng/mL), added 1h prior to LPS. Axl-/- microglia under the 

same conditions are displayed in (C) and (D). Fold change is calculated based on non-treated control 

cells using Gapdh as a reference gene. Data are mean±SEM with individual data points displayed. 
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Statistical significance was determined using Wilcoxon signed-rank tests for n=3-5 independent 

experiments on separate cultures. 

 

6.6 LPS upregulates the mRNA expression of IL-10 receptor in wild-

type microglia 

After investigating IL-10, the effects that LPS stimulation had on the IL-10 receptor (IL-

10Rα) in pure microglial and astrocyte cultures were determined. Wild-type microglia and 

astrocytes were treated with LPS (10ng/mL) for 8 hours and RT-qPCR was used to measure 

the gene expression of Il10ra. Upon stimulation, LPS caused a significant upregulation of 

Il10ra expression in microglial cells (relative gene expression: LPS = 18.87±4.397 vs NT = 

13.0±3.954, p=0.0156; Figure 6-4A). However, although still displaying an increase in the 

mean value in astrocyte cells, the LPS-induced upregulation of Il10ra was not significant 

(relative gene expression: LPS = 3.662±0.7578 vs NT = 1.90±0.4782, p=0.125; Figure 6-4B).  

 

Figure 6-4. LPS moderately increases Il10ra gene expression in microglia but not astrocytes. RT-

qPCR was used to measure the relative gene expression (2-ΔCt) of Il10ra in (A) primary microglia and (B) 

primary astrocytes stimulated or not with LPS (10ng/mL) for 8h. Gapdh was used as a reference gene. 

Data displayed are mean±SEM with individual data points visible. Statistical significance was 

determined using Wilcoxon signed-rank tests. n=4-7 separate cultures. *, p<0.05  
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6.7 LPS fails to stimulate IL-10 receptor mRNA expression in Axl 

knockout microglia  

After determining the effect of LPS on the IL-10 receptor in wild-type glial cells, Axl-/- and 

Mertk-/- microglia and astrocytes were used to determine whether absence of a single TAM 

receptor in cells altered their LPS response. As before, RT-qPCR was used to measure Il10ra 

mRNA expression levels in cells treated or not with LPS for 8h. In contrast to that seen in 

wild-type cells, Axl receptor knockout microglia did not respond to LPS with a significant 

increase in Il10ra (relative gene expression: LPS = 38.89±24.34 vs NT = 23.41±13.26, 

p=0.125; Figure 6-5A). However, as with wild-type cells, Mertk-/- cells were still able to 

respond to LPS treatment with a significant increase in Il10ra expression (relative gene 

expression: LPS = 43.03±17.65 vs NT = 18.85±6.966, p=0.156; Figure 6-5B). Also, as 

observed in wild-type astrocytes, there was a small but non-significant increase in Il10ra 

expression in both Axl-/- and Mertk-/- astrocytes (relative gene expression: Axl-/-: LPS = 

3.096±0.9491 vs NT = 2.07±0.686, p=0.0625; Mertk-/-: LPS = 3.897±1.235 vs NT = 

2.066±0.5484, p=0.125; Figure 6-5C-D).  
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Figure 6-5. Knockout of the Axl receptor in microglia reduces the LPS-induced Il10ra gene 

expression response. RT-qPCR was used to measure the relative gene expression (2-ΔCt) of Il10ra in (A) 

Axl-/- microglia (B) Mertk-/- microglia, (C) Axl-/- astrocytes and (D) Mertk-/- astrocytes. Cells were 

stimulated or not with LPS for 8h. Gapdh was used as a reference gene. Data displayed are mean±SEM 

with individual data points visible. Statistical significance was determined using Wilcoxon signed-rank 

tests. n=4-7 separate cultures. *, p<0.05 
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6.8 Exogenous IL-10 does not affect astrocyte migration or TGF-β 

expression in wild-type astrocytes 

Here, a functional assay was developed to allow measurement of the astrocyte migration 

rate in response to different treatments. Using a scratch-wound assay, measurements of 

area covered by the cell front were taken immediately after the wound was created (0h) as 

well as 24h post-wound. From this, migration rate (mm2/h) was calculated. The scratch-

wound assay was used to test the effect of continued presence of exogenous IL-10 on 

primary astrocyte migration, as well as concomitantly on Tgfb gene expression. It was 

determined that IL-10 was not able to alter the migration rate of astrocytes over 24h 

(migration rate: IL-10 = 18.73±0.93 vs NT = 19.42±2.01, p>0.99; Figure 6-6A-B). 

Furthermore, the relative gene expression for Tgfb was also not altered after 8h with IL-10 

treatment (migration rate: IL-10 = 1.676±0.6017 vs NT = 2.062±0.6356, p=0.2188; Figure 

6-6C).  

 

Figure 6-6. Astrocyte migration and Tgfb gene expression are not affected by IL-10. (A) 

Representative light microscope images of scratch wounds from astrocytes when initially scratched (0h) 
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or after 24h incubation. Scale bar = 500µm. Astrocytes were unstimulated (NT) or treated with 

recombinant mouse IL-10 (100ng/mL). Areas of scratch are marked and were used to calculate (B) the 

rate (mm2/h x1000) of astrocyte migration. (C) RT-qPCR was used to determine the relative gene 

expression (2-ΔCt) of Tgfb in astrocytes in response to IL-10 incubation for 8h. Data displayed show 

individual data points, with each experimental repeat connected by a line. Statistical significance was 

assessed using Wilcoxon signed-rank tests for n=5-6 experiments from individual cultures.  

 

6.9 Under inflammatory conditions, Gas6 slows the migration rate of 

mixed glial cultures but not of pure astrocytes 

As a factor of astrogliosis, astrocytes increase their migration under inflammatory 

conditions brought about through a CNS insult. Here, LPS was used to induce an 

inflammatory environment and scratch wound assays were used to determine if LPS did 

indeed show an increase in migration. In addition, cells were also co-incubated with Gas6 

to determine any influence on this migratory ability. In pure astrocyte cultures, there were 

no clear effects of Gas6 or LPS on the migration of astrocytes induced by a scratch 

(migration rate: Gas6 = 10.93±1.683, LPS = 9.666±1.683, Gas6+LPS = 11.91±1.277 vs NT = 

9.336±1.90, p>0.99 in all cases; Figure 6-7A, C). However, in mixed glial cultures, where 

approximately 15% of cells were microglia (see Chapter 5), co-incubation with Gas6 

significantly suppressed the cell migration rate under inflammatory conditions (migration 

rate: Gas6+LPS = 8.467±1.413 vs LPS = 15.07±2.220, p=0.0219; Figure 6-7B, D). However, 

Gas6 had no effect on the migration of mixed glial cultures when LPS was not present 

(migration rate: Gas6 = 10.36±1.455 vs NT = 11.70±1.753, p>0.99).  
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Figure 6-7. Gas6 suppresses cell migration in mixed glial cultures under inflammatory 

conditions, but not for pure astrocytes. Representative light microscope images of (A) astrocytes and 

(B) mixed glia are shown when initially scratched (0h) or after 24h incubation, following treatment 

with LPS (10ng/mL), Gas6 (1.6µg/mL) or both, with Gas6 added 1h earlier than LPS and being present 

throughout. Scale bar = 500µm. Areas of scratch are marked and were used to calculate the rate (mm2/h 

x1000) of (C) astrocyte or (D) mixed glial cell migration. Data displayed show individual data points, 

with each experimental repeat connected by a line. Statistical significance was assessed using Wilcoxon 

signed-rank test. n=5-8 experiments from individual cultures.  
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6.10 Gas6 does not affect migration rate of astrocytes or mixed glia from 

single TAM receptor knockout mice under inflammatory 

conditions 

After investigating the effect of Gas6 in wild-type cultures, the next step was to determine if 

knockout of a single TAM receptor was sufficient to alter the observed effects. For this, 

cultures of pure astrocytes or mixed glia were derived from Tyro3-/-, Axl-/- or Mertk-/- mice 

and scratch wound assays were performed over 24h. As before, cultures were treated with 

LPS, Gas6 or co-incubation with both. As with wild-type cells, neither Axl-/- nor Tyro3-/- pure 

astrocyte cultures displayed any clear effects with any of the treatments used (Figure 6A, 

C). However, Mertk-/- astrocytes displayed a significant increase in migration rate between 

astrocytes treated with Gas6 alone and cells co-incubated with Gas6 and LPS (migration 

rate: Gas6+LPS = 17.10±2.734 vs Gas6 = 10.40±2.186, p=0.0370; Figure 6-8E). It is likely 

due to insufficient experimental replicates that LPS alone was unable to induce a similar 

significant increase in these cells. For Tyro3-/- mixed glia, an increase in migration rate was 

observed with LPS incubation (migration rate: LPS = 20.79±2.298 vs NT = 14.98±1.19, 

p=0.0423; Figure 6-8B). However, the observation in wild-type cells of a decrease in 

migration with Gas6 and LPS co-incubation versus LPS alone was not replicated in any of 

the mixed glial cultures (Figure 6-8B, D, F).  
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Figure 6-8. No effect of Gas6 on migration of Tyro3, Axl or Mer single knockout glial cell cultures. 

Migration rate of scratch wound assays is displayed for (A) Tyro3-/- astrocytes, (B) Tyro3-/- mixed glia, 

(C) Axl-/- astrocytes, (D) Axl-/- mixed glia, (E) Mertk-/- astrocytes and (F) Mertk-/- mixed glia following 

treatment with LPS (10ng/mL), Gas6 (1.6µg/mL) or both, with Gas6 added 1h earlier than LPS and 

being present throughout. Migration rate (mm2/hr x1000) was calculated over 24h. Data displayed 

show individual data points, with each experimental repeat connected by a line. Statistical significance 

was assessed using Wilcoxon signed-rank tests for n=4-6 experiments from individual cultures.  
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6.11 The effect of LPS on expression of genes relevant to astrocyte 

migration 

To further understand the molecular underpinnings of astrocyte migration, four genes 

related to migration were chosen for gene expression studies – Mmp9, Tgfb, Gja1 (gene for 

Cx43) and Intb3. RT-qPCR was used to measure their mRNA expression in pure astrocytes 

treated with LPS for 8, 24 and 48h. The results showed that there was a profound 

upregulation of Mmp9 over the 48h period, with levels increasing visibly by 24h and 

continuing to increase beyond this (relative gene expression: 48h = 9.555±2.752 or 24h = 

5.039±0.8762 vs 0h = 0.08281±0.01713, p=0.0021 or 0.0105, respectively; Figure 6-9A). 

Tgfb mRNA levels showed a more modest but significant increase observed by 48h with 

prolonged LPS treatment (relative gene expression: 48h = 7.105±2.261 vs 0h = 

3.468±0.7565, p=0.037; Figure 6-9B). Both Cx43 and Intb3 showed a decrease in expression 

levels with LPS treatment, both reaching their lowest levels at 24h (Relative gene 

expression: Cx43: 24h = 21.95±2.068 vs 0h = 47.74±9.668, p=0.0823; Intb3: 24h = 

0.1403±0.02081 vs 0h = 0.2845±0.04067, p=0.0370; Figure 6-9C-D).  
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Figure 6-9. In astrocytes, Mmp9 and Tgfb gene expression is increased with LPS treatment, 

whereas Intb3 and Cx43 genes are downregulated. RT-qPCR was used to measure the relative gene 

expression (2-ΔCt) of (A) Mmp9, (B) Tgfb, (C) Cx43 and (D) Intb3 in pure astrocyte cultures in response 

to LPS (10ng/mL) over 48 hours. Data are displayed as mean±SEM with individual data points visible 

(n=4 separate cultures). Statistical significance was determined using Friedman’s tests. *, p<0.05; **, 

p<0.01 

To determine if the profile of expression changes could be influenced by microglial 

crosstalk, mixed glial cultures were also analysed for expression changes in the same genes 

in response to LPS over the same time. Mixed cultures showed a more robust increase in 

Mmp9 gene expression after 48h (relative gene expression: 48h = 39.08±11.22 vs 0h = 

0.1885±0.03435, p=0.0061; Figure 6-10A). Tgfb gene expression showed an initial drop in 

response to LPS after 8h, however, it proceeded to a significant increase by 48h versus the 

8h time point (relative gene expression: 8h = 4.81±0.1683 vs 0h = 11.3±0.754, or vs 48h = 
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5.59±19.67, p=0.370 for both comparisons; Figure 6-10B). As was also seen in pure 

astrocyte cultures, the Cx43 and Intb3 expression patterns both showed maximum 

decreases after 24h (relative gene expression: Cx43: 24h = 75.62±21.68 vs 0h = 

224.0±99.82, p=0.0823; Intb3: 24h = 0.5195±0.153 vs 0h = 2.011±0.9987, p=0.0370; Figure 

6-10C-D).  

 

 

Figure 6-10. Mmp9 and Tgfb gene expression increases over time with LPS treatment in mixed 

glia, whereas Cx43 and Intb3 are reduced. RT-qPCR was used to measure the relative gene expression 

(2-ΔCt) of (A) Mmp9, (B) Tgfb, (C) Cx43 and (D) Intb3 in mixed glial cultures in response to LPS 

(10ng/mL) over 48 hours. Data are displayed as mean±SEM with individual data points visible (n=4 

separate cultures). Statistical significance was determined using Friedman tests. *, p<0.05; **, p<0.01 
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6.12 Effect of Gas6 on Mmp9 gene expression in mixed glia under 

inflammatory conditions 

Due to the more pronounced change in Mmp9 expression in response to LPS in mixed glial 

cultures, this combination of cells and gene of interest were continued with in experiments 

to explore the role of TAM signalling. Cells were treated with LPS for 48h with or without 

co-incubation with Gas6 (added 1h before) and Mmp9 gene expression was measured using 

RT-qPCR. Gas6 had a notable suppressive effect on the LPS-induced increase of Mmp9 in 

wild-type cells, reducing the mean expression by half, although not to significance (fold 

change: Gas6+LPS = 82.02±20.68 vs LPS = 162.2±38.32, p=0.125; Figure 6-11A). This trend 

was also observed in Tyro3-/- mixed glia and to a lesser extent in Axl-/- cells (fold change: 

Tyro3-/-: Gas6+LPS = 9.451±3.367 vs LPS = 44.68±27.83; Axl-/-: Gas6+LPS = 42.14±17.70 vs 

LPS = 65.43±24.13, p=0.25; Figure 6-11B-C). In contrast, mixed glia from a Mertk-/- 

background displayed no Gas6-mediated effect on LPS-induced levels of Mmp9 (fold change: 

Gas6+LPS = 34.59±23.02 vs LPS = 44.73±20.09, p=0.875; Figure 6-11D).  
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Figure 6-11. Effects of Gas6 on Mmp9 gene expression in wild-type and TAM single knockout 

mixed glial cultures under inflammatory conditions. Mixed glia from (A) wild-type, (B) Tyro3-/-, (C) 

Axl-/- and (D) Mertk-/- backgrounds were treated with LPS for 8h with or without co-incubation of Gas6 

which was added 1h before. RT-qPCR was used to determine fold change in expression (2-ΔΔCt) compared 

to unstimulated cells with Gapdh as a reference gene. Data displayed are mean±SEM with individual 

paired values. Statistical significance was determined using Wilcoxon signed-rank tests (except for B) 

for n=2-4 repeats on individual cultures.  

 

6.13 Discussion 

This chapter has illustrated a clear role for microglia-astrocyte communication during the 

inflammatory-induced repair process. Initially, it was shown that the Axl receptor plays a 

role in stimulating the expression of IL-10, a key anti-inflammatory cytokine believed to 

stimulate astrocyte repair, under both basal and inflammatory conditions. However, 
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addition of either Gas6 or ProS1 was not able to stimulate induction of the cytokine during 

LPS-induced inflammatory conditions. Furthermore, IL-10 receptor expression was 

stimulated in microglia and was also dependent on Axl; however, the same was not 

observed in astrocytes. When examining the role of IL-10 in astrocyte migration, no clear 

effects were observed. However, a microglia-dependent effect of TAM receptor stimulation 

of astrocyte migration was evident during inflammatory conditions. Finally, a set of genes 

potentially involved in the astrocyte migratory response to inflammatory conditions were 

explored. Mmp9 and Tgfb showed increases with LPS stimulation, whereas Gja1 and Intb3 

both decreased. Furthermore, Mmp9 induction was suppressed by Gas6 in mixed glial 

cultures.  

 

6.13.1 Effects of TAM signalling on IL-10 and TGF-β signalling 

IL-10 is a key anti-inflammatory cytokine involved in the resolving phase of inflammation. 

It has previously been reported that IL-10 is important in sending signals to reactive 

astrocytes to stimulate their repair processes (Norden et al., 2014). By using RT-qPCR to 

measure Il10 gene expression, a rapid induction (1h) of Il10 mRNA was shown in response 

to LPS-induced inflammatory signalling, which was maintained for up to 24h. This LPS-

induced IL-10 induction is a well-accepted microglial response (Ledeboer et al., 2002; Lively 

& Schlichter, 2018), and replicating it here ensured that the microglial cells were 

responding appropriately in our hands. Notably, basal Il10 mRNA levels were suppressed 

when the Axl receptor was absent in microglia. Moreover, this Axl dependence was also 

observed through lower Il10 expression levels versus wild-type cells in response to 8 hours 

of LPS. TAM receptor-dependent effects have previously been reported in macrophages 

where there was a role for both Mer (Zizzo, Hilliard, Monestier, & Cohen, 2012) and Axl 

(DeBerge et al., 2021) under different conditions. The levels of relative gene expression in 

these experiments were very low, so it is likely that the remaining levels of IL-10 in Axl-/- 

microglia were insufficient to have any functional anti-inflammatory role after LPS 

induction. However, contradictory to the Axl-dependent effects observed in this work, there 

were no effects observed for the TAM receptor ligands on IL-10 expression in inflammatory 

microglia. Our lab has previously shown Gas6 upregulation of IL-10 in both mixed glia and 

optic nerves via the Axl receptor under basal conditions (Goudarzi, Gilchrist, & Hafizi, 2020; 

observations not included in this thesis). Furthermore, Gas6 signalling has been reported to 

stimulate IL-10 in anti-inflammatory macrophages via Mer, however, only in cells that were 

originally stimulated by M-CSF (Zizzo et al., 2012). These observations together suggest that 

the IL-10-inducing effect of Gas6 in microglia, potentially via Axl, is more pronounced in a 

whole tissue context under basal or anti-inflammatory conditions, where intercellular 
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communications can also contribute to signalling events. This is further supported by the 

reported requirement of TGF-β for macrophages to fully differentiate into an anti-

inflammatory phenotype before Gas6 was used to stimulate IL-10 levels (Zizzo et al., 2012). 

Based on the work reported in Chapters 3 and 4, it is possible that the Axl-dependent 

stimulation of IL-10 is mediated through a stimulation of anti-inflammatory signalling, such 

as SOCS, rather than through direct Gas6-Axl-mediated signalling events.  

As well as being a product of microglia, IL-10 is also well documented for its effects on 

microglia in inducing an anti-inflammatory phenotype (Lobo-Silva, Carriche, Castro, Roque, 

& Saraiva, 2016). Therefore, the levels of IL-10 receptor (Il10ra) expressed in microglia, and 

how this was modulated by LPS stimulation, was investigated. It was discovered that 

microglia displayed an increase in mRNA levels of Il10ra in response to LPS. Although 

modest, these changes correlate with the changing levels of Il10 expression, suggesting a 

possible autocrine mechanism whereby inflammatory stimulation causes a tandem 

upregulation of expression of both IL-10 ligand and receptor. This would result in the 

stimulation of multiple anti-inflammatory mediators, including further increase of IL-10 

(Lively & Schlichter, 2018). The inflammatory upregulation of Il10ra was replicated in 

Mertk-/- microglia but not in Axl-/- microglia. However, the latter observation appears due to 

a low number of experimental repeats. Therefore, the expression of IL-10, but not the IL-10 

receptor, appears to be regulated by Axl during the inflammatory response of microglia.  

After investigating the roles of Gas6/TAM signalling on regulation of IL-10 expression in 

microglia, the effects of these changes on astrocyte biology were investigated. Firstly, IL-10 

receptor expression in pure astrocyte cultures was found to be modestly but not 

significantly stimulated by LPS. In support of this, a previous report has illustrated an 

increase in IL-10 receptor on the surface of astrocytes in response to LPS (Norden et al., 

2014). It is likely that the low number of experimental repeats is the reason for the results 

observed here being non-significant. Furthermore, Norden et al. (2014) investigated 

changes in the receptor after 24h, therefore, it is possible 8h was an insufficient time to 

discover changes in the IL-10 receptor in astrocytes. Moreover, knockout of Mer or Axl did 

not alter the LPS-induced IL-10 receptor increase that was observed in astrocytes. As with 

wild-type experiments, the lack of significance could be due to too few experimental repeats 

to detect a potentially meaningful alteration in IL-10 receptor expression.  

Exogenous IL-10 was used to investigate the previously reported communication between 

microglia and astrocytes through IL-10 and TGF-β, respectively (Norden et al., 2014). 

Migration rate of astrocytes was used as a functional parameter as it is understood that TGF-

β stimulates their migration (X.-Q. Huang et al., 2012). Exogenous IL-10 treatment had no 

effect on the migratory rate of astrocytes, nor on the mRNA expression of Tgfb. It is possible 
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that the effects were not observed due to technical limitations of the model. For example, 

changes in migration rate are small, therefore, 24h may not be sufficient for effects on 

migration to be visible. Also, the role of IL-10 on astrocyte biology may not directly relate to 

cell migration. There have also been conflicting reports regarding the effectiveness of 

exogenous IL-10 in different models. For example, exogenous IL-10 was incapable of 

eliciting protective functions in both clinical and pre-clinical models of neuroinflammatory 

disease, such as MS (Cannella, Gao, Brosnan, & Raine, 1996; Rott, Fleischer, & Cash, 1994; 

Saxena et al., 2015). Therefore, one can only conclude from these experiments that 

exogenous IL-10 was unable to effect a change in cell migration when applied to cell cultures 

in vitro.  

 

6.13.2 Gas6 and the TAM receptors suppress astrocyte migratory pathways 

under inflammatory conditions 

Investigations into the ability of astrocytes to migrate under inflammatory conditions 

revealed a possible role for Gas6 in the suppression of migration rate. Interestingly, this 

suppression was only displayed under inflammatory conditions when astrocytes and 

microglia were together in mixed glial cultures. There is much evidence on the crosstalk 

between microglia and astrocytes under inflammatory conditions (Bernaus et al., 2020). For 

example, the release of pro-inflammatory mediators from microglia is necessary for 

astrocyte reactivity to be fully induced (Liddelow et al., 2017). These data support the need 

for astrocytes and microglia to communicate closely during inflammation. Furthermore, 

when using single TAM receptor knockout cell cultures, these effects were not observed to 

the same degree. This work is the first time Gas6 has been implicated in astrocyte migration, 

therefore, investigations were conducted to explore potential molecular pathways that 

could be affected by TAM signalling.  

Initially, four genes were chosen due to their reported involvement in astrocyte migration 

– Mmp9, Tgfb, Gja1 (encoding Cx43) and Intb3 (Homkajorn, Sims, & Muyderman, 2010; Hsu 

et al., 2008; X.-Q. Huang et al., 2012; Lagos-Cabré et al., 2017). Of these genes, Mmp9 and 

Tgfb expression were induced following LPS treatment, whereas Gja1 and Intb3 were 

suppressed. Remarkably, the expression changes caused by LPS were also more 

pronounced when microglia-astrocyte communication was present (i.e. in mixed glia 

cultures). Cx43 is believed to act downstream of β3-integrin signalling, both of which have 

been shown to be stimulated after TNF-α treatment (Lagos-Cabré et al., 2017). This 

contradicts the response observed here, which displays clear downregulation of both the 

Cx43 and β3-integrin mRNA profiles. However, a downregulation of Cx43 has been reported 
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in an in vivo model of LPS-induced demyelination (F. Zhang, Yao, Whetsell, & Sriram, 2013). 

In this case, Cx43 dysfunction was a result of astrocyte and oligodendrocyte apoptosis. 

During astrocyte migration, communication is important to ensure there is a co-ordinated 

response from astrocytes (Lagos-Cabré et al., 2020). This warrants an increase in the levels 

of Cx43 in these cells, as is seen in multiple neurodegenerative disorders (Xing, Yang, Cui, & 

Chen, 2019). It is possible that the downregulated levels observed here are also a result of 

apoptotic cell death, as was seen in the EAE model (F. Zhang et al., 2013). Moreover, 

interactions between microglia and astrocytes have been shown to be required for Cx43 

regulation (Watanabe et al., 2016). Therefore, it is possible that the lower expression levels 

and small decrease observed in pure astrocyte cultures is a result of poor cell viability, 

whereas in mixed glial cultures, there is a genuine regulation of Cx43 expression levels, 

mediated through microglia. This complexity requires further exploration to fully 

understand the role of Cx43 gap junctions and hemichannels in inflammatory astrocyte 

migration.  

With regards to TGF-β and MMP9 interactions, TGF-β can induce the expression of MMP9 

which enhances astrocyte migration through remodelling of the extracellular matrix (Hsieh, 

Wang, Wu, Chu, & Yang, 2010). Furthermore, LPS has previously been reported to stimulate 

MMP9 expression while concomitantly increasing cell migration in rat brain astrocytes (C. 

C. Yang et al., 2020). Therefore, the LPS-induced increase in Tgfb gene expression reported 

here may be enhancing the Mmp9 response observed in pure astrocyte cell cultures, 

although the work conducted here was unclear as to any differences in the times of 

induction between the two genes. To identify if TGF-β has a role in stimulating MMP9 under 

LPS-induced inflammatory conditions, it would be beneficial to utilise TGF-β blockers or 

Tgfb knockout cells to identify any alteration this may have on the MMP9 response. When 

combined with microglia in a mixed glial cell culture, the responses observed in Mmp9 and 

Tgfb gene expression were more robust than in pure astrocyte cells.  

The Mmp9 response was also analysed in mixed glia to identify whether Gas6 could affect 

the induction caused by LPS. Preliminary data from our research group (personal 

communications) indicate that the suppression of migration rate observed is dependent on 

microglial presence, as pure astrocytes do not elicit the same Gas6-mediated suppression. 

In addition, loss of signalling through Mer resulted in a loss of the Gas6 effect, implicating 

Mer as being involved in regulation of MMP9 expression. Our group previously reported the 

ability of Gas6 to reduce expression of basal Mmp9 in mouse optic nerve tissue (Goudarzi et 

al., 2016). Therefore, the downregulation of glial MMP9 through Gas6 is one potential route 

for TAM signalling to regulate astrocyte migration as well as the integrity of the BBB. 
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Although we were unable to show a direct effect of IL-10 on the astrocyte TGF-β response, 

stimulation of astrocytes via this signalling route is likely dependent on intercellular 

communication with microglia. As mentioned above, IL-10 has been shown to stimulate 

TGF-β induction in astrocytes and reduce the pro-inflammatory response (Norden et al., 

2014). Therefore, in the present work, it can be speculated that Tgfb expression changes are 

more robust in mixed glial cultures due to release of microglial factors, including IL-10. 

Furthermore, this TGF-β stimulation could further enhance the induction of MMP9 (Hsieh 

et al., 2010). Finally, the data displayed here indicate that both Il10 and Mmp9 expression 

are regulated by the TAM system, with Axl knockout microglia displaying downregulation 

of IL-10 and MMP9 induction being altered by Gas6. Therefore, a novel signalling pathway 

is suggested connecting each of these mediators (Figure 6-12).  

 

Figure 6- 12. Schematic diagram of a suggested pathway for microglial and astrocyte crosstalk 

in mixed glial cultures. Microglia release IL-10 which is dependent on the Axl receptor. IL-10 can have 

both autocrine and paracrine effects on microglia and astrocytes, respectively through the IL-10 

receptor (IL-10R). The stimulation of astrocytes results in the release of TGF-β and MMP9 from reactive 

astrocytes. Increased levels of TGF-β and MMP9 result in increased migration of astrocytes. Gas6 acting 

through the Mer receptor (and possibly Axl) on microglia can suppress the release of TGF-β and MMP9 

from astrocytes. 

 

6.13.3 Limitations and future directions 

Investigations into the genes involved in the migratory response probed multiple possible 

targets and the involvement of microglial crosstalk. However, due to time constraints, the 
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work conducted into these target genes was limited. A possible role for Gas6 signalling 

through the Mer receptor has been presented to cause suppression of MMP9 induction. 

However, future work is required to confirm these findings and to discover if TAM signalling 

is dependent on inflammatory or regulatory factors released by microglia to have a 

functional effect on astrocyte migration. Combining this with the Axl-dependent effects on 

IL-10 should also provide a wider understanding of the interactions between microglia and 

astrocytes under these conditions.  

Furthermore, scratch wound assays provided a simple model to track the migrating front 

over a set time. Future work could use immunofluorescent imaging to explore 

morphological changes to astrocytes over time and to discover where microglia are present 

in the mixed cell culture in relation to the migrating front. Furthermore, other migration 

assays, such as three-dimensional insert-based migration assays or hydrogel-based cell 

cultures could provide further insights into the mechanics of astrocyte migration. Overall, 

these experiments have provided a new insight into the possible modulatory role of TAM 

signalling into astrocyte migration. This will lay the foundation for future investigations to 

further elucidate this involvement.   

 

6.14 Conclusion 

In conclusion, this chapter has shown that the Axl receptor is vital for optimal IL-10 

signalling in microglial cells. However, investigations into the IL-10-dependent effects on 

astrocyte TGF-β induction or migration were inconclusive. Therefore, other migratory 

molecules were investigated, and it was shown that Mmp9 gene induction by LPS 

stimulation is modulated by Gas6. These effects were reflected functionally, with migration 

of astrocytes being reduced by Gas6 under inflammatory conditions in the presence of 

microglia, occurring through Mer. This confirms the expected role of glial cell crosstalk in 

astrocyte migration. By investigating the underlying molecular changes that induce 

astrocyte migration and how TAM receptor signalling modulates this, a novel pathway is 

suggested that could enhance CNS repair during neuroinflammation. Further investigations 

into this pathway and the molecules involved could reveal new therapeutic targets for 

treating neuroinflammatory damage.  
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Chapter 7. TAM receptor and ligand expression in 

MS lesion pathology 

 

7.1 Introduction 

MS is an autoimmune demyelinating disorder of the CNS. During disease pathology, 

autoimmune responses target myelin proteins within the CNS, leading to areas of 

demyelinated tissue. Lesion pathology varies extensively between patients and throughout 

the course of disease but can generally be characterised as acute active, chronic active or 

chronic inactive lesions (Lucchinetti et al., 2000). In some cases, remyelinated lesions can 

be evident which are termed “shadow plaques” (Guerrero & Sicotte, 2020). Microglial and 

astrocyte activation are important aspects of lesion development. Both inflammatory and 

anti-inflammatory microglial markers are identifiable within MS lesions, dependent upon 

the stage in lesion development (Guerrero & Sicotte, 2020; Zrzavy et al., 2017). Astrocytes 

also change within lesions, with reactive astrocytes being present in lesion borders and 

remyelinated lesions, but are scarce within active lesions (Prineas & Lee, 2019).  

As we have seen from the thesis so far, TAM receptors play a vital role in controlling the 

immune response of microglia and astrocytes. Through activation of the receptors by their 

vitamin K-dependent ligands, this system has the potential to limit the pro-inflammatory 

response and promote repair within areas of CNS inflammation (Hafizi & Dahlbäck, 2006a; 

Shafit-Zagardo et al., 2018). Research using animal models of MS, including EAE and 

cuprizone-induced demyelination has indicated an increase in the levels of Axl, Mer and 

Gas6 with induction of the disease (Binder et al., 2008; Gruber et al., 2014). Furthermore, 

targeted activation of the TAM system has seen vast improvements in disease course and 

clinical outcome, whereas TAM receptor deficiency can be detrimental for neuronal health 

(Gruber et al., 2014; Tsiperson et al., 2010; Weinger et al., 2011).  

GWAS have shown that polymorphisms in the human MERTK gene are associated with 

increased susceptibility to MS (Binder et al., 2016; Ma et al., 2011). Also, Gas6 levels have 

been shown to increase in cerebrospinal fluid of patients with early developing lesions (P. 

P. Sainaghi et al., 2013). Additionally, soluble forms of Mer and Axl have been reported to 

increase in MS lesions (Weinger et al., 2009). However, apart from the aforementioned 

studies, there is little clinical evidence to confirm the findings in animal models. Therefore, 

the aim of this chapter was to investigate the expression profile of the TAM system in 

humans using post-mortem MS brain tissue and to identify any correlation with the findings 

of the in vitro studies presented in the preceding chapters.  
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7.2 Methods 

Formalin-fixed paraffin-embedded (FFPE) brain sections of 6µm thickness from MS and 

control cases were acquired from the MS and Parkinson’s Brain Bank (Imperial College 

London). Sections were first stained with Luxol Fast Blue (LFB) and Cresyl Violet to 

highlight lesion areas. Lesion areas were identified by Professor James Nicholl. Then, other 

sections were immunohistochemically stained with glial cell markers Iba1 (microglia) and 

GFAP (astrocytes), as well as for TAM receptors Mer and Axl, TAM ligand Gas6, and the 

modified amino acid Gla, which is found in Gas6 and ProS1. DAB was used for colour 

development of the stained tissues (section 2.8.3). Images were taken using an Olympus 

dotSlide and image processing was conducted using Fiji software. Percentage protein load 

was obtained for each antibody comparing MS and control cases.  

 

7.3 Demographics and patient characteristics 

Participant characteristics are summarised in Table 14. The control group (n=4; mean = 

65.8±2.4 years) was older than the MS patient cohort (n=8; mean = 50.4±3.6 years) with a 

higher male/female ratio (Control = 1:2 vs MS = 1:4). One of the control cases had 

progressive multifocal leukoencephalopathy (PML) which resulted in neurological 

symptoms that included lesion pathology. Care was taken to ensure only normal-appearing 

white matter (NAWM) was characterised for all control brain sections. Average MS disease 

duration was 26.0(±1.8) years with progressive symptoms being present for 14.0(±2.0) 

years. Tissue was processed within 35±5.19h of death.  

Table 14. Summary of MS patient and control participant characteristics. 

Case 

no. 

Age Sex Diagnosis Disease 

duration 

(years) 

Symptom 

progression 

period (years) 

Cause of 

death 

Post-

mortem 

delay (h) 

1 53 F SPMS 30 22 Broncho-

pneumonia 

34 

2 50 F SPMS 27 15 Aspiration 

pneumonia 

59 

3 38 F SPMS 22 15 Pneumonia 19 

4 59 F SPMS 24 15 Broncho-

pneumonia 

48 

5 46 M SPMS 25 15 Pneumonia 10 

6 45 F SPMS 25 3 Pneumonia 17 
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7 42 F SPMS 19 10 Broncho-

pneumonia 

61 

8 70 M SPMS 36 17 Pneumonia 11 

9 67 F Non-

neurological 

N/A N/A Acute 

arrhythmia 

33 

10 70 M Non-

neurological 

N/A N/A Metastatic 

mixed 

sarcoma 

47 

11 59 M PML N/A N/A PML 49 

12 67 F Non-

neurological 

N/A N/A Metastatic 

ovarian 

carcinoma 

32 

 

7.4 Visualisation of MS lesions using Luxol Fast Blue 

For identification of lesions within brain sections, LFB was used to stain myelin sheaths and 

Cresyl Violet was used to visualise neurons. Using this, regions of interest were selected for 

use in quantification. For control samples, regions of NAWM were chosen, showing 

organised myelin sheaths with no areas of grey matter or demyelination (Figure 7-1). For 

MS sections, two cases were identified as having remyelinated lesions (cases 3 and 8), 

where axons were thinly remyelinated but less ordered than control samples. Demyelinated 

lesions were identified in all other MS cases, where LFB staining showed areas of myelin 

loss and Cresyl Violet highlighted neuronal damage. Each demyelinated lesion had a 

variable appearance with different lesion size and levels of damage or demyelination.  
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Figure 7-1. Visualisation of myelinated and demyelinated axons using Luxol Fast Blue. FFPE 

brain sections were stained using LFB to visualise myelin and Cresyl Violet was used to counterstain 

neurons. Representative images are shown of brain sections (two images from each group) from control 

samples with normal-appearing white matter (NAWM), MS samples showing remyelinated lesions and 

MS samples showing demyelinated lesions. Scale bar = 50μm. Each image has a higher magnification 

insert with scale bar = 25µm. 

 

7.5 Iba1 staining 

To identify changes to microglia within lesions, sections were stained with the microglial 

marker Iba1, which was quantified to provide the percentage of Iba1 protein load within 

the identified regions from LFB sections. Remyelinated lesions were included in the overall 

analysis of all lesions but were also highlighted separately for their distribution within the 

data set (Figure 7-2; green points). In control samples, microglia were identified throughout 

NAWM with small cell bodies and fine processes. Remyelinated lesions had more microglia 

present in the brain tissue with larger cell bodies and identifiable processes extending from 

some cells. Demyelinated lesions displayed Iba1-positive microglia with large cell bodies 

and small, dense processes. Demyelinated lesions presented with variable numbers of 

microglia present, all with a similar morphology. However, some demyelinated lesions were 

surrounded by a microglia/macrophage border whereas others were not; in these cases, the 

microglial border was not included in the quantification. Overall, Iba1 protein load was 
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significantly higher within MS lesions (MS = 6.369% (median) vs Control = 1.989%, 

p=0.0283), with remyelinated lesions displaying the highest Iba1 staining among the 

analysed samples.  

 

Figure 7-2. Iba1 protein load is increased in MS tissue pathology. FFPE brain sections were stained 

with anti-Iba1 antibody (black arrows) using DAB visualisation and haematoxylin counterstain. 

Representative images are displayed from brain sections showing a control sample with NAWM, an MS 

sample showing a remyelinated lesions and an MS sample showing a demyelinated lesion. Graph 

displays percentage of Iba1 protein load for individual samples showing median bar with remyelinated 

cases displayed as green points and demyelinated cases in red. Statistical significance was determined 

using Mann-Whitney tests. Scale bar = 50μm. *, p<0.05 

 

7.6 GFAP staining 

GFAP was used to identify and visualise astrocytes within the brain tissue as well as for 

quantification of protein load. In NAWM, astrocytes were identified with radiating 

processes throughout the healthy tissue (Figure 7-3). Remyelinated lesions displayed many 

radiating astrocytes throughout the lesion regions, with densely stained cell bodies. In 

demyelinated lesions, a range of GFAP-positively stained astrocytes were visible. Some 

lesions displayed higher numbers of cells, similar to remyelinated lesions, whereas other 

lesions showed very little GFAP staining with few cell bodies and little evidence of process 

extension. Overall, percentage of GFAP protein load shown no difference when all data were 
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included (MS = 2.375% vs Control = 4.062%, p=0.3677). However, as tissue with 

remyelinated lesions displayed much higher levels of staining (green points), removal of 

these for data analysis showed that demyelinated lesions have lower GFAP protein load, 

with a difference that was close to statistical significance (MS = 1.299% vs Control = 4.062%, 

p=0.0667).  

 

Figure 7-3. GFAP protein load trends toward a decrease in MS tissue pathology. FFPE brain 

sections were stained with GFAP using DAB visualisation (black arrows) with haematoxylin 

counterstain. Representative images of brain sections display a control sample with NAWM, an MS 

sample showing a remyelinated lesion and an MS sample showing a demyelinated lesion. Graph displays 

percentage of GFAP protein load for individual samples showing median bar with remyelinated cases 

displayed as green points and demyelinated cases in red. Statistical significance was determined using 

Mann-Whitney tests. Scale bar = 50μm.  

 

7.7 Mer staining 

As TAM signalling has been implicated in MS and related animal models (Bellan et al., 2016), 

the components of the TAM system were investigated for any alterations in MS lesions. In 

general, Mer receptor expression was very low in control samples. For the one control 

sample displaying higher protein load (case 1), a high amount of background staining was 

detected, therefore, statistical analysis was performed without this case (Figure 7-4). In all 

MS lesions, cells with Mer expression were identified spread throughout the lesion area. 
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Without including case 1, percentage of Mer protein load displayed a small increase in MS 

lesions, with no distinction visible in remyelinated lesions (green points; MS = 0.2684% vs 

Control = 0.012%, p=0.0909).  

 

Figure 7-4. Mer protein load is slightly altered in MS tissue. FFPE brain sections were stained with 

Mer using DAB visualisation (black arrows) with haematoxylin counterstain. Representative images of 

brain sections display a control sample with NAWM, an MS sample showing a remyelinated lesion and 

an MS sample showing a demyelinated lesion. Graph displays percentage of Mer protein load for 

individual samples showing median bar with remyelinated cases displayed as green points and 

demyelinated cases in red. Statistical significance was determined using Mann-Whitney tests. Scale bar 

= 50μm.  

 

7.8 Axl staining 

When identifying Axl within tissue sections, staining was mainly associated with endothelial 

tissue and cells in close proximity to blood vessels (Figure 7-5). Staining for Axl was low in 

all the brain sections, with stained cells being more evident in lesion tissue. Overall, Axl 

staining showed a significant increase in MS lesions (MS = 0.046% vs Control = 0.010%, 

p=0.0485) with no clear distinction between remyelinated and demyelinated lesions.  
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Figure 7-5. Axl protein load is increased in MS tissue pathology. FFPE brain sections were stained 

with Axl using DAB visualisation (black arrows) with haematoxylin counterstain. Representative images 

of brain sections display a control sample with NAWM, an MS sample showing a remyelinated lesion 

and an MS sample showing a demyelinated lesion. Red stars show the location of blood vessels. Graph 

displays percentage of Axl protein load for individual samples showing median bar with remyelinated 

cases displayed as green points and demyelinated cases in red. Statistical significance was determined 

using Mann-Whitney tests. Scale bar = 50μm. *, p<0.05 

 

7.9 Gas6 staining 

As the TAM ligand capable of activating both Mer and Axl, Gas6 protein load was also 

investigated to identify expression changes in patients with MS. As with Axl staining, Gas6 

was mainly identified associated with the endothelium. In control samples, very little Gas6 

staining was evident (Figure 7-6). However, Gas6 was more apparent in lesioned tissue, 

particularly in demyelinated lesions where Gas6-positive cells were also observed in some 

cells further away from the endothelium. Quantification illustrated an increase in Gas6 

protein load in lesions that was very close to significance (MS = 0.873% vs Control = 

0.1923%, p=0.0503) with remyelinated lesions being in the lower portion of MS cases, but 

not separate from the demyelinated lesions.  
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Figure 7-6. Gas6 protein load is increased in MS tissue pathology. FFPE brain sections were stained 

with Gas6 using DAB visualisation (black arrows) with haematoxylin counterstain. Representative 

images of brain sections display a control sample with NAWM, an MS sample showing a remyelinated 

lesion and an MS sample showing a demyelinated lesion. Red stars show blood vessels. Graph displays 

percentage of Gas6 protein load for individual samples showing median bar with remyelinated cases 

displayed as green points and demyelinated cases in red. Statistical significance was determined using 

a Mann-Whitney test and p=0.0503. Scale bar = 50μm.  

 

7.10 Gla staining 

Gas6 is a vitamin-K dependent protein that undergoes a post-translational modification 

whereby glutamic acid residues are converted into γ-carboxyglutamic acid (Gla) (Hafizi & 

Dahlbäck, 2006a). Here, changes in expression of Gla, presumably identifying proteins 

containing Gla-modified amino acids, were compared between control and MS samples. Gla 

protein was identified in endothelial tissue and in cells spread throughout the parenchyma. 

Gla protein load was similar between MS cases and control samples (MS = 0.146 vs Control 

= 0.2386%, p=0.9333), with no clear distinction between demyelinated and remyelinated 

lesions.  
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Figure 7-7. Gla protein load is not altered in MS tissue. FFPE brain sections were stained with Gla 

using DAB visualisation (black arrows) with haematoxylin counterstain. Representative images of brain 

sections display a control sample with NAWM, an MS sample showing a remyelinated lesion and an MS 

sample showing a demyelinated lesion. Red stars show blood vessels. Graph displays percentage of Gla 

protein load for individual samples showing median bar with remyelinated cases displayed as green 

points and demyelinated cases in red. Statistical significance was determined using Mann-Whitney tests. 

Scale bar = 50μm.  

 

7.11 Discussion 

The main aim of this chapter was to explore the expression patterns of Mer, Axl, Gas6 and 

Gla proteins in relation to glial cell damage within MS brain lesions in humans. LFB was used 

to visualise lesion areas in the brain sections and IHC staining with DAB detection to 

quantify protein load in the marked areas. It was shown that, alongside an increase in Iba1-

positive staining, expression of Axl and Gas6 were increased in MS lesions, with Mer also 

trending toward an increase. Furthermore, GFAP staining generally decreased in lesion 

areas, and Gla staining showed no expression differences between MS samples and controls. 

Despite the variability in the samples used, these findings display clear evidence that 

suggests Axl/Mer/Gas6 signalling strongly correlates with microglial and astrocyte changes 

within MS lesions.  
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MS pathology is highly variable between patients, with differences in lesion area or size, 

immune cell infiltration or glial reactivity (Compton & Coles, 2002; Prineas & Lee, 2019; 

Zeis, Howell, Reynolds, & Schaeren-Wiemers, 2018). Furthermore, after death there is 

continued cellular metabolism and enzyme functioning (autolysis) which can alter the 

morphological and chemical makeup of tissue samples (Scudamore et al., 2011). Post-

mortem delay is unavoidable when processing human samples due to the nature of tissue 

collection, therefore, substantial differences in the process of tissue fixation could alter 

antibody immunoreactivity or affect the structure of cells (De Groot, Theeuwes, Dijkstra, & 

Van Der Valk, 1995). Moreover, MS disease duration can vary substantially among patient 

cohorts, with some patients affected early in adulthood and others not until many years 

later, with the years of disease progression also varying. Therefore, as the patient disease 

duration and the duration of post-mortem delay have a large range, and the number of 

tissue samples were low, considerations must be made for the levels of variability observed 

in this study. Nevertheless, significant effects were still observed in these experiments, 

which substantiates our findings.   

Throughout the course of lesion development, microglia and astrocytes, along with immune 

cells from the periphery, infiltrate the lesion area and release inflammatory factors into the 

brain parenchyma (Kempuraj et al., 2017). The results from our investigations highlight the 

variability among MS lesions within a small cohort. When using LFB to visualise myelin 

damage, each MS case displayed differences in the location of the lesion, lesion size and the 

extent of the myelin damage. Additionally, some lesions appeared as remyelinated, with 

thinner myelin sheaths formed from newly differentiated oligodendrocytes. Within each 

lesion, the reactivity and distribution of microglia and astrocytes was also variable. Looking 

at Iba1 load, levels of expression corresponded to the stage of lesion development. As Iba1 

is a marker for both microglia and macrophages, it is not possible to distinguish these two 

cell types without further surface markers (Sasaki et al., 2001). However, it is likely that the 

ramified cells within the brain are microglia, whereas the more rounded cells in the vicinity 

of the vasculature are macrophages. The two cases determined to have remyelinated lesions 

displayed the highest levels of Iba1, indicating microglial reactivity and infiltration into the 

lesion area. However, cases that were more fully demyelinated showed higher Iba1 

expression compared to control samples, but lower in comparison to remyelinated lesions. 

This indicates either fewer cells within the lesion area or reduced expression of Iba1 per 

microglia. Of note, Iba1 is associated with microglial motility (Franco-Bocanegra, McAuley, 

Nicoll, & Boche, 2019). Therefore, the observation of a higher expression in the 

remyelinated area might suggest that the cells are recruited to contribute to the 

remyelination (for example, through phagocytosis of myelin debris) and thus might have a 

beneficial role.  
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In addition, astrocytes staining positively for GFAP were present in large numbers within 

remyelinated lesions, whereas demyelinated lesions displayed far fewer astrocytes. This 

heterogeneity of glial cell responses has been well documented in MS lesion pathology 

(O’Loughlin, Madore, Lassmann, & Butovsky, 2018; C. Park et al., 2019; Prineas & Lee, 2019). 

Microglia/macrophages are the earliest responders in lesion areas, with pro- and anti-

inflammatory markers being prominent at different stages of lesion development (M. H. 

Barnett & Prineas, 2004; Zrzavy et al., 2017). Furthermore, reactive astrocytes are present 

in the myelinated borders of lesions, whereas there is near complete loss of GFAP-positive 

astrocytes within active lesions that are not recovered when lesions become chronic 

(Prineas & Lee, 2019). It has been suggested that the loss of astrocytes is due to cellular 

damage that marks the cells for phagocytosis by microglia/macrophage populations 

(Prineas & Lee, 2019). Therefore, MS lesions see an initial increase in astrocyte reactivity to 

help limit the spread of the toxic environment which is then lost as astrocytes themselves 

become damaged or else the toxicity is resolved and there is no longer need for them. 

Moreover, dependent on their location within lesions, microglia and astrocytes also display 

different phenotypes based on multiple molecular markers (C. Park et al., 2019). Taken 

together, MS lesions have extreme heterogeneity among patient samples. However, they are 

all distinct from NAWM in control samples. Therefore, comparisons were made between MS 

patients and control samples with lesions displaying remyelinated pathology considered 

both alongside and separately from the fully demyelinated lesions.  

The TAM system has been shown to be important in both MS and animal models of the 

disorder (Bellan et al., 2016). Here we examined the expression of two TAM receptors, Mer 

and Axl, as they have proven to be important mediators of the neuroinflammatory response 

(Fourgeaud et al., 2016; Zagórska et al., 2014), and were also found to be so in the previous 

chapters. Axl was increased within MS lesions, with most of the staining in or surrounding 

endothelial tissue. In comparison, the increase in Mer protein expression was more limited 

(not gaining significance) but was found spread throughout the parenchyma. An increase in 

Axl and Mer expression has previously been reported in MS lesions (Weinger et al., 2009). 

Axl deficiency was also found to cause enhanced disease progression following EAE 

induction (Weinger et al., 2011) and low levels of Mer have been shown to correlate with 

poor phagocytosis from macrophages extracted from MS patients (Healy et al., 2017). 

Therefore, it stands to reason that an increase in Axl within the lesion area is important for 

limiting progression of lesion development. Additionally, the higher levels of Mer correlate 

with increased phagocytosis in lesions, which is necessary for clearance of myelin debris. 

The increase in Axl staining observed in MS lesions also agrees with what was observed in 

primary cell cultures (Chapter 3). In those experiments, levels of Axl gene expression were 

increased under LPS-induced inflammatory conditions. Furthermore, Axl appeared to be 
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important for LPS-induced stimulation of IL-10 induction (Chapter 6). Together, the 

findings regarding Axl highlight this receptor as the key TAM receptor responsible for 

reduced damage in response to inflammatory cues. Increased Axl expression within MS 

lesions promotes the receptor to stimulating multiple signalling routes, including SOCS, 

thereby promoting repair following lesion development.  

In contrast to Axl, in Chapter 3 Mertk was shown to decrease in response to LPS stimulation 

in vitro, which differs from the modest increase of protein expression observed in MS lesions 

in this chapter. Although an in vitro model of LPS damage is not physiologically similar to 

MS lesion pathology, similarities between in vivo LPS-induced lesions and MS pathology 

have been reported (Marik, Felts, Bauer, Lassmann, & Smith, 2007). One key difference that 

may be driving the increase of Mer within MS lesions is the phagocytosis of myelin debris 

and apoptotic cells by microglia/macrophages. Phagocytosis is a vital function of Mer in the 

normal CNS as well as in CNS pathology (Healy et al., 2017, 2016; Scott et al., 2001). Failure 

in Mer-dependent phagocytosis can cause impaired remyelination following cuprizone-

mediated demyelination (Shen et al., 2021). In pure microglial cultures, there is no 

induction of phagocytosis nor is there interaction between various CNS cells or infiltrating 

immune cells. Therefore, the increased levels of Mer in the MS lesions are likely due to these 

discrepancies. Moreover, Mer and Axl were both proven necessary for glial cell reactivity in 

an organotypic slice culture model (Chapter 3), where astrocyte reactivity depended on 

both receptors and Axl was also essential for the induction of reactivity in microglia. Mer 

was shown to be important for limiting the inflammatory response in microglia. Together, 

the evidence points toward Mer and Axl being key molecular regulators in MS lesion 

pathology. It is likely that each receptor plays a role in controlling the pro-inflammatory 

response induced in glia by mediating the release of anti-inflammatory factors and 

phagocytosing cell debris.  

As previously mentioned, in this study Axl was found mainly in close association to 

endothelial tissue. Interestingly, this is also where its ligand Gas6, and the vitamin K-

dependent protein residue Gla were located. Like Axl staining, more Gas6 was detected in 

the lesions compared to control tissue. However, no differences in Gla were detected 

between MS and control cohorts. Gas6/TAM signalling is important for the resolution of the 

inflammatory response in various neuroinflammatory settings (Tondo et al., 2019). Gas6, 

Axl and Mer have all been shown to increase in animal models of MS (Binder et al., 2008; 

Gruber et al., 2014), with Gas6 administration improving disease severity (Tsiperson et al., 

2010). This increase appears to be important for improving oligodendrocyte survival and 

reducing the number of activated microglia (Binder et al., 2008). This also correlates with 

clinical findings that report increased levels of Gas6 in the cerebrospinal fluid of MS patients 
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with less severe relapses, compared with those that are more severe (P. P. Sainaghi et al., 

2013). This suggests that Gas6 is important in early lesion development to aid repair of 

damage. Additionally, Gas6 is able to stimulate remyelination following lysolecithin-

induced demyelination in mouse tissue (Goudarzi et al., 2016). Chapter 4 demonstrated that 

Gas6 can signal through both Axl and Mer to alleviate the inflammatory response observed 

through Tnf expression. However, Mer is also stimulated by ProS1 to mediate TAM 

signalling (Hafizi & Dahlbäck, 2006a). Therefore, the increase in Gas6 observed in MS 

lesions would allow for stimulation of Axl/Mer signalling in the lesion site, having an anti-

inflammatory and pro-survival effect on cells within the MS lesion. Gas6 and ProS1 are 

vitamin K-dependent proteins, requiring a γ-carboxylated Gla domain for full activation of 

the TAM receptors (Lew et al., 2014; Tsou et al., 2014). However, there was no correlation 

between Gla and Gas6 expression, with Gas6 showing increased levels in MS samples but 

Gla being unaltered in lesions. However, Gla protein residues are not limited to TAM ligands 

but are also present in a set of other vitamin K-dependent proteins. Therefore, the Gla 

staining may reflect the presence of all such proteins in the brain and not solely Gas6 

(Vermeer, 2012). Further work is essential to determine the role of Gas6 presence and 

activity in MS lesion pathology, including understanding role that the Gla status of Gas6 

plays in its pathobiology. Overall, even in a small cohort of clinical samples, Gas6 is shown 

to play a clear role in MS lesion pathology along with the Mer and Axl receptors.  

 

7.11.1 Limitations and future directions 

The results from this chapter were limited by the availability of samples for analysis. Due to 

the variability in MS lesion pathology and the low number of samples used, further work 

must be conducted to validate the observed patterns. Nevertheless, even at these numbers, 

the data shown, combined with other published research into TAM signalling, provides a 

strong indication of a role for Gas6 and TAM receptors in MS lesion pathology. A more in-

depth study with larger MS and control cohorts would provide an opportunity to fully 

elucidate how TAM signalling differs in various lesion types, and how it may change during 

lesion progression. Furthermore, as these investigations examined ligand expression in 

brain sections, soluble Gas6 would not be present in the FFPE brain sections. Soluble forms 

of Mer and Axl also exist, where cleavage of the extracellular domain results in a non-

functional form of the receptors which has been reported in MS lesions (Bellan et al., 2016; 

Weinger et al., 2009). Using FFPE for tissue preservation would also remove these soluble 

receptors. Therefore, future investigations using tissue homogenates and patient CSF in 

combination with histological analyses would be more fully encompassing of the whole 

TAM system in MS pathology.  
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7.12 Conclusion 

To conclude, this chapter has provided clear evidence of Axl, Gas6 and Mer protein increases 

in MS lesions. By using LFB to highlight areas of demyelination, microglial and astrocyte 

reactivity was used to confirm the heterogeneity of lesion pathology. Increased levels of Axl, 

Gas6 and Mer within lesion areas suggests increased TAM signalling in these areas. This 

increase in signalling likely promotes survival of oligodendrocytes and phagocytosis of 

myelin debris by microglia. Therefore, fully elucidating the role of the TAM system in the 

development of MS lesions will provide a novel avenue for treatment of the damage that 

occurs during MS. 
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Chapter 8. General discussion 

Microglia and astrocytes are vital for the CNS response to an inflammatory insult. Through 

various mechanisms, including cytokine release, cell migration and morphological 

plasticity, these cells can have a wide-ranging impact on the inflammatory response 

(Bernaus et al., 2020). Dysfunction of these mechanisms can have a detrimental effect on 

the CNS, causing the development of various neurodegenerative disorders, including MS. 

TAM signalling functions to reduce levels of inflammation within the CNS (Tondo et al., 

2019) and, therefore, is a strong candidate for therapeutic intervention in disorders where 

there is chronic pro-inflammatory activation. The main aims of this thesis were to: 

investigate how TAM receptors influence microglial and astrocyte inflammatory responses, 

using single TAM receptor knockout mice and inducing TAM signalling with TAM receptor 

ligands Gas6 and ProS1; explore anti-inflammatory mechanisms including inflammatory 

mediator induction and astrocyte migration to determine involvement of TAM signalling; 

finally, to study the expression profile of the TAM receptor system in association with 

microglial and astrocyte changes in MS.  

 

8.1 Main findings 

8.1.1 TAM signalling is an essential component of the CNS glial pro-

inflammatory response 

As they have previously been proven to be vital mediators of the neuroinflammatory 

response (Fourgeaud et al., 2016; Zagórska et al., 2014), Mer and Axl were the focus of 

investigations into TAM signalling during the pro-inflammatory response in glial cells. 

Through RT-qPCR, Mertk and Axl gene expression were proven to be sensitive to LPS-

induced pro-inflammatory response in murine microglia, with Axl mRNA levels increasing 

substantially in response to inflammatory stimulation while Mertk expression was 

downregulated. Interestingly, Mertk mRNA levels were also found to be sensitive to loss of 

Axl signalling, however, the same could not be said for Axl expression. As with microglia, 

astrocytes were highly responsive to pro-inflammatory stimulation in primary cultures, 

indicated by a profound Tnf increase in response to multiple TLR agonists. However, a role 

for TAM receptors in this response was not derived in this model. Interestingly, TAM 

signalling was found to be important for astrocyte reactivity in cerebellar slice cultures, 

determined through immunofluorescence staining with GFAP. Furthermore, Iba1 staining 

of cerebellar slices confirmed the importance of Axl and Mer in microglial reactivity. Loss of 

Axl signalling had severe effects on GFAP reactivity and halted the expected increase in Iba1 
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staining intensity. Deficiency in the Mer receptor also suppressed GFAP responses, whereas 

Iba1 reactivity increased further suggesting hypersensitivity to inflammation by microglia 

that have lost Mer signalling. These findings add to previous literature that implicates TAM 

signalling in alleviating the pro-inflammatory response in vitro (Fourgeaud et al., 2016; 

Healy et al., 2016; Rothlin et al., 2007; Zagórska et al., 2014) and in animal models of 

neuroinflammatory diseases (DuBois et al., 2020; Weinger et al., 2011). 

Together, we can conclude that Mer and Axl are essential modulators of the glial 

inflammatory response in the CNS, with each receptor playing a distinct role. Furthermore, 

evidence also suggests a dependence of Mer upon Axl for full expression of TAM signalling 

so as to regulate the inflammatory response.  

 

8.1.2 The TAM ligand Gas6 is a suppressor of pro-inflammatory signalling 

and mediator induction 

For TAM signalling to occur, receptors must be activated by their vitamin K-dependent 

ligands, Gas6 or ProS1 (Hafizi & Dahlbäck, 2006a). Exogenous treatment with Gas6 or ProS1 

was used to identify if stimulation of TAM signalling could impact glial cell responses to LPS 

challenge. In Chapter 4, Gas6 was shown to be the only effective ligand out of the two for 

suppressing induction of TNF-α in microglial cells. Furthermore, Gas6 also prevented or 

inhibited morphological changes and glial reactivity associated with an inflammatory 

response, identified in cellular and tissue models, respectively. The study of the ability of 

Gas6 to suppress an inflammatory response was expanded in Chapter 5. Using a gene array 

to encompass many TLR-associated genes, Gas6 was shown to be capable of suppressing 

the expression of multiple pro-inflammatory genes. Csf2 (encoding GM-CSF) stood out as a 

highly responsive gene that was suppressed by Gas6 in the array. As TNF-α and GM-CSF are 

both well-recognised as soluble pro-inflammatory mediators (Hamilton, 2020; Muhammad, 

2019), these results support what has previously been reported regarding Gas6 in 

suppressing an inflammatory response (Binder et al., 2008; Deng et al., 2012; Grommes et 

al., 2008; Li et al., 2019). In our hands, ProS1 (the human or mouse protein) was shown to 

have no functional effect under LPS-induced inflammatory conditions. ProS1 has affinity for 

Mer and Tyro3 receptors but not Axl (Tsou et al., 2014), and also had a separate function 

independent of TAM signalling where it is a key negative regulator of the blood coagulation 

cascade (van der Meer et al., 2014). However, the involvement of ProS1 is by no means 

redundant. For example, ProS1/Mer signalling has been shown to be key for phagocytosis 

of apoptotic bodies and myelin debris (Lumbroso et al., 2018; Scott et al., 2001). Efficient 

clearance of these from the CNS is essential for limiting a pro-inflammatory environment 
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and promoting remyelination in animal models of disease (Fourgeaud et al., 2016; Shen et 

al., 2021).  

TNF-α and GM-CSF are both regulated through the NF-κB signalling pathway (Diamant & 

Dikstein, 2013). Therefore, the nuclear translocation of the NF-κB p65 subunit was studied 

by immunofluorescence staining to identify this as a pathway through which Gas6 could 

exert its suppressive effect on inflammatory mediator induction. The results from this 

showed an increase in p65 protein in the nuclear area of cells upon LPS stimulation, with 

the p65 translocation being completely suppressed by Gas6 presence. Therefore, here we 

have added to previous studies showing that TAM signalling can attenuate inflammatory 

signalling via interference with NF-κB signalling (Xuekui Wang et al., 2020; G. Wu et al., 

2018).  

Combined, we have illustrated the ability of Gas6 to suppress multiple pro-inflammatory 

mediators released from microglia, including the cytokines TNF-α and GM-CSF. 

Furthermore, we have highlighted NF-κB signalling as a potential route for this modulation.  

 

8.1.3 The TAM system mediates the astrocyte response in terms of anti-

inflammatory signalling and migration  

The ability to resolve the pro-inflammatory response is vital for complete recovery of 

physiological functions following an insult (Fullerton & Gilroy, 2016). The TAM system is 

important for CNS repair (Shafit-Zagardo et al., 2018), and interplay between microglia and 

astrocytes is vital for optimal recovery (Min et al., 2006; Norden et al., 2014). However, the 

role of TAMs on astrocyte repair functions is limited. In Chapter 6, a role for Axl in the 

induction of the anti-inflammatory cytokine, IL-10, was uncovered. Through IL-10, 

astrocyte TGF-β signalling has been shown to be stimulated which works through negative 

feedback on microglial activation (Norden et al., 2014) and can stimulate astrocyte 

migration (X.-Q. Huang et al., 2012). Furthermore, research from our lab has shown a role 

for Gas6 in mediating levels of IL-10 and TGF-β in mixed glia and optic nerve tissue 

(Goudarzi, Gilchrist, & Hafizi, 2020; data not presented in thesis). Therefore, scratch wound 

assays were used to measure the migration of astrocytes in response to Gas6 treatment 

under inflammatory conditions. As microglia-astrocyte crosstalk also plays a role in 

astrocyte responses to stimuli (Matejuk & Ransohoff, 2020), the involvement of microglia 

in astrocyte migration was also investigated. Interestingly, the data displayed a role for Gas6 

in suppressing the migratory response of astrocytes, but only in the presence of microglia 

(mixed glial culture). Furthermore, Gas6-mediated suppression of migration was not 

observed upon knockout of Mer or Axl receptors, suggesting an important role for these 
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receptors in astrocyte migration during an inflammatory response. MMP9 is an important 

factor in astrocyte migration as it aids in the breakdown of the extracellular matrix to allow 

for astrocyte movement (Hsu et al., 2008). Together, the results from Chapter 6 provided a 

novel insight into how Gas6 may elicit its suppressive effects on MMP9 induction and glial 

cell migration through both Mer and Axl receptors.  

 

8.1.4 TAM signalling in MS lesion pathology 

TAM signalling has an important role to play in MS pathology by controlling the 

inflammatory response, stimulating phagocytosis and promoting remyelination of axons 

(Bellan et al., 2016). MS samples were acquired from the MS and Parkinson’s Brain Bank, 

allowing the translation of what was observed at the cell and tissue levels. The data shown 

in Chapter 7 confirm what had previously been discovered in clinical samples (Weinger et 

al., 2009), with an increase of Axl, Gas6 and Mer in lesion tissue of patients with MS. 

Furthermore, Gla protein was identified in both NAWM and MS lesions, suggesting vitamin 

K-dependent activation of TAM ligands in both healthy and damaged brain tissues.  

These results support some findings from in vitro work, yet conflict with others. The 

increase in Axl protein load seen in MS lesions was also observed in pure microglial cells 

where Axl gene expression increased in response to LPS challenge (Chapter 3). 

Furthermore, knockout of Axl signalling resulted in reduced pro-inflammatory (TNF-α; 

Chapter 3) and anti-inflammatory (IL-10; Chapter 6) signalling, suggesting the importance 

of Axl in the MS lesion environment. Conversely, observations in Mer and Gas6 gene 

expression showed decreased levels during LPS-induced inflammation. However, 

experiments using organotypic slice cultures implicate both Axl and Mer in microglial and 

astrocytes response to inflammation (Chapter 3). Furthermore, previous reports have 

shown time-dependent decreases in Gas6 mRNA levels in macrophages in response to LPS 

for up to 16h (Deng et al., 2012; Feng et al., 2011), but levels have been shown to not be 

altered after 48h (Binder et al., 2008). Gas6, Axl and Mer have also been proven essential in 

animal models of MS. Gas6 improves remyelination in MS models (Goudarzi et al., 2016; 

Gruber et al., 2014; Tsiperson et al., 2010) and changes in receptor expression have also 

been shown to be a key feature in disease course (Binder et al., 2008; Weinger et al., 2011). 

Combined with these studies, the data presented in this thesis support the role of TAM 

signalling in neuroinflammation, with particular reference to MS.  
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8.2 Limitations and future directions 

This PhD project has explored various aspects of TAM signalling in the inflammatory 

response of microglia and astrocytes. Due to time constraints, in part because of the global 

pandemic, questions were raised that were not answered within this thesis, such as the 

involvement of interactions between glial cells under inflammatory conditions or the 

intracellular mechanisms induced by TAM signalling. However, the completed research lays 

the foundation for future researchers to further elucidate the events responsible for TAM-

mediated changes in the inflammatory response.  

The main model for experiments in this project was the generation of primary glial cell 

cultures. Although primary cultures respond to insults more like in vivo models compared 

to immortalised cell lines, they have a much higher degree of variability. Each primary 

culture was prepared from individual mice which have natural differences that can affect 

glial cell biology. For example, gender differences are most likely a factor, as female neonatal 

rat microglia have been reported to exhibit less microglial migration, higher phagocytic 

activity and lower IL-1β in response to LPS compared to microglia derived from male 

animals (Han, Fan, Zhou, Blomgren, & Harris, 2021). However, much of the work in this 

study focused on the TAM system effects on LPS-induced responses, rather than the degree 

of the inflammatory response itself. Consequently, most experiments were statistically 

analysed in a non-parametric pairwise fashion to account for the wide range of degrees of 

inflammatory responses, using a larger number of experimental repeats to confirm trends 

in the data. Furthermore, all of the cell work was conducted using cells from neonatal mice 

as a higher yield could be generated from mice of this age. However, there are many age-

related changes to TAM signalling. For example, in mice, levels of each TAM receptor 

increase throughout development in the cortex, whereas changes in the cerebellum are less 

distinct (Goudarzi et al., 2016). There are also vast changes to inflammatory induction as 

ageing proceeds, such as increased levels of glial reactivity and profound increases in the 

levels of inflammatory cytokines such as IL-1β and IL-6 (Lynch, 2010). Furthermore, 

expression of TLRs is also altered during ageing (Calvo-Rodríguez et al., 2017; Fiebich et al., 

2018). Therefore, these differences must be recognised when comparing experimental 

patterns observed in animals of different ages.  

The data in Chapter 5 highlighted NF-κB signalling as a potential route for TAM signalling. 

However, future work would benefit from investigating this further to examine exactly how 

TAM receptors mediate this change in signalling. Furthermore, it was intended to confirm 

TAM receptor activation through measuring phosphorylation of TAM proteins, as has 

previously been performed in cell lines (Al Kafri & Hafizi, 2019). However, there are 

currently no commercially available antibodies raised against phosphorylated mouse TAM 



Chapter 8 – General discussion 
 

Page | 160 
 

receptors. As mouse/rodent models are such an important tool for understanding disease 

aetiology, having antibodies available for these proteins would be valuable for researchers 

to place TAM kinase activation as an event during disease progression. Investigations into 

other signalling pathways would also help to further elucidate how TAM signalling exerts 

its effects on inflammatory signalling. For example, investigating the role of Axl receptor 

activation during pro-inflammatory conditions could clarify one route of how Axl mediates 

its anti-inflammatory functions.  

Translating findings from in vitro and in vivo experimental models into clinical studies is a 

highly challenging aspect of neuroinflammatory research. The research performed in this 

thesis primarily focussed on mouse in vitro models, with Chapter 7 as an effort to identify 

any correlations with these findings in clinical samples from MS patients. Multiple studies 

discussed in this thesis have shown the involvement of TAM signalling in cuprizone and EAE 

models of MS. However, the limitations of the animal models only allow for part of the 

disease pathology to be examined in each study. Therefore, translating all that is known 

regarding TAM signalling in MS models into MS pathology requires future investigations 

that are closer to the clinical scenario. Understanding TAM system changes over the course 

of MS disease development in clinical samples could help place the findings derived from in 

vitro and in vivo studies, thereby providing a potential route for MS therapeutics and 

recovery.  

Neuroinflammation has become a key hallmark of many neurodegenerative disorders, with 

there being many signalling routes and cellular responses that are common across each 

disease (Guzman-Martinez et al., 2019). Therefore, the findings reported in this thesis may 

not only relate to MS, but to various other conditions both within and outside the CNS. TAM 

receptor deficiency is known to create a lupus-like phenotype in mice (Q. Lu & Lemke, 

2001), and the receptors have also been implicated in Alzheimer’s disease (Herrera-Rivero 

et al., 2019). Together, this suggests a possible overarching ability of TAM receptors in 

modulating the inflammatory response, with implications into many immune disorders. 

Therefore, fully elucidating these roles in the future may allow for the development of 

therapies that can target most conditions where inflammation is a major aspect of disease 

pathology.  

 

8.3 Conclusions 

Neuroinflammation plays a major role in many neurodegenerative disorders, leading to 

neuronal damage and failure in signal conduction. MS is a disorder in which 

neuroinflammation plays a particularly significant role in disease aetiology. TAM signalling 
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is important for mediating the neuroinflammatory response in glial cells within the CNS. 

This thesis has advanced what is known of TAM signalling in the glial cell 

neuroinflammatory response. It was shown that Gas6 suppresses the induction of the pro-

inflammatory cytokines TNF-α and GM-CSF in microglial cells, and Mer and Axl receptors 

are both contributors to this response. Furthermore, a role for Gas6 signalling has been 

found in astrocyte migration which is dependent on communication between astrocytes and 

microglia. Finally, the TAM system was implicated in MS lesion pathology with changes in 

protein levels reflecting what has been found in cell and animal models of the disease. 

Together, the results from this thesis add to and expand the knowledge of TAM signalling 

and highlights the potential for TAM signalling as a possible target for MS treatment 

strategies. Future research is needed to fully elucidate the intracellular signalling events 

that result in TAMs limiting the inflammatory response. Fully understanding these intricate 

pathways will pave the way for the development of novel therapeutics for MS-associated 

neuroinflammatory damage and that seen in other neurodegenerative diseases.  
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Appendix 1 – RT2 Profiler TLR signalling gene array 

genes 

 

Table 15. Gene table: Mouse Toll-like receptor signalling pathway RT2 Profiler PCR Array 

Gene 

Symbol 

UniGene Description 

Agfg1 Mm.392569 ArfGAP with FG repeats 1 

Btk Mm.4475  Bruton 

agammaglobulinemia 

tyrosine kinase 

Casp8 Mm.336851  Caspase 8 

Ccl2 Mm.290320 Chemokine (C-C motif) 

ligand 2 

Cd14 Mm.3460  CD14 antigen 

Cd80 Mm.89474 CD80 antigen 

Cd86 Mm.1452  CD86 antigen 

Cebpb Mm.439656  CCAAT/enhancer binding 

protein (C/EBP), beta 

Chuk Mm.3996 Conserved helix-loop-

helix ubiquitous kinase 

Clec4e Mm.248327 C-type lectin domain 

family 4, member e 

Csf2 Mm.4922 Colony stimulating factor 

2 (granulocyte-

macrophage) 

Csf3 Mm.1238 Colony stimulating factor 

3 (granulocyte) 

Cxcl10 Mm.877  Chemokine (C-X-C motif) 

ligand 10 

Eif2ak2 Mm.378990 Eukaryotic translation 

initiation factor 2-alpha 

kinase 2 

Elk1 Mm.405823 ELK1, member of ETS 

oncogene family 

Fadd Mm.5126 Fas (TNFRSF6)-associated 

via death domain 

Fos Mm.246513 FBJ osteosarcoma 

oncogene 

Hmgb1 Mm.313345 High mobility group box 1 

Hras Mm.334313 Harvey rat sarcoma virus 

oncogene 1 

Hspa1a Mm.6388 Heat shock protein 1A 

Hspd1 Mm.439809 Heat shock protein 1 

(chaperonin) 

Ifnb1 Mm.1245 Interferon beta 1, 

fibroblast 

Ifng Mm.240327 Interferon gamma 

Ikbkb Mm.277886 Inhibitor of kappaB kinase 

beta 

Il10 Mm.874 Interleukin 10 

Il12a Mm.103783 Interleukin 12A 

Il1a Mm.15534 Interleukin 1 alpha 

Il1b Mm.222830 Interleukin 1 beta 

Il1r1 Mm.896 Interleukin 1 receptor, 

type I 

Il2 Mm.14190 Interleukin 2 

Il6 Mm.1019 Interleukin 6 

Il6ra Mm.2856 Interleukin 6 receptor, 

alpha 

Irak1 Mm.38241 Interleukin-1 receptor-

associated kinase 1 

Irak2 Mm.152142 Interleukin-1 receptor-

associated kinase 2 

Irf1 Mm.105218 Interferon regulatory 

factor 1 

Irf3 Mm.3960 Interferon regulatory 

factor 3 

Jun Mm.275071 Jun oncogene 

Lta Mm.87787 Lymphotoxin A 

Ly86 Mm.2639 Lymphocyte antigen 86 

Ly96 Mm.116844 Lymphocyte antigen 96 

Map2k3 Mm.18494 Mitogen-activated protein 

kinase kinase 3 

Map2k4 Mm.412922 Mitogen-activated protein 

kinase kinase 4 

Map3k1 Mm.15918 Mitogen-activated protein 

kinase kinase kinase 1 

Map3k7 Mm.258589 Mitogen-activated protein 

kinase kinase kinase 7 

Mapk8 Mm.21495 Mitogen-activated protein 

kinase 8 

Mapk8ip3 Mm.43081 Mitogen-activated protein 

kinase 8 interacting 

protein 3 
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Mapk9 Mm.68933 Mitogen-activated protein 

kinase 9 

Muc13 Mm.3177 Mucin 13, epithelial 

transmembrane 

Myd88 Mm.213003 Myeloid differentiation 

primary response gene 88 

Nfkb1 Mm.256765 Nuclear factor of kappa 

light polypeptide gene 

enhancer in B-cells 1, 

p105 

NFkb2 Mm.102365 Nuclear factor of kappa 

light polypeptide gene 

enhancer in B-cells 2, 

p49/p100 

Nfkbia Mm.170515 Nuclear factor of kappa 

light polypeptide gene 

enhancer in B-cells 

inhibitor, alpha 

Nfkbib Mm.220333 Nuclear factor of kappa 

light polypeptide gene 

enhancer in B-cells 

inhibitor, beta 

Nfkbil1 Mm.300795 Nuclear factor of kappa 

light polypeptide gene 

enhancer in B-cells 

inhibitor-like 1 

Nfrkb Mm.238146 Nuclear factor related to 

kappa B binding protein 

Nr2c2 Mm.442385 Nuclear receptor 

subfamily 2, group C, 

member 2 

Peli1 Mm.28957 Pellino 1 

Pglyrp1 Mm.21855 Peptidoglycan recognition 

protein 1 

Ppara Mm.212789 Peroxisome proliferator 

activated receptor alpha 

Ptgs2 Mm.292547 Prostaglandin-

endoperoxide synthase 2 

Rel Mm.4869 Reticuloendotheliosis 

oncogene 

Rela Mm.249966 V-rel 

reticuloendotheliosis viral 

oncogene homolog A 

(avian) 

Ripk2 Mm.112765 Receptor (TNFRSF)-

interacting serine-

threonine kinase 2 

Tbk1 Mm.34580 TANK-binding kinase 1 

Ticam1 Mm.203952 Toll-like receptor adaptor 

molecule 1 

Ticam2 Mm.149280 Toll-like receptor adaptor 

molecule 2 

Tirap Mm.23987 Toll-interleukin 1 

receptor (TIR) domain-

containing adaptor 

protein 

Tlr1 Mm.273024 Toll-like receptor 1 

Tlr2 Mm.87596 Toll-like receptor 2 

Tlr3 Mm.33874 Toll-like receptor 3 

Tlr4 Mm.38049 Toll-like receptor 4 

Tlr5 Mm.116894 Toll-like receptor 5 

Tlr6 Mm.42146 Toll-like receptor 6 

Tlr7 Mm.23979 Toll-like receptor 7 

Tlr8 Mm.196676 Toll-like receptor 8 

Tlr9 Mm.44889 Toll-like receptor 9 

Tnf Mm.1293 Tumor necrosis factor 

Tnfaip3 Mm.116683 Tumor necrosis factor, 

alpha-induced protein 3 

Tnfrsf1a Mm.1258 Tumor necrosis factor 

receptor superfamily, 

member 1a 

Tollip Mm.103551 Toll interacting protein 

Tradd Mm.264255 TNFRSF1A-associated via 

death domain 

Traf6 Mm.292729 Tnf receptor-associated 

factor 6 

Ube2n Mm.371667 Ubiquitin-conjugating 

enzyme E2N 

Ube2v1 Mm.278783 Ubiquitin-conjugating 

enzyme E2 variant 1 

Actb Mm.328431 Actin, beta 

B2m Mm.163 Beta-2 microglobulin 

Gapdh Mm.343110 Glyceraldehyde-3-

phosphate dehydrogenase 

Gusb Mm.3317 Glucuronidase, beta 

Hsp90ab1 Mm.2180 Heat shock protein 90 

alpha (cytosolic), class B 

member 1 
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Appendix 2 – Macro for calculating protein load 

 

dirIN = getDirectory("select the folder with the images"); 

list = getFileList(dirIN); 

list = Array.sort(list); 

 

 

upThrBrown = 100; 

Dialog.create("Threshold values"); 

Dialog.addNumber("upper Threshold for brown stain: ", 

upThrBrown); 

Dialog.show(); 

upThrBrown = Dialog.getNumber(); 

 

run("Options...", "iterations=1 count=1 black"); 

run("Colors...", "foreground=white background=black 

selection=green"); 

run("Set Measurements...", "area area_fraction limit display 

redirect=None decimal=3"); 

 

//setBatchMode(true); 

 

for(i=0; i<list.length; i++){ 

 open(list[i]); 

 titleImage = getTitle(); 

 nameImage = File.nameWithoutExtension; 

  

 areaNb = 1; 

 Dialog.create("How many regions of interest (ROI) to 

measure?"); 

 Dialog.addNumber("ROI number:", areaNb); 

 Dialog.show(); 

 areaNb = Dialog.getNumber(); 

 

 for(n=1; n<=areaNb; n++){ 

 

  setTool("freehand"); 
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  waitForUser("Action Required", "Draw around area 

"+n+", \nthen press OK"); 

  roiManager("add"); 

  roiManager("select", n-1); 

  roiManager("rename","ROI"+n); 

     

 } 

 

 roiManager("deselect"); 

 selectWindow(titleImage); 

 run("Select None"); 

 

 run("Subtract Background...", "rolling=50 light"); 

 run("Colour Deconvolution", "vectors=[H DAB] hide"); 

  

 selectWindow(titleImage); 

 close(); 

 selectWindow(titleImage + "-(Colour_3)"); 

 rename(nameImage + "-Tissue"); 

 setAutoThreshold("Default"); 

 //run("Threshold..."); 

 setThreshold(0, 255); 

 for(n=0; n<roiManager("count"); n++){ 

  roiManager("Select", n); 

  run("Measure"); 

  }  

 close(); 

 

 imageCalculator("Subtract create", titleImage + "-

(Colour_1)",titleImage + "-(Colour_2)"); 

 selectWindow("Result of " + titleImage +"-(Colour_1)"); 

 selectWindow(titleImage + "-(Colour_1)"); 

 close(); 

 selectWindow(titleImage + "-(Colour_2)"); 

 close();  

 selectWindow("Result of " + titleImage +"-(Colour_1)"); 

 rename(nameImage + "-BrownStain"); 

 setThreshold(upThrBrown, 255); 

 for(n=0; n<roiManager("count"); n++){ 
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   roiManager("Select", n); 

   run("Measure"); 

 } 

 roiManager("Deselect"); 

 run("Select None"); 

 //setThreshold(upThrBrown, 255); 

 setOption("BlackBackground", true); 

 run("Convert to Mask"); 

 run("Invert"); 

 saveAs("TIFF", dirIN + nameImage + "_BinaryBrown"); 

 close(); 

 

 selectWindow("ROI Manager"); 

 roiManager("Save", dirIN + nameImage + "_RoiSet.zip"); 

 run("Close"); 

} 

selectWindow("Results"); 

saveAs("Results", dirIN + "BrownStainPercArea_Results.csv"); 

run("Close"); 

 

exit("END OF THE MACRO"); 
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Appendix 3 – NF-κB amino acid sequence 

recognised by p65 antibody 

 

MDDLFPLIFP SEPAQASGPY VEIIEQPKQR GMRFRYKCEG RSAGSIPGER 

STDTTKTHPT IKINGYTGPG TVRISLVTKD PPHRPHPHEL VGKDCRDGYY 

EADLCPDRSI HSFQNLGIQC VKKRDLEQAI SQRIQTNNNP FHVPIEEQR 

DYDLNAVRLC FQVTVRDPAG RPLLLTPVLS HPIFDNRAPN TAELKICRVN  

RNSGSCLGGD EIFLLCDKVQ KEDIEVYFTG PGWEARGSFS QADVHRQVAI  

VFRTPPYADP SLQAPVRVSM QLRRPSDREL SEPMEFQYLP DTDDRHRIEE  

KRKRTYETFK SIMKKSPFNG PTEPRPPTRR IAVPTRNSTS VPKPAPQPYT  

FPASLSTINF DEFSPMLLPS GQISNQALAL APSSAPVLAQ TMVPSSAMVP  

LAQPPAPAPV LTPGPPQSLS APVPKSTQAG EGTLSEALLH LQFDADEDLG  

ALLGNSTDPG VFTDLASVDN SEFQQLLNQG VSMSHSTAEP MLMEYPEAIT  

RLVTGSQRPP DPAPTPLGTS GLPNGLSGDE DFSSIADMDF SALLSQISS   

 

 

Protein sequence 

IκB binding sequence of full protein 

Antibody binding sequence underlined in green 
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Appendix 4 – ethical approval 

 


