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MICROGLIAL DYNAMICS IN THE HEALTHY ADULT AND AGEING BRAIN 

Katharine Elizabeth Askew, MBioMedSci (Hons) 

Microglia, the resident macrophages of the brain, have many crucial functions in central 
nervous system (CNS) development, homeostasis and function, ranging from control of 
inflammation in disease to monitoring synaptic activity. Despite this, there are many aspects 
of basic microglial physiology that remain poorly defined in the healthy CNS, including the 
mechanisms regulating microglial turnover in the steady state. It is now widely accepted that 
the adult microglial population is produced from yolk sac-derived erythromyeloid progenitor 
cells (EMPs) that seed the developing brain and persist into adulthood. It has been suggested 
that the adult microglial population is long-lived and maintained by self-renewal; however 
the precise mechanisms regulating this are unknown. Furthermore, it remains unclear 
whether infiltrating monocytes contribute to the microglial population in the healthy 
developing, adult and ageing brain.  

Complementary techniques were used to determine the relative contributions of microglial 
self-renewal and monocyte infiltration to the resident population in the mouse. Intra-liver 
labelling of embryonic haematopoiesis allowed analysis of the contribution of infiltrating 
monocytes to the brain during the perinatal period, whilst Ccr2-/- mice, with deficient 
populations of circulating monocytes, were used to investigate monocyte infiltration in the 
adult brain. Pulse-chase experiments with 5-bromo-2’-deoxyuridine (BrdU) and use of 
apoptosis-deficient mouse models enabled the study of microglial self-renewal, including 
establishing the time course of microglial proliferation under steady state conditions. Finally, 
analysis of the microglial population in the Vav-Bcl-2 mouse, a specific model of apoptotic 
blockade, allowed investigation the impact of disrupted microglial turnover on their 
phenotype and function. 

We demonstrate that circulating monocytes transiently infiltrate the brain during perinatal 
stages, however these do not contribute to the adult microglial population. Microglial density 
remains stable from early postnatal stages through to ageing, with a limited contribution 
from circulating monocytes. The microglial population self-renews, maintained by a balance 
of proliferation and apoptosis. Furthermore, we show that adult microglia have a faster 
proliferation rate than previously described, allowing the whole population to be renewed 
several times during a lifetime. Finally, we show that disruption of microglial apoptosis 
results in significantly increased microglial density throughout the brain, peaking during the 
early postnatal stages and persisting throughout adulthood. Elevated microglial density is 
associated with a reduction in the territory size of individual cells and reduction in their 
proliferation rate. Whilst blockade of apoptosis alters the microglial transcriptomic profile, 
it does not impact their ability to respond to a systemic inflammatory challenge, although 
some aspects of this inflammatory response are altered. The work in this thesis contributes 
to our understanding of microglial dynamics under steady state conditions, revealing a more 
dynamic scenario that opens new avenues into understanding their roles in the maintenance 
of brain homeostasis.  
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1.1 Development and homeostasis of the microglial population 

The immune compartment of the central nervous system (CNS) contains a number of 

myeloid cell populations: the ‘border-associated macrophages’ (BAMs), which include the 

perivascular (PVMs), meningeal (MMs) and choroid plexus (CPMs) macrophage 

populations that reside at the CNS-periphery interfaces, and the microglia which reside 

within the brain parenchyma itself. Microglia, the most numerous resident 

immunocompetent cells of the CNS, are derived from erythro-myeloid progenitor cells 

originating in the yolk sac during early embryogenesis, along with other tissue-resident 

macrophage populations (Mass et al., 2016). Microglial cells express a range of ‘classical’ 

macrophage markers including the glycoproteins F4/80 and CD68, the fractalkine receptor 

CX3CR1, the integrin CD11b and the macrophage colony-stimulating factor-1 receptor 

(CSF1R) (Ginhoux and Prinz, 2015). They also express CD45, a pan-leukocyte marker, 

albeit in relatively low levels compared to other CNS macrophage populations, allowing the 

different cell populations to be distinguished phenotypically (Greter and Merad, 2013, Prinz 

and Priller, 2014).  

Microglia can adopt diverse morphologies depending on their functional state; the most 

common of these, observed in the healthy brain, is characterised by a small rod-shaped soma 

with elongated, ramified processes covered in fine protrusions that continuously survey the 

local microenvironment to detect perturbations in homeostasis (Nimmerjahn et al., 2005). 

Microglial function is critical to maintaining the CNS compartment in health and disease, 

with a range of functional states observed in the parenchyma that reflect the diverse roles of 

these dynamic cells. In the steady state, microglia phagocytose dying cells and debris to 

avoid generation of deleterious pro-inflammatory responses, prune excess neuronal 

connections in development, monitor synapses and control adult neurogenesis (Gomez-

Nicola and Perry, 2015). In the diseased or injured CNS they are the master regulators of the 

neuroimmune response and control the inflammatory status of the brain (Gomez-Nicola and 

Perry, 2015). 

Whilst significant advances have been made in the understanding of microglial functions, 

there are many aspects of their basic physiology that remain incompletely understood. 

Included amongst these are the mechanisms regulating the dynamics of the microglial 

population, including its composition (i.e. the contribution of CNS resident vs. infiltrating 

cells to the population) and turnover, under homeostatic conditions from development to 

ageing. A better understanding of these mechanisms is fundamental to the field of microglial 
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biology and may impact on some of their proposed functions during homeostasis and 

disease. 

1.1.1 Developmental origins of microglia 

1.1.1.1 A historical perspective 

Historically, the developmental origins of microglial cells have been the subject of much 

debate. Hypotheses of mesodermal or monocytic origin for these cells dominated the field 

until recently, when lineage tracing studies in mice established their yolk sac origin.  

1.1.1.1.1 The mesodermal origin hypothesis 

The ‘neuroglia’ were first identified by Virchow in the mid-Nineteenth century, who 

observed ‘phagocytic cells filled with fatty substances’, as reviewed in Rezaie and Hanisch 

(2014). In the early 1900s, Nissl named them “Staebchenzellen” (‘rod-shaped cells’), 

likening them to peripheral leukocytes. At around the same time, using platinum staining, 

Robertson identified that these phagocytic cells were a distinct cell type with different 

characteristics from neurons and neuroglia. He named them ‘mesoglia’ and suggested that 

they were of mesodermal origin. In 1913, Cajal described the ‘third element’: a class of cells 

in the CNS distinct from neurons and astrocytes that ‘appear to lack processes’, also stating 

their mesodermal origin.  ‘Microglia’ as they are known today were first identified by del 

Rio Hortega in the 1930s who used silver carbonate staining to differentiate between a 

population of phagocytic, migratory cells and the oligodendroglia, which have no phagocytic 

activity and originate from the neuroectoderm. He stated that these were the true ‘third 

element’ identified by Cajal due to their mesodermal origin and believed that they were 

derived from meningeal macrophages, at the time named ‘microglioblasts’, that penetrate 

the brain during late embryonic development before differentiation into ramified microglia. 

It was also proposed by del Rio Hortega that microglia may have a monocytic origin, 

following observation of morphological and phagocytic similarities between monocytes and 

microglia, founding the controversy of the developmental origin of these cells (as reviewed 

in Rezaie and Male (2002); original article translated by Sierra et al. (2016)). Following the 

discovery of the ‘reticulo-endothelial system’ (subsequently renamed the mononuclear 

phagocyte system), it was widely accepted in the 1940s that microglia were an additional 

component of this specialised system of ‘localised immune cells’, based on in vitro 

similarities in morphology, behaviour and functions with tissue-resident mononuclear 

phagocytes isolated from the liver, spleen and kidney (Rezaie and Male, 2002, Rezaie and 
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Hanisch, 2014). Following the death of del Rio Hortega in 1945, research into the origin of 

microglia slowed in pace, with very few papers pertaining to this topic being published. It 

was not until the 1970s that this field of research was reactivated, with renewed interest in 

the origin and lineage of microglial cells. 

1.1.1.1.2 The monocytic origin hypothesis 

The presiding hypothesis in the late 1970s was that microglia were derived from circulating 

monocytes, consistent with del Rio Hortega’s theory that the cell population was an 

extension of the peripheral mononuclear phagocyte system (Kaur et al., 2001). This was first 

proposed in 1933 after observation that the first microglia appear in the developing brain 

following vascularisation. Subsequent in vitro evidence of the apparent differentiation of 

cultured monocytes into cells resembling microglia appeared to support this (Ling, 1981). 

Radiolabelling studies by Imamoto and Leblond (1978) using 3H-thymidine demonstrated 

labelling of amoeboid microglia with features of monocytes in the corpus callosum of 

postnatal rats, which then went on to differentiate into ramified microglial-like cells 

providing in vivo evidence to support this hypothesis. Following intravenous injections of 

colloidal carbon particles to label peripheral monocytes, a small number of amoeboid cells, 

postulated to be immature microglia, containing carbon particles could be observed in the 

corpus callosum of postnatal rats. A subset of these labelled cells went on to differentiate 

into ramified microglial-like cells, providing further support for this hypothesis (Ling, 1979). 

Immunohistochemical studies during late embryonic and early postnatal development 

(embryonic day (E) 16.0 – postnatal day (P) 10) demonstrated the presence of amoeboid 

cells expressing the macrophage marker F4/80. These cells were initially observed in the 

cortical white matter and the corpus callosum, increasing in number throughout the brain 

during development (Perry et al., 1985). F4/80+ cells were also seen to transition from an 

amoeboid ‘macrophage-like’ morphology to the typical ramified morphology of adult 

microglia. This led the authors to suggest that macrophages infiltrate the developing brain 

and differentiate through a series of transitional forms to become ramified microglia. As 

macrophages were thought to be derived from circulating monocytes at the time (van Furth, 

1989), this provided further support for the monocytic origin hypothesis of microglial 

development.  

In the late 1980s, bone marrow reconstitution experiments demonstrated that the origin of a 

subset of microglia, the ‘perivascular microglia’, could be traced to donor bone marrow-

derived progenitor cells (BMCs) that were transplanted into irradiated hosts (Hickey and 
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Kimura, 1988). However, the authors provided no evidence of parenchymal microglial cells 

originating from bone marrow-derived stem cells. De Groot et al. (1992) used bacteriophage-

λ transgenic mice as bone marrow donors in new-born wild-type recipient mice, 

demonstrating that, although brain macrophage populations (later termed the perivascular, 

meningeal and choroid plexus macrophages and now collectively known as BAMs) 

originated from BMCs as evidenced by expression of the bacteriophage-λ	 signal, the 

majority of microglial cells do not, thus the microglial population was concluded to be 

independent of circulating monocytes. In comparison to brain macrophage populations, 

microglia were remarkably stable and highly radio-resistant, very rarely being replaced by 

circulating monocytes even after severe brain inflammation (Lassmann et al., 1993). It was 

proposed that separate developmental origins of the cell populations could underlie these 

differences. Despite this, many studies documented phenotypic similarities between 

macrophages and microglia: typical macrophage morphological features seen in microglial 

development (Murabe and Sano, 1982) alongside the studies by Hume et al. (1983) and Perry 

et al. (1985) demonstrating the specific expression of markers typically expressed by 

macrophage populations, including F4/80, FcγRIIB and CD11b. Pivotal genetic evidence 

for the origin of microglia arose when McKercher et al. (1996) established the myeloid 

nature of these cells in mice lacking PU.1, a macrophage-specific transcription factor (Sfpi-

1-/-, PU.1-/-), and suggested an ontogenetic relationship with macrophages. PU.1-/- mice are 

completely devoid of both microglia and macrophages suggesting a common origin of these 

cell populations (McKercher et al., 1996, Mezey et al., 2000, Beers et al., 2006). 

1.1.1.2 The current model of microglial origin 

Recent fate-mapping studies have demonstrated that microglia are derived from erythro-

myeloid progenitors (EMPs) originating in the yolk sac (Ginhoux et al., 2010). The yolk sac 

origin of the microglial population was initially suggested by Alliot et al. (1999), who 

demonstrated the presence of F4/80+/CD11b+ ‘microglial progenitors’ in the brain at E8.0 

after their appearance in the yolk sac. The authors observed an average of three microglial 

progenitors in the brain primordium at E8.5, which were postulated to proliferate rapidly to 

produce ~1200 cells by E10.5.  Definitive haematopoiesis begins at E10.5 in the aorta-

gonad-mesonephros (AGM) region of the embryo, producing haematopoietic stem cells 

(HSCs) that migrate to the foetal liver and bone marrow before differentiating into a 

multitude of myeloid cell lineages (Ginhoux and Prinz, 2015). The presence of microglia in 

the embryonic brain at E8.5 precedes this stage of haematopoiesis, suggesting an alternative 

developmental origin. 
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Primitive haematopoiesis occurs from E7.0 to E9.5 in the yolk sac, giving rise to erythrocytes 

and primitive macrophages, including a subset of EMPs, which differentiate into all tissue 

resident macrophage populations, including microglial cells (Bertrand et al., 2005, Ginhoux 

et al., 2010). Lineage-tracing studies confirmed the yolk sac origin of microglia using a 

tamoxifen-induced MER-Cre-MER recombinase gene under the control of an endogenous 

runt-related transcription factor 1 (Runx1) promoter (Runx1MER-cre-MER system); inducing 

irreversible expression of enhanced yellow fluorescent protein (eYFP) in Runx1+ cells 

following injection of 4-hydroxytamoxifen (4’OHT). Induction of the 4’OHT system 

between E7.0 and E8.5 induced labelling of yolk sac-derived EMPs and their progeny, the 

only Runx1+ cells present during this developmental time point. Activation of the Cre 

reporter gene at E8.5 or later will label foetal liver progenitors, which express Runx1 from 

this point in development (Ginhoux et al., 2010), thus the presence of eYFP-expressing 

microglia in the adult brain after Cre induction at E7.25, but not E8.5, confirms the YS origin 

of these cells. 32.11% of microglia present in the adult brain expressed eYFP following 

induction at E7.25. 4’OHT injection at E8.0 resulted in a progressive decrease of labelled 

microglia to undetectable levels, whilst the number of eYFP+ monocytes progressively 

increased (Ginhoux et al., 2010). Further studies using Csf1r-driven fate-mapping have 

convincingly corroborated these data; induction of the Cre reporter system at E8.5 labelling 

approximately 30% of YS-derived progenitors, and adult brain microglia remained labelled 

at this 30% rate, indicating that these embryonic cells persist in the adult brain (Epelman et 

al., 2014). Further support for the yolk sac origin of microglia came from mice lacking the 

transcription factor Myb, which is essential for the development of HSCs during definitive 

haematopoiesis. During primitive haematopoiesis, yolk sac macrophages are produced 

independently of Myb expression, allowing for development of a normal population of adult 

microglia in Myb-/- mice, providing additional evidence for a distinct lineage of these cells 

(Schulz et al., 2012).  

The exact nature of the yolk sac-derived progenitors was recently established, revealing a 

specific subset of EMPs that give rise to all tissue-resident macrophage populations, 

including microglia (Li and Barres, 2018). At E8.0, immature, uncommitted CD45- c-kit+ 

cells isolated from the yolk sac were able to give rise to both CX3CR1+ CD45+ macrophages 

and Ter119+ erythrocytes in vitro, a characteristic of EMPs (Kierdorf et al., 2013). These 

immature uncommitted CSF1R+ c-kit+ CD45low AA4.1+ progenitors develop via 

F4/80+CX3CR1- (A1) then F4/80+CX3CR1+ (A2) macrophage subsets before initiating a 

core macrophage transcriptional program and developing into ‘premacrophages’ (pMacs), 
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upregulating expression of CSF1R, CX3CR1, and Fc gamma receptors, amongst other 

markers (Figure 1-1) (Gomez Perdiguero et al., 2015, Mass et al., 2016). It is likely that 

these immature macrophage subsets are the aforementioned ‘BMCs’ previously observed 

infiltrating the brain and differentiating into microglia following F4/80 immunolabelling 

(Perry et al., 1985, Mossadegh-Keller et al., 2013).  

Figure 1-1: Developmental origins of murine microglial cells.  

Microglia derive from CSF1R+ c-kit+ CD45low AA4.1+ erythromyeloid progenitor cells (EMPs) that 

originate in the yolk sac at embryonic day (E) 8.5 and develop via two immature macrophage 

subsets, A1 and A2 macrophages. From E9.5, EMPs develop into pre-macrophages (pMacs) and  
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Fig. 1-1 (cont.): colonise the embryo in a CX3CR1-dependent manner. pMacs then take up residence 

in the developing brain and differentiate into microglia from E10.5. These embryonic microglial cells 

develop in three temporal stages, generating early-, pre- and adult microglia, which are 

characterised by differential expression of particular genes, including Sall1, DAB2, Csf1, Crybb1, 

P2ry12 and TMEM119. The adult microglia present from P22 onwards persist throughout life to 

form the resident microglial population of the brain. Adapted from Askew and Gomez-Nicola (2018). 

 

pMacs colonise the whole embryo from E9.5 in a CX3CR1-dependent manner, giving rise 

to all resident tissue macrophage populations through induction of tissue-specific 

transcriptional programs, driven by the expression of certain transcription factors in a tissue-

specific manner in response to environmental cues (Mass et al., 2016). In order for pMacs 

to infiltrate the brain, the embryonic circulatory system must already be established. 

Embryos from Ncx1-/- mice, which lack functional blood circulation, have no parenchymal 

microglia at E9.5 to E10.5 despite the presence of macrophages in the yolk sac and 

substantial numbers of microglia in the brains of control littermates during this time window 

(Ginhoux et al., 2010, Stremmel et al., 2018).  A recent study using intravital microscopy in 

Cx3cr1GFP/+ mice has shown that the trafficking of yolk sac-progenitors to the embryo occurs 

only during a restricted time window. CX3CR1+ pMacs were observed entering the yolk sac 

vasculature from E9.0 and travelling towards the embryo, with numbers of migrating pMacs 

peaking at E10.5. By E12.5, 90% fewer cells were observed in the vasculature, with no cells 

remaining by E14.0 (Stremmel et al., 2018). Interestingly, it appears that the primary target 

of pMacs once leaving the yolk sac is the brain, as a greater density of pMacs is found in the 

head of the developing embryo and the number of tissue-resident macrophages in other 

tissues is lower until E12.5 (Stremmel et al., 2018). From E10.5, pMacs in the brain 

differentiate into microglia following the induction of the brain-specific transcriptional 

program, characterised by the downregulation of Timd4 and CD206 expression alongside 

upregulation of the expression of microglial-specific transcription factors Sall1 and Sall3 

(Mass et al., 2016). The importance of Sall1 expression in maintaining microglial identity is 

discussed further in section 1.1.4. Microglial cells develop in three temporal stages, early, 

pre-, and adult microglia, which are governed by distinct regulatory circuits (Matcovitch-

Natan et al., 2016). Early microglia have elevated expression of differentiation and cell 

cycle-associated genes, such as Mcm5 and Dab2 whereas genes, such as Csf1, which has 

been proposed to support neuronal development (Erblich et al., 2011), and Crybb1, were 

upregulated in pre-microglia. The adult microglia program is coordinated by the 
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transcription factor MAFB, which is critical for terminal differentiation of monocytes and 

tissue-resident macrophages, as well as restricting their capacity for self-renewal 

(Matcovitch-Natan et al., 2016).  

Interestingly, adult and embryonic microglia in zebrafish have different developmental 

origins. Embryonic microglia are produced during the primitive wave of haematopoiesis 

originating from the rostral blood island, a region analogous to the murine yolk sac. These 

cells do not persist into adulthood, with the adult microglial population deriving from the 

ventral wall of the dorsal aorta; definitive haematopoiesis occurs here, producing HSCs, 

similar to the murine AGM region (Xu et al., 2012, Xu et al., 2015). It is possible that the 

discrepancies between these data and previous evidence is simply due to species differences 

between mice and zebrafish, as multiple studies have convincingly shown that yolk sac-

derived progenitors labelled during embryogenesis persist in the adult brain in mice 

(Ginhoux et al., 2010, Schulz et al., 2012, Epelman et al., 2014, Hoeffel et al., 2015). Whilst 

little is known about the developmental origins of the embryonic and adult microglial 

populations in other species, including humans, it has been suggested that human microglia 

may also derive from primitive yolk sac macrophages (Menassa and Gomez-Nicola, 2018) 

and human yolk sac macrophages have also been shown to express CX3CR1, akin to their 

mouse counterparts (Stremmel et al., 2018), however further research is required to validate 

whether species differences are the root of inconsistencies in these data.   

1.1.2 Regulation of microglial development and survival 

Microglial fate and identity are regulated by both an intrinsic transcriptional program and 

extrinsic cues from the CNS micro-environment. Three master transcription factors PU.1, 

interferon regulatory factor-8 (Irf8) and Runx1 are required for the development of mature 

microglial cells. Runx1 is expressed during late embryogenesis up to P14, where it has 

crucial functions regulating proliferation and activation of amoeboid forebrain microglia. 

Runx1 expression is downregulated from P14 as cells transition to the ramified phenotype 

of adult microglial cells (Zusso et al., 2012). Sfpi-/- (PU.1-/-) mice have reduced numbers of 

immature A1 and A2 yolk sac macrophages, as well as a complete lack of parenchymal 

microglia, but unaffected populations of yolk sac-derived EMPs (Beers et al., 2006, Kierdorf 

et al., 2013). Conversely, Irf8-null mice display a significant reduction in microglial cell 

density, but not a total depletion of the population (Kierdorf et al., 2013). Irf8 is an essential 

survival factor during early microgliogenesis and appears to be important for the maturation 

of A1 macrophages as evidenced by a reduction in the A2 macrophage population (Kierdorf 
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et al., 2013). This has been supported by recent transcriptomic profiling of yolk sac-derived 

macrophages, demonstrating high Irf8 expression from embryogenesis through to adulthood, 

which is critical for the development of microglia and other tissue-resident macrophage 

populations (Hagemeyer et al., 2016). Irf8 expression is rapidly upregulated following 

injury, inducing expression of genes involved in the innate immune response, suggesting 

that it functions as a crucial modulator of the transition between microglial functional states 

in the CNS (Masuda et al., 2012). Microglia from Irf8-/- mice appear to have a more activated 

morphology, with an enlarged soma and stunted swollen processes (Minten et al., 2012) and 

a significant reduction in dendritic branching (Hagemeyer et al., 2016), supporting this 

hypothesis.  

The influence of external CNS-derived factors on microglial identity is still being established 

(Butovsky et al., 2014), however CSF1R signalling has been long implicated in the 

development of the microglial population. CSF1R, along with its ligands colony-stimulating 

factor-1 (CSF-1) and interleukin-34 (IL-34), are vital for regulating proliferation of resident 

microglial cells in both the steady-state and disease conditions (discussed further in section 

1.1.4.2) (Pixley and Stanley, 2004, Gomez-Nicola et al., 2013, Prinz and Priller, 2014, 

Ginhoux and Prinz, 2015, Martinez-Muriana et al., 2016, Olmos-Alonso et al., 2016). The 

differentiation of most murine macrophage populations is driven by CSF1R signalling, 

which also directly controls the development and maintenance of the microglial population. 

CSF1R is expressed on yolk sac-derived EMPs from E8.5 (Gomez Perdiguero et al., 2015), 

and maintained through differentiation into pMacs at E9.5 (Matcovitch-Natan et al., 2016) 

and amoeboid microglia throughout development (Ginhoux et al., 2010). Elevated 

expression of Csf1 by pMacs from E14 supports the hypothesis that its expression drives 

their differentiation into adult microglia once they enter the embryo (Metcalf, 1985). In vivo, 

it has been shown that activation of CSF1R by CSF-1 can induce expression of PU.1 in 

HSCs, stimulating differentiation into macrophages, supporting this hypothesis (Mossadegh-

Keller et al., 2013), although this has not been demonstrated in microglia. Furthermore, 

Csf1r-/- mice have impaired development of yolk sac-derived macrophages and microglia, 

with low number of cells detected at E10.5 and >99% cell depletion by E16 (Ginhoux et al., 

2010, Erblich et al., 2011, Hoeffel et al., 2012), providing support for the crucial role of 

CSF1R in microglial lineage commitment.  

In the developing cortex, CSF-1 and IL-34 have distinct temporal and regional expression 

profiles. From E11.5, Il34 mRNA expression can be detected whereas Csf1 expression 

emerges later from E13.5 (Nandi et al., 2012). In the postnatal brain, CSF-1 is expressed 
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solely in layer VI of the cortex from P2 to P20, whereas IL-34 has a more diverse expression 

pattern, with expression found in layer V and the meninges at P2 and expanding to layers II-

IV by P20 (Nandi et al., 2012). These regional expression profiles suggest that microglial 

survival is regulated by different growth factors depending on cell location. Osteopetrotic 

Csf1op/op mice, which are deficient in CSF-1 due to an inactivating mutation in the gene 

encoding CSF-1 (Kondo et al., 2007), have reduced numbers of adult microglia present in 

the parenchyma, although not a total depletion as in Csf1r-/- mice (Witmer-Pack et al., 1993, 

Ginhoux et al., 2010). Postnatal Il34LacZ/LacZ (Il34-/-) mice have normal development of 

microglial precursors and no difference in microglial numbers in wild-type and Il34-/- 

neonates (Greter et al., 2012), but some studies have shown considerably fewer microglia 

throughout the parenchyma in these mice compared to wild-type in the neonatal brain (Wang 

et al., 2012). This demonstrates that microglia can develop normally in the absence of CSF-

1 or IL-34 respectively, likely due to the compensatory expression of the other ligand, or 

other factors that support microglial development. Recently, transforming growth factor- β 

(TGF-β) has also been shown to have a critical role in microglial differentiation and survival. 

Tgfb-/- mice, which lack TGF-β expression in the CNS have reduced microglial density from 

E14.5, with surviving cells in the adult brain displaying an amoeboid morphology with 

stunted processes, not the typical ramified morphology of adult microglia (Butovsky et al., 

2014). TGF-β, along with CSF-1 and IL-34, is one of a number of environmental factors that 

are critical for the maintenance of adult microglial identity, discussed further in section 1.1.4.  

1.1.3 Postnatal development of the microglial population 

From an initial limited number of infiltrating progenitors, the microglial population expands 

rapidly by proliferation, colonising all brain regions by birth. During the postnatal period, 

microglial numbers increase dramatically, peaking at P14 (Sharaf et al., 2013, Nikodemova 

et al., 2015). However, it is unclear whether proliferation of the resident cell population alone 

accounts for this increase in cell numbers, or whether blood-derived monocytes infiltrate the 

parenchyma and differentiate into microglia (Alliot et al., 1999). From the third postnatal 

week microglial numbers begin to decline, corresponding with a reduction in proliferation 

and increased frequency of apoptotic microglia in the parenchyma. By six weeks of age, the 

microglial cell numbers have been refined to the density maintained throughout adulthood 

(Sharaf et al., 2013, Nikodemova et al., 2015).  

Microglia in the postnatal brain have a characteristic gene expression profile, distinguishing 

them from adult microglia. Unlike adult cells, which have robust cell surface expression of 
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CD11b and low levels of CD45, postnatal microglia steadily increase CD11b expression 

from low levels at P10 to adult levels by P40. A subset of postnatal cells express high levels 

of CD45, however this small proportion declines during late postnatal development 

suggesting that cells undergo a maturation process to attain the adult phenotype 

(Nikodemova et al., 2015). At P3, microglia express high levels of iNos, TNFα, and 

Arginase-1, however these genes are downregulated from P21 alongside an upregulation of 

Il-6, Cd11b, Tlr4 and FcgRI (Crain et al., 2013). Microglial phagocytic activity appears to 

peak at P15, indirectly evidenced by elevated cellular volume and localisation with CD68, a 

proposed phagosomal marker, compared to other postnatal developmental time points 

(Weinhard et al., 2018b), however more direct measurements of phagocytic activity during 

postnatal development have not been conducted. Microglia attain the adult transcriptional 

identity by the second postnatal week, as demonstrated by profiling TMEM119+ microglia, 

a remarkably specific marker of mature microglia, as discussed in 1.1.4 (Bennett et al., 

2016). A further role for TGF-β signalling has been identified in the postnatal brain, with 

elevated TGF-β expression from P7 being linked to the induction of the adult microglial 

transcriptional identity, specifically regulating expression of TMEM119 and Olfml3, the 

latter another specific marker of adult microglia (Butovsky et al., 2014, Attaai et al., 2018, 

Neidert et al., 2018). Microglia have been suggested to play vital roles in synaptic pruning, 

refinement of neuronal circuitry and myelination during postnatal brain development as 

discussed in section 1.2.1, although direct evidence for some of these is lacking. However, 

these proposed functions could underlie differences in microglial numbers, morphology and 

transcriptome compared to the adult brain. As postnatal development continues, microglial 

cells attain a ramified morphology, progressing into their role as surveillant cells in the adult 

brain (Zusso et al., 2012). 

1.1.4 Homeostatic maintenance of the microglial population in the adult 

brain 

The microglial population in the adult brain is highly heterogeneous, accounting for between 

5% and 12% of the total population of cells in the healthy murine CNS, with a higher density 

of microglial cells present in grey matter-enriched regions compared to white matter 

(Lawson et al., 1990). In comparison, the human CNS has a higher cell density in the white 

matter, with microglia making up 0.5% to 16.6% of the total cells in the brain, again with 

significant regional heterogeneity (Mittelbronn et al., 2001). Along with variation in cell 

density throughout the brain, microglia also display diverse morphologies depending on 
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brain region (as seen in Figure 1-2); with radially-orientated arborised cells found 

abundantly throughout the grey matter, longitudinally branched elongated cells in the white 

matter and compact amoeboid cells found around the circumventricular organs (Lawson et 

al., 1990). A recent study has also demonstrated region-specific differences in lysosome 

content and membrane properties of microglia throughout the brain (De Biase et al., 2017).  

 

Figure 1-2: Regional heterogeneity in microglial morphology in the murine CNS.  

(A) Extensively arborised, ramified microglia are found abundantly throughout the grey matter. (B) 

Microglia in the white matter are elongated and longitudinally branched, and are often found 

aligned in parallel to nerve fibre tracts. (C) Amoeboid cells are found exclusively in sites lacking a 

blood-brain barrier and possess short ‘bristles’ instead of the classic long branching processes 

associated with microglia. Reproduced from Lawson et al. (1990). 

In recent years, significant advances have been made in identifying the transcriptional 

networks that define and regulate microglial identity in the adult CNS. Hickman et al. (2013) 

demonstrated that all microglial cells express a ‘core profile’ of genes including Cx3cr1, 

P2ry12, encoding a purinergic receptor that regulates microglial activation (Haynes et al., 

2006), Trem2, which functions in microglial phagocytosis (Takahashi et al., 2005), Hexb, 

encoding a subunit of the lysosomal enzyme β-hexosaminidase (Mahuran, 1991) and 

Tmem119, a transmembrane protein of unknown function in microglia (Satoh et al., 2016). 

The expression of Tmem119 has been validated as a useful experimental tool to distinguish 

parenchymal microglia from other tissue resident- and CNS macrophage populations 

(Bennett et al., 2016). The core, or homeostatic, transcriptional profile phenotypically 

defines microglia and distinguishes them from other resident macrophage populations and 

CNS cells, summarised in Table 1-1 (Hickman et al., 2013, Butovsky et al., 2014, Bennett 

et al., 2016). This homeostatic signature appears to be regulated by a small number of 

microglial-specific genes identified by transcriptomic analyses. Sall1, previously identified 
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as being a marker for maturation into adult microglia during postnatal development, is one 

such gene. Sall1 expression in the adult CNS is restricted to microglial cells, and conditional 

ablation of this gene results in a dramatic shift in the microglial transcriptome, with a number 

of homeostatic genes being downregulated whilst genes that are associated with the identity 

of other tissue-resident macrophage populations are upregulated (Buttgereit et al., 2016). 

Sall3, MEIS3 and MAFB have also been implicated in adult microglial identity: loss of 

MAFB disrupts microglial homeostasis, leading to upregulation of genes involved in 

antiviral response pathways (Matcovitch-Natan et al., 2016) but the cellular functions of 

MEIS3 and Sall3 remain unclear (Lopez-Atalaya et al., 2018).  Interestingly, it has been 

shown that following pharmacological or genetic ablation (discussed further in section 

1.1.4.3), repopulating microglial cells in the basal ganglia display the same aforementioned 

region-specific morphologies, lysosome content and membrane properties (De Biase et al., 

2017), suggesting that these cellular properties are modulated by environmental cues. This 

has been supported by other studies using a model of ‘transplanted microglia’ – removal of 

adult microglia to an in vitro environment followed by transplantation back into the CNS 

results in cells re-establishing their transcriptional identity and expressing core genes, 

including P2ry12, TMEM119 and Sall1, to the same magnitude as naïve microglia (Bennett 

et al., 2018), providing further evidence for the role of the local microenvironment in 

maintenance of microglial identity throughout life. 

In addition to heterogeneity in cell density and morphology, parenchymal microglia have 

regionally distinct transcriptional profiles, which demonstrate a comparable degree of inter-

region variability as that seen in the transcriptomes of different peripheral macrophage 

populations (Grabert et al., 2016). Microglia from the cortical and striatal regions in the 

healthy adult brain are relatively similar, whereas cerebellar microglia have a distinct 

transcriptomic profile. The greatest diversity in expression was found in genes associated 

with the ‘immune response’ or ‘immune effector response’, including multiple genes from 

the MHC-I (H2-D1, H2-K1) and MHC-II (H2-Aa, H2-Eb1, Cd74) antigen processing and 

presentation pathways, in addition to genes such as Camp, encoding the antimicrobial 

peptide mCRAMP and Ngp, neutrophilic granule protein. Enriched expression of these genes 

was found in the cerebellum compared to other regions, suggestive of greater ‘immune-

vigilance’ (Grabert et al., 2016). Interestingly, expression of immunoregulatory molecules 

such as Cd47 and Cd300a, which encode molecules limiting the potency of myeloid cell 

responses to external stimuli, was reduced in the cerebellum compared to the cortex. This 

indicates that there could be differential activity of certain immunoregulatory pathways 
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across different brain regions (Grabert et al., 2016, Soreq et al., 2017). It is thought that 

heterogeneity in the transcriptional identity of microglia may underlie the region-specific 

demands of brain tissue under homeostatic conditions. Heterogeneity in the gene expression 

of immunoregulatory markers corroborates previous evidence demonstrating region-specific 

differences in their cell-surface expression (de Haas et al., 2008).   
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Table 1-1: Phenotypic and transcriptomic signatures of microglia compared to other 
CNS- and tissue-resident macrophage populations. 

Cell 
population 

Signature Reference 

Microglia CSF1R+, CX3CR1+, CD11b+, 
Iba-1+, MERTK+, CD45lo, 

TMEM119+, MHCIIlo, Sall1, 
P2yr12, Cd38, Hexb, Gpr34, 

Fcrls, Olfml3, Tgfbr1 

(Perry et al., 1985, Murray and 
Wynn, 2011, Hickman et al., 2013, 
Butovsky et al., 2014, Zeisal et al., 

2015, Bennett et al., 2016, 
Buttgereit et al., 2016, Prinz et al., 

2017) 

Perivascular 
macrophages 

(PVMs) 

CSF1R+, CX3CR1+, CD11b+, 
Iba-1+, MERTK+, CD45hi, 
CD206+, MHCIIhi, Cd163, 

Hpgd, Slc40a1, F13a, Mrc1, 
Lyve1 

(Polfliet et al., 2006, Murray and 
Wynn, 2011, Zeisal et al., 2015, 

Goldmann et al., 2016, Prinz et al., 
2017) 

Meningeal 
macrophages 

(MMs) 

CSF1R+, CX3CR1+, CD11b+, 
Iba-1+, MERTK+, CD45hi, 
CD206+, CD163+, MHCIIhi 

(Polfliet et al., 2006, Murray and 
Wynn, 2011, Goldmann et al., 

2016, Prinz et al., 2017) 

Choroid 
plexus 

macrophages 
(CVMs) 

CSF1R+, CX3CR1+, CD11b+, 
Iba-1+, MERTK+, CD45hi 

(Murray and Wynn, 2011, Prinz et 
al., 2017) 

Monocytes CSF1R+, CX3CR1+, CD11b+, 
CD45hi, Ly6C+, CCR2+ 

(Murray and Wynn, 2011, Biber et 
al., 2016, Prinz et al., 2017) 

Peritoneal 
macrophages 

CSF1R+, CD11b+, CD45hi, 
Tgfb2, CD93+, ICAM1+, Lyz2 

(Gautier et al., 2012, Lavin et al., 
2014, Zeisal et al., 2015) 

Kupffer cells 
(liver) 

CSF1R+, CD45hi, CD11blo, 
CD163+, Clec4f 

(Polfliet et al., 2006, Davies et al., 
2013, Lavin et al., 2014) 

 

The mechanisms by which microglial density is maintained in the healthy brain are 

unknown, with limited data in support of two main hypotheses: firstly, that peripheral BMCs 

infiltrate into the parenchyma and differentiate into microglia, or secondly, that the resident 

population is maintained through ‘self-renewal’ (proliferation and apoptosis of resident 

cells). 

1.1.4.1 Infiltration and differentiation into microglia by peripheral BMCs 

Signalling by the chemokine C-C motif ligand type 2 (CCL2) through its G protein-coupled 

receptor, CCR2, is a potent regulator of monocyte migration throughout the body. Within 
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the CNS, CCR2 expression has been reported on neurons (Banisadr et al., 2005) and 

perivascular macrophages (Gomez-Nicola et al., 2014b), and is essential for the migration 

of monocytes and macrophages across the blood-brain barrier (BBB) (Dzenko et al., 2005). 

However, expression of CCR2 in the adult brain remains controversial, as evidence suggests 

that no CNS-resident cell type expresses the receptor (Saederup et al., 2010, Mizutani et al., 

2012). The use of transgenic models lacking CCR2 has been instrumental in understanding 

how BMCs are recruited throughout the body and CNS via this pathway. CCR2 is required 

for monocytes to egress the bone marrow compartment, evidenced by reduced number of 

CD11b+ Ly6Chi circulating monocytes present in the bloodstream of Ccr2-/- mice despite 

significant numbers of cells still present in the bone marrow (Serbina and Pamer, 2006). 

CCL2/CCR2 signalling is crucial for the recruitment of inflammatory Ly6Chi CCR2+ 

monocytes to the CNS under disease conditions (Dzenko et al., 2005). 

The relative contributions of self-renewal and infiltration to the maintenance and/or 

expansion of the microglial population in health and under disease conditions have been 

investigated using bone marrow chimera studies (Malm et al., 2005, Priller et al., 2006). 

However, increased BBB permeability and numbers of infiltrating BMCs are caused by the 

irradiation protocols used in these studies, thus confounding the interpretation of 

experimental results. More recent evidence has indicated that monocytes can colonize the 

CNS following depletion of microglia. The CD11b-HSVTKmt30 system allows ~90% 

ablation of the microglial population through inhibition of DNA synthesis and induction of 

apoptosis in proliferating myeloid cells (Gowing et al., 2006, Grathwohl et al., 2009). 

Following microglial depletion, CCL2 expression in the brain was elevated and associated 

with waves of infiltrating circulating monocytes expressing high levels of CD45 and CCR2 

(Varval et al., 2012). However, this model is also associated with significant BBB damage, 

likely leading to engraftment of peripheral cells.  The use of surgical parabionts, which share 

a joined circulatory system, allows for the contribution of circulating cells from one animal 

to the other to be analysed under near-physiological conditions without lethal irradiation or 

transplantation. In healthy adult parabiotic mice, there was no recruitment of circulating 

progenitors to the microglial pool (Ajami et al., 2007). These results were in stark contrast 

to mice subjected to myeloablation and bone marrow transplantation, suggesting that 

recruitment of circulating monocytes to the CNS only occurs following experimental 

preconditioning. 

Targeted irradiation protocols, which specifically include or exclude the brain from 

irradiation before bone marrow transplantation, further support the enabling role of 
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preconditioning prior to BMC infiltration. Protection of the brain from the irradiation 

protocol resulted in the absence of BMCs in the brain (identified as Ly-6Chi CCR2+) (Mildner 

et al., 2007). More recent studies using sub-lethal irradiation and transplantation protocols 

have confirmed these findings (Ginhoux et al., 2010). Using a novel experimental approach 

combining irradiation and parabiosis without bone marrow transplantation, Ajami et al. 

(2011) demonstrated that monocytes only infiltrate the parenchyma under specific disease 

conditions, in this case the experimental autoimmune encephalitis (EAE) model of multiple 

sclerosis (MS), however their contribution is transient and they do not form part of the 

resident microglial pool after remission. The authors found that only uncommitted HSCs are 

able to generate long-lived microglial-like cells under experimental conditions following 

lethal irradiation and bone marrow transplantation. These findings conclusively indicate that 

the contribution of peripheral bone marrow-derived cells to the long-term microglial 

population in the brain is minimal or absent.  

1.1.4.2 Self-renewal of microglia through proliferation of resident cells 

Under normal physiological conditions, there is evidence to suggest that microglia, like other 

tissue resident macrophage populations (Hashimoto et al., 2013), are maintained by self-

renewal of resident cells in the steady state (Lawson et al., 1992). Microglial proliferation is 

a complex process regulated by many endogenous and exogenous factors, including the 

CSF1R pathway, which is a key regulator of microglia proliferation in both the healthy and 

diseased CNS.  

1.1.4.2.1 CSF1R signalling: pro-mitogenic and pro-survival 

The CSF1R tyrosine kinase is encoded by the c-fms proto-oncogene and consists of a highly 

glycosylated extracellular domain, a transmembrane domain and an intracellular tyrosine 

kinase domain (Yeung and Stanley, 2003). At the transcriptional level, c-fms expression is 

regulated by the CCAAT-enhancer binding protein-α (c/EBPα)/PU.1 pathway (summarised 

in Figure 1-3) (Zhang et al., 1994). c/EBPα, a master transcription factor in myeloid cells, 

induces transcription of PU.1 (Ponomarev et al., 2011), which then promotes microglial 

proliferation through upregulation of CSF1R (Celada et al., 1996, Walton et al., 2000). 

Increased expression of both c/EBPα and PU.1 has been reported in prion disease, human 

variant Creutzfeldt-Jakob disease (vCJD), Alzheimer’s disease (AD) and hypoxic-ischaemic 

brain injury, correlating with increased microglial proliferation (Walton et al., 1998, Walton 

et al., 2000, Gomez-Nicola et al., 2013, Gjoneska et al., 2015).  
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This pathway is negatively regulated in the brain by microRNA-124 (miR-124) (Ponomarev 

et al., 2011), which binds directly to c/EBPα mRNA reducing its expression (Nakamichi et 

al., 2013) and consequently down-regulating PU.1 (Ponomarev et al., 2011). However, the 

source of miR-124 in the CNS is debated with some reports claiming specific microglial 

expression (Ponomarev et al., 2011), whilst others demonstrate preferential expression by 

neurons (Smirnova et al., 2005). It has been shown that viability and function of human 

microglia in vitro is dependent on PU.1. Small interfering RNA (siRNA) knockdown of 

PU.1 results in reduced density of microglia in primary mixed cultures, with some cells 

exhibiting apoptotic morphology (Smith et al., 2013). The phagocytic activity of human 

microglia in vitro is reduced following PU.1 knockdown (Smith et al., 2013), however it 

remains unclear whether PU.1 is implicated in the phagocytic activity of rodent microglia. 

CSF1R is expressed on both surveillant and activated microglia and, as previously 

mentioned, is activated through binding of CSF-1 and IL-34. These two ligands bind to 

overlapping but distinct regions of the extracellular immunoglobulin domains of CSF1R, 

inducing dimerisation and autophosphorylation that leads to the induction of intracellular 

signalling cascades (Chen et al., 2008, Chihara et al., 2010, Liu et al., 2012). Signalling is 

limited through internalisation of the ligand-receptor complex following phosphorylation of 

specific intracellular binding partners (Yeung and Stanley, 2003). CSF-1 and IL-34 share no 

sequence similarity although the regions of their quaternary structures responsible for 

dimerisation and receptor binding are remarkably similar. In order to bind both ligands, 

CSF1R is able to adopt slightly different conformations of its quaternary structure (Liu et 

al., 2012, Ma et al., 2012). CSF1R activation is typically mediated through binding of 

homodimers of either CSF-1 or IL-34, however in silico studies have shown that CSF-1 and 

IL-34 are able to form a heterodimer with CSF1R-binding ability. Heterodimer formation is 

characterised by low affinity binding and rapid dissociation, but appears to be stabilised upon 

binding to the receptor, however it only occurs in rare circumstances. The molecular 

interaction between CSF-1 and IL-34 was validated in vitro, but functional CSF1R binding 

has not yet been demonstrated in vivo and relevance of heterodimer formation is unknown 

(Segaliny et al., 2015). 
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Figure 1-3: Transcriptional regulation of the CSF1R signalling pathway.  

CSF1R, encoded by the c-fms gene, is transcriptionally regulated by the CCAAT-enhancer binding 

protein-α (C/EBPα)/PU.1 pathway. PU.1 is expressed by microglial cells and promotes microglial 

proliferation through induction of CSF1R transcription. C/EBPα is a master transcription factor in 

myeloid cells and acts as an upstream regulator of PU.1 transcription, thus affecting CSF1R 

expression. MicroRNA-124, expressed by microglial cells, binds directly to C/EBPα mRNA to 

negatively regulate its expression and control the levels of CSF1R expressed by the cell. The ligands 

CSF-1 and IL-34 bind to the extracellular immunoglobulin domains of CSF1R to induce receptor 

dimerization and autophosphorylation, resulting in receptor internalisation and induction of 

intracellular signalling cascades. 

 

CSF-1 promotes survival, differentiation and proliferation in cells of the myeloid lineage. It 

exists in three isoforms: a secreted proteoglycan isoform (spCSF-1), a secreted glycoprotein 

isoform (sgCSF-1) and a ‘cell surface’ transmembrane glycoprotein (csCSF-1). Both spCSF-

1 and csCSF-1 exert their biological actions locally whilst sgCSF-1 circulates in the blood 

(Stanley and Chitu, 2014). The csCSF-1 isoform has been specifically implicated in 

myelopoiesis and macrophage proliferation (Ryan et al., 2001, Dai et al., 2004) and is the 

isoform discussed henceforth in this thesis. The importance of CSF-1 in microglial biology 

was identified following observation of a ~30% deficiency in cell numbers in Csf1op/op mice 
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(Stanley et al., 1997, Wegiel et al., 1998, Kondo et al., 2007). CSF-1 was identified as a 

crucial regulator of microglial proliferation in vivo following observations that the 

proliferative response to facial nerve transection was markedly reduced in Csf1op/op mice 

(Raivich et al., 1994). It has since been established that CSF-1 is a potent inducer of 

microglial proliferation in other injury models and models of neurodegenerative disease 

(Yamamoto et al., 2010, Gomez-Nicola et al., 2013).  

Unlike CSF-1, which is broadly expressed throughout the body, IL-34 expression is 

restricted to specific tissues, including the skin, brain, kidney and spleen (Lin et al., 2008, 

Wang et al., 2012). As previously discussed, the expression profiles of CSF-1 and IL-34 

have distinct regional distributions in the brain. Whilst Csf1 expression is observed in the 

cortex, corpus callosum, cerebellum and spinal cord, Il34 is expressed in the cortex, striatum, 

hippocampus and olfactory bulb (Greter et al., 2012, Nandi et al., 2012, Wang et al., 2012). 

Interestingly, Il34 is expressed at higher levels than Csf1 from embryonic development 

through to adulthood (Wei et al., 2010, Nandi et al., 2012). IL-34 was identified as an 

alternative ligand for CSF1R through functional screening assays (Lin et al., 2008). It was 

initially postulated that IL-34 may simply serve to compensate in the absence of CSF-1, 

however normal IL-34 expression in Csf1op/op mice and the more severe phenotype of Csf1r-

/- mice compared to those lacking CSF-1 suggested a distinct functional role for IL-34 

(Ginhoux et al., 2010, Wei et al., 2010). It has since been demonstrated that IL-34 elicits a 

stronger activation of CSF1R compared to CSF-1, resulting in higher levels of induction of 

intracellular signalling cascades (Chihara et al., 2010). IL-34 deficiency elicits a reduction 

in microglial numbers of up to ~50% depending on brain region (Greter et al., 2012), whereas 

CSF-1 deficiency results in a smaller depletion of ~30% in the whole brain, indicative of a 

heterogeneity in IL-34 or CSF1R expression throughout the CNS. The almost-complete 

depletion of microglial numbers in the absence of CSF1R in comparison to the reduction in 

cell numbers seen in with deficiency of CSF-1 or IL-34 alone suggests that while CSF1R is 

crucial for cell survival, the two ligands have complementary functions.   

Following CSF1R activation, a number of downstream intracellular signalling pathways are 

activated, summarised in Figure 1-4 (Pixley and Stanley, 2004, Wang and Colonna, 2014). 

Pharmacological blockade of CSF1R with the tyrosine kinase inhibitor, GW2580 (Conway 

et al., 2005) resulted in inhibition of microglial proliferation in the healthy brain and under 

disease conditions (Gomez-Nicola et al., 2013, Olmos-Alonso et al., 2016). At much higher 

doses, CSF1R inhibition can induce apoptosis, resulting in depletion of ~99% of the 

population (Elmore et al., 2014), as discussed in section 1.1.4.3. Upregulation of cell cycle-
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associated proteins, including proliferating cell nuclear antigen (PCNA), cyclin A and cyclin 

D, in the presence of CSF-1 provides evidence for the mitogenic capability of the CSF1R 

pathway (Yamamoto et al., 2012), whilst its pro-survival signalling is mediated through 

activation of Akt kinase which directly phosphorylates and inhibits pro-apoptotic proteins, 

such as B cell lymphoma-2 (Bcl-2)-associated death promoter (BAD) as well as inhibiting 

activity of transcription factors that induce expression of pro-apoptotic genes, such as 

Forkhead box O3 (FOXO3) and p53 (Brunet et al., 1999, Kelley et al., 1999, Ogawara et al., 

2002). It has been suggested that these pro-survival effects require the presence of the 

adaptor protein DNAX-activating protein-12 (DAP12). In vitro, CSF-1-driven proliferative 

and survival responses are mediated by DAP12 via activation of the pro-survival β-catenin 

pathway (Otero et al., 2009), preventing cell death independently of Akt signalling. DAP12 

is also required for induction of intracellular cascades following Triggering receptor 

expressed on myeloid cells-2 (TREM2) activation, which has recently been shown to 

mediate microglial survival via activation of the β-catenin pathway (Zheng et al., 2017). In 

vivo, 10-month old DAP12-deficient mice have reduced microglial density in the basal 

ganglia and spinal cord of the CNS, however 4-week old mice show no differences compared 

to wild-type (Otero et al., 2009). Microglial density in 8-week old TREM2-/- mice is 

unaffected despite a reduction in β-catenin expression (Zheng et al., 2017). These data 

suggest that the DAP12/	β-catenin pathway is only activated under specific conditions to 

mediate microglial survival and pro-survival signalling occurs via the PI3K/Akt pathway, 

however this requires further validation.  

Recently, interleukin-1 (IL-1) signalling has been highlighted as a potential additional 

mediator of microglial survival (Bruttger et al., 2015). IL-1 has been suggested to indirectly 

regulate proliferation of microglia by inducing expression of IL-6, which has previously 

been shown to stimulate microglial proliferation in vitro (Basu et al., 2002). Following 

transgenic depletion in the CX3CR1CreEr:iDTR model, elevated expression of both IL-1 and 

its receptor (IL-1R) was found in CNS-derived repopulating microglia. Repopulation of the 

parenchyma was delayed following administration of an IL-1R antagonist, through 

prevention of proliferation in a subset of microglial cells. Conditional depletion of IL-1R in 

microglia in the steady-state results in a ~20% reduction in microglial density and abnormal 

morphology in surviving cells (Bruttger et al., 2015). The role of IL-1R signalling in 

microglial activation in response to injury or CNS pathology is well documented, with 

attenuated activation and recruitment of cells in Il-1r-/- mice (Basu et al., 2002, Halle et al., 

2008), however there is little research into its impact on microglial proliferation and survival. 
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In comparison to the almost complete lack of microglia observed in Csf1r-/- mice, Il-1r-/- mice 

have no significant changes in microglial density in the brain (Craft et al., 2005) suggesting 

that the influence of this signalling pathway on microglial survival may only be relevant 

under certain conditions, such as in repopulation paradigms. Repopulation of bone marrow 

and lung macrophages is dependent on CSF1R signalling following depletion via the iDTR 

system (Hashimoto et al., 2013), however there is currently no evidence supporting a role 

for IL-1R in repopulation or survival of these populations.   

 

 

Figure 1-4: Intracellular signalling cascades induced following CSF1R activation. 

Following activation, dimerisation and autophosphorylation of CSF1R, intracellular signalling 

molecules associate directly with the receptor through their phosphotyrosine-binding domains. The 

main signalling cascades implicated in CSF1R regulation of proliferation, differentiation and survival 

are shown. Binding and activation of Src following associated with tyrosine (Y) 559 induces the 

DAP12/β-catenin, PI3K/Akt and ERK pathways to promote cell survival. Of these, the PI3K/Akt 

pathway plays the most important role mediating survival through directly phosphorylation and 
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inhibition pro-apoptotic proteins, such as BAD as well as inhibiting activity of transcription factors 

that induce expression of pro-apoptotic genes, such as p53 and FOXO3. Binding of Grb-2 to Y697 

activates the MEK/ERK signalling cascade to promote proliferation, whilst its binding to Y921 

promotes differentiation. Activation of PLCγ to Y721 also promotes differentiation through 

activation of Pkare. Adapted from Pixley and Stanley (2004). 

 

1.1.4.3 The presence of ‘microglial progenitors’ in the adult brain  

More recently, it has been suggested that the adult brain may contain ‘microglial progenitors’ 

following evidence from repopulation studies. As previously mentioned, pharmacological 

inhibition of CSF1R can cause almost-complete depletion of the microglial population. High 

doses of PLX3397, a multi-targeted tyrosine kinase inhibitor of CSF1R/c-kit/ fms-like 

tyrosine kinase-3 (FLT3)/ platelet-derived growth factor receptor-β (PDGFRβ) (Artis et al., 

2005), reduced microglial numbers in the healthy brain by more than 90% after 7 days of 

treatment and almost completely depleted the population following longer treatment 

regimens (Elmore et al., 2014). Induction of apoptosis following PLX3397 treatment was 

evidenced by expression of active caspase-3 and positive propidium iodide staining, 

indicating that inhibition of proliferation alone was not responsible for the reduced 

microglial density. Following withdrawal of the inhibitor, the microglial population began 

to reconstitute after 3 days, however these repopulating cells displayed different morphology 

and expression of cell surface markers from control microglia, including transient expression 

of CD34 and c-Kit, markers of HSCs, and nestin, a stem cell marker. By 14 days of recovery, 

microglial numbers, phenotype and morphology were indistinguishable from that in control 

brains (Elmore et al., 2014). It should be noted that at the doses used for depletion paradigms 

PLX3397 (along with other PLX compounds discussed later) is likely to inhibit multiple 

kinases. These compounds have also been reported to inhibit c-Kit, FLT-3 and PDGFR-β 

(Peyraud et al., 2017). Whilst the impact on microglia will largely be mediated through 

blockade of CSF1R, there are likely to be ‘off-target’ impacts in the periphery which may 

influence the subsequent response to microglial depletion in the CNS. 

Similar results were obtained following transgenic ablation of microglia using a 

CX3CR1CreEr-based system crossed with an inducible diphtheria toxin receptor (iDTR) 

system to induce specific ablation of microglial cells following tamoxifen and diphtheria 

toxin injections (Bruttger et al., 2015). An 80% reduction in microglia was observed 3 days 

after induction, but after 14 days of recovery cell numbers returned to baseline levels. 
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Similarly to the pharmacological depletion model, the microglial population was rapidly 

reconstituted from surviving resident cells, which proliferated to colonize the parenchyma 

(Bruttger et al., 2015). These CNS-derived microglia also expressed nestin, albeit transiently 

with nestin expression lost once cell numbers had returned to baseline levels. In the steady-

state, nestin is expressed by neural stem cells (Lendahl et al., 1990), pericytes (Dore-Duffy 

et al., 2006) and NG2+ oligodendrocyte precursor cells (Walker et al., 2010) within the CNS, 

with expression rarely found in other cell types (Gilyarov, 2008). However, its expression 

has been associated with self-renewal and proliferation is several cell populations, including 

neural stem cells (Park et al., 2010) and reactive astrocytes (Sierra et al., 2015), suggesting 

that the nestin expression during repopulation may represent a transient, highly proliferative 

subpopulation of microglia that emerges following depletion paradigms. It should be noted 

that genetic ablation of microglia was associated with a ‘cytokine storm’ in the brain, 

evidenced by increased expression of pro-inflammatory cytokines, chemokines and co-

stimulatory molecules (Bruttger et al., 2015). This highlights how far from a physiological 

system these paradigms are, as the inflammatory milieu of the CNS is markedly affected 

following massive microglial cell death, thus further evidence is required to determine 

whether this population of nestin+ microglial ‘progenitors’ exists under steady-state 

conditions. 

1.1.5 Controlling cell numbers: balancing proliferation with apoptosis 

Maintenance of the microglial population by slow turnover of long-lived cells was originally 

demonstrated by Lawson et al. (1992), who reported the turnover of microglia using 3H-

thymidine labelling combined with F4/80 immunohistochemistry. However, due to the 

prominence of the monocyte origin hypothesis at the time (as discussed previously in section 

1.1.1.1.2), it was hypothesised that peripheral proliferating macrophages were also labelled 

with 3H-thymidine prior to infiltration into the CNS and differentiation into microglia, thus 

contributing to population turnover. Turnover was investigated at 1 hour, 24 or 48 hours 

post-labelling in order to detect resident cells that underwent division within the parenchyma 

(1 hour and 24 hours) or infiltrating cells that underwent division in the bone marrow prior 

to migration and differentiation (24 and 48 hours). The authors observed a substantial 

increase in the number of double-labelled (3H-thymidine+ F4/80+) cells between the 1 and 24 

hour time points, with a lower number of double-labelled cells between 24 and 48 hours. It 

was assumed that infiltrating cells would contribute to the population of proliferating cells 

in the later time points, thus the reported microglial proliferation rate of 0.05% was taken 
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from the 1 hour time, corresponding to an extremely low population turnover rate throughout 

lifetime. Given the current model of microglial origin and the unlikelihood of peripheral 

cells infiltrating the parenchyma and differentiating into microglia under physiological 

conditions, it is likely that the total number of proliferating resident microglia is 

underestimated by this study. Therefore, this data can now be re-interpreted under a different 

light. It appears that there is a peak in microglial proliferation at 24 hours post-labelling, 

which has also been demonstrated following injection of 5-bromo-2’-deoxyuridine (BrdU), 

a thymidine analogue, after pharmacological depletion (Elmore et al., 2014). The reduction 

in 3H-thymidine+ cells between 24 and 48 hours suggests that a large proportion of microglial 

proliferation occurs in the first 24 hours after labelling, but could also be indicative of cell 

death between these time points. However, these studies have not been revisited so the extent 

and time course of microglial proliferation remains unclear. Lawson et al. recognised the 

limitation of detecting 3H-thymidine in relatively thick tissue sections; 10 μm as opposed to 

the optimum 1 μm thickness for detection (Sidman, 1970), which may also lead to 

underestimation of the total number of proliferating cells. In contrast, BrdU 

immunohistochemistry can be used to detect cells in tissue sections of up to 50 μm, allowing 

a more comprehensive analysis of cell proliferation (Duque and Rakic, 2015). 3H-thymidine 

and BrdU have similar rates of incorporation into S-phase cells (Eldridge et al., 1990, 

Steward and Azam, 1999, Duque and Rakic, 2011), however BrdU-based detection avoids 

the handling of radiolabelled samples and has increased sensitivity, generating high-

resolution data (Mead and Lefebvre, 2014). A systematic time course of microglial 

proliferation using BrdU, which is now considered to be the ‘gold standard’ in the field, has 

not yet been conducted and would be highly informative about the rate of turnover in the 

resident cell population.  

It was also reported that the total density of microglial cells and their distribution in the brain 

appear to remain constant throughout adult life (Lawson et al., 1992), suggesting that a 

balancing force, such as apoptosis, must be involved in the regulation of the population 

density. The authors observed approximately equal numbers of 3H-thymidine-labelled 

proliferating microglia and apoptotic microglia with pyknotic nuclei. This, along with the 

aforementioned reduction in double-labelled microglia between 24 and 48 hours post-3H-

thymidine injection, support a role for apoptosis in microglial turnover.  



Chapter 1 

 28 

1.1.5.1 Molecular pathways regulating apoptosis 

Apoptosis is a critical process in tissue homeostasis; balancing cell division to maintain 

appropriate cell numbers. In cell populations with high turnover rates, such as those in the 

peripheral immune system, disruption of apoptosis leads to aberrant accumulation of cells, 

which can result in a number of diseases including cancer, autoimmune disease and immune 

deficiency (Marsden and Strasser, 2003, Opferman, 2008). Apoptosis is elicited through the 

activation of caspases, a family of cysteinyl aspartate proteases, which degrade cells through 

direct cleavage of cellular components or through activation of other enzymes that contribute 

to cell destruction (Thornberry and Lazebnik, 1998). These proteases exist within cells as 

inactive procaspases that require cleavage to produce their active proteolytic forms. Some 

caspases, so-called initiator caspases, cleave other downstream caspases, ‘effector’ caspases, 

to activate them within the apoptotic pathway. Upstream of caspase activation, there are two 

main apoptotic pathways: the extrinsic pathway and the intrinsic pathway summarised in 

Figure 1-5.  
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Figure 1-5: The intrinsic and extrinsic apoptotic signalling pathways.   

(A) The intrinsic pathway of apoptosis is mediated through interactions between the pro- and anti-

apoptotic members of the Bcl-2 family. Cellular stressors activate pro-apoptotic BH3-only proteins, 

which go on to activate effector pro-apoptotic proteins, BAK and BAX. Anti-apoptotic Bcl-2 family 

members inhibit the activation of BAX/BAK through their direct sequestration or regulation of BH3-

only proteins and BAX/BAK. BAK/BAX promote mitochondrial outer membrane permeabilisation 

(MOMP), leading to the release of pro-apoptotic proteins cytochrome c (cyt c), apoptosis-inducing 

factor (AIF) and a second mitochondria-derived activator of caspase/direct IAP binding protein with 

low pI (Smac/DIABLO) from the intermembrane space into the cytosol. Binding of cyt c to apoptotic 
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Fig. 1-5 (cont.): protease-activating factor-1 (APAF1) induces apoptosome formation and auto-

activation of caspase-9, which goes on to activate the terminal effector caspases-3 and -7. (B) The 

extrinsic pathway is mediated by transmembrane death receptors. Upon their activation by 

extracellular ligands, the adaptor protein FADD and procaspases-8/-10 are recruited to the 

intracellular side of the plasma membrane to form the DISC, leading to auto-activation of caspase-

8/-10. Caspases-8/-10 go on to cleave and activate caspases-3 and -7, promoting apoptosis. 

Caspases-8/-10 also mediate crosstalk with the intrinsic pathway through cleavage of BID, a pro-

apoptotic BH3-only protein, which can activate BAK/BAX in its truncated (t) form. NB: Cell death 

regulation through the extrinsic pathway is also subject to further regulation. For example, 

activation of TNF-R1 can promote survival as well as apoptosis through recruitment of the adaptor 

protein TRADD, RIP and TRAF-2 which activate NF-κB to initiate transcription of pro-survival genes. 

Abbreviations: DD, death domain; DED, death effector domain; DISC: Death-induced signalling 

complex; FADD, Fas-associated death domain; FasL, Fas ligand; MOMP, mitochondrial outer 

membrane permeability; RIP, receptor-interacting protein; TNFα/R1, Tumour necrosis factor-

α/receptor 1; TRADD, TNF-R-associated adaptor protein with death domain; Traf2, TNF-associated 

factor-2; TRAIL, TNF-related apoptosis-inducing ligand. Adapted from Tait and Green (2010) and 

Redza-Dutordoir and Averill-Bates (2016). 

 

1.1.5.1.1 The intrinsic pathway 

The intrinsic pathway of apoptosis is induced by a variety of cellular stressors, including 

severe DNA damage, growth factor withdrawal and hypoxia, and is mediated by members 

of the Bcl-2 family, which were originally identified through the study of t(14:18) 

chromosomal translocation in B cell lymphoma (Tsujimoto et al., 1984). Bcl-2 family 

members share homology in up to 4 conserved Bcl-2 homology (BH) domains through 

which they interact with each other (Letai et al., 2002). Cellular stresses activate pro-

apoptotic Bcl-2-homology 3 (BH3)-only proteins, including BAD, BH3-interacting domain 

(Bid), Bcl-2 interacting killer (BIK), Bcl-2-interacting mediator of cell death (BIM), Bcl-2 

modifying factor (Bmf), activator of apoptosis harakiri (Hrk), p53 upregulated modulator of 

apoptosis (PUMA) and phorbol-12-myristate-13-acetate-induced protein-1 (NOXA). BH3-

only proteins go on to interact with either ‘effector’ pro-apoptotic Bcl-2 family members 

Bcl-2 associated X protein (BAX) and/or Bcl-2 killer (BAK) or anti-apoptotic members of 

the family such as Bcl-2. Following activation, BAK and BAX undergo conformational 

changes and form homo-oligomers before being targeted to the outer mitochondrial 

membrane (OMM) and the triggering of mitochondrial outer membrane permeabilisation 
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(MOMP) (Willis and Adams, 2005), which initiates cellular destruction (see below).  These 

interactions between the pro- and anti-apoptotic Bcl-2 proteins determine whether MOMP 

occurs. The anti-apoptotic Bcl-2 proteins include Bcl-2 itself, Bcl-extra large (Bcl-XL), Bcl-

2-like protein 2 (Bcl-w), induced myeloid leukaemia cell differentiation protein (Mcl-1) and 

Bcl-2-related protein A1 (A1) (Willis et al., 2005).  

Importantly, BH3-only proteins show selectivity over which anti-apoptotic proteins they 

interact with; whilst Bim, PUMA and tBid are able to bind to all anti-apoptotic family 

members with equal affinity, BAD and Bmf bind to Bcl-2, Bcl-XL and Bcl-w and NOXA 

binds to only Mcl-1 and A1 (Chen et al., 2005). Based on these findings, multiple models 

have been proposed for the execution of intrinsic apoptosis through BAX/BAK. The indirect 

activator model states that BAX/BAK exist as constitutively active proteins, which are 

sequestered through binding to anti-apoptotic Bcl-2 family members (Willis et al., 2005) 

Once activated by cellular stressors, BH3-only proteins competitively bind the anti-apoptotic 

Bcl-2 members binding to BAX/BAK through association of their BH3 domain with a 

hydrophobic groove formed by the BH1-3 domains on the anti-apoptotic proteins (Willis et 

al., 2007), resulting in the release of BAX/BAK and induction of apoptosis (Chen et al., 

2005). 

The direct activator-derepressor model divides BH3-only proteins into two subsets: ‘direct 

activators’ and ‘sensitisers’. Direct activator BH3-only proteins, including BIM, tBid and 

PUMA, are thought to bind directly to BAX/BAK to activate them to initiate MOMP (Letai 

et al., 2002, Kuwana et al., 2005, Hockings et al., 2015). The α-helical BH3 domain of these 

proteins has been shown to interact with a hydrophobic groove on BAX, in a manner similar 

to how they engage the BH1-3 domains of anti-apoptotic proteins, to initiate its activation 

(Gavathiotis et al., 2008). In this model, anti-apoptotic proteins prevent MOMP through 

sequestration of BH3-only proteins or through direct binding to BAX/BAK (Willis et al., 

2005). The sensitiser subset of BH3-only proteins, including BIK, BAD and Hrk, do not 

bind directly to BAX/BAK but inhibit their function by binding to certain pro-survival 

members to de-repress BAX/BAK, allowing their activation (Kuwana et al., 2005, Youle, 

2007, Tait and Green, 2010).  

Recent studies have proposed a third model in which apoptosis can be initiated through 

spontaneous activation of BAX/BAK upon association with the OMM. It has been shown 

that following knockdown of anti-apoptotic Bcl2 family members, BH3-only proteins are 

not required for activation of BAX/BAK as these proteins retain their pro-apoptotic activity 
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in the absence of all BH3-only family members (O'Neill et al., 2016). BAX/BAK are 

constitutively active in the absence of pro-survival Bcl2 proteins and spontaneously co-

localise and directly interact with the OMM, prior to homo-oligomerisation and activation 

(O'Neill et al., 2016). Whilst this study provides evidence that a direct interaction between 

BH3-only proteins and BAX/BAK is not required to initiate apoptosis, it is possible that 

these interactions are still important in modulating the activity of the pro-apoptotic proteins.  

The exact mechanism of how BAX and BAK induce MOMP has been long debated, with 

hypotheses that they either form proteinaceous channels in the membrane (Antonsson et al., 

1997, Martinez-Caballero et al., 2009) or destabilise the membrane through formation of 

lipid pores (Basanez et al., 2002, Schafer et al., 2009). The current model suggests that the 

OMM is destabilised through the formation of toroidal pores, consisting of both proteins 

(BAX/BAK oligomers) and lipids (Lee et al., 2004). Following activation, BAX/BAK form 

oligomers with diverse ring-like structures of different sizes (few nanometres – 100 nm 

diameter) associated with pores within the OMM (Grosse et al., 2016). This suggests that 

pores within the OMM can develop over time to allow release of different size molecules 

from the inter-membrane space (IMS) (Cosentino and Garcia-Saez, 2017). MOMP allows 

the release of the pro-apoptotic factors cytochrome c (cyt c), apoptosis-inducing factor (AIF) 

and second mitochondria-derived activator of caspase/direct IAP binding protein with low 

pI (Smac/DIABLO) from the IMS into the cytosol. Cyt c binds to apoptotic protease-

activating factor 1 (APAF1) to induce its oligomerisation, which then recruits procaspase-9 

to form the apoptosome. Apoptosome formation induces auto-activation of caspase-9, which 

then cleaves and activates effector caspases-3/-7 to promote apoptosis. Smac/DIABLO 

blocks the inhibitory X-linked mediator of apoptosis protein (XIAP) to promote caspase-3/-

7 activity whilst AIF translocates to the nucleus, where it binds directly to DNA causing 

chromatin condensation and DNA fragmentation (Tait and Green, 2010). 

1.1.5.1.2 The extrinsic pathway 

The extrinsic pathway of apoptosis is initiated through activation of transmembrane death 

receptors from the TNF-receptor (TNF-R) superfamily, including TNF-R1 (also known as 

Death receptor 1; DR1), Fas (DR2) and TNF-related apoptosis-inducing ligand (TRAIL)-R1 

(DR4) (Redza-Dutordoir and Averill-Bates, 2016). Fas and TRAIL-R1 induce apoptosis by 

a similar mechanism (summarised in Figure 1-5). The respective ligands, Fas ligand (FasL) 

and TRAIL, bind to their receptors to induce multimerisation. The adaptor molecule Fas-

associated death domain (FADD) is subsequently recruited to the intracellular death domain 
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(DD) of the receptor, forming the death-induced signalling complex (DISC). FADD interacts 

with the death effector domains (DED) of procaspases-8 or -10, inducing conformational 

changes within the procaspases that lead to their auto-proteolytic processing and activation. 

Once active, the initiator caspases-8/-10 leave the DISC to target cytoplasmic substrates, the 

effector caspases-3 and -7, directly cleaving and activating them, resulting in initiation of 

apoptosis within the cell (Holoch and Griffith, 2009, Kaufmann et al., 2012). Binding of 

TNFα to TNF-R1 also induces receptor multimerisation at the plasma membrane but 

initiates different intracellular signalling cascades. A different adaptor protein, TNF-R-

associated adaptor protein with death domain (TRADD) is recruited to the cytoplasmic DD 

of the receptor. Two protein complexes can be formed following TRADD binding: complex 

I, formed through association of TRADD with receptor-interacting protein (RIP) and TNF-

associated factor-2 (TRAF2), and complex II, formed through association of TRADD with 

FADD, which leads to activation of procaspase-8/-10 and subsequent downstream activation 

of caspase-3, -6 and -7 (Blaser et al., 2016). Formation of complex I can promote cell 

survival through downstream activation of NF-κB, which can up-regulate antioxidants and 

anti-apoptotic proteins including Bcl-XL (Blaser et al., 2016). Apoptotic signalling through 

the extrinsic pathway can be amplified through caspase-8 cleavage of Bid, to generate tBid, 

and subsequent engagement of the intrinsic pathway detailed above (Kaufmann et al., 2012).   

1.1.5.1.3 Molecular regulators of apoptosis in microglia 

Whilst extensive research has been conducted into the impact of the dysregulation of Bcl-2 

family members on the peripheral immune system, there is limited evidence in the literature 

about the impact of dysregulation of apoptosis on the CNS, particularly the functions of these 

proteins in microglial cells. Genetic deletion of BIM leads to a two-fold increase in the 

number of circulating monocytes in vivo (Bouillet et al., 1999), whilst overexpression of 

Bcl-2 results in elevated numbers of myeloid cells (Egle et al., 2004). The model utilised by 

Egle et al. (2004), the Vav-Bcl-2 transgenic mouse, may be a useful tool for studying 

apoptotic signalling in microglia. Unlike knockout models, which ubiquitously delete 

expression of pro-apoptotic proteins across all body compartments, the Vav-Bcl-2 mouse 

overexpresses the human Bcl-2 gene under the control of the Vav1 promoter. This promoter 

is expressed in all haematopoietic cells, including cells of the myeloid lineage (Ogilvy et al., 

1999a), such as monocytes and macrophages, and thus is likely to also be expressed in 

microglia, making the Vav-Bcl-2 mouse a useful model for studying microglial apoptosis.  
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The data published by Lawson et al. (1992) suggest that apoptosis may play a crucial role in 

the maintenance and turnover of the microglial population throughout lifetime. As 

previously discussed, CSF1R signalling is a critical mediator of microglial proliferation and 

survival, however the link between this pathway and the induction of the apoptotic program 

remains unresolved. It has been shown that activation of Akt, an intracellular kinase 

downstream of CSF1R, inhibits pro-apoptotic signalling (Brunet et al., 1999, Kelley et al., 

1999, Ogawara et al., 2002). Akt is able to directly phosphorylate BAD, which in its 

phosphorylated form is sequestered through binding to the cytosolic protein 14-3-3 (Datta et 

al., 1997). It can also directly phosphorylate procaspase-9, preventing its cleavage by APAF-

1 in the apoptosome (Cardone et al., 1998). Akt can also prevent apoptosis through direct 

phosphorylation of transcription factors that promote apoptosis, such as p53, which regulates 

PUMA and NOXA expression (Ogawara et al., 2002, Villunger et al., 2003) and FOXO 

transcription factors, which can induce expression of BIM (Dijkers et al., 2002) and FasL 

(Brunet et al., 1999). Akt has also been shown to induce the expression of pro-survival Bcl-

2 family members through phosphorylation and activation of transcription factors including 

NF-κB (Romashkova and Makarov, 1999) and CREB (Du and Montminy, 1998), which 

promote expression of Bcl-XL (Grad et al., 2000) and Bcl-2 (Wilson et al., 1996). It also 

remains unclear how proliferation and apoptosis interact in the maintenance of the microglial 

population. The specific Bcl-2 family members expressed in microglia are unknown; which 

are recruited in the initiation or inhibition of apoptosis and how CSF1R signalling impacts 

on the intrinsic and extrinsic apoptotic pathways, thus further investigation of the role of 

apoptosis in microglial turnover is required. 

 

1.2 Roles of microglia in the healthy and diseased brain 

Microglia demonstrate remarkable functional plasticity, which is key in their role to maintain 

homeostasis in the CNS. The historic view of microglial activation as an ‘on or off’ process 

does not encompass the many diverse phenotypes of these cells in both the developing, 

healthy and diseased brain. Instead microglia are constantly active, conducting surveillant 

functions throughout the parenchyma.  
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1.2.1 Developmental functions in the embryonic and postnatal brain 

Microglia play an important role in embryonic and postnatal development of the brain. 

During brain development, microglia display an amoeboid morphology typically associated 

with phagocytic functions (Schwarz et al., 2012, Zusso et al., 2012). It has been shown that 

microglia in the prenatal brain actively phagocytose neural precursors cells (NPCs) during 

the late stages of cortical neurogenesis, regulating the thickness of the neocortex 

(Cunningham et al., 2013). Depletion of microglia through intracerebroventricular (ICV) 

injection of clodronate liposomes or suppression of microglial activation results in a 

significant increase in the number of NPCs, presumably through a reduction in phagocytosis, 

which may affect the cytoarchitecture of the brain (Cunningham et al., 2013). However, it 

should be noted that clodronate liposomes will be taken up by any phagocytosing cell, 

including BAMs or astrocytes (Adamsky and Goshen, 2018), thus confounding the 

interpretation of data as solely resulting from microglial depletion. Absence of microglia 

during early embryonic stages also results in abnormal outgrowth of dopaminergic neurons 

to the striatum and perturbed localisation of a subset of neocortical interneurons (Squarzoni 

et al., 2014). These data demonstrate the importance of microglia during development, as 

the physiological changes associated with their loss of function could be implicated in the 

pathogenesis of neurodevelopmental disorders (Amaral et al., 2008, Meechan et al., 2012). 

The phagocytic role of microglia in the healthy brain continues into adulthood, mostly 

restricted to the hippocampal neurogenic niche. The generation of an excess of early NPCs 

in the hippocampus during postnatal development leads to an increased number of apoptotic 

cells, which are rapidly and efficiently removed by microglia in a non-inflammatory fashion 

(Sierra et al., 2010). Microglia can accomplish this task even during significant increases in 

cell death induced by exposure to lipopolysaccharide (LPS) or an omega-3-deficient diet, 

through adapting their phagocytic capacity, either on an individual cell basis,  by recruitment 

of more phagocytic microglial cells or by increasing overall microglial numbers. However, 

an epileptogenic injury impairs the phagocytic efficiency of microglia due to widespread 

release of adenosine triphosphate (ATP), disrupting the signalling gradients by which 

microglia detect apoptotic cells, thus leading to their accumulation in the tissue and further 

contributing to tissue damage (Abiega et al., 2016).   

Using Csf1r-/- mice, Erblich et al. (2011) demonstrated that microglial function in normal 

brain development is most important during the early postnatal period. At E16, there 

appeared to be no gross morphological changes  in the absence of microglia, however by the 

third postnatal week significant enlargement of the lateral ventricles and reduction in the size 
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of the cortex, olfactory bulbs and hippocampus was observed. Enlargement of the ventricles 

and a reduction in cortical thickness from P10 was also observed following transient 

microglial depletion from P0-4 using ICV injection of clodronate liposomes (VanRyzin et 

al., 2016). An increase in neuronal density in the cortex was observed in postnatal Csf1r-/- 

mice, which could be attributed to increased density of NPCs in the absence of microglial-

mediated clearance. However, the authors report no changes in the total number of neurons 

in the cortex, suggesting that enlargement of the ventricles occurred as a result of 

hydrocephaly, which then caused pressure-induced compaction of the cortex (Erblich et al., 

2011). These morphological changes coincide with the timeframe of the postnatal refinement 

of the microglial population (Nikodemova et al., 2015); developmental apoptosis during the 

first two postnatal weeks results in increased cellular debris that would usually be cleared by 

microglial cells, the population of which is also undergoing significant expansion during this 

time. In the absence of microglia, the lack of phagocytosis could lead to a build-up of debris 

that perturbs normal cerebrospinal fluid drainage, resulting in hydrocephaly; however, this 

has not been investigated by subsequent studies. Nevertheless, overall, compelling evidence 

supports that microglia are critical for the correct development of the brain, evidenced by 

the fact that their depletion during neonatal development leads to persistent and severe 

behavioural abnormalities (VanRyzin et al., 2016, Nelson and Lenz, 2017).  

Microglia have also been proposed to be able to actively engulf synaptic material and 

modulate synapse numbers in a CX3CR1-CX3CL1-dependent manner during postnatal 

development, however direct evidence for this has yet to be shown. CX3CR1-/- mice have a 

significant, but transient, decrease in microglial density in the postnatal brain, which 

correlates with increased spine density and altered electrophysiological activity (Paolicelli 

et al., 2011), proposed to result from reduced synaptic pruning, and thus delayed 

development of the brain circuitry. The suggested lack of microglial-mediated synaptic 

pruning has long-term effects on brain connectivity, evidenced by synaptic dysfunction and 

reduced functional connectivity between brain regions in CX3CR1-/- mice, resulting in 

behavioural deficits (Zhan et al., 2014). CX3CL1-CX3CR1 signalling in microglia is also 

important in providing trophic support for neurons during early postnatal development 

(Ueno et al., 2013), highlighting the importance of this signalling pathway for neuron-

microglia crosstalk, thus is it possible that reduced trophic support rather than a lack of 

synaptic pruning underlies the dysfunctional connectivity seen in CX3CR1-/- mice. The 

classical complement cascade, which typically functions to target cellular debris for removal 

by the immune system, has been suggested to regulate microglial-mediated synaptic pruning 
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in the retinogeniculate system during postnatal development. Activated C3b (iC3b), a 

component of the complement system, is hypothesised to localise to ‘weak’ synapses with 

lower neuronal activity, resulting in complement receptor 3 (CR3)/C3-dependent microglial 

phagocytosis (Stevens et al., 2007, Schafer et al., 2012). Disruption of CR3/C3 signalling is 

associated with increased synaptic density within the dorsal lateral geniculate nucleus that 

persists into adulthood in mice (Schafer et al., 2012), which has also been evidenced in the 

hippocampus of adult C3-/- mice (Perez-Alcazar et al., 2014), and is suggested to result from 

deficient synaptic remodelling during development. A role for this signalling pathway has 

also recently been suggested in early synapse loss in mouse models of AD-like pathology, 

suggesting that inappropriate activation of microglia by pathogenic proteins result in 

aberrant phagocytosis of functional synapses (Hong et al., 2016). Microglia have been shown 

to make direct contact with dendritic spines in the developing primary somatosensory cortex, 

inducing formation of dendritic filopodia but only during a restricted time period (Miyamoto 

et al., 2016). Filopodia formation was more likely to occur after a microglial contact between 

P8-10, but no filopodia formation was seen following microglial contact between P12-14 or 

P26-30. Furthermore, ablation of microglia from P5-11 resulted in a significant reduction in 

the number of functional synapses and reduced excitatory synaptic connections from L4 to 

L2/3 in the primary somatosensory cortex (Miyamoto et al., 2016). However, the 

aforementioned studies have only provided indirect evidence of microglial phagocytosis of 

synapses in the developing brain, thus whether or not microglia actively prune synapses 

remains unclear. 

In addition to modulation of neuronal and synaptic development, microglia also have key 

roles in the development of other CNS cell populations. A specific subset of microglia 

originally identified in the postnatal brain in the periventricular white matter, historically 

referred to as the ‘fountain of microglia’ (del Rio Hortega, 1932, Imamoto and Leblond, 

1978, Ling, 1979), regulate myelinogenesis in the developing brain through modulation of 

oligodendrocyte progenitor cell (OPC) numbers (Hagemeyer et al., 2017). Pharmacological 

depletion of microglia during early postnatal stages results in reduced density of OPCs, 

which in turn leads to a reduction in density of mature oligodendrocytes and reduced 

expression of myelin-related proteins (including proteolipid protein and myelin basic 

protein) at both the mRNA and protein level, along with a reduced percentage of myelinated 

axons in the corpus callosum (Hagemeyer et al., 2017).  
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1.2.2 Standing guard: microglia in the steady-state 

Historically ramified microglia in the healthy CNS were considered to be in a ‘resting’ or 

‘quiescent’ state, however they remain highly dynamic even in the absence of CNS 

perturbations. The soma remains fixed whilst the highly ramified processes continuously 

extend and retract, scanning their microenvironment (Nimmerjahn et al., 2005). Each cell 

occupies a defined territory with no overlap or contact between the processes of adjacent 

cells, producing an organised ‘mosaic’ distribution in the adult CNS (Davalos et al., 2005, 

Nimmerjahn et al., 2005). Whilst it is generally accepted that the microglial mosaic is 

achieved through contact inhibition mechanisms (Tremblay and Sierra, 2014), little formal 

evidence exists and direct investigation of the regulatory mechanisms has not been done. 

The best evidence of contact inhibition between microglia comes from two-photon in vivo 

imaging studies, which have shown that microglial processes from neighbouring cells appear 

to ‘repel’ each other, with processes being retracted to avoid contact during surveilling 

activity (Nimmerjahn et al., 2005). The constant sampling of the environment allows the 

parenchyma to be completely screened for perturbations in homeostasis once every few 

hours. Microglial processes directly contact neurons, astrocytes and blood vessels 

(Nimmerjahn et al., 2005), utilising a variety of cell surface receptors, including P2RY12 

(Haynes et al., 2006) and CX3CR1 (Paolicelli et al., 2014) to detect changes in the 

environment, as well as monitoring neuronal synapses in an activity-dependent manner in 

the healthy brain (Wake et al., 2009, Tremblay et al., 2010). In light of this, the nomenclature 

has been updated to describe this functional state of microglia as ‘surveillant’. 

Under homeostatic conditions, microglia are characterised by a down-regulated phenotype 

in comparison to other CNS macrophage populations, expressing low levels of CD45, Fc 

receptors and MHCII (Perry and Teeling, 2013). The microglial ‘sensome’ is made up of a 

number of receptors involved in sensing a wide spectrum of endogenous ligands and 

exogenous factors, including chemokines and cytokines, inorganic substances, changes in 

pH, and purinergic molecules, allowing the rapid detection of any disturbances to CNS 

homeostasis (Hickman et al., 2013). The relatively ‘quiescent’ state of microglia in the 

healthy CNS is maintained by a number of neuron- and astrocyte-derived ligands, including 

CX3CL1 (Cardona et al., 2006) and CD200 (Hoek et al., 2000); disruption of this signalling 

results in a shift towards a more activated phenotype. Soluble factors including 

neurotrophins and neurotransmitters also contribute to regulating microglial phenotype in 

the steady state through activation of cell surface receptors (Hanisch and Kettenmann, 2007, 

Perry and Teeling, 2013, ElAli and Rivest, 2016). For example, binding of aceylcholine 



Chapter 1 

 39 

(ACh) to α7 nicotinic acetylcholine receptors (nAChRs) and activation of β1-adrenergic 

receptors by noradrenaline (NAdr) both inhibit microglial activation, limiting their response 

to inflammatory stimuli (Kettenmann et al., 2011). NAdr signalling has also been shown to 

stimulate microglial phagocytosis and migration in vitro (Heneka et al., 2010). 

Microglial phenotype is also regulated by systemic factors under both homeostatic and 

pathological conditions. It has recently been shown that the gut microbiota have a significant 

influence over the microglial population under physiological conditions. In ‘germ-free’ (GF) 

mice that completely lack gut microbiota, wild-type mice given long-term antibiotic 

treatment and mice with reduced microbiota complexity, there are significant microglial 

morphological abnormalities including increased process length and arborisation as well as 

increased cell volume (Erny et al., 2015). Microglia from GF mice no longer occupy distinct 

territories but show some overlap of processes, suggesting that contact inhibition 

mechanisms are disrupted. The lack of a complex microbiome appears to impair the 

transition from the pre- to adult microglial phenotype during development, with adult 

microglia from GF mice down-regulating transcripts typically associated with the adult 

signature alongside inflammation and defense response-associated genes (Matcovitch-Natan 

et al., 2016).  Introduction of a complex gut microbiota or microbial metabolites, including 

short-chain fatty acids (SCFAs) can rescue the morphological defects from the GF 

phenotype, indicating the importance of gut-brain signalling in maintaining the microglial 

population under homeostatic conditions. The precise mechanisms regulating this are 

incompletely understood, however it has been shown that SCFAs are able to directly cross 

the BBB, thus having a direct influence on the CNS (Yarandi et al., 2016). Furthermore, they 

are able signal via G protein-coupled receptors (Gprs), and it has been suggested that they 

can activate microglial-expressed Gpr34 (Reddy, 2017) although further evidence is required 

to definitively implicate this pathway in the regulation of microglial phenotype. 

Microglial phagocytosis is important in maintaining homeostasis within the adult CNS. 

Microglia ensure that the parenchyma is free of cellular debris by engulfing apoptotic 

neurons undergoing programmed cell death (PCD), avoiding the potential generation of a 

deleterious pro-inflammatory response (Chan et al., 2006, Hosmane et al., 2012). However, 

it should be noted that in the absence of microglial-mediated phagocytosis, for example in 

the context of microglial depletion paradigms (as discussed in section 1.1.4.3 and 1.2.6.2), 

there have been limited reports of a pro-inflammatory response to accumulation of debris in 

the parenchyma. Perhaps the closest example to this could be the ‘cytokine storm’ observed 

by Bruttger et al. (2015) following genetic depletion of microglia, but the exact cause of this 
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elevated pro-inflammatory response was not investigated further. It is possible that in the 

absence of microglia the clearance of debris is taken over by astrocytes, which have been 

shown to phagocytose myelin debris in vitro and synapses in vivo (Liddelow et al., 2017), 

but this has not been investigated. The process of microglial phagocytosis is vital in 

neurogenic niches within the CNS, which continuously produce large numbers of neural 

progenitor cells (Sierra et al., 2013). Many new-born neurons in the sub-granular zone of the 

hippocampus undergo PCD and are efficiently cleared by surveillant microglia, which retain 

their ramified morphology and engulf apoptotic cells with their terminal branches (Sierra et 

al., 2010). Under inflammatory conditions microglia become de-ramified and phagocytose 

debris via receptors at the soma, indicating that phagocytic microglia under physiological 

conditions represent a distinct functional state of these highly plastic cells. 

The interactions between microglia and other CNS-resident cells continue in the adult brain. 

Microglia continue to regulate myelin homeostasis, with reduced numbers of OPCs and 

reduced mRNA expression of myelin-related genes observed following microglial depletion 

in the adult brain (Hagemeyer et al., 2017). Interestingly, mature oligodendrocyte density 

remains unchanged following microglial depletion, suggesting that microglia are required to 

maintain the pool of OPCs in the adult brain but not to maintain axon myelination 

(Hagemeyer et al., 2017). Following a demyelinating injury in the brain, microglia have been 

shown to promote differentiation of OPCs into oligodendrocytes to accelerate remyelination 

(Miron et al., 2013). Microglia have also been implicated in clearance of myelin from the 

aged brain (Safaiyan et al., 2016) (discussed further in section 1.2.5.1). Furthermore, causal 

mutations in Csf1r are found in hereditary diffuse leukoencephalopathy with axonal 

spheroids (HDLS) (Pridans et al., 2013), an autosomal dominant adult-onset 

neurodegenerative condition characterised by the presence of axonal spheroids, myelin and 

axonal loss in white matter regions of the brain (van der Knaap and Bugiani, 2017). Whilst 

the mechanisms underlying the pathology in HDLS are unclear, the implication of microglial 

dysfunction in this disease further supports the importance of microglia in myelin 

homeostasis throughout lifetime.    

1.2.3 Disruption of homeostasis: responses to inflammation and 

neurodegeneration 

Any disturbance in CNS homeostasis induces a rapid shift in the functional state of 

microglial cells. In acute injury models, microglial ‘activation’ is typically characterised by 
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a change in morphology: the arborised processes progressively retract and decrease in 

number whilst the cell soma increases in size, resulting in an amoeboid morphology  

(Morrison and Filosa, 2013).  

Macrophage subsets have typically been characterised as ‘M1’ and ‘M2’ akin to the manner 

originally defined for helper T cells (Mosmann et al., 1986), i.e. TH1 or TH2, distinguishing 

inflammatory from more immunosuppressive or ‘wound-healing’ macrophages based on the 

phenotypes generated following exposure to specific stimuli (interferon-g (IFN-g) and IL-4 

respectively) in vitro (Mills et al., 2000). The phenotypes of activated microglia were also 

proposed to fit into this ‘M1-like’ pro-inflammatory and ‘M2-like’ immunosuppressive 

functional states. It was proposed that the M1-like ‘classically activated’ functional state is 

induced in the presence of injury or microbial infection in the CNS (Hanisch et al., 2001, 

Hausler et al., 2002), characterised by upregulation of MHCII expression and release of pro-

inflammatory cytokines including TNF-α, IL-1β and IL-6, along with other cytotoxic factors 

such as superoxide and nitric oxide (NO) (Rock et al., 2004, Block et al., 2007). In 

comparison, the ‘alternative activation’ M2-like state was thought to be associated with an 

anti-inflammatory ‘wound healing’ phase after classical activation, characterised by 

increased production of anti-inflammatory cytokines including IL-4, IL-13 and TGF-β with 

a concurrent upregulation of neuroprotective genes such as Arginase1 (Arg1) and Chitinase-

3-like-3 (Chi3l3, also known as YM1) (Tang and Le, 2016). However, there are several key 

issues with the adoption of this nomenclature in both microglia and macrophage populations. 

As previously stated, the M1/M2 paradigm was originally defined from in vitro studies, 

however the reality of macrophage/microglial activation in vivo is far more complex, with 

the specific M1- or M2-inducing stimuli unlikely to be found in isolation. A recent single-

cell transcriptomic analysis of monocyte-derived macrophages in brain trauma provided 

evidence of strong co-expression of the canonical markers of the distinct polarisation states 

within a single cell (Kim et al., 2016). This has also been demonstrated in microglia, with 

cells adopting multidimensional ‘intermediate’ phenotypes with characteristics of both 

functional states in response to distinct stimuli (Lampron et al., 2013). Given the diverse 

functional plasticity of microglia and the application of single-cell sequencing technologies, 

the simplistic ‘black-and-white’ view of M1- and M2-like functional states is obsolete 

(Ransohoff, 2016). The aforementioned data support a more dynamic scenario in which 

macrophage and microglial phenotype ranges on a diverse, multidimensional spectrum and 

is dependent on the type, context and timing of the inflammatory challenge.  
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Analysis of microglia in the diseased brain has demonstrated that their homeostatic signature 

becomes downregulated, with a subset of cells expressing a ‘disease-associated’ 

transcriptomic signature (Hickman et al., 2013, Butovsky et al., 2015, Keren-Shaul et al., 

2017, Krasemann et al., 2017). These ‘disease-associated microglia’ (DAMs) have been 

found in several disease models including the APP/PS1 (Krasemann et al., 2017) and 5xFAD 

(Keren-Shaul et al., 2017) models of AD-like pathology, the SOD1 model of amyotrophic 

lateral sclerosis (ALS) (Krasemann et al., 2017) and the EAE model of MS (Krasemann et 

al., 2017) as well as in human AD tissue samples (Keren-Shaul et al., 2017, Krasemann et 

al., 2017). The disease-associated signature appears to be induced by the phagocytosis of 

apoptotic neurons, which triggers an upregulation of Apoe expression via TREM2 signalling, 

resulting in a suppression of the microglial homeostatic signature (Krasemann et al., 2017). 

A recent meta-analysis of 18 pre-existing transcriptomics datasets spanning 69 different 

disease conditions has revealed that the microglial gene signature in response to non-

homeostatic conditions can be divided into four distinct microglial expression profiles or 

‘modules’ (Friedman et al., 2018). These modules, termed proliferative, interferon-related, 

LPS-related and core neurodegenerative-related, were identified across diverse pathological 

settings including neurodegeneration, viral infection, brain tumour growth, ischaemic injury 

and demyelinating disorders (Friedman et al., 2018). Analysis of these modules across bulk 

tissue datasets demonstrated that the core neurodegenerative module appears to be conserved 

across different murine models of amyloidopathy and tauopathy, as well as in human AD 

tissue samples, suggesting that the type of microglial activation seen in these disorders is 

common across species (Friedman et al., 2018). Interestingly, genes related to the LPS-

related and neutrophil/monocyte modules were upregulated in humans compared to mice, 

suggesting a greater involvement of classical immune signalling or peripheral immune 

involvement in human neurodegenerative conditions (Friedman et al., 2018). Targeting of 

this specific subset of disease-associated microglia may lead to the discovery of efficacious 

treatments for neurodegenerative disorders.  

The role of the innate immune system in the pathogenesis of neurodegenerative diseases is 

complex and not fully understood. Evidence from genome-wide association studies (GWAS) 

indicates that neuroinflammation is a causal component driving disease progression, 

demonstrated by the identification of risk alleles in genes that are expressed exclusively by 

microglia within the CNS in a number of neurodegenerative conditions, including AD and 

Parkinson’s disease (Li and Barres, 2018). Whilst the exact functions of microglial cells in 

disease aetiology are still unclear, it is hypothesised that microglial activation precedes the 
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onset of pathology (Gomez-Nicola and Perry, 2015). In many neurodegenerative conditions, 

including AD, prion disease and ALS, significantly increased numbers of microglia are 

present within the parenchyma (Gomez-Nicola et al., 2013, Brites and Vaz, 2014, Olmos-

Alonso et al., 2016). Bone marrow chimera studies have shown that BMCs can be actively 

recruited in some disease models, however the limitations associated with irradiation 

protocols confound interpretation of these data. Ajami et al. (2007) demonstrated that in both 

facial nerve axotomy (acute) and ALS (chronic) models of neurodegeneration, BMCs do not 

significantly contribute to microgliosis in the absence of irradiation. This was corroborated 

by evidence demonstrating that the increased production of chemo-attractants, including 

CCL2, after injury or neurodegeneration in the CNS is not sufficient to promote significant 

monocyte infiltration across an intact BBB (Mildner et al., 2007). Ccl2 expression is elevated 

in models of prion disease (Felton et al., 2005) and AD models (El Khoury et al., 2007) in 

the absence of irradiation, suggesting that the contribution of BMCs is likely to be minimal 

or absent. Whether or not the BBB is compromised in neurodegenerative conditions remains 

controversial (Erickson and Banks, 2013, Meyer-Luehmann and Prinz, 2015), thus evidence 

indicating a parenchymal role for peripheral monocytes under pathological conditions must 

be interpreted with care. In Ccr2-/- mice, which have a significantly reduced population of 

circulating monocytes, the expansion of the microglial population in response to prion 

disease occurs to a similar level as that in wild-type mice (Gomez-Nicola et al., 2014b), 

suggesting that this is a solely a result of the proliferation of resident cells. Further studies 

in APP/PS1 mice, a model of AD-like pathology, indicate that the entry of BMCs into the 

parenchyma in the absence of pre-conditioning by irradiation is minimal or absent (Mildner 

et al., 2011). It has also been shown that there is no significant contribution of monocytes to 

the CNS in Huntington’s disease (HD) or ALS (Ajami et al., 2011, Ajami et al., 2018) 

providing evidence that circulating monocytes do not significantly contribute to microgliosis 

in neurodegenerative conditions. However, as discussed previously, monocytes have been 

shown to infiltrate the CNS in the absence of experimental pre-conditioning in EAE (Ajami 

et al., 2011), and are present at all inflammatory stages of the disease (presymptomatic, onset 

and peak inflammation) (Ajami et al., 2018) suggesting that they have a distinct function in 

pathogenesis. Monocyte infiltration has also been demonstrated in CNS damage or injury in 

which the BBB is compromised, including stroke and traumatic brain injury (TBI). Both 

inflammatory Ly6Chigh monocytes and patrolling Ly6Clow monocytes are implicated in the 

resolution of inflammation following ischaemic stroke (ElAli and Jean LeBlanc, 2016) 

whilst infiltration of monocytes in TBI appears to detrimental due to the generation of 

secondary inflammation and tissue damage (Garré and Yang, 2018). 
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Evidence from studies utilising CSF1R inhibitors in neurodegenerative conditions indicates 

that a reduction in microglial proliferation is a beneficial therapeutic intervention. In murine 

models of prion (Gomez-Nicola et al., 2013), AD (Olmos-Alonso et al., 2016) and ALS 

(Martinez-Muriana et al., 2016), the use of a CSF1R inhibitor significantly reduced 

microglial proliferation, thus decreasing cell numbers in the parenchyma. In the ME7 murine 

model of prion disease, treatment with the selective CSF1R inhibitor GW2580 reduces 

microglial proliferation in addition to slowing the progression of neurodegeneration and 

alleviating behavioural deficits (Gomez-Nicola et al., 2013). The use of this inhibitor in the 

SOD1G93A model of ALS also attenuated disease progression, reducing the degeneration of 

motor neurons and extending survival (Martinez-Muriana et al., 2016). Treatment with the 

CSF1R inhibitors GW2580, PLX3397 (Artis et al., 2005) or PLX5622 (Dagher et al., 2015) 

in the APP/PS1 (Olmos-Alonso et al., 2016), 5xfAD (Spangenberg et al., 2016) and 3xTg-

AD (Dagher et al., 2015) models of AD, respectively, improved learning and memory 

deficits despite having no impact on amyloid-β burden in the brain.  

1.2.4 The development and function of BAMs in health and disease 

In recent years, there has been increased interest in the functions in health and disease of the 

populations of BAMs: the PVMs, MMs and CPMs macrophages. BAMs reside in distinct 

anatomical niches at the interface between the CNS and the periphery. To date, four distinct 

barrier structures have been described between the CNS and the periphery: the BBB, the 

blood-cerebrospinal fluid (CSF) barrier and two brain-CSF barriers. The BBB is arguably 

the most well studied, consisting of tight junctions between endothelial cells in the cerebral 

vasculature forming a barrier between the CSF and the brain or the blood. The blood-CSF 

barrier is formed by tight junctions between epithelial cells in the choroid plexus, which lines 

the ventricles of the brain. The brain-CSF barriers are found at two locations, one at the 

leptomeninges, formed by tight junctions between the cells of the pia mater and the 

arachnoid mater, and the other at the ventricular spaces, consisting of tight junctions between 

the ependymal cells of the ventricles (Schmitt et al., 2017). These structures regulate the 

movement of substances, including proteins and cells, between the periphery and the CNS. 

As their names suggest, PVMs reside within the perivascular spaces between cerebral blood 

vessels and astrocytic endfeet, MMs are located in the subdural meninges at the brain-CSF 

barrier at the leptomeninges and CPMs reside within the stroma of the choroid plexus at the 

brain-CSF barrier (Herz et al., 2017), alongside an additional macrophage population, the 

epiplexus macrophages, that reside on the surface of the epithelial cells lining the choroid 
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plexus (Ling et al., 1998) (Figure 1-6). In contrast to resident microglial cells, these cells 

were thought to be regularly renewed from peripheral Ly6ChiCCR2+ monocytes in health 

and disease (Prinz et al., 2011). Recent fate-mapping studies have shown that, like microglia, 

PVMs and MMs originate from the yolk sac during embryonic development and form stable 

populations that are not replenished by monocytes in the healthy adult CNS. CPMs are the 

only CNS macrophage population that have a ‘dual origin’; yolk sac-derived cells seed the 

embryonic choroid plexus but are replaced over time by blood-derived monocytes 

(Goldmann et al., 2016). This is supported by evidence from Ccr2-/- mice, which have normal 

populations of PVMs (Gomez-Nicola et al., 2014b) and MMs but a reduction in the number 

of CPMs in both young and aged animals (3-months and 12-months respectively) 

(Goldmann et al., 2016).  

 

Figure 1-6: Locations of the CNS-resident macrophage populations.  

The other myeloid populations of the CNS, the perivascular macrophages, the meningeal 

macrophages and the choroid plexus macrophages reside in distinct anatomical niches at the CNS- 

periphery interfaces. Perivascular macrophages reside within the perivascular space between 

astrocytic endfeet and blood vessels at the blood-brain barrier. The meningeal macrophages are 

located within the subarachnoid space of the leptomeninges at the brain-CSF barrier. The choroid 

plexus macrophages are found within the choroid plexus at the barrier between the brain and the 

CSF. Adapted from Li and Barres (2018).  
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The functions of the BAMs under homeostatic conditions are not well understood. It appears 

that like other tissue resident macrophage populations they carry out classical roles in 

clearing debris and dying cells (Herz et al., 2017). Perivascular macrophages are suggested 

to have a crucial function in the monitoring and maintenance of endothelial cell homeostasis 

(Mendes-Jorge et al., 2009, He et al., 2016). Whilst their somas rarely move along the surface 

of blood vessels, PVMs continuously extend and retract their processes, suggesting a role in 

extra-parenchymal immune surveillance (Goldmann et al., 2016). It is possible that their 

location at the BBB allows them to survey both the CNS and the blood to monitor 

homeostasis, which could suggest a potential role in communication between the two 

compartments, although the mechanism by which this could occur has not yet been 

demonstrated (Herz et al., 2017). Very little is known about the potential functions of the 

meningeal and choroid plexus macrophage populations under homeostatic conditions (Herz 

et al., 2017, Lopez-Atalaya et al., 2018), but, along with PVMs, their anatomical locations 

suggest they may have a role in modulation of immune cell entry to the CNS (Goldmann et 

al., 2016). The dynamics and functions of BAMs in disease are also still relatively unclear. 

In models of chronic neurodegeneration, the PVM population expands (Galea et al., 2005), 

however this increase in cell numbers is inhibited in the absence of CCR2, despite CCR2 

deficiency having no impact on cell numbers in the steady state (Gomez-Nicola et al., 2014b, 

Goldmann et al., 2016), suggesting that recruitment and differentiation of peripheral 

monocytes occurs under pathological conditions.  

 

1.2.5 Microglia in the ageing brain 

Ageing is the single biggest risk factor for neurodegenerative conditions. As previously 

discussed, it has been demonstrated that neuroinflammation, mediated by microglia, plays a 

crucial, but incompletely understood, role in the pathogenesis of these diseases. 

Understanding the impacts of ageing on microglia in the healthy brain may be key to 

unravelling the basis of disease. 

1.2.5.1 Morphological aberrations of microglia associated with ageing 

Dramatic morphological changes have been demonstrated in aged microglia compared to 

microglia in the healthy adult brain. The most pronounced of these is a significant reduction 
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in process complexity, encompassing a significant decrease in process length and the number 

of fine ramifications (Sierra et al., 2007, Tremblay et al., 2012, Baron et al., 2014, Hefendehl 

et al., 2014), which in turn leads to a reduction in the volume of the parenchyma screened 

by individual cells (Baron et al., 2014, Hefendehl et al., 2014). Aged microglia have also 

been shown to have accumulations of lipofuscin granules (Sierra et al., 2007), a hallmark 

suggestive of cellular senescence. It has recently been shown that significant myelin 

breakdown occurs as part of normal ageing, resulting in the presence of extracellular myelin 

fragments in the brain (Safaiyan et al., 2016). Uptake of myelin fragments by microglia 

results in the formation of lipofuscin granules within the cells, which increase in density and 

volume with ageing (Safaiyan et al., 2016), indicating that physiological myelin turnover 

throughout life may cause significant cellular stress to microglia. It has been shown that aged 

human microglia have further morphological aberrations including cytoplasmic ‘beading’ 

and the formation of spheroids (swellings) on the end of processes (Streit et al., 2004), 

similar to the morphological changes seen in senescent neurons (Scheibel et al., 1975). 

However, more recent studies have demonstrated that the fragmentation of processes in the 

aged brain actually reflects a loss in the homogenous expression of ionised calcium-binding 

adaptor molecule-1 (Iba1) throughout the soma and processes in aged microglia (Tischer et 

al., 2016). Co-labelling studies with MHCII and CD68 demonstrated that these processes 

remained intact, as MHCII or CD68 reactivity was observed along the processes in regions 

where Iba1 expression was not evident (Tischer et al., 2016). The reduction in microglial 

process length and complexity along with the presence of spheroids are likely to affect the 

dynamic nature of the cells. Aged microglia have been shown to have a significant decrease 

in baseline process motility compared to young cells (Hefendehl et al., 2014), which could 

further reduce their ability to monitor the parenchyma. Indeed this has been shown in 

response to laser-induced focal tissue injury; aged microglia do not upregulate process 

motility in response to injury and display a reduced rate of chemotaxis towards the site of 

injury compared to young microglia (Damani et al., 2011), suggesting reduced microglial 

efficiency and function may in turn be implicated in neurodegeneration.   

1.2.5.2 The inflammatory status of the ageing brain 

Healthy ageing is also characterised by chronic low-grade inflammation throughout the body 

(Franceschi and Campisi, 2014). In the ageing CNS, overall cytokine expression increases 

with an imbalance between the relative levels of pro- and anti-inflammatory cytokines 

(Sierra et al., 2007, Norden and Godbout, 2013). It has been suggested that aged microglia 

adopt an activated phenotype, characterised by increased expression of CD68, F4/80, CD11b 
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and MHCII (Frank et al., 2006, Hart et al., 2012), which coincides with elevated levels of 

pro-inflammatory cytokines including TNFα, IL-1β and IL-6 in the aged brain (von 

Bernhardi et al., 2010). This ‘age-primed’ state has further implications for 

neurodegenerative conditions as pathogenic insults in the aged brain, for example increased 

amyloid-β deposition in the brain, may lead to over-activation of microglia and subsequent 

neurotoxicity (Block et al., 2007, Perry and Teeling, 2013).  

In contrast to studies using whole brain homogenates, RNA sequencing of isolated microglia 

revealed a shift towards a neuroprotective phenotype in the aged brain (Hickman et al., 

2013). Aged microglia show significant up-regulation of the Stat3 and Neuregulin-1 

pathways, which appear to have neuroprotective functions, alongside a down-regulation of 

pathways involved in oxidative stress and neurotoxicity and expression of cell-surface 

receptors for endogenous ligands (Hickman et al., 2013). The gene networks underpinning 

microglial regional heterogeneity (discussed in section 1.1.4) show differential sensitivity to 

healthy ageing of the brain, summarised in Figure 1-7. Cerebellar microglia become 

increasingly more distinct, displaying a striking age-related increase in expression of 

immune-related gene transcripts compared to other regions, indicative of increased immune 

sensitivity. Hippocampal microglia, which display an ‘intermediate’ profile between 

cortical/striatal and cerebellar microglia in the young brain (4-month old mice), have a more 

similar transcriptome to cortical and striatal microglia in the aged brain (12- and 22-month 

old mice) (Grabert et al., 2016). This correlates with previously reported findings 

demonstrating that the cerebellum shows the most pronounced changes in microglial 

phenotype during ageing (Hart et al., 2012). Interestingly, the cerebellum appears to have 

the most significant neuronal loss compared to other brain regions during normal ageing 

(Woodruff-Pak et al., 2010), but whether this occurs as a cause or consequence of the 

alterations in microglial phenotype is unknown. An age-related shift in microglial phenotype 

has also been confirmed by transcriptomic studies, with elevated expression of genes 

involved in processes related to inflammatory activation, lymphocyte activation and cell 

proliferation in aged microglia (Orre et al., 2014). It is possible that some of these phenotypic 

changes occur as a result of the reduction or loss of neurotransmitters signalling. Both 

cholinergic and noradrenergic signalling are reduced in the aged brain (Schliebs and Arendt, 

2011, Mei et al., 2015), which is likely to contribute to the elevated inflammatory state given 

the functions of these molecules in regulating microglial activation (as discussed in section 

1.2.2). It remains unclear whether microglial phenotype is altered in response to age-related 
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changes in their environment or whether ageing directly affects their ability to function, 

however it seems likely that both contribute to the age-related microglial phenotype.  

 

Figure 1-7: Cartoon representation of age-related changes in the microglial regional 

transcriptomic profiles. 

Microglia in the cortex (CX), hippocampus (HC), striatum (Str) and cerebellum (CB) of the young 

brain show regionally distinct transcriptomic profiles, underpinned by distinct gene networks, as 

discussed in section 1.1.4. In ageing, these transcriptomic profiles change further with hippocampal 

microglia showing a more similar profile to cortical and striatal microglia, whilst cerebellar microglia 

become increasingly distinct.  

 

1.2.6 Altering the microglial population: what happens when cell 

dynamics are deregulated? 

Although microglial cells have critical roles in the maintenance of brain homeostasis, the 

impact of altering the population in the absence of pathology is not well understood. Given 

the diverse array of microglial functions in the healthy and diseased CNS, alterations in 

microglial density or turnover could be implicated in the development of neurological and 

neurodegenerative conditions as well as changes in microglial phenotype. 

1.2.6.1 Effects of elevated microglial density in the steady state 

Few studies have reported the impact of increased microglial numbers in the non-diseased 

CNS. Overexpression of CSF-1 under the control of the glial fibrillary acidic protein (GFAP) 

in a ‘TET-OFF’ tetracycline-controlled transcriptional activator protein (tTa) system (De et 
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al., 2014) allows induction of Csf1 overexpression in the CNS, which can be repressed by 

exposure to tetracyclines (Schonig and Bujard, 2003). CSF-1 overexpression in this system 

promotes microglial proliferation and thus results in a 2-fold increase in density in the 

parenchyma (De et al., 2014). Whilst there were no reported morphological aberrations, 

CSF-1 overexpression was associated with a small decrease in brain weight, although the 

impact of increased microglial density on other CNS cell populations was not investigated. 

Cytokine expression in the steady-state was not affected, however microglia from CSF-1-

overexpressing mice showed an impaired response to systemic inflammation (via LPS). 

Expression of both pro-inflammatory and anti-inflammatory cytokines was significantly 

reduced compared to wild-type mice treated with LPS (De et al., 2014). Interestingly, CSF1R 

haploinsufficiency leads to elevated microglial numbers, cognitive and sensorimotor 

deficits, depression and anxiety-like behaviour (Chitu et al., 2015), suggestive of a link of 

microglial density with behaviour although the mechanisms mediating this are unknown.  

Similarly, GF mice, which lack a complex gut microbiota as previously mentioned in section 

1.2.2, also show a significant, albeit more modest, ~1.25-fold increase in microglial density 

throughout the parenchyma (Erny et al., 2015). Microglia from GF mice also have an 

impaired response to parenchymal or systemic inflammatory challenges (Erny et al., 2015). 

Compared to wild-type mice, intracerebral infusion of LPS or lymphocytic choriomeningitis 

virus (LCMV) induced no changes in cell number or microglial morphology typically 

associated with activation. Expression of genes involved in the innate immune response in 

the CNS were reduced in GF mice in response to both pathogenic challenges, although the 

impact on the peripheral immune response was not assessed. Systemic LPS treatment was 

also associated with reduced expression of pro-inflammatory cytokines in the brain of GF 

mice, when compared to wild-type mice (Erny et al., 2015).  

Whilst these models of increased microglial density suggest that there is an impairment of 

the brain’s immune response, they are likely to also be influenced by the systemic immune 

response, as the described modifications also affect the systemic compartment. De et al. 

(2014) suggest that it is the presence of increased CSF-1, not increased density, that impacts 

the microglial response to LPS, as this has previously been shown in vitro (Asakura et al., 

1996, Sweet et al., 2002). Erny et al. (2015) suggests that the lack of complex gut microbiota 

affects the ability of microglia to initiate an immune response as opposed to impairment by 

increased cell numbers. Although these studies provide a useful framework for 

understanding the impact of increased microglial density in brain physiology, the effects of 

selectively increasing the number of microglia in the brain remains to be fully established. 
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1.2.6.2 The effect of a reduction in microglial density in the steady-state 

The impact of reduced numbers of microglia has been investigated in more detail, due to the 

availability of multiple pharmacological and transgenic tools to reduce or deplete the 

population, as recently reviewed by Waisman et al. (2015). As previously discussed in 

section 1.1.4.3, CSF1R inhibitors can effectively deplete over 80% of the microglial 

population, with the magnitude of the depletion depending on the specific compound and 

dosing regimen used (Elmore et al., 2014, Asai et al., 2015, Acharya et al., 2016, Szalay et 

al., 2016). Genetic ablation through utilisation of the CX3CR1CreER-iDTR model is more 

effective, eliciting ~99% depletion of the population (Parkhurst et al., 2013, Bruttger et al., 

2015). It is important to note that both pharmacological and genetic tools induce apoptosis 

in order to deplete the microglial population, which is likely to generate extensive cellular 

debris given the magnitude of the depletion. Considering the phagocytic functions of 

microglia within the CNS, presumably their absence results in an accumulation of cellular 

debris, which must be taken into account when interpreting the impacts on the inflammatory 

status of the CNS following depletion. It should also be noted that both paradigms induce a 

transient depletion followed by microglial repopulation on withdrawal of the depleting 

agent. 

Pharmacological depletion of microglia in the absence of pathology has been reported to 

cause a reduction in basal expression of pro- and anti-inflammatory cytokines in the CNS in 

some studies (Elmore et al., 2014, Asai et al., 2015), although other studies have reported no 

brain inflammation or changes in levels of inflammatory cytokines following the same 

depletion regimen (Szalay et al., 2016). It also results in an impairment in the innate immune 

response to an inflammatory challenge, as evidenced by a significant reduction in production 

of pro-inflammatory cytokines in the CNS following a systemic challenge with LPS (Elmore 

et al., 2014, Elmore et al., 2015). In contrast to other depletion models, a significant 

upregulation of pro-inflammatory genes is found in CX3CR1CreER-iDTR mice following 

microglial depletion. Given the magnitude of the apoptotic response in both paradigms, it 

remains unclear how the inflammatory status of the CNS would be affected by reduction of 

microglial numbers alone. It is likely that other CNS-resident cells, such as astrocytes and 

BAMs, respond to this disruption of homeostasis, further confounding the interpretation of 

the data as resulting from microglial depletion alone. Elevated numbers of astrocytes were 

observed in the CX3CR1CreER-iDTR genetic ablation model (Bruttger et al., 2015), however 

pharmacological ablation appeared to have no impact on this population (Elmore et al., 

2014).  
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The effect of microglial depletion on cognitive functions is debated, with differential 

outcomes depending on the depletion paradigm. Following acute genetic ablation (7 days), 

deficits in learning and memory were reported alongside altered baseline neuronal spine 

density and learning-dependent spine remodelling, along with changes in expression of 

synaptic proteins (Parkhurst et al., 2013).  However pharmacological depletion appeared to 

have no impact on cognition. No deficits in cortical and hippocampal learning and memory, 

motor function or anxiety-related behaviour were reported following chronic 

pharmacological depletion (3 weeks and 2 months) (Elmore et al., 2014, Elmore et al., 2015). 

Furthermore, an alternative pharmacological depletion regimen (different CSF1R inhibitor, 

6 weeks) also appeared to have no impact on cognition as assessed by the novel object 

recognition and fear conditioning behavioural tasks, indicating no detrimental effects of 

microglial depletion on hippocampal- and medial pre-frontal cortex (mPFC)-

dependent cognition (Acharya et al., 2016). Considering the previously discussed proposed 

roles of microglia in the healthy brain, the lack of impact that these depletion studies have 

on the brain is surprising. As previously mentioned, depletion of microglia during postnatal 

development impacts brain architecture as well as affecting behaviour (VanRyzin et al., 

2016, Nelson and Lenz, 2017). This suggests that whilst microglia are required for the proper 

development of the brain, the importance of their proposed functions in modulation of 

synapses and neuronal activity in the adult brain may be somewhat overstated. However, 

there is substantial evidence supporting the role of astrocytes in modulating these functions 

in the adult brain (Adamsky and Goshen, 2018), thus it is highly likely that they compensate 

for the loss of microglia in these depletion paradigms. 

Whilst these studies, and those discussed in section 1.2.6.1, are interesting in terms of 

investigating the impacts of altered microglial density (either elevated or ablated) in the 

CNS, they are less informative in terms of understanding the impact of disrupting microglial 

turnover in the brain. Whilst these mechanisms are incompletely understood, it would be 

interesting to investigate how disruption of microglial proliferation and apoptosis may 

impact development, physiology, homeostatic functions and neuroinflammation in the CNS.  
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1.3 Summary and aims of this thesis 

It is clear that the microglial population is critical for the proper development and 

homeostasis of the CNS and whilst the understanding of the mechanisms controlling 

microglial population turnover under physiological conditions remains incomplete, 

significant advances have been made in recent years. It is now widely accepted that the adult 

microglial population is produced from yolk sac-derived EMPs that seed the developing 

brain and persist into adulthood. The mechanisms regulating the homeostasis of the 

microglial population in the steady state remain to be clarified, along with the contribution 

of BMCs in the healthy developing, adult and ageing brain. Given the relative quiescence of 

microglial cells compared to peripheral immune populations, infiltration of BMCs into the 

brain may have detrimental impacts, thus understanding the extent of their potential 

infiltration and/or contribution to the microglial population is important. Furthermore, it is 

unknown how long-term deregulation of microglial turnover impacts brain development and 

function. Substantial evidence supports the role of microglia in the pathogenesis of age-

related neurodegenerative conditions and inhibition of microglial proliferation appears to be 

an effective therapeutic intervention. Understanding the mechanisms regulating microglial 

turnover in the healthy brain is crucial to determine whether defects in the regulation of this 

process contributes to the development of these age-related neurological conditions.  

1.3.1 Hypothesis 

It is hypothesised that the microglial population in the healthy brain is maintained through 

self-renewal of resident cells with limited contribution from infiltrating monocytes under 

homeostatic conditions. Deregulation of this process, by inhibition of microglial apoptosis 

will alter microglial phenotype and have detrimental impacts on their function under steady-

state or pathological conditions. 

1.3.2 Objectives 

The main aim of this thesis is therefore to characterise the mechanisms regulating the 

turnover of the microglial population in the healthy CNS from development through to 

ageing. Determining these fundamental aspects of microglial biology is critical in 

understanding how their turnover impacts their proposed functions in the healthy and 

diseased brain, and may provide insight to the contribution of microglial cells to the 

pathogenesis of age-related neuropathologies. The specific objectives are: 
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1. To analyse the infiltration of peripheral BMCs into the brain during postnatal 

development, adulthood and healthy ageing. 

2. To determine the relative contributions of self-renewal of resident cells (proliferation 

and apoptosis) and infiltration of peripheral BMCs to the maintenance of the 

microglial population in the healthy brain and during ageing.  

3. To analyse the impact of a chronic blockade of apoptosis on the development and 

homeostasis of the microglial population. 

4. To investigate the interplay between apoptosis and inflammation in microglia, 

particularly the impact apoptotic blockade on the inflammatory phenotype of 

microglia.
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Chapter 2: Experimental Procedures 
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2.1 In vivo methods 

2.1.1 Experimental animals 

All mice were housed in groups of 4-10 in plastic cages and maintained under standard light 

(12:12-hour light-dark cycle with light on at 07.00h) and temperature (19-23°C) regimes 

with wood chip bedding and a red plastic shelter as environmental enrichment. Mice were 

provided with a standard chow diet (RM1, SDS UK) and water ad libitum. All experimental 

procedures were approved by a local ethical review committee and conducted in accordance 

with personal and project licences (PIL: I8DE10BD8, held by Katharine Askew; PPL: 

30/3057, held by Professor Jessica Teeling) under the UK Animals (Scientific Procedures) 

Act (1986).  

C57BL/6, c-fms EGFP (Macgreen) (Sasmono et al., 2003), Ccr2-/- (Boring et al., 1997, 

Menzies et al., 2012), PUMA-/- (Villunger et al., 2003), BIM-/- (Bouillet et al., 1999) and Vav-

Bcl-2 (Egle et al., 2004) mice were bred and maintained at the Biomedical Research Facility 

(BRF), Southampton, UK, whilst nestin-EGFP (Encinas et al., 2006) mice, kindly provided 

by Professor Amanda Sierra, were maintained at the University of the Basque Country 

EHU/UPV (Leioa, Spain). All mice strains were bred on a C57BL/6 background. 

Young (4-6 months) and aged (16-26 months) mice were used in this study. For 

characterisation of the Vav-Bcl-2 model, mice were culled at P0, P14, P21 and P44. Both 

male and female mice were used throughout this study. 

To analyse microglial proliferation, mice received intraperitoneal (i.p.) injections of BrdU 

(Sigma-Aldrich; 75 mg/ml, 0.1 ml/10 g weight in sterile saline) prior to sacrifice at set time 

points. A dose-response experiment was performed with 37.5 mg/ml, 75 mg/ml or 150 

mg/ml BrdU given as a single i.p. injection 24 hours prior to sacrifice. For analysis of 

proliferation in age-related multinucleated aggregate formation, 20-month old mice received 

a single intraperitoneal injection of BrdU (75 mg/ml, 0.1 ml/10 g weight in sterile saline) per 

day for 5 days (5 injections in total) and were culled 24 hours after the last injection.  

For the evaluation of the effects of treatment with GW2580, a CSF1R inhibitor, C57BL/6 

mice were aged until 6 months before treatment began. Mice were fed with a control diet (n 

= 3; RM1) or a diet containing GW2580 (n = 3; Modified LabDiet® PicoLab EURodent 

Diet 14%, 5L0W (5LF2) with 0.1% (1000 ppm) GW2580 (LC Laboratories); TestDiet) for 

3 months. 
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For analysis of the microglial response to systemic inflammation, 4-month old Vav-Bcl-2 

mice and wild-type littermates received a single i.p. injection of LPS from Salmonella 

enterica (serotype abortus equi; Sigma Aldrich, UK; 500 μg/kg, 0.1 ml/10 g weight in sterile 

saline) or saline 3 hours before being sacrificed. The order of experimental groups was 

alternated when administering LPS or saline (wild-type + saline, wild-type + LPS, Vav-Bcl-

2 + saline, Vav-Bcl-2 + LPS) and injections were performed at 15 minute-intervals between 

animals to ensure accurate timing of 3 hours prior to sacrifice. 

For analysis of microglial proliferation following systemic inflammation, Vav-Bcl-2 mice 

and wild-type littermates were aged until 4 months old and received a single i.p. injection of 

LPS from Salmonella enterica (serotype abortus equi; Sigma Aldrich, UK; 500 μg/kg, 0.1 

ml/10 g weight in sterile saline) or saline 3 days before being sacrificed. Mice were also 

given a single i.p. injection of BrdU (Sigma-Aldrich; 75 mg/ml, 0.1 ml/10 g weight in sterile 

saline) 24 hours prior to sacrifice. Animals were monitored twice daily for signs of distress 

following LPS injection and weighed daily to ensure they did not exceed 20% weight loss.  

2.1.2 Experimental design 

The experiments were designed following the ARRIVE guidelines (Kilkenny et al., 2010), 

including control groups for all experiments, randomizing the procedures and applying 

blinded analysis when possible. 

Control groups were included for all experiments: in experiments using homozygous 

transgenic mice (Ccr2-/-, PUMA-/-, BIM-/-), age-matched C57BL/6 mice were used as controls 

and in experiments using heterozygous transgenic mice (Vav-Bcl-2), age-matched wild-type 

littermates were used as controls. Both male and female mice were included in all 

experimental groups to control for sex differences. N numbers for all experiments are 

detailed in figure legends. 

For experiments analysing the microglial response to systemic inflammation, wild-type and 

Vav-Bcl-2 mice were randomised into experimental groups (saline, LPS) through 

sequentially assigning each mouse ID number to an experimental group. The animals from 

the experimental groups were alternated during sacrifice of the animal (wild-type + saline, 

wild-type + LPS, Vav-Bcl-2 + saline, Vav-Bcl-2 + LPS) with animals being chosen from 

each cage at random and assigned a sample code (KA-XX) to allow future blinding during 

analysis. Sample codes were analysed in order of animal sacrifice and groups were revealed 

following completion of analysis.  
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2.1.3 In utero intra-liver tracing of embryonic haematopoiesis  

For in utero intra-liver tracing experiments adult C57BL/6 mice were obtained from a local 

breeding colony at the University of Oxford (based on the Harlan (UK) strain). The day 

when vaginal plug was detected was referred to as embryonic day (E) 0. 

VSVG-SFFV-Venus lentiviral gene ontology (LeGO) vectors were used to transduce 

expression of a stable fluorescent label (Venus) in the target cell population, monocytes. 

LeGO vectors drive stable and long-term expression of fluorescent proteins within 

transfected cells and have been engineered in a way to optimise transduction efficiency 

whilst improving biosafety (Weber et al., 2008). No viral proteins are encoded by the vectors 

themselves, but cis-active elements for packaging, reverse transcription and insertion are 

included. These are activated through co-transfection with additional plasmids containing 

trans-elements, allowing temporal control over the vector expression (Dull et al., 1998). 

These vectors are also self-inactivating; following packaging and reverse transcription, the 

enhancer/promoter elements of the virus are deleted resulting in transcriptional inactivation, 

preventing unwanted replication (Miyoshi et al., 1998). LeGO vectors are designed with 

specific promoters to achieve high transduction in target cell populations; the spleen focus-

forming virus (SFFV) promoter drives high levels of expression in cells of the 

haematopoietic lineage (Modlich et al., 2009), improving the efficiency of monocyte 

transfection. The use of the vesticular stomatis virus glycoprotein (VSVG) packaging 

plasmid also drives high transfection rates through its ability to transduce a range of different 

cell types (Cronin et al., 2005). The vectors used for this study were kindly prepared and 

supplied by Dr. Kristoffer Riecken (University of Hamburg, Germany).  

In utero injections of VSVG-SFFV-Venus lentiviral vectors (Gomez-Nicola et al., 2014a) 

were performed by Dr Fernando Garcia-Moreno and Professor Zoltán Molnár (University 

of Oxford, UK). Vectors were prepared with a Fast Green solution to allow visualisation 

upon delivery. Briefly, E14 pregnant mice were anaesthetised by inhalation of isofluorane 

administered in conjunction with 100% oxygen. A midline laparotomy was performed, after 

which the uterine horns were exposed from the abdominal cavity and constantly warmed and 

hydrated with warmed PBS. The embryos were trans-illuminated. Embryonic livers were 

distinguished by their characteristic brown colour in the abdomen of the embryo and injected 

using a glass electrode until the Fast Green solution was visible in the liver. Each embryo 

was injected with less than 1 µl volume comprising the mixture of viral particles at a titre of 

109 particles/ml. In control experiments, the viral solution was injected into the amniotic sac. 
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Pregnant mice were administered with Buprenorhpine (vetergesic; 0.05 mg/kg) prior to 

surgery and meloxicam (metacam; 0.2 mg/kg) after surgery. Injected embryos (n = 6) were 

examined by Miss Philippa Richardson at different postnatal stages (P0, P3, P6, P21, P43), 

with analysis focused on the cortex, hippocampus and cerebellum.  

2.1.4 Tracing of proliferation with γ-retroviral vectors  

The delivery of Eco-SFFV-mCherry γ-retroviral vectors was used to trace microglial 

proliferation in c-fms EGFP (Macgreen) mice. The viral vector is a derivative of 

RSF91.GFP.pre* (Schambach et al., 2006). Unlike LeGO vectors, which are lentiviruses 

capable of transducing both quiescent and proliferating cells, γ-retroviruses will only 

transduce actively proliferating cells (Lewis and Emerman, 1994), making them a suitable 

choice for this study. The use of the SFFV promoter to drive gene expression should promote 

high transduction efficiency in microglia due to its expression in hematopoietic cells, 

whereas packaging with the mouse ecotropic envelope (Eco) has previously been shown to 

be efficacious at transfecting CNS cell types (Gomez-Nicola et al., 2014a). Viral vectors 

were designed by and kindly produced and supplied by Dr Kristoffer Riecken (University of 

Hamburg). Details of viral design and production can be found in Gomez-Nicola et al. 

(2014a).  Mice were anaesthetised with a single i.p. injection of a ketamine/rompun mixture 

(85 and 13 mg/kg), and 5 μl (109 particles/ml) of the viral particles were injected 

stereotaxically in the lateral ventricle at the following coordinates from bregma: 

anteroposterior, −0.1 mm; lateral, ± 0.9 mm; depth, -2.2 mm. ICV injections were performed 

by Dr Diego Gomez-Nicola. Mice were sacrificed 3 days post-surgery and perfused with 

heparinised saline and 4% paraformaldehyde (PFA), as detailed in section 2.3.1.  

2.1.5 Behavioural tests 

4-month old C57BL/6 and Vav-Bcl-2 mice were tested on the open-field (locomotor and 

exploratory activity) and burrowing activity behavioural tasks, shown in Figure 2-1. The 

open-field task was used to assess general locomotor behaviour as well as anxiety-like 

behaviour whereas the burrowing activity task was used to assess anhedonic behaviour. The 

open-field tests were carried out using activity monitor software (Med Associates Inc.). Mice 

were placed in individual cages of 27.0cm x 27.0cm x 20.3cm for 3 minutes in order to 

analyse the total distance travelled (cm) and the number of entries into the open zone (central 

2/3 of area) of the test cage. Burrowing activity was measured using plastic cylinders (20 cm 
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long x 6.8 cm diameter) filled with 190 g of RM1 standard chow. Mice were individually 

housed in cages with the cylinders for 24 hours. The amount of pellets remaining in the 

cylinders at the end of the test period was weighed and the weight of pellets displaced 

(“burrowed”) was calculated. Mice were then returned to their home cage. Behavioural tests 

were conducted and analysed by Mr Adrian Olmos-Alonso. 

 

Figure 2-1: Schematic of open field and burrowing behavioural tests.  

(A) The open field task to assess locomotor activity and anxiety-like behaviour. The distance 

travelled in the residual (white region, outer 1/3 of area) and open zones (grey area, central 2/3 of 

area) of the test cage as well as total distance travelled (red line) was measured. (B) The burrowing 

task to measure anhedonic behaviour. Mice were housed overnight with plastic cylinders filled with 

food pellets. The weight of food pellets displaced from the cylinders (i.e. “burrowed”) was measured. 

2.2 Post-mortem human brain samples 

Human brain autopsy tissue samples (n = 15/group; temporal cortex, paraffin-embedded, 

formalin-fixed, 96% formic acid-treated 6 μm sections) from the National CJD Surveillance 

Unit Brain Bank (Edinburgh, UK) were obtained from AD or vCJD non-diseased age- and 

sex-matched young (age 20-35) and old (aged 58-79) controls, from whom consent for use 

of autopsy tissue in research had been obtained by the Brain Bank. Ethical permission for 

research on autopsy materials provided by the Brain Bank stored in the National CJD 

Surveillance Unit was obtained from Lothian Region Ethics Committee. 
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2.3 Histology  

2.3.1 Collection and processing of tissue  

Mice were terminally anaesthetised with a single i.p. injection of pentobarbitone sodium 

(20% weight/volume; AnimalCare, UK). Depth of anaesthesia was determined using the 

pinch response method to check for lack of plantar and tail reflexes before proceeding. A 

skin incision was made along the thoracic midline to expose the thoracic musculature, and a 

lateral incision was made through the abdominal wall to expose the pleural cavity. An 

incision was made either side of the diaphragm to separate the ribcage from the chest wall 

before lifting away the sternum to expose the heart. A 19 mm winged butterfly needle was 

inserted into the left ventricle and an incision made in the right atrium then the animal was 

transcardially perfused with 0.9% saline with heparin (5000 units/ml; Wockhardt, UK) 

followed by 4% PFA. Brain, liver and spleen were collected and post-fixed for 2 hours in 

4% PFA at 4°C, then post-fixed overnight in 2% PFA. Tissue was washed and stored in 

0.1M phosphate buffer (see Appendix A-3) for up to 7 days before processing. 35 μm-thick 

sections were cut with a vibrating microtome (Campden Instruments Ltd.) and collected for 

free-floating immunostaining. Brain tissue was processed in either the coronal or sagittal 

plane. Tissue sections were stored in 5 ml cryoprotectant solution (see Appendix A-3) at -

20°C until used. 

2.3.2 Immunohistochemistry 

Sections were removed from cryoprotectant and washed repeatedly in phosphate-buffered 

saline (PBS) with Tween20 (PBST; 0.1% v/v; see Appendix A-3). For diaminobenzidine 

(DAB) immunohistochemistry, sections were treated successively with 1% methanol/30% 

H2O2 or Dual Endogenous Enzyme Block (Dako, Agilent Technologies, USA) for 30 

minutes at room temperature to block endogenous peroxidase and phosphatase activity and 

5% w/v bovine serum albumin (BSA; Fisher Scientific, UK) and 5% appropriate serum (see 

table; Sigma Aldrich, UK) in PBST0.2% for one hour at room temperature to block non-

specific binding. After repeated rinses with PBST0.1%, samples were incubated overnight 

at 4°C with primary antibodies (Table 2-1). Following primary antibody incubation, the 

sections were washed three times with PBST0.1% and incubated with the appropriate 

biotinylated secondary antibody (Table 2-2) for one hour at room temperature. Sections 

were washed a further three times with PBST0.1% before incubation with Vector ABC 
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system for 45 minutes (Vector Laboratories, Burlingame, CA). After three washes with 

PBST0.1%, sections were mounted onto gelatin-coated slides (see Appendix A-3) then 

developed using DAB enzymatic reaction (see Appendix A-3) and allowed to air-dry before 

cover-slipping using mowiol/DABCO mounting medium (see Appendix A-3). For co-

labelling of Iba1/Ki67 or Iba1/BrdU, following primary antibody incubation, sections were 

incubated with an anti-rabbit secondary antibody (for Iba1 detection) and the ImmPRESS 

AP Anti-Mouse or Anti-Rat (alkaline phosphatase) Polymer Detection Kit (Vector 

Laboratories, Burlingame, CA) for Ki67 or BrdU detection/amplification, prior to 

visualisation using the BCIP/NBT Alkaline Phosphatase (AP) Substrate Kit (Vector 

Laboratories, Burlingame, CA). For PU.1 visualization, the DAB signal was enhanced with 

0.05% Nickel Ammonium Sulphate, producing a black precipitate. The general 

immunohistochemistry protocol was modified for the detection of BrdU, adding a DNA 

denaturation step by incubating with 2 N HCl for 30 minutes at 37°C. The protocol used for 

immunohistochemistry on glass-mounted human brain sections (6 μm thickness) was a 

modification of the general protocol with dewaxing at 60°C for 40 minutes. Sections were 

then rehydrated with sequential incubations at room temperature in xylene for 15 minutes, 

followed by 5 minutes in 100%, 95%, 80% and 75% ethanol followed by 5 minutes in 

distilled water. Following three washes with PBST0.1%, sections were subjected to antigen 

unveiling in citrate buffer (see Appendix A-3); mounted sections were covered in citrate 

buffer and boiled for 5 minutes, allowed to stand for 3 minutes and boiled again for a further 

5 minutes prior to quenching and blocking steps. For immunofluorescence, sections were 

incubated in 5% w/v BSA and 5% appropriate serum (see table; Sigma Aldrich, UK) in 

PBST0.2% for one hour at room temperature to block non-specific binding. After repeated 

rinses with PBST0.1%, samples were incubated overnight at 4°C with primary antibodies 

(Table 2-1). Following primary antibody incubation, the sections were washed three times 

with PBST0.1% and incubated with the appropriate fluorescence-conjugated secondary 

antibody (Table 2-2) for one hour at room temperature. Following a further three washes 

with PBST0.1%, sections were counterstained with DAPI (1:2000 dilution in PBST0.1%; 

Sigma Aldrich, UK). After repeated washes with PBST0.1%, sections were washed once in 

0.1 M phosphate buffer mounted onto gelatin-coated slides and allowed to air-dry prior to 

cover slipping with mowiol/DABCO mounting medium.  
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Table 2-1: Monoclonal antibodies (mAb) and polyclonal antibodies (pAb) used for 

immunohistochemistry 

Primary 
antibody target 

Raised in 
(type) 

Catalogue 
number 

Supplier Optimal 
dilution 

BrdU Mouse (mAb) G3G4 Developmental Studies 
Hybridoma Bank, USA 

1:1000 

BrdU Rat (mAb) ab6326 Abcam, Cambridge UK 
 

1:1000 

CD206 (mouse) Rat (mAb) 
 

MCA2235GA Bio-Rad Laboratories, 
Oxfordshire UK 

1:500 

Cleaved 
caspase-3 

Rabbit (pAb) AB3623 Merck Millipore, 
Darmstadt, Germany 

1:500 

GFAP Rabbit (pAb) Z0334 Dako (Agilent 
Technologies), USA 

1:500 

GFP/Venus 
 

Chicken (pAb) GFP-1010 Aves Lab, USA 1:500 

Iba1 Rabbit (pAb) 019-19741 
 

Wako Pure Chemical 
Industries, USA 

1:200 

Ki67 (rat) Mouse (mAb) M724801-8 Dako (Agilent 
Technologies), USA 

1:500 

Ki67 (human) Mouse (mAb) M724029-2 Dako (Agilent 
Technologies), USA 

1:500 

MHCII  Rat (mAb) 14-5321-85 Affymetrix eBioscience, 
USA 

1:500 

NeuN Mouse (mAb) MAB377 Merck Millipore, 
Darmstadt, Germany 

1:2000 

NG2 Rabbit (pAb) AB5320 Merck Millipore, 
Darmstadt, Germany 

1:500 

Olig2 Rabbit (pAb) sc-48817 Santa Cruz 
Biotechnology Inc, USA 

1:500 

PU.1 Rabbit (mAb) 2258S Cell Signalling 
Technology, USA 

1:200 

Synaptophysin Mouse (mAb) SY38 Merck Millipore, 
Darmstadt, Germany 

1:500 

Vav Rabbit (pAb) sc-7206 Santa Cruz 
Biotechnology Inc, USA 

1:500 
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Table 2-2: Secondary antibodies used for immunohistochemistry 

Secondary 
antibody 
target (label) 

Raised in 
(type) 

Catalogue 
number 

Supplier Optimal 
dilution 

Serum 
used for 
blocking 

Chicken IgG 
(Alexa488) 

Goat (pAb)   A11039 Invitrogen, MA 1:1000 Goat 

Mouse IgG 
(Alexa488) 

Goat (pAb)   A11029 Invitrogen, MA 1:1000 Goat 

Mouse IgG 
(Alexa568) 

Goat (pAb)   A11004 Invitrogen, MA 1:1000 Goat 

Rabbit IgG 
(Alexa488) 

Goat (pAb)   A11034 Invitrogen, MA 1:1000 Goat 

Rabbit IgG 
(Alexa568) 

Goat (pAb)   A11036 Invitrogen, MA 1:1000 Goat 

Rabbit IgG 
(biotin) 

Goat (pAb) BA-1000 Vector Laboratories, 
Burlingame, CA 

1:200 Goat 

Rat IgG 
(biotin) 

Goat (pAb)  BA-9400 Vector Laboratories, 
Burlingame, CA 

1:200 Goat 

 

2.3.3 Image acquisition and analysis 

For light microscopy, sections were acquired with a Leica CTR 5000B microscope coupled 

to a Leica DFC300FX microscope camera. Images were taken from multiple brain regions 

(cortex, corpus callosum, CA1-CA2 layer of hippocampus, dentate gyrus, thalamus and 

cerebellum) using the 20x objective. After immunofluorescence labelling, samples were 

either imaged with a Leica CTR 5000B microscope coupled to a Leica DFC300FX 

microscope camera or by laser scanning confocal microscopy. Confocal microscopy was 

performed using Leica TCS-SP5 and TCS-SP8 confocal systems on inverted microscope 

frames (DMI6000 and DMi8 respectively) under the control of Leica LAS-AF and Leica 

LAS-X acquisition software respectively. All quantifications were performed using ImageJ 

image analysis software (Schneider et al., 2012).  

For the analysis of Venus+ cells in the postnatal brain (cortex, hippocampus and cerebellum) 

following in utero tracing of embryonic haematopoiesis, all positive cells in each brain 

region were counted in a minimum of 5 sections per mouse.  

For the histological methods, the quantification of antigen-positive cells (i.e. Iba1, MHCII) 

in the different brain regions was performed after DAB immunohistochemistry. Analysis of 

the number of double-positive cells (i.e. Iba1+BrdU+) in specific brain regions was performed 
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after double immunohistochemistry with DAB-AP. The brain regions quantified are shown 

in Figure 2-2A.  

The quantification of antigen-positive cells (i.e. Iba1+Ki67+ or Iba1+) in human brain tissue 

was performed in the white or grey matter of the temporal cortex after DAB-AP 

immunohistochemistry (n = 20 fields/brain).  

The area being quantified was demarcated and the area measured before all antigen-positive 

cell bodies were counted manually using the CellCounter plugin in ImageJ to record cell 

numbers. Cell numbers were normalised to the area being counted and data were represented 

as the number of positive cells/mm2.  

The quantification of the intensity of immunostaining signal (i.e. synaptophysin) was 

performed after immunofluorescence in the layers of the hippocampus (shown in Figure 

2-2B) using ImageJ software. The fluorescent staining was turned into a binary image and a 

marker-specific threshold was set. The area being quantified was demarcated and the stained 

area above the threshold was quantified and presented as a percentage of the stained area.   
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Figure 2-2: Regions of the brain being quantified for the analysis of microglial density and synaptic 

density.  

(A) The regions of the brain being analysed were demarcated prior to measurement of area and 

quantification of microglial numbers. The following regions were used: the cortex (parietal cortex), 

the corpus callosum, the CA1-CA2 layer of the hippocampus, the dentate gyrus and the thalamus. 

(B) The layers of the hippocampus being analysed were demarcated prior to measurement of area 

and quantification of microglial numbers. The following layers were analysed: the oriens, the 

pyrimidale, the radiatum, the lacunar molecular, the molecular, the granular and the polymorph 

layers.  
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2.3.3.1 Calculation of microglial proliferation dynamics 

The proliferative index of microglial cells was calculated using the following formula: 

!"#$%&'"()%*'	%,-'. = 	
0#)($	12(14	5"-64	7'$$8/::;

0#)($	12(14	7'$$8/::; 	.	100 

The time taken for the microglial population to self-renew was calculated using the following 

formula, adapted from Sherley et al. (1995): 

= =
100.07

>
 

Where X is the time taken, Tc is cell cycle length and F is the fraction of cells in the cell 

cycle at a given point in time.  

2.3.3.2 Analysis of microglial spatial distribution and territory size 

Microglial spatial dynamics were analysed in 4-month old Vav-Bcl-2 mice and wild-type 

littermates. Brains were extracted, processed and stained for Iba1 as previously described in 

section 2.3.2.  

After immunofluorescence labelling, samples were imaged by laser scanning confocal 

microscopy using a 20x 0.75 NA objective on a Leica TCS-SP8 confocal system on a DMi8 

inverted microscope frame under the control of Leica LAS-X acquisition software. Z stacks 

were acquired at 1.14 μm step size in the z plane from 35 μm-thick tissue sections, recording 

at 1024x1024 pixel resolution. Three images per mouse were taken from layers I-IV of the 

parietal cortex and analysed. Images were analysed following a protocol adapted from Davis 

et al. (2017) using FIJI image analysis software (Schindelin et al., 2012).  

Microglial density was manually quantified in the 35 μm z stacks using the CellCounter 

plugin in FIJI. For the analysis of nearest neighbour distance (NND), z stacks were split into 

smaller stacks of 10 individual z steps (~10 μm total) to avoid overlap of cells residing in 

different z planes. The 10 μm stacks were made into maximum projection images from which 

the NNDs were subsequently analysed. Images were then converted into 8-bit (Figure 2-3A) 

and processed using plugins from the MorphoLibJ package (Legland et al., 2016). The ‘grey 

scale attribute opening filter’ function (area minimum = 25 pixels, connectivity = 8) was 

used to isolate Iba1+ cells from the dark background of the image (Figure 2-3B). The soma 

was separated from the cell processes using an octagon opening morphological filter (1-pixel 

radius; separates large round objects from long thin objects; Figure 2-3C), then a maximum 
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entropy threshold was used to segment the soma from the background (Figure 2-3D). Once 

microglial somas had been segmented, the Analyse Particles plugin was used to identify the 

soma from the remaining background noise (Figure 2-3E). A minimum particle size was set 

to 30 μm to exclude anything smaller than the 30 μm2 area of a microglial soma. Regions of 

interest (ROIs) selected by the Analyse Particles plugin were checked against the original 

counted cells from the image to exclude any incorrectly isolated somas from further analysis. 

Not all cells within the image were selected by the Analyse Particles plugin and those that 

were not identified were excluded from territory analysis. The Nnd plugin (Mao, 2016) was 

then used to calculate the NND between the selected ROIs. The ROIs identified by the 

Analyse Particles plugin were then mapped back onto the original image to allow 

measurement of specific microglia territories (Figure 2-3F). Microglial territory area was 

measured by manually drawing around the area occupied by the Iba1-labelled processes of 

each microglial cell of interest. A step-by-step protocol for image processing can be found 

in Appendix A-2. 

The NND data was used to determine the regularity index (RI) of the microglial population. 

Regularity index is a measure of the regularity of cellular distribution in a mosaic. The 

regularity index was calculated using the following equation: 

?1 =
=@@A
s@@A

 

Where XNND is the mean NND of a population and sNND is the standard deviation of the NND 

of that population.  

A regular distribution is defined as a distinct pattern of cells with even spacing between 

them, whilst a random distribution has no defined pattern with uneven spacing between cells. 

A clustered distribution has multiple groups of cells positioned closely together (Figure 2-4). 

The final microglia territory area measurements taken were from the 35 μm z-stacks as 

measurement from a 10 μm stack would potentially exclude processes extending in the z 

plane therefore underestimating the territory size. Z-stacks were made into maximum 

projection images and cells were identified by mapping the ROIs from each 10 μm stack 

onto the 35 μm maximum projection. All cells (ROIs) identified from the Analyse Particles 

plugin on the 10 μm stacks were included for territory analysis.  
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Figure 2-3: Preparation of images for analysis of microglial spatial dynamics.  

10 μm z-stacks of Iba1-labelled microglia from wild-type and Vav-Bcl-2 mice were processed for 

imaging. Firstly 10 μm z-stacks were made into maximum projection images and converted to 8-bit. 
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Fig. 2.3 (cont.): Iba1+ cells were then isolated from the dark background of the image using a grey 

scale attribute opening filter. Microglial somas were separated from the cell processes using an 

octagon opening morphological filter with 1-pixel radius. The maximum entropy threshold was then 

used to segment microglial somas from the background to allow automated selection. The Analyse 

Particles plugin was used to automatically select particles of a set size (30 μm2) excluding 

background pixel noise. Finally, ROIs from the Analyse Particles plugin were mapped back onto the 

original 8-bit image for measurement of specific microglial territories. 

 

 

Figure 2-4: Examples of spatial distribution patterns.  

(A) A regular or dispersed distribution has even spacing between points in a defined pattern. (B) A 

random distribution has no defined pattern with uneven spacing between points. (C) A clustered 

distribution has multiple groups of points in close apposition (“clusters”) with uneven spacing 

between individual points and between clusters. 

 

2.3.3.2.1  Calculation of Ripley’s K statistics using RStudio 

Once images had been processed for territory analysis, a data set comprising of (x, y) 

coordinates of microglia somas measured by the Analyse Particles plugin and the (x, y) 

coordinate boundaries of each image were extracted from FIJI. Coordinates for each image 

were saved in separate .csv files for import into RStudio (Team, 2015). The R spatstat 

package (Baddeley et al., 2015) was used to generate point pattern images of the locations 

of microglial cells within an image from their (x, y) coordinates, shown in Figure 2-5. These 

plots were then used to determine the spatial distribution of cells using the L(r) derivative of 

Ripley’s K statistics (command ‘Lest’ in RStudio), assessing deviation from complete spatial 

randomness (CSR) to determine whether cells have a more dispersed or clustered 

distribution. Ripley’s K-function (K(r)) estimates the expected number of additional random 
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points within a set distance (r) of typical random point (Figure 2-6A-C) From the microglial 

point patterns, it counts the number of cells found (the K(r)) within a set distance (r) of a 

single cell. This value, the expected K(r), is then compared to the expected number of cells 

found within that set distance in a completely spatially random distribution, the theoretical 

K(r). A computer-generated random Poisson distribution was plotted to estimate CSR within 

a certain boundary, to which the distribution of our microglial point patterns were compared. 

Briefly, K-functions for spatial point patterns were drawn using the equation: 

B(") = 	
1
,
EFGH(")IJK
L

HMK

 

Where N is the number of cells within distance r of another point, l is the average cell density 

per unit area, Pi is the ith cell and the sum taken over n cells (Ripley, 1977). Complete spatial 

randomness was estimated using a random Poisson distribution K(r) = pr2 where r > 0. 

This was transformed to the variance-stabilised Ripley’s K-function, L(r) (also known as the 

L-function), using the equation proposed by Besag (1977): 

N(") = (B(")/O)P.R 

The L-function is a square-root transformation of the K-function, producing a linear value 

whereby L(r)=r under complete spatial randomness, facilitating data analysis.  

The comparison of the observed L(r) value for the microglial spatial point pattern to the 

theoretical L(r) gives an estimate of the clustering or dispersion of cells. If L(r) > r, i.e. there 

are more cells than would be expected within a set distance from a random distribution, the 

cells are clustered, whereas if L(r) < r, i.e. there are less cells than would be expected within 

a set distance, the cells are dispersed, summarised in Figure 2-7. The 95% confidence 

interval was plotted using the command ‘envelope’ in RStudio, which generates multiple 

simulations of L(r) in order to determine significance.  

The full protocol for the analysis in RStudio can be found in Appendix A-6. 
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Figure 2-5: Example point pattern plots generated from (x, y) coordinates of microglial somas in 

RStudio.  

Each circle represents the location of the soma of one cell relative to the boundary coordinates of 

the image. Subsequent spatial analysis was conducted from these point pattern plots.  

 

 

Figure 2-6: Determining the theoretical K(r), observed K(r) and distribution of points using Ripley's 

K statistics.  

(A) The theoretical K(r) is determined by estimating the expected number of additional random 

points (grey circles) within a certain distance, (r), of a typical random point (purple circle) in a 

computer generated pattern of CSR. The K(r) value is the number of expected additional points 

within the defined distance, and can be calculated at multiple distances of r within a certain 

boundary. In (A), the theoretical K(r) is 3 points. (B) For a particular distance of r, if there are more 

points than expected (as estimated from CSR), i.e. the observed K(r) is greater than the theoretical 

K(r), then the distribution is clustered. (C) If there are fewer cells than expected at that set distance 

of r, i.e. the observed K(r) is less than the theoretical K(r), then the distribution is said to be dispersed. 
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Figure 2-7: Cartoon representation of Ripley's K statistics.  

Ripley’s K-function (left) can be transformed so that under complete spatial randomness, the 

theoretical L(r) (red line) is linear, L(r)=r, to facilitate data analysis. Observed L(r) distributions (green 

and blue lines) deviating from this can be interpreted as being clustered, L(r)>r, or dispersed, L(r)<r. 
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2.4 Analysis of gene expression by Real Time-PCR (RT-PCR) 

2.4.1 Collection of tissue for RT-PCR  

Mice were terminally anaesthetised with pentobarbitone (20% weight/volume; AnimalCare, 

UK) and transcardially perfused with 0.9% saline with heparin (5000 units/ml; Wockhardt, 

UK) as detailed in section 2.3.1. The brain was extracted and cut down the midline into two 

hemibrains. The hemibrains were snap frozen in dry ice and stored at -80°C until used. One 

hemibrain was used for RNA extraction and the other used for protein extraction, as 

described in section 2.6.1. RNA extraction was carried out up to a month after tissue 

collection.  

2.4.2 RNA extraction 

Frozen brain tissue was processed to obtain samples from the cortex, hippocampus and 

cerebellum by dissection under a microscope. Total RNA was extracted using Trizol (Life 

Technologies, Fisher Scientific UK) according to the manufacturer’s instructions. Briefly, 

samples were homogenised and incubated in Trizol to allow dissociation of the 

nucleoprotein complex before phase separation by addition of 1-bromo-3-chloropropane 

(Sigma Aldrich, UK) and centrifugation at 12,000 x g for 15 minutes at 4°C. The supernatant 

was removed and incubated in 100% 2-propanol (Sigma Aldrich, UK) and centrifuged at 

12,000 x g for 10 minutes at 4°C to precipitate RNA. The RNA pellet was washed in 75% 

ethanol (Sigma Aldrich, UK), centrifuged at 7,500 x g for 5 minutes at 4°C and air-dried for 

10 minutes before resuspension in RNAse-free dH2O. RNA samples were incubated at 60°C 

for 15 minutes to ensure the RNA had dissolved then stored at -80°C until further use.  

2.4.3 Analysis of RNA concentration and purity 

Concentration and purity of RNA samples were assessed using a Nanodrop ND-100 

Spectrophotometer (Fisher Scientific, UK). RNA concentration was obtained by measuring 

nucleic acid absorption at 260 nm. Analysis of the absorbance ratios at 260 nm/280 nm and 

260 nm/230 nm allows assessment of RNA purity; for pure RNA the 260 nm/280 nm should 

be close to 2.0. Contamination with proteins or phenol would result in values below 2.0 as 

these absorb highly at 280 nm. The 260 nm/230 nm ratio should be between 2.0 and 2.2; 

values below this would indicate contamination with substances that absorb at 230 nm, such 
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as carbohydrates, alcohol or phenol. Contamination of RNA samples with gDNA was 

assessed post-PCR through analysis of melting curves and the PCR product (discussed in 

section 2.4.5).  

2.4.4 cDNA synthesis 

RNA samples were retrotranscribed to cDNA using the iScriptTM cDNA synthesis kit (Bio-

Rad Laboratories, UK), following the manufacturer’s instructions. Briefly, 500ng RNA was 

added to molecular grade RNAse-free dH2O to make up a volume of 15 μl, then added to 5 

μl 5x iScript Reaction Mix containing 1 μl iScript Reverse Transcriptase to make a final 

volume of 20 μl. Samples were incubated at 25°C for 5 minutes to prime the reaction, 46°C 

for 20 minutes to allow for reverse transcription then 95°C for 1 minute to inactivate the 

reverse transcriptase in a PTC240 Tetrad 2 Peltier thermal cycler (MJ Research, Canada). 

The cDNA libraries were stored at -20°C until further use.  

2.4.5 Primer design and quality control 

Primer sequences were obtained from the NCBI Nucleotide database 

(https://www.ncbi.nlm.nih.gov/nuccore) and blasted for specificity using NCBI Primer-

BLAST. For all primers designed, no off-target products were identified using Primer-

BLAST. If possible, primer pairs that spanned multiple exons were selected to avoid 

expansion of gDNA. Custom primers were synthesised (Sigma Aldrich, UK) for all genes 

of interest. 

Primer specificity and gDNA contamination was assessed through analysis of melting curves 

and the PCR product post-PCR. A single clean melting peak is expected in a non-

contaminated sample, indicating the primers allowed amplification of a single RNA product. 

The PCR products were analysed by running on a 1.2% agarose gel. Agarose gels were made 

by adding 1.2 g of agarose (Fisher Scientific, UK) to 100 ml Tris-acetate-EDTA (TAE) 

buffer (see Appendix A-3) with 0.005% Gel Red (Biotium Inc., USA). Gels were left to set 

for 30 minutes then submerged in TAE buffer in electrophoresis tanks. 5 μl of cDNA (from 

real-time polymerase chain reaction (RT-PCR), see section 2.4.6) was mixed with 1 μl 6X 

DNA Gel Loading Dye (Thermo Fisher, UK) and loaded onto the gel. The GeneRuler 1kb 

Plus DNA Ladder (Thermo Fisher, UK) was prepared by mixing 1 μl DNA ladder with 1 μl 

6X DNA Loading Dye and 4 μl DNAse/RNAse-free dH2O. Samples were run at 120 V for 

45 minutes until the loading dye front reached the end of the gel.  
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Specific primers will amplify a single amplicon, seen as a single band on the gel as shown 

in  Figure 2-8. Contamination of RNA samples with gDNA can also be analysed in this way: 

if the PCR product does not run to its expected size, it can indicate that gDNA has been 

amplified within the PCR product. This could happen if the primer pairs do not sufficiently 

cross intron-exon boundaries, resulting in expansion of gDNA as well as the expected cDNA 

target. If primers amplified non-specific products or were suspected to have gDNA 

contamination, they were discarded and new primers were designed. 

 Figure 2-8: Representative examples of agarose gels for PCR primer quality control.  

1.2% agarose gels were run for all primers for quality control. The presence of a single band at the 

correct molecular weight indicates primers were specific for the intended target and excludes the 

presence of gDNA contamination.  

 

2.4.6 RT-PCR 

1 μl of cDNA was used for each RT-PCR reaction. A ‘master mix’ was prepared, consisting 

of 0.75 μl of 10 μM custom designed primers (see Table 2-3), 12.5 μl iTaq Universal SYBR 
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Green supermix (Bio-Rad Laboratories, UK) and 10 μl RNAse/DNAse-free dH2O. The 

cDNA samples and mastermix were pipetted onto 96-well non-skirted low profile plates 

(Starlab, UK) and covered with 8-strip flat caps (Starlab, UK) and briefly centrifuged before 

being placed into a CFX96 Real-Time Detection system (Bio-Rad Laboratories, UK). The 

reaction mix was incubated at 95°C for 10 minutes before 49 qRT-PCR cycles were carried 

out, consisting of denaturing at 95°C for 15 seconds, annealing and extension at 60°C for 1 

minute followed by a plate read at 521 nm. Samples were then incubated at 72°C for 10 

minutes before a melting curve from 60°C to 95°C at intervals of 0.5°C was constructed. 

Once the melting curve had been constructed, samples were incubated at 4°C until the cycle 

was terminated. All samples were pipetted onto the plate in triplicate and a negative control 

well (master mix + 1 μl molecular grade dH2O) was loaded for each gene analysed. The 

change in fluorescence in each well on the plate was analysed using Primer Opticon Monitor 

Software (Bio Rad Laboratories, UK). Gapdh was measured as a reference gene (RG) for 

each sample. Gapdh expression is stable in microglia throughout lifetime (Zhang et al., 

2014) and has also been shown to remain stable following inflammatory challenges (Gomez-

Nicola et al., 2013, Olmos-Alonso et al., 2016, Tanaka et al., 2017). Data was analysed using 

the 2-ΔΔC(t) method (Livak and Schmittgen, 2001), where the expression of the gene of interest 

(GoI) is compared to expression of the reference gene using the following formulae: 

ST()) = (:'(,	T())	U#1) − (:'(,	T())	U(W-ℎ) 

SST()) = Y:'(,	ST())Z − (:'(,	ST())[7#,)"#$	\"#]W]) 

?'$()%*'	'.W"'88%#, = 2J``a(b) 
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Table 2-3: Custom-designed primers for RT-PCR 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Accession ID                                                                                                                                                                                                                                                              Oligonucleotide sequence + expected product size 
csf1 NM_007778.4 F (5’-3’): AGTATTGCCAAGGAGGTGTCAG 

R (5’-3’): ATCTGGCATGAAGTCTCCATTT 
Product size: 107bp 

il34 NM_001135100.1 F (5’-3’): CTTTGGGAAACGAGAATTTGGAGA 
R (5’-3’): GCAATCCTGTAGTTGATGGGGAAG 
Product size: 142bp 

csf1r NM_001037859.2 F (5’-3’): GCAGTACCACCATCCACTTGTA 
R (5’-3’): GTGAGACACTGTCCTTCAGTGC 
Product size: 141bp 

pu.1 NM_011355.1 F (5’-3’): CAGAAGGGCAACCGCAAGAA 
R (5’-3’): GCCGCTGAACTGGTAGGTGA 
Product size: 117bp 

c/ebpa NM_007678.3 F (5’-3’): AGCTTACAACAGGCCAGGTTTC 
R (5’-3’): CGGCTGGCGACATACAGTAC 
Product size: 192bp 

runx1 NM_001111021 F (5’-3’): CAGGCAGGACGAATCACACT 
R (5’-3’): CTCGTGCTGGCATCTCTCAT 
Product size: 178bp 

irf8 NM_008320 F (5’-3’): CGGGGCTGATCTGGGAAAAT 
R (5’-3’): CACAGCGTAACCTCGTCTTC 
Product size: 183bp 

cyclin D1 NM_007631.2 F (5’-3’): AGTGTGACCCGGACTGCC 
R (5’-3’): ATGTCCACATCTCGCACGTC 
Product size: 172bp  

cyclin D2 NM_009829 F (5’-3’): AAGGAGGTAAGGGAAGCACTC 
R (5’-3’): CCTCGATGGTCAACAGGTTCT 
Product size: 199bp  

il1B NM_008361.3 F (5’-3’): GAAATGCCACCTTTTGACAGTG 
R (5’-3’): TGGATGCTCTCATCAGGACAG 
Product size: 116bp 

il6 NM_031168.1 F (5’-3’): TAGTCCTTCCTACCCCAATTTCC 
R (5’-3’): TTGGTCCTTAGCCACTCCTTC 
Product size: 76bp 

mhcII NM_010378.2 F (5’-3’): TCCTCAAGCGACTGTGTTCC 
R (5’-3’): CGTCTGCGACTGACTTGCTA 
Product size: 134bp  

ccl2 NM_011333.3 F (5’-3’): TTAAAAACCTGGATCGGAACCAA 
R (5’-3’): GCATTAGCTTCAGATTTACGGGT 
Product size: 121bp 

tnfa NM_013693 F (5’-3’): AGGCACTCCCCCAAAAGATG 
R (5’-3’): TTGCTACGACGTGGGCTAC 
Product size: 248bp 

hbcl2 NM_000633.2 F (5’-3’): TGAACTGGGGGAGGATTGTG 
R (5’-3’): TTCACTTGTGGCCCAGATAGG 
Product size: 194bp 
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  Gene Accession ID                                                                                                                                                                                                                                                              Oligonucleotide sequence + expected product size 
mbcl2 NM_009741.5 F (5’-3’): GAACTGGGGGAGGATTGTGG 

R (5’-3’): GCATGCTGGGGCCATATAGT 
Product size: 297bp 

gapdh NM_008084.2 F (5’-3’): TGAACGGGAAGCTCACTGG 
R (5’-3’): TCCACCACCCTGTTGCTGTA 
Product size: 304bp 

il4 NM_021283.2 
 

F (5’-3’):  AGCAACGAAGAACACCACAG 
R (5’-3’): GCATCGAAAAGCCCGAAAGAG 
Product size: 150bp 

il10 NM_010548.2 
 

F (5’-3’): GGCCCAGAAATCAAGGAGCA 
R (5’-3’):  ACAGGGGAGAAATCGATGACAG 
Product size: 73bp 

inos NM_010927.4 
 

F (5’-3’):  AAACCCCTTGTGCTGTTCTCA 
R (5’-3’): TGGAACATTCTGTGCTGTCCC 
Product size: 212bp 

mad2l1 NM_019499.5 F (5’-3’): ATGACTGACGAGACGGTGAG 
R (5’-3’): GGATCTTAGCTTTCTTCACCGGA 
Product size: 125bp 

mdm2 NM_010786.4 F (5’-3’): GTCTGTGTCTACCGAGGGTG 
R (5’-3’): TAAGTGTCGTTTTGCGCTCC 
Product size: 126bp 

cdca3 NM_013538.5 F (5’-3’): TCTAAGCGCAGCAGACGAAA 
R (5’-3’): CGCTTACCCTGTCGTAGTGT 
Product size: 110bp 

cdk1 NM_007659.3 F (5’-3’): TACACACACGAGGTAGTGACG 
R (5’-3’): TCTGAGTCGCCGTGGAAAAG 
Product size: 149bp 

cdc20 NM_023223.2 F (5’-3’): GCCCACCAAAAAGGAGCATC 
R (5’-3’): ATTCTGAGGTTTGCCGCTGA 
Product size: 100bp 
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2.5 Flow cytometry and fluorescence-activated cell sorting 

(FACS) 

2.5.1 Collection and processing of tissue  

Mice were terminally anaesthetised with pentobarbitone (20% weight/volume; AnimalCare, 

UK) and transcardially perfused with ice cold 0.9% saline with heparin (5000 units/ml; 

Wockhardt, UK). Brains and livers were extracted and stored in FACS buffer (see section 

2.5) on ice for a maximum of 30 minutes before processing. 

 Fresh brain tissue was mechanically dissociated using fine spring scissors followed by 

enzymatic dissociation using the MACS Neural Tissue Dissociation Kit (Miltenyi Biotech, 

UK) according to the manufacturer’s instructions. Dissociated tissue was then passed 

through a cell strainer of 70 μm mesh (Fisher Scientific, UK) with FACS buffer (see 

Appendix A-3) and centrifuged at 500 x g for 20 minutes at 18°C. The cell pellet was 

separated by 37% Percoll Plus (GE Healthcare, UK) density gradient centrifugation at 500 

x g for 30 minutes at 18°C with no brake post-spin. The supernatant was discarded and the 

pellet, containing the microglial cells, was washed with FACS buffer and centrifuged at 500 

x g for 10 minutes at 18°C. Cells were re-suspended in FACS buffer, separated into vials 

then centrifuged at 400 x g for 4 minutes at 4°C before undergoing immunostaining for cell 

surface or intracellular markers. 

2.5.2 Immunostaining for cell surface markers 

Samples were incubated with primary antibodies directly conjugated to fluorochromes (see 

Table 2-4) at 1:500 dilution for 30 or 45 minutes at 4°C. Samples were centrifuged at 400 x 

g for 4 minutes at 4°C then washed twice with FACS buffer. Samples were then incubated 

with 7-Amino-Actinomycin D (7-AAD) (BD Biosciences, USA) at 1:200 dilution for 10 

minutes at 4°C or with LIVE/DEAD Fixable Violet Dead Cell Stain Kit (Thermo Fisher, 

UK) at 1:1000 dilution for 30 minutes at 4°C. Cells were then analysed and sorted using a 

FACS Aria II (BD Biosciences, USA). Data were acquired with FACSDiva software 

(Becton Dickinson, USA). Control samples were run for all stainings whereby cells were 

stained with an isotype antibody conjugated to the same fluorochrome as the test antibody 

to act as a negative control. Isotype control antibodies are listed in Table 2-4. Representative 

examples of isotype control staining versus antibody staining are shown in Figure 2-9. 
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Positive control samples were also run whereby cells from brain or blood samples were 

stained with each fluorochrome-conjugated antibody individually (single stainings) to allow 

optimisation of cytometer lasers prior to acquisition and for compensation against spectral 

overlap between fluorochromes. Compensation was performed post-acquisition prior to 

analysis using FlowJo software version 10.4 (Tree Star Inc., USA).  

 

Table 2-4: Fluorochrome-conjugated primary antibodies and isotype controls used for flow 

cytometry.  

Unless otherwise stated, all antibodies and isotype controls were supplied by BD Biosciences, USA.  

Primary 
antibody target 

Conjugated 
flurochrome 

Raised in 
(clone) 

Catalogue 
number 

Isotype 
(clone) 

Catalogue 
number 

CD11b PE Rat 
(M1/70) 

561689 Rat IgG2B 
(A95-1) 

553989 

CD11b BV421 Rat 
(M1/70) 

562605 Rat IgG2B 
(R35-38) 

562603 

CD45 APC Rat (30-
F11) 

559864 Rat IgG2B 

(A95-1) 
553991 

Ly6C PE Rat (AL-
21) 

560592 Rat IgM 
(R4-22) 

553943 

Ly6C BV421 Rat (AL-
21) 

562727 Rat IgM 
(R4-22) 

562708 
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Figure 2-9: Representative single antibody versus isotype control staining.  

(A-H) Representative histograms (left) and dot plots (right) of single stainings with flurochrome-

conjugated antibodies shown in blue and isotype controls shown in red. Gates represent positive 

antibody staining. (A, B) PE-conjugated CD11b, (C, D) APC-conjugated CD45), (E, F) BV421-

conjugated Ly6C, (G, H) 7AAD. 
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2.5.3 Analysis of cell populations by flow cytometry  

For analysis of microglial populations, cells were gated using the scheme in Figure 2-10. 

An initial gate was drawn around the events thought to include microglia and exclude other 

brain cell populations and debris (Figure 2-10A). From this ‘expected population’, forward 

scatter (FSC) characteristics (area, FSC-A; height, FSC-H) are used to gate out any events 

that are unlikely to be single cells: doublets or cells which have debris attached fall outside 

of the linear line of these characteristics on the dot plot (Figure 2-10B). Dead cells are 

excluded from analysis using a live/dead marker, such as 7AAD, which intercalates into 

DNA but is not membrane-permeable therefore only usually labelling cells with a 

compromised cell membrane (Figure 2-10C). It is important to note that microglia are 

phagocytic cells, thus is it possible that they take up 7AAD leading to exclusion of viable 

cells that fall into the 7AAD+ gate.  

The remaining alive cells are gated based on fluorescence intensity of the myeloid cell 

markers CD11b and CD45 (Figure 2-10D, Figure 2-10E). Resident microglia are CD11b+ 

CD45low under homeostatic conditions, upregulating CD45 upon their activation (CD11b+ 

CD45intermediate/high). Peripheral myeloid cells, including monocytes, and CNS macrophage 

populations are CD11b+ CD45high. Infiltrating inflammatory monocytes can also be 

distinguished by expression of Ly6C, which is not expressed by CNS-resident cells (Greter 

et al., 2015) (Figure 2-10F). Cell populations in this study were analysed by the following 

phenotypes: CD11b+ CD45low (Figure 2-10E), CD11b+ CD45high (Figure 2-10E), CD11b+ 

CD45high Ly6C- (Figure 2-10F) and CD11b+ CD45high Ly6C+ (Figure 2-10F). Post-

acquisition analysis was performed using FlowJo software version 10.4 (Tree Star Inc., 

USA).  
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Figure 2-10: Gating strategy used for analysis of microglial density and monocyte infiltration by 

flow cytometry. 

(A, B) Debris (A) and any non-single cells (B) are gated out based on forward and side scattering 

properties. (C) Dead cells are removed based on fluorescence intensity of expression of a live/dead 

marker such as 7AAD. (D-F) Labelling with fluorochrome-conjugated primary antibodies allows cells 

to be phenotyped based on relative fluorescence intensity. The following phenotypes were analysed: 

CD11b+ CD45low (E), CD11b+ CD45high (E), CD11b+ CD45high Ly6C- (F), and CD11b+ CD45high Ly6C+ (F). 
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2.5.4 Cell sorting and RNA sequencing 

Microglia were isolated from 4-month old wild-type and Vav-Bcl-2 mice by flow cytometry 

analysis as previously described. The gating used to isolate and sort CD11b+ CD45low and 

CD11b+ CD45high microglia was slightly modified to ensure no overlap between cell 

populations and allow accurate sorting, shown in Figure 2-11. 

Cells were sorted into 500 μl FACS buffer, then centrifuged at 1000xg for 5 minutes at 4°C 

to pellet cells. The cell pellet was re-suspended in 5-50 μl lysis buffer containing 0.2% 

(vol/vol) Triton X-100 and 2U/ul RNAse inhibitor, depending on the number of cells within 

the sample. Samples were sent to the Oxford Genomics Centre (Wellcome Trust Centre for 

Human Genetics, Oxford, UK) for processing and sequencing. Briefly, cDNA synthesis from 

small pools of cells (CD11b+ CD45low 1800-13000 cells; CD11b+ CD45high 30-1000 cells) 

was performed following the Smart-seq2 method (Picelli et al., 2013) and libraries prepared 

using Nextera XT (Illumina) with 0.25 ng cDNA input and 12 PCR cycles. All libraries were 

pooled and sequenced on one lane HiSeq4000 at the 75bp end. Adaptor-trimmed paired fastq 

reads were aligned to the mouse genome (GRCm38) using Hisat (Kim et al., 2015) with 

option –dta (increasing the stringency of transcript anchors) and outputted to a bam file using 

samtools (version 1.1; (Li et al., 2009)). MarkDuplicates in Picard 

(https://broadinstitute.github.io/picard/) was used to identify and remove duplicate reads. 

featureCounts (Liao et al., 2014) within the Subread package (Liao et al., 2013) was used to 

provide gene counts. 

Analysis of transcriptomic data was kindly performed by Dr Mark A. Chapman (Biological 

Sciences, University of Southampton). Briefly, gene counts from each of the libraries were 

combined and used to investigate differential expression (DE) with edgeR (Robinson et al., 

2010). Comparisons were made between all wild-type and all Vav-Bcl-2 mice as well as 

between wild-type (CD45high) and Vav-Bcl2 (CD45high), and wild-type (CD45low) and Vav-

Bcl2 (CD45low) and genes with a P value < 0.01 and a fold change of >10, as determined by 

the EdgeR program, were considered significantly DE. Heatmaps were generated using the 

script analyze_diff_expr.pl in Trinity (Haas et al., 2013) and a matrix of TMM-normalised 

counts. Gene Ontology (GO) terms over-represented in the list of DE genes were identified 

using the MGI Gene Ontology Term Finder 

(http://www.informatics.jax.org/gotools/MGI_Term_Finder.html). Clustering of GO terms 

was created using Enrichment map v 2.1 (Merico et al., 2010) in Cytoscape 3.4.0 (Cline et 

al., 2007). 
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Figure 2-11: Modified gating strategy used for isolation of microglia by FACS for RNA sequencing.  

Dead cells, debris and single cells were gated out and CD11b+ cells were gated to isolate the 

microglial population as previously described in Figure 2-10. (A) CD11b+ CD45low and CD11b+ 

CD45high cells were sorted based on the quadrat gating in order to avoid overlap between the two 

populations in the sorted samples. 

 

2.6 Analysis of protein expression by Western Blotting 

2.6.1 Collection of tissue for Western blotting and protein extraction 

Mice were terminally anaesthetised with pentobarbitone (20% weight/volume; AnimalCare, 

UK) and transcardially perfused with 0.9% saline with heparin (5000 units/ml; Wockhardt, 

UK) as detailed in section 2.3.1. The brain was extracted and cut down the midline into two 

hemibrains. The hemibrains were snap frozen in dry ice and stored at -80°C until used. One 

hemibrain was used for protein extraction and the other used for RNA extraction, as 

described in section 2.4.2. Protein extraction was carried out up to 6 months after tissue 

collection.  

Frozen brain tissue was processed to obtain samples from the cortex by dissection under a 

microscope. Total protein was exracted by mechanically homogenising tissue using a 

polytron homogeniser in 10% weight/volume Pierce RIPA buffer (containing 25 mM Tris-

HCl pH7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate and 0.1% SDS; Thermo 
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Fisher, UK) with 1 Pierce Phosphatase Inhibitor Mini Tablet (Thermo Fisher, UK) and 1 

cOmplete Protease Inhibitor Cocktail Tablet (Sigma Aldrich, UK). Samples were 

centrifuged at 18 298 x g for 15 minutes at 4°C. The supernatant containing the solubilised 

protein was transferred into a new vial and stored at -20°C until used. 

2.6.2 Protein quantification and sample preparation 

Protein samples were quantified by the bicinchoninic acid (BCA) assay (Thermo Fisher, 

UK), following the manufacturer’s instructions. Briefly, diluted albumin standards were 

prepared from a 2 mg/ml BSA stock solution to produce a range of concentrations from 2000 

μg/ml to 25 μg/ml and 10 μl of each concentration was added to a flat-bottomed 96-well 

plate. Tissue protein samples were diluted 1:10 in RIPA buffer and 10 μl of each sample was 

plated in triplicate. The BCA Assay reagents were prepared, mixing Reagent B at a 1:50 

dilution with Reagent A, then adding 200 μl to each standard or sample well. The assay plate 

was incubated for 30 minutes at 37°C then read at 570 nm using an Infinite® F200 Pro plate 

reader (Tecan Life Sciences, Switzerland) and i-Control 2.0 software (Tecan Life Sciences, 

Switzerland). Absorbance data was used to create a standard curve using the albumin 

standards, from which protein concentration in the samples was determined. 

Protein samples were prepared at a concentration of 20 µg of protein per 15 µl total volume, 

calculated from the BCA assay absorbance measurements. The volume of sample was added 

to 3.75 µl of 4X loading buffer (see Appendix A-3) and the appropriate volume of distilled 

H2O to make up 15 µl total volume. Samples were briefly centrifuged then placed in a heat 

block set to 95°C for 10 minutes to denature the protein, then samples were placed on ice 

prior to loading.  

2.6.3 SDS-PAGE electrophoresis and Western blotting 

12% Mini-PROTEAN® TGX Stain-Free™ Precast Gels (Bio-Rad Laboratories, UK) were 

submerged in Laemmli buffer (see Appendix A-3) in electrophoresis tanks. 5µl of Precision 

Plus Protein™ Kaleidoscope™ Standard (Bio-Rad Laboratories, UK) was loaded onto one 

of the lanes of the gel followed by 15µl of each sample in additional lanes. Samples were 

run at 120V for 90 minutes on ice until the loading dye front reached the bottom of the gel. 

Samples were transferred to 0.2µm nitrocellulose membranes using the Trans-

Blot® Turbo™ RTA Mini Nitrocellulose Transfer Kit (Bio-Rad Laboratories, UK) following 
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the manufacturer’s instructions. Briefly, the ready-to-assemble transfer packs were soaked 

in transfer buffer (see Appendix A-3) for 5 minutes before assembling with the gel. 

Assembled transfer stacks were loaded into the Trans-Blot® Turbo™ Transfer System and 

run using the pre-programmed ‘1-Mini TGX’ protocol, running at 25V for 3 minutes. 

Following transfer of proteins, nitrocellulose membranes were washed with dH2O then 

stained with Ponceau S solution (Sigma Aldrich, UK) to check transfer efficiency. Ponceau 

S binds reversibly to proteins, allowing visualisation of protein bands to confirm successful 

transfer onto the nitrocellulose membrane prior to antibody staining, as seen in Figure 2-12. 

Membranes were then washed three times with 1X Tris Buffered Saline (TBS; see Appendix 

A-3) for 5 minutes. Membranes were blocked in 5% w/v BSA in TBS with 0.1% Tween20 

(TBST0.1%) for 2 hours at room temperature then incubated with primary antibodies diluted 

in blocking buffer (see Table 2-5) overnight at 4°C. Following repeated washes with 

TBST0.1%, membranes were incubated with the appropriate fluorochrome- or horseradish 

peroxidase (HRP)-conjugated secondary antibody (Table 2-6) for 2 hours at room 

temperature. Membranes were washed repeatedly with TBST0.1%, then those incubated 

with an HRP-conjugated secondary antibody were catalysed with SuperSignal™ West Pico 

PLUS Chemiluminescent Substrate (Thermo Scientific, UK) following the manufacturer’s 

instructions. Briefly, 1 ml of SuperSignal™ West Pico PLUS Luminol/Enhancer Solution 

was mixed with 1 ml of SuperSignal™ West Pico PLUS Stable Peroxide Solution and 

incubated with the membrane at room temperature for 5 minutes. Membranes were rinsed in 

1X TBS before imaging using a ChemiDoc™ MP imaging system (Bio-Rad Laboratories, 

UK) under the control of ImageLab software (Bio-Rad Laboratories, UK) and quantified 

using FIJI image analysis software.  
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Figure 2-12: Representative Ponceau S staining to confirm transfer efficiency.  

Staining with Ponceau S allowed visual confirmation of efficiency protein transfer from the gel to 

the nitrocellulose membrane.  

 

Table 2-5: Primary antibodies used for Western blotting 

Primary 
antibody target 

Raised in Catalogue 
number 

Supplier Optimal 
dilution 

β-Actin Mouse (mAb) A2228 Sigma Aldrich, UK 1:4000 

Human Bcl-2 Mouse (mAb) IS61430-2 Agilent 
Technologies Inc., 
USA 

Used undiluted 
as per 
manufacturer’s 
recommendation 

 

Table 2-6: Secondary antibodies used for Western blotting 

Secondary antibody 
target (label) 

Raised in (type) Catalogue 
number 

Supplier Optimal 
dilution 

Mouse IgG (Alexa488) Goat (pAb)   A11039 Invitrogen, 
USA 

1:2000 

Mouse IgG (HRP-
conjugate) 

Goat (pAb) 1706516 Bio-Rad 
Laboratories, 
UK 

1:4000 
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2.7 Analysis of cytokine protein expression by 10-plex 

immunoassay 

2.7.1 Collection of serum samples for immunoplex assay 

Mice were terminally anaesthetised with pentobarbitone (20% weight/volume; AnimalCare, 

UK) and processed for transcardial perfusion as detailed in section 2.3.1. Prior to perfusion, 

500 µl blood was collected from the heart into BD Microtainer® K2E tubes (0.1 mg K2-

EDTA additive; Becton Dickinson, USA) following the incision of the right atrium. Samples 

were left to clot at room temperature for 2 hours prior to centrifugation at 4,000 x g for 10 

minutes at 4°C. The supernatant was removed into a fresh tube and stored at -80°C until 

used. Serum samples were used up to 6 months following extraction. 

2.7.2 Measurement of cytokine protein concentration using 10-plex 

immunoassay 

Pro-inflammatory cytokine expression in serum samples were measured using the V-PLEX 

Pro-inflammatory Panel 1 multi-spot ELISA kit (Mesoscale Discovery, USA), as per the 

manufacturer’s instructions. Briefly, serum samples were thawed and diluted 1:10 with 

supplied diluent and loaded onto 96-well mesoscale plates with supplied cytokine 

calibrators.  Plate was incubated on a microplate shaker at 55 x g at room temperature for 2 

hours to allow antibody binding. The plate was washed repeatedly with PBST0.05% then 

incubated with SULFO-TAGä detection antibodies on a microplate shaker at room 

temperature for 2 hours. Following repeated washes with PBST 0.05%, Read Buffer T was 

added to the plate and the plate was immediately read using a QuickPlex SQ 120 plate reader 

(Mesoscale Discovery, USA). Data were acquired and analysed using Discovery Workbench 

4.0 software (Mesoscale Discovery, USA). 

2.8 Statistical analysis 

Statistical analysis was performed using GraphPad Prism 7 software (GraphPad Software, 

USA). Data are expressed as mean ± SEM. When normality and homoscedasticity 

assumptions were reached, differences between groups were analysed using the two-tailed 

student’s T-Test, the one-way or two-way ANOVA, followed by the Tukey post-hoc test for 
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multiple comparisons. Differences of p ≤ 0.05 were considered as statistically significant. 

Significance of data is indicated using p-value-star convention: *p ≤ 0.05, **p ≤ 0.01, ***p 

≤ 0.001 and ****p ≤ 0.0001.
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Chapter 3: The relative contributions of resident 

microglia and infiltrating monocytes to the adult 

microglial population 
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3.1 Introduction and objectives 

Whilst the mechanisms by which the microglial population is maintained in the healthy brain 

have been studied for a long time, they still remain unclear. The relative contributions of 

resident microglial cells and infiltration of peripheral BMCs to the homeostatic maintenance 

of the population have not been resolved by previous studies due to limitations in 

experimental techniques. Although recent evidence supports that the adult microglial 

population is generated from yolk sac progenitors (Ginhoux et al., 2010), followed by a wave 

of microglial proliferation (Nikodemova et al., 2015), it is unclear if this alone accounts for 

the final density and maintenance of the microglial population. Contrasting reports have 

described the infiltration of blood-derived monocytes into the brain at perinatal stages (Alliot 

et al., 1999, Tambuyzer et al., 2009), although monocytes have been suggested to have little 

or no contribution to the adult microglial population (Hoeffel et al., 2015, Sheng et al., 2015). 

In this Chapter, the contribution of infiltrating monocytes to the microglial population in the 

postnatal, adult and ageing brain was investigated to establish whether they were involved 

in its homeostatic maintenance throughout lifetime. 

Objectives addressed in this Chapter: 

• To analyse the contribution of infiltrating monocytes to the microglial population 

during postnatal development. 

• To determine the relative contributions of self-renewal of resident microglia and 

infiltration of peripheral monocytes to the maintenance of the microglial population 

in the healthy adult and aged brain.  
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3.2 Results 

3.2.1 Monocytes infiltrate the brain perinatally but do not contribute to 

the adult microglia population 

To address whether blood-derived monocytes contribute to the microglial population in the 

perinatal stages, a novel approach to label and track hematopoietic cells during embryonic 

development was used. LeGO vectors drive stable and long-term expression of fluorescent 

proteins within transfected cells that can be traced across long periods of time (Gomez-

Nicola et al., 2014a). In utero injections of VSVG-SFFV-Venus LeGO vectors into the 

embryonic liver were performed by Dr Fernando Garcia-Moreno and Professor Zoltán 

Molnár (University of Oxford, UK) at E14 (Figure 3-1A), driving the expression of the 

fluorescent protein Venus under the ubiquitously-expressed SFFV promoter. At this 

developmental time point, the embryonic liver is the main haematopoietic organ, therefore 

this approach should allow labelling of monocytes within the embryo. This method allows 

rapid and minimally invasive tracing of cells from organs of origin, and further analysis in 

target organs. Previous studies have demonstrated long-term stability of VSVG-SFFV vector 

expression in CNS cell types up to 42 days post-transfection (Gomez-Nicola et al., 2014a) 

and up to 120 days post-transfection in non-CNS cell types (Thomaschewski et al., 2017).  

Following intra-liver tracing at E14, we analysed the postnatal brain for expression of Venus 

from P0 to P43. We were able to visualise waves of infiltrating Venus+ cells, acquiring 

migratory (bipolar, elongated; 87.9% of all Venus+ cells at P3; shown in Figure 3-1B) or 

ramified (multiple radially orientated processes; 12.0% of all Venus+ cells at P3; shown in 

Figure 3-1C) phenotypes within the brain parenchyma. Venus+ cells were not observed in 

the brain parenchyma when vectors were delivered to the amniotic sac, supporting the 

specificity of the intra-liver approach. A comparable degree of Venus labelling of Kupffer 

cells and hepatocytes was observed in the liver (Figure 3-2A, Figure 3-2B), and preserved 

over time. 

It was also possible to visualise the differentiation of Venus+ cells into ramified cells co-

expressing Iba1, shown in Figure 3-1C, suggesting that the expression of the Venus 

transgene remains stable despite phenotypic changes that occur during the early postnatal 

stages, supporting use of this tracking method for long-term purposes. Venus+ cells were not 

found in the perivascular space of blood vessels or in the meninges; demonstrating that 

Venus+ cells infiltrate the parenchyma proper. In order to determine the lineage of the Venus+ 
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cells, immunohistochemistry was performed for markers of the resident myeloid populations 

within the CNS. Venus+ cells in the brain parenchyma were identified at P3 to be CD206low, 

when compared with choroid plexus or perivascular macrophages (Figure 3-3A), and 

negative for markers of astrocytes (GFAP-), oligodendrocytes (Olig2-) and OPCs (NG2-) 

(Figure 3-3B), confirming that they likely differentiate from a lineage distinct to that of 

resident CNS cells. Venus+ cells were also defined as non-proliferative cells (Venus+ BrdU-) 

in the different regions analysed (Figure 3-3C). 

To understand the time course of Venus+ cell infiltration, the density of Venus+ cells (both 

ramified and migratory morphologies) were quantified in the cortex, hippocampus and 

cerebellum. It was found that the wave of infiltrating Venus+ cells coincides with the 

expansion of the resident microglial population (Iba1+ Venus- cells) followed by its 

refinement to the density observed in the adult brain (Figure 3-4A, Figure 3-4B) in accord 

with previously reported data (Nikodemova et al., 2015). The expansion and refinement of 

the microglial population varied between regions: the population in the cerebellum expanded 

by 2.5-fold from P0 to P6 then declined to reach stable adult density by P21, whereas in the 

cortex and hippocampus microglial density increased from P0 to P21 and was refined to 

adult density at a later stage in development (Figure 3-4A). The number of Venus+ cells 

peaked at P3 in all regions studied, however by P6 the numbers had radically declined until 

only rare cells survived in the adult brain at P43 (Figure 3-4B).   

It was hypothesised that the rapid decline in Venus+ cells from P3 occurred as a result of 

cells undergoing apoptosis. To address this, cell death was assessed through analysis of 

cleaved caspase-3 and chromatin condensation in Venus+ cells. At P3 1.83% (condensed 

DAPI) or 3.17% (cleaved-caspase-3+) Venus+ cells were apoptotic, as shown in Figure 3-5A. 

Other cells, mostly neurons, were also found to be cleaved-caspase-3+ (Figure 3-5C), 

supportive of postnatal circuitry refinement. Given that the average time for an apoptotic cell 

to be removed from the brain is estimated to be about 80 minutes (Sierra et al., 2013), and 

assuming that the clearance rates remain constant until adulthood, it was estimated that the 

infiltrated monocytes could be removed from the brain parenchyma within approximately 

42-72h. Although this is an estimation based on the mean rate of observed apoptosis, it helps 

explain the drop in Venus+ cell numbers detected from P3 to P6 (Figure 3-4B). However, to 

get a better idea of the clearance rate of Venus+ cells, a systematic analysis of the density of 

live vs. apoptotic cells should be carried out between these time points.  
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Figure 3-1: In utero tracing of monocyte infiltration using lentiviral vectors. 

(A) Experimental design, illustrating the tracing of late embryonic haematopoiesis by the intra-utero 

marking of liver progenitors with VSVG-SFFV lentiviral vectors (E14) and subsequent analysis of 

brain infiltration (P0-P43). (B, C) Representative examples of Venus+ (green) infiltrating cells at P3 

(cerebellum), with migratory (bipolar, elongated) (B, left) or ramified (multiple radially orientated 

processes) (B, right, C) morphologies (ramified cells n = 55, migratory cells n = 669. 724 cells analysed 

in total from 6 mice). Iba1 expression is shown in red in differentiated ramified cells. Scale bars in 

(B, C) 20 μm. Images taken by Dr Diego Gomez-Nicola. 
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Figure 3-2: Venus expression in transfected cells is stable over time. 

 (A, B) Analysis of the retention of the Venus label over time in Kupffer cells (A) and hepatocytes (B). 

Data represented as mean ± SEM (n = 6/group). Data were analysed with a T-test. Statistical 

differences: **p < 0.01. Quantification and analysis done by Miss Phillipa Richardson. 

 

Figure 3-3: Characterisation of monocytes infiltrating the postnatal brain.  

(A, B) Phenotypic characterization of Venus+ cells at P3 by confocal microscopy. Note Venus+ cells 

(arrowheads) are CD206low (red, A), GFAP-, Olig2-, NG2- (red, B). (C) Representative example of the 
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Fig. 3-3 (cont.): absence of cell proliferation (BrdU+; red) in Venus- cells in the mouse postnatal 

hippocampus (P3).  Scale bars in (A, B) 20 μm, (C) 100 μm. Images taken by Dr Diego Gomez-Nicola. 

 

Figure 3-4: A wave of infiltrating monocytes enters the brain at early postnatal stages, to be 

rapidly depleted and not contributing to the adult microglial population. 

(A, B) Time-course analysis of the number of resident microglia (Iba1+Venus-) and infiltrating 

monocytes (Venus+) in the postnatal cortex, hippocampus and cerebellum. Note that at all ages 

tested Venus+ cells (B) represent only a minority of all Iba+ cells (A). Data represented as mean ± 

SEM (n = 6/group). Data were analysed with a two-way ANOVA and a post-hoc Tukey test. Statistical 

differences: *p < 0.05 **p < 0.01. Quantification and analysis done by Miss Phillipa Richardson. 
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Figure 3-5: Venus+ cells infiltrating the brain undergo a prominent apoptotic response. 

(A) Quantification of the apoptosis of Venus+ cells in the brain (Cortex, Hippocampus and 

Cerebellum) at P3 (n = 6), analysed as expression of cleaved caspase-3 or condensation of chromatin 

(DAPI). (B) A representative example of the expression of cleaved caspase-3 (red) in Venus+ cells 

(green). (C) Expression of cleaved caspase-3 in NeuN+ neurons at P3. Venus+ cells shown in green. 

Data represented as mean ± SEM. Data were analysed with a T-test. Scale bars in (B) 100 μm, in (C) 

20 μm. Images, quantification and analysis done by Miss Phillipa Richardson. 
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3.2.2 The density of microglial cells remains stable throughout lifetime 

in mice and humans 

Once it was confirmed that monocytes do not contribute to the microglial population during 

postnatal development, the dynamics of the microglial population in the healthy brain were 

assessed. The regional and temporal changes in cell density in the adult and aged murine 

brain were determined, quantifying the density of microglial cells in the young (4-6 months) 

and the aged (18-24 months) brain using Iba1 staining (Figure 3-6A), as a robust marker of 

microglia. A number of brain regions were analysed to represent the brain’s diversity in grey 

and white matter content, and neuronal and glial ratios, including cortex, corpus callosum, 

CA1-CA2 layer of the hippocampus, dentate gyrus and thalamus. 

It was found that the density of microglial cells (Iba1+) remains remarkably stable in the 

adult and aged brain. Across all brain regions analysed, there was no significant change in 

microglial density from the young to the aged brain, with the exception of the thalamus 

where a significant increase in density was found with ageing (Figure 3-6B). An increased 

density of microglial cells was observed in grey matter-enriched regions (cortex, CA1-CA2 

layer, dentate gyrus) compared to white matter regions (corpus callosum), which 

corroborates previously published data (Lawson et al., 1990). Further analysis of microglial 

density in the whole brain by flow cytometry revealed a non-significant reduction in the 

density of CD11b+ CD45low resident microglia in the aged brain, whilst the CD11b+ CD45high 

activated microglial population density remained unchanged (Figure 3-6C-F). The 

composition of the microglial population in the young and aged brain was not statistically 

different, with a negligible decline in the proportion of CD45low resident microglia and a 

minor increase in the proportion CD45high activated microglia (Figure 3-6G, Figure 3-6H). 

To further understand microglial population dynamics during healthy ageing, cell density in 

the human temporal cortex in young (20-35 years) and aged (56-76 years) individuals was 

analysed. These time points were selected to allow comparison with the data from the murine 

brain, with human age 20-30 years equating to approximately 3-6-month-old mice and 56-

69 years equating to approximately 18-24-month-old mice (Flurkey et al., 2007, Dutta and 

Sengupta, 2016). However, it should be noted that whilst chronological age was controlled 

for in the comparisons between mouse and human, their environments are very different and 

thus the ‘immunological age’ between the two cohorts will be less well-matched (Carr et al., 

2016). Young adult humans will already have been exposed to many immunological 

stressors by 20 years of age, influencing their immune development, however experimental 
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animal units are designed in order to minimise pathogen exposure and so the ‘age-matched’ 

mice will have matured immunologically-speaking to a lesser extent (Masopust et al., 2017). 

Microglial density in the grey matter (Figure 3-7A) and white matter (Figure 3-7B) of the 

temporal cortex was compared, and no significant change in the density with ageing was 

observed (Figure 3-7C). The overall trend of microglial density in the human brain was 

similar to the results reported in the literature, with a greater microglial density found in 

white matter regions compared to grey matter (Mittelbronn et al., 2001). This differs from 

the pattern of distribution previously found in rodents, which have greater microglial density 

in the grey matter compared to the white matter (Lawson et al., 1990).  

 

 

Figure 3-6: Microglial density remains stable throughout the lifetime in mice.  
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Fig. 3-6 (cont.): (A) Representative images of Iba1 staining in murine cortex. (B) Quantification of 

microglial density (Iba1+ cells) across brain regions in young (4-6 months; n = 8) and aged (18-24 

months; n = 9) mice. (C, D) Representative dot plots of the CD11b+ CD45low and CD11b+ CD45high 

populations in young and aged mice, based on gating from Figure 2-10. (E-H) Quantification of the 

density and proportions of CD11b+ CD45low (E, G) and CD11b+ CD45high (F, H) cells in the whole brain 

of young (n = 10) and aged (n = 9) mice. Data shown is represented as mean ± SEM. Statistical 

differences: *p < 0.05. Data were analysed with a two-way ANOVA and a post-hoc Tukey test (B) or 

a student’s t test (E-H). Scale bar in (A) 100 μm. 

Figure 3-7: Microglial density does not change in the young and aged human brain. 

 (A, B) Representative images of Iba1 staining in the grey matter (A) and white matter (B) of the 

human temporal cortex. Arrows indicate cell somas. (C) Quantification of microglial density (Iba1+ 
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Fig. 3-7 (cont.): cells) in the white and grey matter of the human temporal cortex, in young or aged 

individuals. Data shown in represented as mean ± SEM. N = 15/group. Data were analysed with a 

two-way ANOVA and a post-hoc Tukey test. Scale bar in (B) 50 μm. 

 

3.2.3 Peripheral monocytes do not contribute to the adult microglial 

population 

It was of interest to further understand how the stable microglial density described in section 

3.2.2 was maintained. There were two possible explanations, firstly that microglial cells may 

have a long lifespan and persist throughout the lifetime of an organism, or secondly that 

microglial cells die throughout lifetime and require replacement, which would occur either 

by local proliferation of resident microglial cells or infiltration of circulating monocytes. In 

order to investigate the potential contribution of circulating monocytes, the microglial 

density in young and aged wild-type and Ccr2-/- mice was compared through quantification 

of Iba1+ cells, as shown in Figure 3-8A. Ccr2-/- mice have deficient monocyte egression from 

the bone marrow (Serbina and Pamer, 2006, Tsou et al., 2007). This results in approximately 

80% fewer circulating monocytes, making them a valuable model in which to study 

monocyte recruitment in target organs (Gomez-Nicola et al., 2014b). Ccr2-/- mice show the 

same inter-region variability in microglial density as wild-type mice, with greater density in 

the grey matter regions (Figure 3-8B, Figure 3-8C, Figure 3-8D, Figure 3-8F) compared 

to white matter (Figure 3-8C). Neither young nor aged Ccr2-/- mice had a significantly 

different density of microglial cells compared to wild-type mice in all brain regions studied 

(Figure 3-8B-F), however some grey matter regions (CA1CA2 layer, dentate gyrus) showed 

a trend towards reduced microglial density in the young brain in Ccr2-/- mice. This data 

suggests that circulating monocytes do not contribute significantly to the microglial 

population during a healthy lifetime. 
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Figure 3-8: Circulating monocytes do not significantly contribute to the adult microglial 

population. 
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Fig. 3-8 (cont.): (A) Representative images of Iba1 staining in cortex of wild-type and CCR2-/- mice. 

(B-F) Quantification of microglial density (Iba1+ cells) across brain regions in young (4-6 months; 

C57BL/6 n = 8; Ccr2-/- n = 4) and aged (18-24 months; C57BL/6 n = 7; Ccr2-/- n = 4) wild-type and 

CCR2-/- mice. Data shown in represented as mean ± SEM. Data were analysed with a two-way 

ANOVA and a post-hoc Tukey test. Scale bar in (A) 100 μm. 

 

3.2.4 Age-related appearance of microglial aggregates  

Whilst analysing the microglial population in aged mice, small numbers of multinucleated 

aggregates were identified throughout the brain (Figure 3-9A), similar to those that have 

previously been described in the aged rat brain (Perry et al., 1993). Characterisation of these 

aggregates found that they express several myeloid/microglial markers, including CSF1R 

(c-fms EGFP+ in Macgreen mice) and MHCII (Figure 3-9B). An average of 12 

multinucleated aggregates of microglial-like cells was found across brain regions, with 

aggregates occurring more frequently in the aged thalamus and cerebellum (Figure 3-10A) 

than other brain regions, with the lowest frequency of aggregates found in the cortex and 

dentate gyrus. These aggregates consisted of between 0.42% (cortex) to 8.43% (cerebellum) 

of the total Iba1+ population in the aged brain. Quantification of the number of nuclei per 

aggregate revealed aggregates containing up to 10 nuclei within the same cytoplasmic 

syncytium, however these were present at a low frequency, with aggregates containing 3 or 

4 nuclei being the most commonly observed (Figure 3-10B, Figure 3-11). Aggregates with 

the highest numbers of nuclei (>7) were found in the corpus callosum, CA1CA2 layer, 

thalamus and cerebellum, whilst all other brain regions studied had aggregates containing 6 

nuclei or less. 

It was hypothesised that failed cytokinesis after increased proliferation was the origin of 

aggregate formation, and so analysis of proliferation was performed using repeated doses of 

BrdU (single i.p. injection of 75 mg/kg per day for 5 days), a thymidine analogue 

incorporated during the S phase of the cell cycle, as depicted in Figure 3-10C. The 

incorporation of BrdU into the multinucleated aggregates was minimal (0.48% were BrdU+ 

and showed a maximum of 2 cells/aggregate), not supporting this hypothesis. The next 

hypothesis was that these aggregates could have peripheral origin deriving from infiltrating 

monocytes. Aged Ccr2-/- mice were devoid of multinucleated aggregates (Figure 3-10D), 
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supporting this hypothesis, however further work needs to be done to fully characterise the 

origin of these age-related abnormalities. 

 

Figure 3-9: Multinucleated aggregates of microglial-like cells are found in aged brain tissue.  
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Fig. 3-9 (cont.): (A) Representative example of a multinucleated aggregate (c-fms EGFP+) in the 

white matter of the cerebellum ageing mice. Arrowheads indicate nuclei of microglial-like cell. n = 

75 aggregates from 5 mice. (B) Expression of MHCII (red) in microglial aggregates (c-fms EGFP+). 

Scale bars in (A) 50 μm, (B) 20 μm. Images taken by Dr Diego Gomez-Nicola. 

 

 

Figure 3-10: Characterisation of multinucleated aggregates found in the aged mouse brain. 

(A) Distribution of microglial aggregates (c-fms EGFP+) across brain regions in aged (18-24 months) 

mice (n = 5). (B) Composition of the microglial aggregates (number of nuclei per aggregate). (C) 

Analysis of cell proliferation in microglial aggregates, after repeated dosing of BrdU (see 

experimental design). (D) Representative examples of multinucleated microglial aggregates in 

ageing WT mice, absent from CCR2-/- mice (n = 4). Scale bars in (D) 50 μm. 
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Figure 3-11: Multinucleated aggregates consist of a single continuous cytoplasmic syncytium. 

Representative front and side images of the 3D view of a multinucleated aggregate (c-fms EGFP+) 

demonstrating the continuous cytoplasmic syncytium around multiple nuclei. Arrowheads indicate 

nuclei. Scale bars 20 μm. 
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3.3 Discussion 

3.3.1 Monocyte infiltration in the postnatal brain  

Whilst it is now accepted that the adult microglial population is formed predominantly from 

yolk sac-derived progenitors, (Ginhoux et al., 2010, Ginhoux and Merad, 2011, Epelman et 

al., 2014), there is some evidence suggesting that there may be a minor contribution from 

circulating monocytes to the composition of the microglial population at perinatal stages 

(Imamoto and Leblond, 1978, Ling, 1979, Ginhoux et al., 2013). In order to investigate this, 

a novel cell-tracking approach based on the intra-liver tracing of embryonic haematopoiesis 

was utilised. The results support the existence of a small wave of monocytes that infiltrate 

the brain, peaking at P3, that rapidly undergo apoptosis and do not contribute to the final 

microglial population. The death of infiltrated monocytes is coincident with a wave of 

microglial proliferation, followed by a further selection process before the final number of 

cells is achieved (Sharaf et al., 2013, Nikodemova et al., 2015), summarised in Figure 3-12. 

Interestingly the microglial populations of the cortex and hippocampus have different 

dynamics of expansion and refinement compared to the microglia of the cerebellum. 

Neuroimaging studies of postnatal brain development in mice show that all three brain 

regions increase in volume from P0 to P20, however the cerebellar volume is maintained 

from P20 whilst cortical and hippocampal volume continue to increase until P80 (Zhang et 

al., 2005). The microglial population in the cerebellum has been refined to the density found 

in the adult brain by P21, whilst microglial density in the cortex and hippocampus is refined 

later. This may reflect developmental changes in the density of other cell populations, for 

example neuronal density in the cortex peaks at P16 with a reduction in density from P24 

onwards (Lyck et al., 2007), which presumably is accompanied by a significant degree of 

cell death and thus debris to clear from the parenchyma. It could also be a reflection of other 

developmental processes, for example myelination, which begins at P6 in the cerebellum, 

but later in the cortex at around P12, peaking in the brain by P21 (Chen et al., 2017). As 

microglia have been shown to play critical roles in myelinogenesis (Hagemeyer et al., 2017, 

Wlodarczyk et al., 2017), it is possible that their density increases to provide the necessary 

trophic support, thus is regulated throughout development in part by the processes they are 

involved in. 
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Figure 3-12: The postnatal refinement of the microglial population. 

During the first two postnatal weeks, the microglial population undergoes significant expansion due 

to proliferation of resident cells. Microglial cell numbers peak at postnatal day (P) 14, but by six 

weeks of age cell numbers have been refined to the density maintained throughout adulthood. From 

P0, blood-derived monocytes can be found in the brain parenchyma with cell numbers peaking at 

P3. These monocytes subsequently undergo apoptosis with very few cells surviving in the brain by 

P6. Reproduced from Askew and Gomez-Nicola (2018). 

 

The contribution of infiltrating monocytes to the postnatal microglial population has been 

previously reported (Imamoto and Leblond, 1978, Ling, 1979), as discussed in Chapter 1 

(section 1.1.1.1.2), however at the time the ‘monocytic origin hypothesis’ dominated the 

field of microglial development. Early tracing studies using intravenous carbon particles 

identified carbon-labelled ‘amoeboid cells’ between P11 and P16 in the corpus callosum of 

rats (Ling, 1979). At the time, these amoeboid cells were postulated to be the precursors of 

microglia, differentiating from peripherally-derived monocytes. The authors used light 

microscopy to visualise cells, identifying amoeboid cells and microglia on the basis of their 

nuclear morphology. In light of this, it is possible that cells were mis-identified without the 

use of a suitable marker for microglial cells, however the origin of the carbon within the 

CNS is not clear. Furthermore, the study was qualitative and no quantification of the 

numbers of carbon-positive microglia were reported (Ling, 1979). Further studies by the 

authors using the same methodology in combination with electron microscopy 
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acknowledged the rarity of carbon+ amoeboid cells or microglia within the corpus callosum 

of P6-8 rats, with no carbon+ cells found from P10 onwards (Ling et al., 1980), suggesting 

that the identification of the carbon-positive cells as microglia in the previous study was 

likely incorrect.  

Another study at the time using 3H-thymidine was also interpreted as supporting the 

monocytic origin hypothesis, as 3H-thymidine+ cells appeared to transition from amoeboid 

cells to microglia in the postnatal rat corpus callosum (Imamoto and Leblond, 1978). 3H-

thymidine is incorporated during S phase of the cell cycle, labelling proliferating cells, 

(Duque and Rakic, 2015). At the time, the authors reported that no microglia were found to 

be 3H-thymidine+ at their earliest time point (2 hours post-injection), but amoeboid cells were 

labelled. From 1 day post-injection (P6) onwards the labelling index of both amoeboid cells 

and microglia increased, indicating that both populations of cells were proliferating. From 

P19, no 3H-thymidine+ amoeboid cells were found in the parenchyma, whilst a significant 

proportion of microglia were labelled (Imamoto and Leblond, 1978). The earlier onset of 

proliferation of the amoeboid cells and the observation that some cells had morphological 

features of both amoeboid cells and microglia led the authors to conclude these ‘peripherally 

derived’ amoeboid cells must be the precursors to microglia. This data may now be re-

interpreted considering more recent studies investigating microglial development. These 

amoeboid cells are likely to have been pre- or early-microglia which are known to have an 

amoeboid morphology and transition through distinct morphological stages before becoming 

ramified adult microglia (Zusso et al., 2012, Weinhard et al., 2018b). These cells are known 

to be yolk sac-derived and undergo full maturation to adult microglia by P22 (Matcovitch-

Natan et al., 2016). The changes in the proportions of 3H-thymidine+ proliferating amoeboid 

and microglial cells observed by Imamoto and Leblond (1978) likely reflects this maturation 

process as the transition from amoeboid to adult microglia coincides with an increase in 

proliferation during the early postnatal stages (Nikodemova et al., 2015, Hagemeyer et al., 

2017). 

A recent study has identified a subpopulation of amoeboid microglia residing in the corpus 

callosum of P1-10 mice (Hagemeyer et al., 2017), which could be the same amoeboid cells 

identified in earlier studies. It does not seem likely that these are the same cells identified 

here; the use of Ccr2RFP reporter mice and Ccr2-/- mice in combination with lineage tracing 

experiments confirmed that this population of cells is not established or maintained by 

peripherally derived monocytes, and like the rest of the microglial population is also derived 

from yolk sac progenitors (Hagemeyer et al., 2017). In contrast to this, the infiltrating Venus+ 
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cells identified here study have a peripheral origin. Furthermore, the subpopulation identified 

by Hagemeyer et al. (2017) were not present in cortical regions, only the corpus callosum 

and cerebellum, whilst Venus+ infiltrating cells were observed in both the cortex and the 

hippocampus. The data presented here indicates that the presence of these infiltrating cells, 

which are hypothesised to be monocytes, is transient, occurring only during the first 

postnatal week and not persisting in the brain beyond P6. The studies by Ling (1979) and 

Imamoto and Leblond (1978) investigated later time points, from P6 onwards, therefore 

missing this wave of infiltration, but likely identifying the subpopulation of microglial cells 

later characterised by Hagemeyer et al. (2017). Without further phenotypic characterisation, 

the lineage of the Venus+ population cannot be definitively ascribed, but as the intra-liver 

injections were performed during the peak of haematopoiesis in this region it is very likely 

that monocytes were labelled (Li and Barres, 2018).  

Monocyte infiltration in the brain has mostly been investigated in the context of 

neuroinflammation, with very few studies investigating the healthy developing and adult 

CNS. The mechanism by which these monocytes enter the postnatal brain remains unknown, 

but it can be speculated that it is via a CCR2-dependent mechanism, as the CCL2-CCR2 axis 

is critical for monocyte trafficking around the body and brain infiltration (Dzenko et al., 

2005, Yadav et al., 2010). An alternative candidate for regulating monocyte entry to the 

brain is CX3CR1, which has also been implicated in monocyte trafficking (Shi and Pamer, 

2011). Both CCL2 and CX3CL1, the ligand for CX3CR1, are expressed by neurons 

throughout the adult brain (Harrison et al., 1998, Banisadr et al., 2005), but expression of 

CCL2 in the developing brain has not been reported. CX3CL1 is expressed at high levels in 

the developing brain and it has been suggested that CX3CL1-CX3CR1 signalling plays a 

role in recruitment of microglia during development, particularly to brain regions with 

significant developmental neuronal death (Arnoux and Audinat, 2015). The regulatory 

pathway regulating this trafficking would depend on the phenotype of the infiltrating 

monocytes: whether they are Ly6Chi CX3CR1mid CCR2+ inflammatory monocytes or Ly6Clow 

CX3CR1hi CCR2- patrolling monocytes. Patrolling Ly6Clow monocytes function in immune 

surveillance, crawling along the endothelial surface of blood vessels and are involved in 

sensing tissue damage and resolving inflammation (Saha and Geissmann, 2011), whereas 

inflammatory Ly6Chigh monocytes infiltrate tissues following disruption of homeostasis, for 

example an infection or injury, where they become activated and release inflammatory 

cytokines (Prinz and Mildner, 2011). As the wave of monocyte infiltration occurs at a time 

when there is a substantial amount of programmed neuronal death occurring in the postnatal 
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brain (Kim and Sun, 2011), it is possible that the patrolling Ly6Clow monocytes detect dying 

cells within the parenchyma via the CX3CL1-CX3CR1 axis, infiltrate the parenchyma and 

aid microglia in phagocytosing apoptotic cells and cellular debris (Thomas et al., 2015). 

Inflammatory monocytes have also been shown to invade tissues and directly phagocytose 

dying cells (Yang et al., 2014), which presumably could occur via either the CX3CL1-

CX3CR1 or CCL2-CCR2 axes. The presence of Ly6Chigh monocytes in the CNS has 

predominantly been shown to be detrimental in a number of disease models (Prinz and 

Mildner, 2011), whereas Ly6Clow monocytes are typically not found in the parenchyma, only 

in the brain vasculature (Buscher et al., 2017), thus it is unknown what impact their presence 

may have on the CNS. Determining the contribution of either inflammatory or patrolling 

monocytes could be done in a number of ways. Investigating this wave of monocyte 

infiltration in Ccr2-/- mice or following treatment with neutralising antibodies against CCR2 

or its agonist CCL2 would allow investigation of the Ly6Chigh inflammatory subset, whilst 

the contribution of Ly6Clow patrolling monocytes could be investigated using Nr4a1-/- mice 

(Lee et al., 1995), which have defective maturation and survival of this subset, resulting in 

reduced numbers of patrolling monocytes in circulation (Hanna et al., 2011, Carlin et al., 

2013). Without further characterisation it is unknown which monocyte subset comprises the 

Venus+ infiltrating population, but blocking studies against each of the aforementioned 

candidate receptors would help elucidate this. It has recently been shown that CD49e, an 

adhesion molecule, is expressed by both monocyte subsets (Ajami et al., 2018), and 

treatment with a CD49e-blocking antibody effectively depletes monocyte infiltration in the 

EAE disease model (Ajami et al., 2018), thus could also be effective in investigating the 

impact of monocyte infiltration during the perinatal stages.  

The function of these infiltrating monocytes is unknown. Once in the parenchyma, a small 

subset of the Venus+ cells adopted a ramified microglial-like morphology, however the 

characterisation of morphologies into ramified and migratory did not take into consideration 

cells with the amoeboid morphology typically adopted by phagocytosing cells. It is likely 

that these were clustered with migratory cells as the morphological differences between 

bipolar and amoeboid morphologies may be small, thus it is possible that the infiltrating cells 

act as phagocytes to assist in clearing debris from the developing brain. Patrolling and 

inflammatory monocytes have also been shown to enhance and suppress the activity of T 

cells in response to infection (Ginhoux and Jung, 2014), but it is unknown whether they 

could modulate the activity of myeloid cell populations, such as microglia. The adoption of 

ramified microglial-like morphology suggests that the Venus+ cells may differentiate into a 
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microglial-like phenotype once in the parenchyma, although this would require further 

clarification. However, it has recently been shown that only cells of yolk sac origin and not 

cells derived from HSCs are able to differentiate into microglial-like cells with a similar 

transcriptional signature to resident microglia in the adult brain (Bennett et al., 2018). The 

brains of Csf1r-/- mice provide a niche in which transplanted myeloid cells are able to engraft 

(Bohlen et al., 2017). Bennett et al. (2018) transplanted cells from foetal tissue, including 

EMPs from the yolk sac, microglia from the brain and monocytes from the liver to assess 

their ability to differentiate into microglia-like cells within the CNS. All transplanted cell 

types engrafted into the Csf1r-/- brain and were found to express microglia signature genes 

including Tmem119, Hexb and Fcrls 14 days post-transplant. Engrafted cells derived from 

the foetal yolk sac or brain showed close transcriptional similarity to transplanted microglia 

and after 14 days expressed all microglia core signature genes. Engrafted cells derived from 

foetal liver showed significantly less transcriptional similarity and did not begin to express 

further microglia core signature genes even up to 3 months post-transplant (Bennett et al., 

2018). This demonstrates that whilst the CNS environment is sufficient to induce a 

microglial-like phenotype, cells with distinct developmental origins, including monocytes, 

cannot attain the core signature that defines microglial-transcriptional identity. The 

functional significance of this wave of liver-derived monocytes remains unknown, but given 

that they represent a very small population in the developing CNS it is unlikely that they 

have a significant impact.  

3.3.2 Microglial density in the adult brain  

Whilst the variable density of microglial cells across brain regions has been documented in 

both the murine and human brain, there is little evidence describing how the dynamics of 

this population changes with ageing. Microglial density was investigated in both the whole 

brain and specific brain regions, showing that the density of the microglial population 

remains remarkably stable in young and aged brains from both mice and humans. However, 

small trends in increased microglial densities were observed with ageing in some regions, 

with a significant increase detected in the thalamus. This could be of some interest, given 

the susceptibility of the thalamic microglial population to inflammatory activation (Gomez-

Nicola et al., 2013). Studies in post-mortem human tissue have also evidenced increased 

expression of pro- and anti-inflammatory cytokines in the aged thalamus, along with an 

upregulation of AIF-1, encoding the human isoform of Iba1, suggestive of an increase in 

microglial activation (López-González et al., 2017). The microglial population in the aged 
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murine cerebellum has a more ‘immune-vigilant’ transcriptome compared to the cortex and 

the hippocampus (Grabert et al., 2016), however transcriptomic analysis of the aged 

thalamus has not yet been conducted, therefore how these regions compare in terms of 

inflammatory activation is unknown. Our region-specific results corroborate previously 

published data showing variability in microglial density across the brain, with cortical and 

hippocampal regions showing higher cell density than thalamic regions (Lawson et al., 

1990). 

A number of micro-environmental factors could influence microglial density across the 

brain. Variation in neuronal subtype and density is likely to have an impact as it has been 

shown that microglia tend to be absent from areas with dense neuronal populations, such as 

the granule cell layer of the cerebellum (Lawson et al., 1990). It is possible that inter-region 

variability in microglial density could be related to the distinct transcriptional identities 

within certain brain regions. For example, regional differences in the expression of genes 

involved in bioenergetic pathways could reflect regional differences in routine cellular 

behaviour of microglia (such as process scanning). Expression of these genes was 

particularly high in the hippocampus and cerebellum, compared to the cortex and striatum 

(Grabert et al., 2016), which could suggest higher microglial surveilling activity in these 

regions. Reduced microglial density in these regions may result in increased energy 

expenditure by the cells that are present in order to maintain the same level of surveillance 

as regions with an increased microglial density. The non-significant reduction in microglial 

density seen here in the hippocampus compared to the cortex could explain the differential 

regulation of bioenergetic pathways between these regions, however little is known about 

microglial bioenergetics and the region-specific activity levels of these cells. 

In humans there was no evidence of a significant change in the density of microglia with 

ageing, although it has been suggested that the total number of glial cells, regardless of 

identity, in the brain increases with age (Conde and Streit, 2006). A recent study has reported 

a microglial density of 100-150 cells/mm2 in the aged brain (approximately 50-100 years of 

age), in line with the density described here in the aged temporal cortex. However no young 

controls were used so it is unclear whether this density changes throughout lifetime (Davies 

et al., 2017). Ageing is associated with increased microglial activation, an upregulation of 

microglial-specific genes and increased expression of inflammatory-related genes across 

multiple regions in the aged human brain (Soreq et al., 2017). Furthermore, changes in 

microglial-specific transcripts are highly correlated with biological ageing, suggesting that 

the ageing process has a significant impact on these cells (Soreq et al., 2017). Considering 
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that microglial-mediated neuroinflammation is involved in the pathogenesis of age-related 

neurodegenerative conditions (Pasqualetti et al., 2015), understanding the changes that occur 

in aged microglia, both at a cellular and population level, are required in order to better 

understand their development and progression. A detailed analysis of the time course of 

human microglial cells, from development to ageing, would provide greater insight into how 

the population changes throughout lifetime and may inform how they contribute to 

pathogenesis in the human brain.  

3.3.3 Monocyte infiltration in the healthy adult CNS 

As previously mentioned, the stability of the microglial population in the adult and ageing 

brain could be explained by two hypotheses. Firstly, that microglial cells are long-lived, 

surviving throughout lifetime, or secondly that microglia turn over throughout lifetime and 

are replaced either by local proliferation or by infiltration of circulating monocytes. It was 

shown here that microglial density does not significantly change between adult and aged 

Ccr2-/- mice, with the same regional trends observed in aged Ccr2-/- mice as in aged wild-

type mice.  Our data corroborates previous studies demonstrating that there is little or no 

contribution of circulating Ly6Chi CX3CR1mid CCR2+ monocytes to the adult microglial 

population during a healthy lifetime of the mouse (Ajami et al., 2007, Mildner et al., 2007, 

Ginhoux et al., 2010).  

Ccr2-/- mice are a useful model for studying monocyte infiltration dynamics in a range of 

experimental settings as they have ~80% fewer monocytes in circulation under both 

physiological and disease conditions (Serbina and Pamer, 2006, Mildner et al., 2007, Tsou 

et al., 2007). It has been suggested that these mice may not be suitable for the study of 

monocyte infiltration in some contexts as the residual ~20% of circulating monocytes may 

confound experimental results (Hohl et al., 2009, Franklin et al., 2014). Ccr2DTR mice, with 

inducible ~99% depletion of circulating monocytes, are a possible alternative to Ccr2-/- mice, 

however monocyte density returns to baseline by 10 days post-induction (Hohl et al., 2009). 

As repeated injections of diphtheria toxin would be required to maintain depletion, this 

renders them unsuitable for long-term studies. However, as discussed in Chapter 1 (section 

1.1.4.1), there is little or no monocyte trafficking to the brain in the absence of experimental 

pre-conditioning. Furthermore, monocytes from Ccr2-/- mice are unable enter the CNS under 

physiological or disease conditions even following full-body irradiation (Ajami et al., 2011). 

Therefore, any remaining monocytes present in the circulation of Ccr2-/- mice are unlikely 

to infiltrate the parenchyma, supporting the validity of using this model to study the impact 
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of monocyte infiltration in the healthy CNS. The contribution of patrolling monocytes 

(Ly6Clow CX3CR1hi CCR2-) (Auffray et al., 2007) was not specifically studied by our 

approach and cannot be discarded. However this population derives from the circulating 

Ly6Chi CX3CR1mid CCR2+ monocyte population (Yona et al., 2013) and CCR2 deficiency is 

also reported to reduce the density of patrolling monocytes in circulation (Qu et al., 2004). 

Furthermore, the primary role of these cells is to survey endothelial integrity in the lumen of 

blood vessels (Ginhoux and Jung, 2014) and they have been shown to infiltrate the CNS 

only under pathological conditions (Shechter et al., 2013). Using their macrophage transfer 

model, Bennett et al. (2018) demonstrated that, like cells from the foetal liver, monocytes 

from adult blood or bone marrow are able to engraft into the CNS in the absence of microglia 

and differentiate into microglial-like cells. However, they do not express the full microglial 

core signature even after long incubation periods in the CNS. This, and other evidence 

showing differentiation of peripherally-derived cells into microglial-like cells (Malm et al., 

2005, Priller et al., 2006, Ajami et al., 2011, Varval et al., 2012, Kälin et al., 2018), highlights 

the importance of ontogeny on transcriptional identity and indicates that it is unlikely that a 

cell type with a non-yolk sac origin will be able to contribute to the maintenance of the 

microglial population throughout lifetime as they cannot assume microglial identity. 

The current study did not aim to determine whether or not monocytes enter the brain under 

physiological conditions, but whether or not monocytes contribute to the maintenance of the 

microglial population. As discussed in the previous paragraph, monocytes cannot 

differentiate into bona fide microglial cells, but only assume a microglial-like phenotype 

once in the CNS, be that by engraftment or infiltration following experimental 

preconditioning. This indicates that it is unlikely that they will contribute to the population 

throughout lifetime. Recent studies using cytometry by time-of-flight mass spectroscopy 

(CyTOF) have conducted single-cell analysis of myeloid cell subsets in the brain under 

physiological and disease conditions (Korin et al., 2017, Ajami et al., 2018, Mrdjen et al., 

2018), demonstrating that along with resident microglia and BAMs, the naïve brain also 

houses a diverse population of ‘peripheral’ myeloid and lymphoid cells, including dendritic 

cells, monocytes, CD4+ and CD8+ T cells, B cells and NK cells, collectively referred to as 

‘infiltrating cells’ (Korin et al., 2017). However, it should be noted that these populations 

represent a very small proportion of the myeloid cells within the parenchyma itself: 1.98% 

of all parenchymal myeloid cells (Korin et al., 2017). Of this infiltrating cell population, only 

0.8% consists of monocytes (Ajami et al., 2018), a tiny minority compared to the resident 

microglial population, thus they are not likely to have a significant impact within the brain.  
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It is important to note that these studies have been conducted in mice, which are typically 

housed in carefully-managed environments designed to minimise pathogen exposure and 

stress, not recapitulating the environment that humans are exposed to. It has been shown that 

stress induces monocyte production and trafficking to the brain in mice, which can be 

associated with anxiety-related behaviour (Reader et al., 2015). It is likely that both the 

physical and social environment along with exposure to repeated immune stressors in 

humans also impacts the dynamics of monocyte production and trafficking, thus the data 

reported from murine studies may not be a true reflection of the myeloid landscape in the 

human brain.   

3.3.4 Multinucleated aggregate formation in the aged brain 

The changes in microglial morphology that occur during ageing are well documented, 

however, a particular morphological change that has received little attention to date is the 

formation of aberrant, multinucleated aggregates of microglial-like cells in aged mice, such 

as those observed in our study. Previous studies have shown that microglia form aggregates 

with multiple nuclei, which can include more than 20 individual cells, under certain 

inflammatory conditions (Perry et al., 1993, Fendrick et al., 2007). These are usually a 

hallmark of infectious disease in the brain and have been best studied in the context of 

HIV/AIDS encephalopathy (Michaels et al., 1988). In this context, it is postulated that viral 

infection promotes fusion of microglial cells and aggregate formation.  Aggregates have 

previously been reported in the healthy aged mouse brain, but it was not clear whether these 

were aggregates of multiple individual microglial cells or a single syncytium (Hart et al., 

2012). Our data show that these aggregates, existing in a single syncytium, are not generated 

by failed cytokinesis after division. Similar structures are observed in the context of a 

repopulation paradigm after genetic ablation of microglia (Bruttger et al., 2015). However, 

these are transient clusters of BrdU+ cells that have distinct cytoplasms (Bruttger et al., 2015), 

suggesting they serve as pools of repopulating microglia, whereas here they are observed as 

a fusion/aggregation of groups of cells. Given the territorial nature and lack of contact 

between microglial cells in the brain, this is seen as an aberrant morphological development. 

It can be speculated that this could represent a change in the phenotype of a fraction of 

microglia in ageing, given that microglial aggregates display higher expression of CD11b, 

CD45 (Hoek et al., 2000), CD11c, FcγRI and F4/80 (Hart et al., 2012) in vivo and increased 

phagocytic activity in vitro (Hornik et al., 2014). A possible explanation for the presence of 

these cells in ageing brains comes from studies using CD200-/- mice, which show large 
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numbers of microglial aggregates (Hoek et al., 2000). Absence of CD200 alongside ageing 

could activate an inflammatory microglial profile, coincident with our findings of increased 

MHCII expression in microglial aggregates. In vitro studies demonstrate that 

multinucleation of primary microglia can be induced by a number of inflammatory stimuli, 

including LPS (Hornik et al., 2014), however these aggregates form from failed cytokinesis 

thus do not represent those found here and by others in vivo. However, these aggregates 

represent a very small proportion of the microglial population, thus it is unlikely that they 

represent a significant change in function, with the majority of the microglial population in 

the aged brain still existing as individual cells with distinct territories. 

Together the data suggests that these aggregates may originate from the incorporation of 

monocytes into the brain parenchyma, indicating that their formation may not be an aberrant 

morphological change of resident ageing microglia. As previously discussed, although 

infiltrating cells can differentiate into microglial-like cells (Mildner et al., 2007, Ajami et 

al., 2011, Varval et al., 2012, Bennett et al., 2018, Kälin et al., 2018), circulating monocytes 

are unable the brain without experimental preconditioning and cannot differentiate into bona 

fide microglia. An alternative explanation is that the monocyte subsets residing in the 

meninges and choroid plexus of the young brain (Korin et al., 2017) migrate into the 

parenchyma as the brain ages. This may be facilitated by BBB breakdown and dysfunction, 

which is known to occur during ageing (Erdo et al., 2017), however single cell profiling of 

the myeloid subsets in the aged brain would need to be conducted to validate this conclusion. 

All of this is highly speculative as tracking potential monocyte migration/infiltration and 

aggregate formation in the aged brain would be difficult.. Aggregates have been identified 

in aged mice between the ages of 18-30 months by ourselves and others (Perry et al., 1993, 

Hart et al., 2012), but they have not been reported as of yet in mice younger than 18 months. 

Tracing studies could be conducted in mice from 16 months of age, before they are 

considered ‘aged’, to unpick the dynamics of potential monocyte migration into the brain. 

The use of reporter mice expressing fluorescent proteins is potentially problematic, as typical 

reporter genes such as CX3CR1 and Csf1r are expressed by both monocytes and microglia 

(Prinz and Priller, 2010), and it is possible that Ccr2, expressed on peripheral monocytes but 

not microglia (Mizutani et al., 2012), may be downregulated upon CNS entry and 

differentiation into microglial-like cells (Chu et al., 2014). This may result in loss of 

fluorophore expression over time, but depending on the stability of the cytoplasmic 

expression of the protein there should be a restricted time window in which the fluorescent 

signal remains. Tmem119 has been identified as a specific marker for microglia, with stable 
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expression from early postnatal development to adulthood (Bennett et al., 2016), although a 

downregulation in expression has been reported in aged mice (22 months of age) (Grabert et 

al., 2016). Whilst there are currently no Tmem119 reporter mice, high affinity antibodies 

have been generated (Bennett et al., 2016). CD49e has recently been identified as a specific 

marker of monocytes, and is not expressed in CNS resident myeloid population (Ajami et 

al., 2018), thus expression of these cell type-specific markers in aggregates could be 

analysed by histology to confirm their cell type of origin.   

An effective way to definitively establish the origin of these multinucleated aggregates may 

be to use GWAS techniques to establish similarities with other myeloid cell populations. 

This presents its own set of limitations, the first of which being the most effective way to 

identify and isolate aggregates from brain tissue, with most sequencing studies being from a 

single-cell suspension of whole brain tissue (Sousa et al., 2017). A potential option would 

be laser capture microdissection, visually identifying aggregates prior to dissection and RNA 

sequencing (Farris et al., 2017). This has been shown to be effective in mouse brain tissue 

using fluorescent reporters to identify cell populations (Nichterwitz et al., 2016) and has 

previously been used to profile microglia from frozen human tissue samples (Mastroeni et 

al., 2017, Mastroeni et al., 2018). However, as previously stated, these aggregates represent 

very small numbers of cells in the brain therefore finding and isolating them is likely to be 

very difficult. Furthermore, assuming they could be isolated, it would require a significant 

amount of work to attain the numbers required for reliable sequencing results. Following the 

conclusion that multinucleated aggregates are likely to be formed from infiltration of 

peripheral monocytes, it is unlikely that this represents dysfunction within the microglial 

population in the aged brain. Instead it could indicate a change in the inflammatory dynamics 

of the aged brain as an increase in neuroinflammation is observed in the aged brain (Norden 

and Godbout, 2013), but elevated infiltration of other immune cell populations remains 

under debate (Elahy et al., 2015, Ferretti et al., 2016). Despite this, the significance of the 

impact the aggregates are likely to have in the aged CNS is likely to be low given that they 

are vastly outnumbered by the resident microglial population. Further investigation into the 

phenotypic changes in resident microglia during ageing is likely to be more beneficial.  

3.3.5 Conclusion  

In conclusion, the data presented in this Chapter provides evidence that there is little or no 

contribution of circulating monocytes to the homeostatic formation and maintenance of the 

microglial population throughout lifetime. It has been shown that a transient population of 
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monocytes infiltrating during early postnatal development does not contribute to the adult 

microglial population, but their function in the brain remains unclear. The microglial 

population is then maintained at a constant density in the adult and aged brain without 

significant input from systemic monocytes. The data showing that microglial density 

remains unchanged throughout lifetime could be explained by two independent models: 

either the microglial cells are extremely long-lived, persisting unrenewed throughout the 

lifetime of the animal, or the microglial population is turned over throughout lifetime by 

self-renewal of resident cells. The appearance of multinucleated aggregates within the aged 

brain does not appear to be an aberrant change in microglial phenotype but may occur as a 

result of monocyte migration from the barrier regions of the brain, however the origin and 

time frame of aggregate formation remains to be fully understood.  

  



Chapter 3 

 124 

 



Chapter 4 

 125 

Chapter 4: Investigation of microglial turnover in 

the steady-state. 
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4.1 Introduction and objectives 

The maintenance of the microglial population has not been well studied, and although it is 

widely accepted that the microglial population is maintained by a slow turnover of long-

lived resident cells, little formal evidence exists (reviewed in (Gomez-Nicola and Perry, 

2015)). Earlier work from Lawson et al. (1992), using 3H-thymidine combined with 

immunohistochemistry for F4/80, demonstrated that microglia proliferate in the healthy 

brain, but more slowly than other tissue macrophages: 0.05% of the microglia were 

proliferating at a given time, 20-times less than the lowest labelling index for any other 

resident macrophage populations studied (Lawson et al., 1992). Following these studies and 

the data presented in Chapter 3 showing that microglial density does not change throughout 

lifetime and that there is little or no contribution from infiltrating monocytes to population 

homeostasis, the aim was to understand the mechanisms maintaining stable cell density. To 

do this, the self-renewal of resident microglia was investigated through analysis of the 

proliferation and cell death rates, aiming to provide detailed understanding of the regulation 

of the turnover process. 

Objectives addressed in this chapter: 

• To determine the relative contributions of self-renewal of resident cells 

(proliferation and apoptosis) and infiltration of peripheral bone marrow-derived 

cells to the maintenance of the microglial population in the healthy adult and 

ageing brain.  
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4.2 Results 

4.2.1 The microglial turnover rate in the murine brain is 10x higher than 

previously reported 

4.2.1.1 Analysis of microglial proliferation by BrdU incorporation 

To analyse microglial proliferation using more sensitive techniques than those previously 

published, BrdU incorporation in Iba1+ cells was determined by double 

immunohistochemistry of DAB and AP (Olmos-Alonso et al., 2016). BrdU is used at doses 

ranging from 10 mg/kg to 600 mg/kg for in vivo studies, although higher doses have been 

shown to alter cell cycle progression and induce apoptosis (Duque and Rakic, 2015). 

Although 50 mg/kg is a commonly used dose (Duque and Rakic, 2015), a dose of 75 mg/kg 

was previously shown to be efficacious in the analysis of microglial proliferation (Gomez-

Nicola et al., 2013, Gomez-Nicola et al., 2014b, Olmos-Alonso et al., 2016). A dose-

response analysis of microglial proliferation in the cortex and hippocampus was performed 

to ensure that the BrdU dosing paradigm captured the relevant proliferation kinetics.  The 

dose-response was performed using a single dose of 37.5 mg/kg, 75 mg/kg, 150 mg/kg or 

300 mg/kg BrdU. Whilst there was significant variability in the data across doses, our data 

indicates that 75 mg/kg BrdU was optimal to label proliferating cells (Figure 4-1A), and had 

no impact on the overall microglial density that might arise from acute toxicity (Figure 

4-1B).   

A single injection of BrdU in 24 hours was used rather than repeated injections over several 

days in order to ensure an accurate assessment of the microglial proliferation rate. Multiple 

injections may lead to incorrect calculation of the proliferation rate due to the introduction 

of bias through normalisation of the proliferation rate by the number of doses given or the 

potential double-labelling of cells if they go through several rounds of proliferation during 

the specified labelling time frame. Following a single dose of 75 mg/kg BrdU, microglial 

proliferation rates in the adult brain were observed as being approximately 10-times higher 

(Figure 4-2A, Figure 4-2B) than those previously reported by Lawson et al. (1992). On 

average, 0.69% ± 0.08 of the total microglial cells were proliferating (Iba1+ BrdU+) at a given 

time. In the young adult brain, the cortex had the lowest rate of microglial proliferation 

(0.47% ± 0.11 proliferating) whilst the dentate gyrus showed a non-significant 2-fold faster 

rate of 1.09% ± 0.23. The dentate gyrus was the only region in which ageing had a significant 
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impact on the proliferation rate (Figure 4-2A), with a reduction in proliferation rate observed 

in the aged brain, although a trend towards a reduction in proliferation was also observed in 

the CA1-CA2 layer of the hippocampus.  

Following the calculation of proliferation rate, it was of interest to estimate the microglial 

cell cycle length. A pulse-chase analysis of proliferation/division of microglia after a single 

pulse of BrdU was then performed, sacrificing mice at 2 hours, 16 hours, 24 hours and 5 

days post-BrdU injection in order to determine the length of the S phase of the cell cycle 

during which BrdU is incorporated (Figure 4-3A, Figure 4-3B). In the cortex, the density 

of Iba1+ BrdU+ cells doubled from 16 hours after injection, suggesting that the initially 

pulsed cells (Figure 4-3A; top panel, 2 hours post-injection; second panel, 16 hours post-

injection) had successfully completed cell cycle exit and cell division (Figure 4-3C). The 

number of Iba1+BrdU+ cells returned to baseline from 24 hours. Data from the dentate gyrus 

suggests the proliferative cycle was much quicker in this region, where the initial duplication 

returned to baseline before 24 hours (Figure 4-3C). In addition to revealing the higher 

proliferative activity of microglia in the dentate gyrus, these data strongly suggest that 

microglial death must be tightly temporally and spatially coupled to proliferation in order to 

maintain the stable density of microglial cells, evidenced by the rapid return to baseline 

density following cell division. 

From the pulse-chase analysis, the cell cycle length of microglia was estimated. The data 

suggests that the S phase of microglial cells lasts approximately 16 hours, with proliferating 

cells appearing to exit the cell cycle 16 hours after BrdU injection. Considering that the S 

phase of mammalian cells comprises approximately 50% of the duration of the cell cycle, 

with G2/M phase only taking a few hours (Cameron and Greulich, 1963), a cell cycle length 

of 32 hours can be estimated. This would be faster than some other tissue-resident 

macrophage populations, with observed cycle lengths of 60-100 hours (Kueh et al., 2013). 

As BrdU is incorporated during S phase, and S phase only spans ~50% of the cell cycle 

length, BrdU labelling would only detect half of the dividing population. This indicates that 

on average 1.38% of the population would be proliferating at a given time. From these 

values, the time taken for the entire rodent population to renew can be estimated using the 

formula denoted in Chapter 2 (section 2.3.3.1): 

= =
100.07

>
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Where X is the time taken, Tc is cell cycle length and F is the fraction of cells in the cell 

cycle at a given point in time. Formula adapted from Sherley et al. (1995).  

This leads to estimates that the entire rodent microglial population renews once every 2318 

hours, (~96 days). This accounts for as many as 6 cycles of complete renewal during an 

animal’s lifetime (average 21 months in C57BL/6J mice (Storer, 1966)). However, as these 

calculations are based on estimations of Tc, further specific refinement is required in the 

future.  
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Figure 4-1: BrdU dose-response to determine optimum dose for analysis of microglial 

proliferation.  

(A) Microglial density in the cortex or hippocampus after dosage with increasing doses of BrdU (37.5, 

75 or 150 mg/kg; n = 4/group). (B) Microglial proliferation (Iba1+BrdU+; proliferation rate, %) in the 

cortex or hippocampus after dosage with increasing doses of BrdU (37.5, 75 or 150 mg/kg; n = 

4/group). Data represented as mean ± SEM. Data were analysed with a two-way ANOVA and a post-

hoc Tukey test.  

 

 

Figure 4-2: Analysis of microglial proliferation in the young and aged brain. 

(A) Analysis of the proliferation (proliferation rate, %) of microglia across brain regions in young (4-

6 months; n = 8) and aged (18-24 months; n = 7) mice. (B) Representative example of a proliferating 

microglial cell (Iba1+, brown), incorporating BrdU (blue). Scale bar 20 μm. Data represented as mean 

± SEM. Statistical differences: *p < 0.05. Data were analysed with a two-way ANOVA and a post-hoc 

Tukey test.  
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Figure 4-3: Analysis of microglial proliferation rate by BrdU incorporation. 
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Fig. 4-3 (cont.): (A) Representative images of BrdU incorporation into microglia from 4-6-month-old 

mice 2 hours (n = 3), 16 hours (n = 5), 24 hours (n = 3) and 5 days (n = 3) post-injection. (B) 

Representative example of a proliferating microglial cell (Iba1+, brown), incorporating BrdU (blue) 

16 hours post-BrdU injection. Scale bar 20 μm. (C) Time-course analysis of microglial proliferation 

(proliferation rate, %) and death in the mouse cortex (CX) and dentate gyrus (DG). Data represented 

as mean ± SEM. Statistical differences: *p < 0.05. Data were analysed with a two-way ANOVA and 

a post-hoc Tukey test.  

 

4.2.1.2 Analysis of microglial proliferation using g-retroviral vectors 

To provide an independent method to validate the analysis of microglial proliferation in 

mice, we took advantage of the ability of SFFV g-retroviral vectors to primarily transduce 

proliferating glial cells (Gomez-Nicola et al., 2014a). An Eco-SFFV g-retroviral vector 

driving the expression of mCherry was delivered to the lateral ventricle of 4-6-month old c-

fms EGFP mice. ICV injections were performed by Dr Diego Gomez-Nicola. The ventricular 

volume in the mouse is 30-40µl (Kuo and Smith, 2014). An injection volume of 5µl was 

used to maximise labelling efficiency without causing tissue damage, as ICV injection 

volumes typically should not exceed 10µl to avoid generating negative pressure and a 

subsequent inflammatory response in the brain. The vectors were delivered using a glass 

microcapillary by stereotaxic surgery to allow controlled slow delivery of the vectors at a 

set flow rate (approximately 0.5µl/min). The capillary tip was left in situ for 5 minutes and 

removed slowly over 5 minutes to prevent CSF reflux, an approach which has been 

optimised to reduce inflammation.  

Following surgery, diffusion of the vector to neighbouring brain regions like the cortex and 

striatum, adjacent to the injection site was permitted for 3 days (Figure 4-4A). This 

experimental length also allowed the expression of mCherry to reach detectable levels 

(Gomez-Nicola et al., 2014a) and to allow the potential visualization of pairs of recently 

divided cells, whilst avoiding potential re-entry into the cell cycle as per our pulse chase 

analysis. A limited number of microglial cells (eGFP+) expressing mCherry were observed, 

presenting as closely opposed microglial duplets, as shown in Figure 4-4B, suggesting that 

they had just proliferated. Analysis of proliferation revealed a similar rate to that we had 

previously observed in the cortex by analysing the incorporation of BrdU in Iba1 cells 

(0.41% using Eco-SFFV-RV vs. 0.47% for BrdU pulse chase, shown in Figure 4-3A), 
validating our previous findings. 
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Figure 4-4: Analysis of microglial proliferation by tracing c-fms EGFP mice with Eco-SFFV mCherry 

g-retroviral vectors (Eco-SFFV-RV). 

(A) Experimental design illustrating the tracing of microglial proliferation by intra-ventricular 

injection of Eco-SFFV-RV and subsequent analysis of microglial proliferation. (B) Representative 

image of the tracing of proliferating microglia by Eco-SFFV-RV (mCherry, red) in the cortex of c-fms 

EGFP mice (green). (C) Analysis of the proliferation (proliferation rate, % mCherry+EGFP+/Total 

EGFP+) of microglia (CX, cortex; ST, striatum) in c-fms EGFP mice (n = 5). Data represented as mean 

± SEM. Data were analysed with a T-test. 
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4.2.2 The microglial turnover rate in the human brain is higher than in 

the mouse  

To date, there have been few studies investigating the proliferation of microglia in the human 

brain, due to technical limitations. To analyse the proliferation of human microglia in the 

temporal cortex, young (20-35 years) and aged (58-79 years) healthy post-mortem brain 

tissue samples were assessed. As post-mortem analysis of BrdU incorporation was not 

possible, Ki67 was used instead as an alternative marker of proliferation (Scholzen and 

Gerdes, 2000). On average, 2% of the microglial population was proliferating at any given 

time according to double labelling of Iba1 and Ki67 (Figure 4-5A, Figure 4-5B). This rate 

is 2.9x higher than that observed in mice (0.69%), although Ki67 expression is not directly 

comparable to BrdU incorporation. Ki67 is expressed at all cell cycle phases (including S 

phase) with the exception of G0 (Scholzen and Gerdes, 2000). This means that labelling of 

Ki67 is approximately 2x higher than BrdU (Kee et al., 2002), which only labels S phase 

comprising ~50% of the duration of the cell cycle (Cameron and Greulich, 1963). If cell 

cycle length is conserved in mammals, the 32 hour cell cycle length can be used (calculated 

in section 4.2.1) leading to the estimate that the microglial population undergoes hundreds 

of cycles of complete renewal during the human lifetime (average 80 years). However, a 

more refined study with fewer assumptions and approximations is necessary in order to fully 

define the turnover rate of microglia in the human brain, ideally using alternative techniques 

to Ki67 labelling as discussed in section 4.3.2. 

 

Figure 4-5: Analysis of microglial proliferation rate in the human temporal cortex. 

(A, B) Analysis of the proliferation (proliferation rate, %) of microglia in the human white or grey 

matter of the temporal cortex, analysed as expression of Ki67 (blue) in Iba1+ cells (brown), as shown 
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Fig. 4-5 (cont.): in the representative example (B). Data represented as mean ± SEM. Data were 

analysed with a two-way ANOVA and a post-hoc Tukey test.  

 

4.2.3 Microglial turnover is not maintained by nestin+ precursors 

It has been debated whether specific subpopulations of microglia regulate the turnover of the 

population or if all cells have the intrinsic ability to self-renew (clonal vs. stochastic renewal 

respectively) (Tay et al., 2017). As part of this debate, the existence of a microglial 

progenitor cell has been suggested. The repopulation response after pharmacological 

(Elmore et al., 2014) or transgenic microglial ablation (Bruttger et al., 2015), discussed in 

Chapter 1 (section 1.1.4.3), suggests that clonal expansion by a subpopulation of nestin+ 

microglial precursors is responsible for re-establishing the microglial population following 

its depletion. To study if microglial proliferation in the steady-state was maintained by a 

subpopulation of stem cell-like microglia, Nestin-GFP mice were used as an optimal reporter 

mouse for the expression of nestin (Mignone et al., 2004). Although the previously reported 

expression of nestin was observed in pericytes (Figure 4-6A, Figure 4-6B, Figure 4-6C), 

neural stem cells (NSCs) (Figure 4-6B) and OPCs (Figure 4-6A, Figure 4-6B) (Mignone 

et al., 2004), no evidence of nestin expression was seen in microglia (Iba1+; Figure 4-6A, 

Figure 4-6B, Figure 4-6C). The expression of nestin in proliferating microglia (Iba1+BrdU+; 

24h post-injection) was also specifically studied, and no evidence of nestin+ proliferative 

microglia was seen (Figure 4-6D).  
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Figure 4-6: The homeostatic turnover of microglia is not maintained by Nestin+ precursors. 

(A-C) Immunofluorescent detection and confocal analysis of Iba1+ microglia (red) in nestin-EGFP 

(green) mice (n = 5), in the cortex (A, C) or hippocampal dentate gyrus (B). Arrows in (A) indicate 

Nestin expression in oligodendrocyte precursor cells, (B) Nestin expression in neural stem cells and  
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Fig. 4-6 (cont.): (C) Nestin expression in pericytes. (D) Triple immunofluorescence for BrdU (blue), 

Iba1+ (microglia, red) and nestin-EGFP (green) in the dentate gyrus. Open arrowhead indicates a 

BrdU+Iba1-Nestin+ cell, while white arrowhead indicates a BrdU+Iba1+Nestin- cell. Scale bar in (A, B) 

50 µm, (C, D) 20 µm.  

 

4.2.4 The CSF1R pathway controls the homeostatic maintenance of 

microglial turnover 

To further explore any age-related changes in microglial proliferation as well as to 

understand the molecular drivers of microglial turnover, the expression of genes related to 

proliferation were assessed, including components of the CSF1R pathway as a key driver of 

the microglial proliferative response (Gomez-Nicola et al., 2013). A significant reduction in 

the expression of Pu.1 and Irf8 was seen in the aged hippocampus, as well as a non-

significant trend towards a reduction in relevant genes including Csf1 (p = 0.068), Csf1r, 

cebpa or Runx1 (p = 0.077) (Figure 4-7). To further address the significance of the CSF1R 

pathway in controlling microglial turnover, young mice were administered a diet containing 

GW2580, a specific CSF1R tyrosine kinase inhibitor previously shown to cause blockade of 

microglial proliferation but not their survival (Uitdehaag et al., 2011, Gomez-Nicola et al., 

2013, De Lucia et al., 2015, Olmos-Alonso et al., 2016), in contrast to the microglia-

depleting effects caused by the CSF1R inhibitor PLX3397 (Elmore et al., 2014). Treatment 

with GW2580 for 3 months decreased the total number of microglial cells (PU.1+) by 17% 

(Figure 4-8A, Figure 4-8B). With an estimated daily proliferation rate of 0.69% defined by 

our pulse-chase analysis, approximately 62% of the population should have proliferated 

during the 3-month treatment window (~90 days), thus the reduction in total cell density 

would be expected to be much higher following CSF1R inhibition. This suggests that 

alternative pathways may be involved in the control of microglial proliferation in the healthy 

brain. In models of prion disease (Gomez-Nicola et al., 2013), AD (Olmos-Alonso et al., 

2016) and ALS (Martinez-Muriana et al., 2016), GW2580 treatment for 4 weeks to 3 months 

(depending on the model) results in a reduction in microglial proliferation of approximately 

50% compared to treatment with vehicle. These data evidencing a reduction in microglial 

density following CSF1R inhibition supports the relevance of the CSF1R pathway in 

controlling the homeostatic maintenance of microglial turnover. 
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Figure 4-7: Gene expression of the components of the CSF1R pathway and proliferation markers 

in the aged mouse hippocampus. 

(A) RT-PCR analysis of the mRNA expression of Csf1r, Csf1, Il34, Pu.1, cebpα, Runx1, Irf8, Cyclin D1 

and Cyclin D2 in the hippocampus of young (4-6 months; n = 5) or aged (18-20 months; n = 5) wild-

type mice. Expression of mRNA represented as mean ± SEM and indicated as relative expression 

compared to the housekeeping gene (GAPDH) using the 2-ΔΔCt method. Statistical differences: *p 

< 0.05, **p < 0.01. Data were analysed with a T-test. 

 

 

Figure 4-8: Microglial proliferation is reduced following treatment with the CSF1R inhibitor 

GW2580, as evidenced by reduced microglial density. 

(A) Analysis of microglial density (PU.1+ cells)  after chronic treatment with a control diet (RM1; n = 

6) or a diet containing a CSF1R inhibitor (GW2580; n = 6). (B) Representative staining of PU.1+ 

microglia in the cortex of wild-type (WT) mice given the control diet (left panel) and diet containing 

GW2580 (right panel). Data represented as mean ± SEM. Scale bar 100 µm. Data were analysed 

with a T-test. Imaging and analysis conducted by Mr Adrian Olmos-Alonso.  
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4.2.5 Microglial proliferation is balanced by apoptosis 

The pulse-chase analysis of microglial proliferation (shown in Figure 4-3) suggested that 

microglial cell death plays a key role in maintaining the stable number of microglia over 

time, as the increased density of proliferating cells seen at 16 hours rapidly returns to baseline 

levels at later time points. To further study the relevance of microglial apoptosis in the 

maintenance of the population, microglial density was investigated in three mouse models 

with defects in intrinsic apoptosis (pathway summarised in Chapter 1; section 1.1.5.1.1): 

PUMA-/-, BIM-/- and Vav-Bcl-2. The first two models have ubiquitous deletion of the pro-

apoptotic BH3-only molecules PUMA or BIM, resulting in inhibition of apoptosis via these 

pathways in all somatic cells (Bouillet et al., 1999, Villunger et al., 2003). As previously 

mentioned, Vav-Bcl-2 mice overexpress the anti-apoptotic molecule Bcl-2 only in cells of 

the lymphoid and myeloid lineage under the control of the Vav1 promoter, providing a robust 

block of intrinsic apoptosis (Ogilvy et al., 1999b, Egle et al., 2004). Vav1 expression in the 

brain parenchyma is restricted to microglia (Figure 4-9A). Both BIM-/- and Vav-Bcl-2 mice 

exhibited significant increases in microglial density across the brain compared to wild-type 

mice (Figure 4-9B, Figure 4-9C). The Vav-Bcl-2 model demonstrated the greatest increase 

in microglial density with on average 38% more microglia across the brain compared to 

wild-type (ranging from 69% increase in the cortex to 19% increase in the dentate gyrus). 

PUMA-/- showed a significant reduction in the density of microglia in the CA1-CA2 layer of 

the hippocampus and the thalamus, with a non-significant reduction in other brain regions 

(Figure 4-9B, Figure 4-9C). This agrees with previous findings in the eye (Zhang et al., 

2012), suggesting that microglial apoptosis is PUMA-independent and that PUMA may have 

a protective role in microglia.   
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Figure 4-9: Microglial turnover is balanced by apoptosis. 

(A) Expression of Vav1 (red) in microglia (c-fms EGFP, green), analysed by confocal microscopy. (B) 

Microglial density across regions in wild-type (WT; n = 4), PUMA-/- (n = 3), BIM-/- (n = 4) and Vav-Bcl-

2 (n = 7) mice. (C) Representative examples of microglial cells (Iba1+) in the cortex of wild-type, Vav-

Bcl-2, BIM-/- and PUMA-/- mice. Data represented as mean ± SEM. Statistical differences: *p < 0.05, 

**p < 0.01, ***p < 0.001. Data were analysed with a two-way ANOVA and a post-hoc Tukey test. 

Scale bars in (A) 20 µm, in (C) 100 µm. 
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4.3 Discussion 

4.3.1 Analysis of microglial turnover in the murine brain 

The fact that the adult microglial population is maintained at least in part by self-renewal 

has been largely accepted for over 20 years since Lawson et al. (1992) reported on the 

proliferation of resident microglia using 3H-thymidine incorporation and detection with 

autoradiography (Lawson et al., 1992). An extremely low turnover rate of microglia was 

described, with approximately 0.05% of cells dividing at a time (Lawson et al., 1992). Whilst 

this rate wouldn’t be considered low relative to the proliferation of other CNS cell types, it 

was 20-times less than the lowest labelling index for any other resident macrophage 

population studied (Lawson et al., 1992). This proliferation rate equates to a complete 

renewal of the population once every 2666 days. Given that the average lifetime of a mouse 

is approximately 840 days (Storer, 1966), this would indicate that most microglial cells 

persist throughout lifetime, with the population never undergoing a complete renewal. 

Although a probable underestimation was acknowledged at the time due to the relative 

insensitivity of the method (discussed in Chapter 1, section 1.1.5), these studies were not 

revisited using the gold standard in the field: incorporation of BrdU. In this Chapter, 

evidence was provided to show that the proliferation index of microglia is much higher than 

previously observed (more than 10x higher) and an average of 0.69% of microglial cells are 

in S phase at a given time, resulting in multiple renewals of the population throughout 

lifetime.  Lawson et al. (1992) conducted a time course analysis of microglial proliferation, 

analysing the rate 1 hour, 24 hours and 48 hours after pulsing with 3H-thymidine. The 

proliferation rate of 0.05% that they reported was obtained from the 1-hour time point in 

order to exclude any proliferating monocytes that may have infiltrated from the periphery 

after pulsing, as the hypothesis of monocyte infiltration contributing to microglial turnover 

was still prevalent at the time. Considering the data presented in the previous Chapter and 

the work of Ajami et al. (2007), Mildner et al. (2007) and Ginhoux et al. (2010) that 

monocyte infiltration does not significantly contribute to the adult microglial population, 

their data can now be reinterpreted. From this it can be concluded that the proliferation rate 

from the 24-hour time point (summarised in Table 4-1) in Lawson et al. (1992)’s study is 

due to resident cells proliferating, and this overall rate of 0.28% is comparable to the regional 

microglial proliferation rates observed here.  
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Table 4-1: Comparison of the average microglial proliferation rate (%) across brain regions 24 

hours post-labelling from studies by Lawson et al. (1992), Askew et al. (2017), Tay et al. (2017) 

and Eyo et al. (2018).  

Experimental conditions for each study are listed in Table 4-2. N. D./grey shading indicates that the 

proliferation rate was not determined in this region in a particular study. 

Brain region 

Average proliferation rate (%) 

Lawson et 
al. (1992) 

Askew et 
al. (2017) 

Tay et al. 
(2017) Eyo et al. 

(2018) 
BrdU EdU 

Cortex 
Grey matter 0.12 

0.47 0.075 0.028 0.45 
White matter 0.69 

Corpus 
callosum  N. D. 0.66 N. D. N. D. N. D. 

Hippocampus 
CA1-CA2 layer 

0.31 
0.66 

0.221 0.264 
N. D. 

Dentate gyrus 1.09 2.3 

Thalamus  N. D. 0.62 N. D. N. D. N. D. 

Olfactory bulb  0.18 0.79 0.387 0.276 N. D. 

Cerebellum  0.08 N. D. 0.171 0.027 N. D. 

Brainstem  0.32 N. D. N. D. N. D. N. D. 

Midbrain  N. D. N. D. 0.089 0.027 N. D. 

Hypothalamus  N. D. N. D. 0.159 0.094 N. D. 
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Since the first publication of microglial turnover by Lawson et al. (1992), there have been 

very few studies aside from ours investigating turnover rate (summarised in Table 4-1; 

experimental conditions summarised in Table 4-2). Tay et al. (2017) also utilised BrdU 

incorporation to measure microglial proliferation, but using a higher dosage and repeated 

injections (200 mg/kg daily for 5 days) to allow accumulation of the label within the 

microglial population. The authors justify the use of repeated injections based on the 

relatively low proliferation rates previously published (Lawson et al., 1992), and normalise 

their data by the number of BrdU doses given. The proliferation rates calculated here across 

the majority of the brain regions investigated are consistent with those published by Lawson 

et al. (1992) at their 24-hour time point, however the rates published by Tay et al. (2017) in 

the cortex and hippocampus are 5.4- and 1.4-fold lower respectively. It is possible that these 

discrepancies come from the different methods of labelling and analysis of proliferating cells 

(summarised in Table 4-2). The single dose of 3H-thymidine given by Lawson et al. (1992) 

and BrdU in our study may have labelled fewer cells than the multiple doses given by Tay 

et al. (2017). However, the use of a single dose of BrdU can be justified by the aim of 

estimating the microglial cell cycle length and the number of renewals of the population, 

which cannot be done with multiple doses of the analogue. Giving multiple BrdU injections 

does not allow an accurate calculation of cell cycle length as it introduces uncertainty as to 

exactly when the label was incorporated into the proliferating cell during the injection 

period. Furthermore, it could result labelling the same cell multiple times if that cell has 

repeatedly entered the cell cycle, leading to an underestimation of the true proliferation rate 

of the population. Furthermore, Tay et al. (2017) utilised a much higher dose of BrdU than 

that used in our study: 200 mg/kg compared to 75 mg/kg. A dose-response of BrdU 

incorporation to obtain the optimal dose revealed that doses higher than 150 mg/kg resulted 

in fewer labelled cells within the cortex and hippocampus. These data indicate that BrdU 

efficacy is reduced at higher doses, which suggests that the proliferation rates calculated by 

Tay et al. are an underestimation based on a reduction in the number of labelled cells. 

Previous studies have also indicated that higher doses of BrdU (200 mg/kg and above) can 

increase the duration of S phase and mitosis, increasing cell cycle time, as well as inducing 

apoptosis (Webster et al., 1973, Bannigan and Langman, 1979), supporting the use of lower 

doses for optimum cell labelling. Eyo et al. (2018) also gave a single dose of BrdU, but at a 

higher concentration (100 mg/kg) and analysed proliferation at 24-hours post-injection. This 

single BrdU dose provided a similar proliferation rate in the cortex to that reported in our 

study and by Lawson et al, as shown in Table 4-1. Interestingly, Eyo et al. (2018) also 

reported a much higher proliferation rate in the dentate gyrus, over 2x higher than observed 
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here. Furthermore, the authors state that a single dose of BrdU may lead to an 

underestimation of proliferation rate due to the bioavailability of the compound (15-30 

minutes in circulation (Mandyam et al., 2007, Barker et al., 2013)), thus missing cells 

proliferating within this time period (Eyo et al., 2018). Thus, it is possible that our data is an 

underestimation of the true microglial proliferation rate. 

In addition to multiple BrdU doses, Tay et al. (2017) also gave a single dose of 5-ethynyl-

2'-deoxyuridine (EdU), an alternative thymidine analogue to BrdU. The aim of this was to 

identify ‘microglial progenitors’ (discussed in Chapter 1, section 1.1.4.3), which are 

speculated to be highly proliferative thus theoretically incorporating both labels, however 

the data can also be used to compare proliferation rates. Even with a single dose of EdU, the 

proliferation rates found in this study are much lower than those reported by ourselves and 

others (Table 4-1).  Previous studies have shown no difference in the ability of BrdU and 

EdU to enter the brain and in their subsequent incorporation into cells (Zeng et al., 2010) so 

it is unlikely that this is the reason for the discrepancies. However, a much lower dose of 

EdU is used in this case: 5 mg/kg. A 50% reduction in the number of labelled cells was seen 

with a BrdU dose of 37.5 mg/kg compared to 75 mg/kg. It has been reported that a dose of 

50 mg/kg EdU is optimum for detecting proliferating cells in the brain and lower doses (12 

mg/kg, 25 mg/kg) results in fewer labelled cells (Chehrehasa et al., 2009), so it is likely that 

such a low dose of EdU underestimates the number of proliferating microglia.  
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Table 4-2: Summary of the experimental conditions from studies by Lawson et al. (1992), Askew et al. (2017), Tay et al. (2017) and Eyo et al. (2018). 

Study Label (dose) Detection method Proliferation rate calculation Quantification 
Lawson et 
al. (1992) 

3H-thymidine (5 μCi/g single 
i.p. injection) 

 
Autoradiography + 

immunohistochemistry 
 

!"#$%	'4/80,[.]#ℎ1234356,76%%8
(!"#$%	'4/80,	76%%8)	;	(<=$35	=6>3"5	$=6$	22?)

;100 
2D (cells/mm2) 

Askew et 
al. (2017) 

BrdU (75 mg/kg, single i.p. 
injection) 

 
Immunohistochemistry 
 

!"#$%	A<$1,	B=4C,	76%%8/22?

!"#$%	A<$1,	76%%8/22? ;100 
2D (cells/mm2) 

 
 
 

Tay et al. 
(2017) 

 
 

BrdU (200 mg/kg, 1 i.p. 
injection/day for 5 days) 

 
Immunohistochemistry 

 
 

D!"#$%	E'F
,	B=4C,/22G

!"#$%	A<$1,	76%%8/22G H

5	
;	100 

3D (cells/mm3) 

EdU (5 mg/kg, single I.P. 
injection) 

Immunohistochemistry 
 

!"#$%	E'F,	J4C,	76%%8/22?

!"#$%	E'F,	76%%8/22? ;100 
3D (cells/mm3) 

Eyo et al. 
(2018) 

BrdU (100 mg/kg, single i.p. 
injection) 

Immunohistochemistry !"#$%	A<$1,	B=4C,	76%%8/22?

!"#$%	A<$1,	76%%8/22? ;100 
2D (cells/mm2) 
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A further discrepancy between these various studies is how the proliferation rate is 

calculated, summarised in Table 4-2. Tay et al. calculated the daily proliferation rate of 

microglia following multiple doses of BrdU over 5 days, dividing the total proliferation rate 

after this period by 5 to obtain the daily rate, whereas Lawson et al. and our study calculated 

the daily rate 24 hours after a single BrdU/3H-thymidine pulse. Based on our estimated 

calculation of microglial cell cycle rate, with an estimated S phase of 16 hours under steady 

state conditions, it is possible that cells could re-enter the cell cycle during this 5 day period 

(120 hours) as cells would undergo approximately 3 complete cell cycles (~32 hours) and 

there are approximately 7.5 opportunities for cells to enter S phase, summarised in Figure 

4-10. Therefore, calculating microglial turnover rate by dividing total proliferation by 5 over 

a 120-hour period is likely to produce an underestimation as it underestimates microglial cell 

cycle length. Whilst the absolute calculated rates vary between the three studies, the same 

overall trend is seen in that microglia have a relatively low rate of self-renewal throughout 

the brain, but higher than previously reported by Lawson et al. (1992).  

 

 

Figure 4-10: Schematic representation of studies investigating microglial proliferation rate. 

(A) Our calculations of microglial turnover estimate a cell cycle length of approximately 32 hours 

with S phase lasting approximately 16 hours. (B) Giving a single pulse of a label (BrdU or 3H-

thymidine) and analysing after 24 hours ensures that cells will only be labelled once and will go 

through one full cell cycle. (C) Giving multiple doses of the label over 5 days (120 hours) could result 

in cells being labelled more than once as three cell cycles could be completed during this time (7.5 

chances of cells entering S phase). 
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The proliferation rate reported here along with our estimate of a 32-hour cell cycle length 

would allow for an estimation of the brain’s microglial population being renewed 

approximately every 96 days, allowing several cycles of renewal of the population within 

the lifetime of a mouse. A similar cell cycle length can be estimated from analysis of the 

microglial proliferative response following facial nerve axotomy (FNX). Tay et al. (2017) 

reported a 7-fold increase in microglial density between 2 and 7 days after FNX, which 

equates to each cell dividing 3 times within 5 days. This suggests a cell cycle time of 

approximately 40 hours but does not take into account the microglial death rate, which was 

not analysed by the authors. These estimates of cell cycle time require further refinement as 

they are currently based on analysis of individual cell cycle phases in isolation. Cytometric 

analysis of DNA content using dyes such as propidium iodide or Hoechst (Kim and 

Sederstrom, 2015), or sequential labelling with different halogenated thymidine analogues, 

such as 5-chloro-2-deoxyuridine (CldU) or 5-iodo-2-deoxyuridine (IdU) (Encinas et al., 

2011), would allow better measurement of the length of the different cell cycle phases and a 

more accurate calculation of cell cycle length. A key issue with the investigation of the 

microglial cell cycle is the rarity of microglial proliferative events. The murine brain consists 

of ~109 million cells (Williams, 2000), of which microglia represent ~3.5 million (Lawson 

et al., 1990). Of the microglial population in the whole brain, ~24,000 cells are likely to be 

proliferating at any one time (0.69% proliferation rate), representing 0.02% of the total cell 

population in the brain. Cytometric analysis is high-throughput, allowing rapid analysis of 

large numbers of cells from whole tissue samples, but relies on a relatively high frequency 

of positive cells in order to draw confident conclusions. Cytometric analysis of proliferation 

based on the detection of incorporated thymidine analogues or DNA dyes in proliferating 

microglia may be difficult given how small the population is in the context of a whole 

dissociated brain. Furthermore, analysis of proliferation by flow cytometry does not provide 

spatial resolution. Given the heterogeneity of the microglial population (discussed in Chapter 

1; section 1.1.4), regional analysis of cell cycle and turnover is of particular interest. 

Sequential labelling with thymidine analogues in combination with histological analyses 

would be more suitable as the anatomical reference is retained, allowing assessment of 

region-specific differences, along with a higher degree of confidence that proliferative 

events are detected specifically in microglial cells. However, analysis is more time-
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consuming and generally restricted in terms of the analysis of specific regions over whole 

tissues, which may result in some proliferative events not being detected. 

In vivo live imaging studies using transgenic reporter mice are likely to be the most 

preferable option due to the ability for long-term cell tracking, as discussed below. Taking 

advantage of the Fluorescent Ubiquitination-based Cell Cycle Indicator (FUCCI) system 

would allow analysis of the cell cycle in real-time in live imaging studies. The system relies 

on fluorescent proteins fused to fragments of Cdt1 (Cdt1-RFP) and Geminin (Geminin-

GFP), proteins which oscillate during the cell cycle. Cdt1 protein expression peaks during 

G1, prior to the onset of DNA replication, whilst Geminin expression is elevated during S 

phase and G2 (Arias and Walter, 2007). The stability of these proteins depends on specific 

ubiquitin ligases, anaphase-promoting complex (APC) and Skp Cullin F-box-containing 

complex (SCF), which are active in late M/G1 phase and S/G2 phase respectively. These 

oscillations of expression correspond to oscillations in the expression of the corresponding 

fluorescent protein, allowing continuous monitoring of cell cycle phase (Zielke and Edgar, 

2015). The generation of FUCCI mice (Sakaue-Sawano et al., 2008) has enabled live in vivo 

imaging of cell cycle dynamics in many tissues, including the brain. Multiple FUCCI mouse 

strains have since been developed with either constant or inducible expression of the system 

(Zielke and Edgar, 2015). Crossing a FUCCI strain with CX3CR1CreER mice (Yona et al., 

2013) would allow generation of a microglial-FUCCI reporter mouse, which would facilitate 

further investigation into the cell cycle dynamics of microglial cells. However, the use of 

inducible models (e.g. the hypothetical CX3CR1-FUCCI CreER) depends on the degree of 

recombination following induction of the system, which is typically around 30% or less in 

microglial cells (Wieghofer et al., 2015). Given the low frequency of proliferating cells, this 

low recombination rate is likely to present challenges in identifying proliferating cells in 

which recombination is induced within the defined imaging window. Despite the limitations 

for each of these techniques in isolation, their use in combination is likely to provide a more 

accurate estimate of the microglial cell cycle time, 

Long term live imaging studies have been carried out in collaboration with Professor Olga 

Garaschuk (University of Tübingen, Germany) to investigate microglial turnover using 

CX3CR1GFP/+ reporter mice (Figure S1; (Askew et al., 2017)), and consolidate the data 

obtained using pulse chase experiments with BrdU. Using this method, microglial cell 

division and cell death could be identified, defining the division rate of microglia in the 

olfactory bulb as 0.79% per day, similar to the proliferation rate we found with Iba1/BrdU 

labelling. Whilst conducting these experiments, closely opposed pairs of microglia were 
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observed by our collaborators, such as those observed following g-retroviral tracing of 

proliferation in Figure 4-4, assumed to be generated from the same proliferating cell. These 

cells migrated away from each other over time to gain a distinct territory within the 

microglial mosaic. This suggests that the territories occupied by microglial cells change 

following cell division, discussed further in section 4.3.4. However, these data have been 

contradicted by another two-photon study tracking cell division in a very small population 

of cortical microglia. Fuger et al. (2017) used triple transgenic mice with inducible tdTomato 

expression in microglia under the CD11b promoter alongside constitutive eGFP expression 

under the Iba1 promoter (CD11b-CreERT2;R26-tdTomato;Iba1-eGFP mice). The authors 

elected to use a low dose of tamoxifen in order to induce tdTomato expression in less than 

2% of the cortical microglial population in order to facilitate specific tracking of 

tdTomato+eGFP+ double-positive cells over time. From four months of age, double-positive 

cells were then imaged at biweekly intervals for the first six months, until 10 months of age, 

followed by once a month, until the optical window clarity became compromised (up to 22 

months of age). As this study only tracked cell division events, rather than using a direct 

measurement of the proliferative cycle, the use of ‘proliferation rate’ to describe their data 

does not seem appropriate. Instead, their data will be discussed as a measure of the ‘division 

rate’ rather than proliferation rate. Using this imaging schedule an estimated division rate of 

0.072% was reported but it is possible that division events were being missed due to the long 

duration between imaging windows, resulting in an underestimation of the turnover rate. 

Daily imaging over a 10-day period was also conducted as part of this study, analysing cell 

divisions in both double-labelled tdTomato+eGFP+ microglia as well as single-labelled 

eGFP+ microglia. The authors report a daily division rate of 0.172% in eGFP+ microglia but 

did not detect division of tdTomato+eGFP+ cells. Of the 136 cells tracked over this 10-day 

imaging period, only 6 of these were tdTomato+. Given the rarity of the division events, with 

only 3 cells being seen to divide over the 10-day period, the probability of having a 

proliferating cell that was also tdTomato+ seems extremely low. This data indicates that the 

sampling method employed by Fuger et al. (2017) for long-term imaging is insufficient to 

accurately estimate microglial turnover rate. More recently, another study has conducted 

daily two-photon imaging of microglial division and death events in 2-5-month old 

CX3CR1GFP/+:Thy1YFP/+ mice over a 15-day imaging period, as we did using CX3CR1GFP/+ 

reporter mice. Eyo et al. (2018) reported a daily division rate of 1.3% (Eyo et al., 2018), 

which is more in line with our reported rate. Whilst the authors have not reported the total 

number of cells tracked, they analysed all cells present within a field of view (FOV) (~70 



Chapter 4 

 153 

microglial cells), encompassing 25 different FOVs within the 3 mm circular cranial window 

across 7 mice, thus it can be estimated a total of ~1750 cells were analysed.   

The sub-regional analysis of microglial turnover rate highlighted the dentate gyrus as a 

particularly active anatomical region. In the dentate gyrus, there is increased microglial 

proliferation that occurs faster and is also affected by age-dependent decay. An age-

dependent decrease in proliferation is also observed in the population of dentate gyrus neural 

progenitors (Kuhn et al., 1996), which perhaps is associated with the observed age-

dependent decrease in the proliferation rate of microglia. During the neurogenic cascade, 

between 60-80% of new-born cells in the subventricular zone (SVZ), produced by the 

proliferation of neural progenitors and representing an intermediate phase before 

differentiation into neuroblasts, undergo apoptosis (Sierra et al., 2010). Apoptosis of new-

born cells is coupled to their phagocytosis by ramified microglial cells, which remove over 

90% of these apoptotic cells (Sierra et al., 2010). The release of pro- and anti-neurogenic 

factors by microglia, including insulin-like growth factor-1 (IGF-1) and TGF-β, has been 

observed, impacting progression through the neurogenic cascade, whilst neural progenitors 

have also been shown to secrete factors, such as brain-derived neurotrophic factor (BDNF) 

and CSF-1, to modulate microglial activity (Sierra et al., 2014). In combination, this suggests 

microglial phagocytosis of progenitors is coupled to neurogenic activity (Sierra et al., 2010), 

thus, ageing may lead to an indirect decrease in microglial proliferation in the dentate gyrus, 

through a decline in neurogenesis. Our analysis of expression of the components of the 

CSF1R pathway in the hippocampus are also in line with this, as we saw a reduction in 

expression in many of the genes involved in this mitogenic cascade with ageing. However, 

this correlation would need to be specifically demonstrated, in order to attribute the observed 

decreased loss of microglial turnover capacity to a loss in neurogenic activity. 

A more direct effect of ageing in microglia residing within the DG would imply the onset of 

microglial senescence. Replicative senescence, the loss of mitotic potential accompanied by 

significant telomere shortening, occurs once a cell has undergone approximately 50 

replications, the so-called Hayflick limit (Hayflick, 1965). It is hypothesised that the 

increased turnover of microglia in the dentate gyrus, observed here, may lead to a quicker 

extinction of the proliferative capacity of these cells. The microglial population at the dentate 

gyrus seems particularly susceptible to telomere shortening, as recently highlighted using a 

mouse model of telomere dysfunction (TERC KO) (Khan et al., 2015), supporting the 

hypothesis that increased microglial division can lead to replicative senescence. The 

accumulation of challenges throughout lifetime, such as systemic inflammatory events that 
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induce microglial proliferation (André et al., 2016, Furube et al., 2018), may lead to 

increased cellular turnover, therefore facilitating the onset of senescence in later life. 

Furthermore, telomere shortening has been observed in the aged brain (Flanary et al., 2007), 

supporting this hypothesis. This is particularly relevant in humans as exposure to both acute 

(e.g. bacterial/viral infection) and chronic (e.g. obesity, atherosclerosis) systemic 

inflammatory challenges throughout life is common. Furthermore, human ageing is 

associated with an increase in low-grade inflammation throughout the body (Franceschi and 

Campisi, 2014), which is associated with increased microglial activation (Perry and Teeling, 

2013). Increased microglial proliferation following systemic inflammation has not been 

directly shown in humans, however a large body of evidence supports the concept of 

‘microglial priming’ as a consequence of systemic challenges or simply normal ageing 

(Perry and Teeling, 2013). Primed microglia demonstrate an exaggerated inflammatory 

response when exposed to a secondary stimulus, adopting a detrimental phenotype and 

ultimately inducing cell death and tissue damage (Cunningham, 2013). In the context of age-

related neurodegenerative conditions in humans, systemic inflammation or acute infections 

are associated with an increased rate of cognitive decline and exacerbated symptoms, likely 

as a result of microglial priming by the existing pathology within the brain (Perry and 

Holmes, 2014). Whilst the link between ageing and microglial proliferation has not been 

investigated in the context of priming, it is possible that age-primed microglia have already 

undergone several rounds of cell division as a consequence of the chronic low-grade 

systemic inflammation, i.e. the initial inflammatory stimulus. This could potentially result 

in cells reaching the Hayflick limit and entering replicative senescence, although this is 

speculation and requires further experimental validation. In the murine brain, our estimate 

of the number of complete renewal cycles of the population suggests that it is unlikely that 

the Hayflick limit would be reached without additional proliferative stimuli. However, the 

elevated proliferation rate observed in the human brain (discussed in further detail below) 

suggests that microglia may turn over many more times than in the murine brain. This opens 

up the possibility that senescent microglia may be present in the aged human brain, however 

further studies are required to definitively establish this. 

4.3.2 Analysis of microglial proliferation in the human brain 

During this study, higher proliferation rates were seen in the human brain (average 2%) 

compared to the mouse, suggesting a more pronounced increase in microglial turnover 

cycles, leading to estimates that microglia cycle hundreds of times during 80 years of life. 
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This has been corroborated by a similar study, which reported an average 2.9 Ki67+ 

microglial cells/mm2 in the cortex and striatum, equating to a turnover rate of approximately 

2.9% (Dennis et al., 2014, Dennis et al., 2016) (we observed between 1.35 Ki67+ cells/mm2 

and 1.75 Ki67+ cells/mm2 in the temporal cortex). However, the estimation of the turnover 

rate of human microglia would need alternative methods in order to provide a more accurate 

calculation and allow extrapolation to the average human population, as both our study and 

those by Dennis et al. use relatively small sample sizes (n = 30; n = 4 (Dennis et al., 2014) 

or n = 8 (Dennis et al., 2016)) of post-mortem brain samples, which may confound the data 

due to comorbidities, the agonal phase and the post-mortem delay, thus not being 

representative of the wider population. The use of thymidine analogues such as BrdU is 

typically not possible, however a recent study published data from two individuals who 

received IdU as part of cancer treatment (Reu et al., 2017). On average, the daily 

proliferation rate of microglia in these individuals was 0.14%, however the authors 

acknowledge that the sample size was limited and that the individuals in question were not 

healthy, which may confound the data. Studies using 14C integration into gDNA, developed 

by Spalding et al. (2005) have been able to retrospectively birth-date human neurons and 

study the kinetics of their turnover in the hippocampus (Spalding et al., 2013) and striatum 

(Ernst et al., 2014). Reu et al. (2017) applied this method to birth-date microglia from the 

human cerebral cortex. Using a homogeneous turnover model, in which all cell birth and 

death rates remain constant, they reported that the majority of human microglia renew at a 

rate of 0.08% per day (28% per year), resulting in a complete renewal of the population 

approximately once every 3.5 years, thus accounting for as many as 20 cycles of complete 

renewal during lifetime. The renewal rate calculated from 14C integration is much slower 

than that deriving from their IdU study, and those attained from Ki67 staining. The authors 

suggest that the use of nucleotide analogues may introduce bias into analyses of cells with a 

slow turnover rate, as it is possible that the population may be heterogeneous with 

subpopulations having higher proliferation rates that would end up being preferentially 

labelled. Whilst this is possible, it has been shown that microglial cells proliferate 

stochastically in mice and there does not appear to be a subpopulation of highly proliferative 

microglial cells in the healthy CNS (Tay et al., 2017), although this has not yet been 

demonstrated in humans. However, comparison of the IdU and Ki67 data from humans with 
14C analyses suggest that there may be some heterogeneity within human microglia and a 

subpopulation of fast-dividing cells may exist (Reu et al., 2017). Whilst the presence of a 

non-proliferating subpopulation can be ruled out by 14C analysis, as the level of 14C 

integration would directly correspond to the atmospheric levels shortly after birth (Reu et 
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al., 2017), further research is required to clarify the existence of a rapidly proliferating 

subpopulation. The use of Ki67 to study proliferation may have led to an overestimate of the 

proliferation rate of human microglia. As Ki67 labels all phases of the cell cycle, with the 

exception of G0, it does not indicate progression through the cell cycle, simply that the cell 

is in the cell cycle. For example, if a G1/S block occurs, and the cell remains in G1 it will 

remain positive for Ki67 staining but will not be actively proliferating (Busch et al., 2007), 

however this has not been demonstrated in microglia in vivo and the exact cell cycle 

dynamics of these cells remains unknown. These are important considerations to bear in 

mind, however due to technical limitations tracking proliferation in humans, namely the 

difficulty in measuring ‘live’ proliferation and having to rely on a limited range of markers, 

defining the true rate of microglial proliferation in the human brain remains difficult. 

Alongside their homogenous turnover model, Reu et al. (2017) also applied a heterogenous 

turnover model to their data, in which only a subset of cells have the capacity to turn over, 

mirroring the concepts of stochastic and clonal renewal. The heterogenous turnover model 

indicates a scenario in which 96% of the microglial population renews throughout lifetime 

in the human cortex.  This almost-complete renewal is drastically different to the potential 

hundreds of renewal cycles estimated from our Ki67 labelling, but is perhaps more in line 

with the 6 complete cycles estimated to occur in the mouse brain. It has been shown that 

humans display a much lower turnover of oligodendrocytes than mice (Yeung et al., 2014) 

and as myelin turnover has been shown to produce cellular stress in microglia (Safaiyan et 

al., 2016), it is possible that clearance of this myelin debris could stimulate a higher turnover 

of microglia, resulting in more population renewals throughout lifetime in mice, however 

this is highly speculative and the mechanisms regulating this elevated turnover rate remain 

unclear. Without further analysis of microglial turnover in the human brain, it remains 

unclear whether all cells have the capacity to turnover, as in mice (Tay et al., 2017) thus 

leading to multiple renewals of the population throughout lifetime as previously discussed, 

or whether subpopulations of microglia have differential capacities to renew, potentially 

leading to an incomplete population renewal throughout lifetime. 

4.3.3 The molecular regulation of microglial self-renewal in the healthy 

brain 

One question of particular interest is how the self-renewal process is controlled at a 

molecular level. Evidence for a necessary, but not sufficient, role of CSF1R in controlling 
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microglial turnover in homeostasis is apparent from our mRNA studies and from the 

pharmacological inhibition of the CSF1R tyrosine kinase activity with GW2580. 

Elimination of microglia can be achieved by acute treatment with a highly potent CSF1R/c-

Kit/FLT-3/PDGFR-β inhibitor, highlighting the relevance of these receptors in maintaining 

microglial numbers (Elmore et al., 2014), however, as previously discussed in Chapter 1 

(section 1.1.4.3), the kinase profiles (i.e. the selectivity of  inhibitors for specific kinases) of 

the PLX inhibitors are not well reported, thus it is unclear exactly which receptor they are 

acting through. GW2580 treatment in the context of disease results in approximately 50% 

reduction of microglial proliferation (Gomez-Nicola et al., 2013, Martinez-Muriana et al., 

2016, Olmos-Alonso et al., 2016). As microglial density was measured here following 

CSF1R inhibition as opposed to proliferation rate, we cannot directly compare the 

aforementioned studies, however the 17% reduction in density observed here is corroborated 

by data from wild-type controls in these studies, which demonstrated an approximate 20% 

decrease in microglial density following 3 months of CSF1R inhibition (Olmos-Alonso et 

al., 2016). It is assumed that inhibition of only a proportion of the total proliferating 

microglia is being observed following treatment with GW2580, due to the discrepancies in 

the expected reduction of cell density after CSF1R inhibition and the estimated 62% 

microglial turnover over a 3 month period. Therefore, the data suggest that other systems are 

in place to fully control microglial turnover. Recent studies using genetic ablation of 

microglia show a crucial role of IL-1R in the replenishment process, supporting this 

hypothesis (Bruttger et al., 2015). However, like CSF1R inhibition, pharmacological 

blockade of IL-1R resulted in a reduction of approximately 20% of the repopulating 

microglia (Bruttger et al., 2015). Although a repopulation process cannot be compared to the 

homeostatic maintenance of the microglial population, complementary systems (CSF1R, IL-

1R, or others) may be in place in order to ensure the stability of the population. In light of 

the fact that the microglial population is highly heterogeneous (Lawson et al., 1990, de Haas 

et al., 2008, Hart et al., 2012, Grabert et al., 2016), it is possible that microglia in different 

regions of the brain are regulated by different pro-survival and mitogenic signals. Previous 

research has suggested this, evidenced by the region-specific variation in the survival of 

microglia in mice lacking IL-34 (Wang et al., 2012). This would provide a potential 

explanation for the fact that only a proportion of microglial proliferation was blocked 

following inhibition of IL-1R or CSF1R signalling alone. However, it is unlikely that IL-1R 

signalling is critical for microglial survival as conditional knockout of IL-1R expression only 

results in ~20% reduction in microglial density (Bruttger et al., 2015), whereas ablation of 

CSF1R results in ~99% depletion of the population (Ginhoux et al., 2010). It is also possible 
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that there is crosstalk between these pathways in the regulation of microglial proliferation. 

Further research is required to understand the full extent to which each of these pathways 

influences microglial homeostasis in the steady-state.  

Recent reports from repopulation paradigms suggest the existence of a nestin+ microglial 

subpopulation within the healthy brain, as discussed in Chapter 1 (section 1.1.4.3). In these 

studies, nestin expression was transient and disappeared following the full repopulation of 

the brain (14 days post-depletion) (Elmore et al., 2014, Bruttger et al., 2015). However, given 

the data presented regarding the turnover rate of microglia in the healthy adult brain, it is 

possible that the detection of transient nestin expression by putative proliferating microglial 

progenitors may be difficult due to the relatively low numbers of cells proliferating at a given 

time. In order to address the existence of this subpopulation in the adult brain, Nestin-EGFP 

reporter mice were used. In this model, the expression of the EGFP reporter is more stable 

than nestin itself, resulting in its expression in daughter cells originating from nestin+ 

progenitors, even following the loss of nestin itself (Encinas and Enikolopov, 2008). This 

long term stability of the reporter increases the probability of detecting the presence of 

nestin+ microglial progenitors, but none was found. It has since been shown that following 

pharmacological depletion of microglia (albeit using an alternative CSF1R inhibitor, 

PLX5622), repopulation of the CNS occurs exclusively from proliferation of residual 

resident cells and not from a nestin+ progenitor population (Huang et al., 2018). However, 

the transient expression of nestin on some proliferating microglial cells (~60%), assumed to 

be resident microglia, is reported by this study and others following pharmacological 

depletion (Wlodarczyk et al., 2017, Huang et al., 2018). Nestin expression has also been 

reported in a proportion of microglial cells (~30%) during early postnatal development (P3-

7) (Wlodarczyk et al., 2017, Huang et al., 2018), when microglial cells are highly 

proliferative. These highly proliferative transiently-nestin+ microglial cells likely represent 

a distinct phenotype that is not found in the adult brain under steady state conditions 

(Waisman et al., 2015) as microglial expression of nestin has not previously been observed 

(Hickman et al., 2013, Butovsky et al., 2014, Grabert et al., 2016). Our data assumes that all 

microglial cells have the capacity to self-renew. This has been supported in a recent 

publication investigating microglial self-renewal, which used computational modelling to 

demonstrate that all microglia are able to renew stochastically, rather than renewal occurring 

via subpopulations of highly proliferative microglia (Tay et al., 2017).  
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4.3.4 The relative balance between proliferation and apoptosis 

maintains microglial cell density under homeostatic conditions 

The proliferation of the microglial population under homeostatic conditions is balanced by 

microglial apoptosis. Following analysis of models with deficiencies in apoptosis, the data 

suggests that the apoptotic cascade controlling microglial death is dependent on the pro-

apoptotic molecule BIM, but not PUMA. A recent report demonstrated that deficiency in 

PUMA leads to decreased numbers of both retinal and brain microglia, due to unexpected 

roles of this protein in promoting cell survival (Zhang et al., 2012), which is consistent with 

our findings showing decreased density of microglia in PUMA-/- mice. Previous studies 

utilising BIM-/- mice have shown the relevance of this signalling pathway in the homeostasis 

of lymphoid and myeloid cells, with elevated numbers of cells of these lineages throughout 

the body (Bouillet et al., 1999). The requirement for PUMA expression for the survival of 

other tissue-resident macrophage populations has not been demonstrated, although it is 

known that different immune subsets utilise different anti-apoptotic Bcl-2 family members 

to regulate their survival, as discussed further in Chapter 5 (section 5.3.1). Microglial death 

can be counteracted by the inhibition of mitochondrial apoptosis as indicated by the 

overexpression of Bcl-2, resulting in increased microglial numbers.  

The role of apoptosis in maintaining the microglial population was further investigated by 

our collaborators (Olga Garaschuk, University of Tübingen, Germany), carrying out long-

term live imaging experiments. These experiments in the olfactory bulb defined a ‘death 

rate’ of resident cells of 1.23% per day, whilst newly divided microglia had a higher death 

rate of 2.40% (Figure S2). This observation was corroborated by Eyo et al. (2018), who 

reported a daily death rate of 2.10% in the primary somatosensory cortex. Our collaborators 

also analysed the temporal and spatial relationship between microglial proliferation and 

death in vivo, showing that cells were more likely to proliferate in the immediate vicinity of 

a dying cell immediately after its death. Over a 22-day imaging period, the microglial 

landscape was remodelled with some cells dying, others proliferating and taking their place, 

with the absolute position of the cell soma changing (Figure S3), summarised in Figure 

4-11.  



Chapter 4 

 160 

 

Figure 4-11: Turnover of the microglial population in the adult brain. 

In the adult brain, the microglial population is maintained by self-renewal of resident cells with no 

contribution from peripheral bone marrow-derived cells. An average of 0.69% of the microglial 

population is proliferating at any one time, resulting in the estimation of a complete renewal of the 

population once every 96 days. There is a tight temporal and spatial coupling between proliferation 

and apoptosis in order to maintain a stable cell density throughout lifetime, leading to a constant 

reorganisation of the microglial landscape. Reproduced from Askew and Gomez-Nicola (2018). 

 

This coupling of microglial proliferation and apoptosis to maintain a stable cell density has 

been corroborated by other studies: Fuger et al. (2017) showed very similar rates of cell 

appearance and disappearance in their two-photon imaging studies, whilst Lawson et al. 

(1992) reported approximately equal numbers of proliferating microglia and microglia with 

pyknotic nuclei, indicating apoptosis. The precise mechanisms regulating the coupling 

between these processes, however, remains unclear. Another study has suggested that the 

remodelling of the microglial landscape over time is not due to coupled proliferation and 

apoptosis, but rather translocation of cells. Eyo et al. (2018) reported that 10-15% of 

microglia were re-arranged on a daily basis, but suggested that the majority of this 

rearrangement was due to translocation of cells, defined as the movement of a cell soma 

more than 10-15µm from its original position, rather than proliferation, the appearance of a 

‘new’ cell within 10-15µm of another cell that was not present the previous day, or apoptosis, 

the disappearance of a cell within 10-15µm of another cell that was present the previous day. 

In the absence of TREM2 or CX3CR1, receptors previously implicated in microglial 
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proliferation, translocation or chemotaxis (Cardona et al., 2006, Zheng et al., 2017), 

microglial rearrangement was unaffected. However, in the absence of P2RY12, which has 

been implicated in movement of microglial processes and soma (Haynes et al., 2006), whilst 

microglial proliferation and death was unaffected, there was a significant reduction in 

translocating cells (Eyo et al., 2018), suggesting that P2RY12 signalling is critical in 

modulating the microglial landscape. Whilst the mechanism of ‘landscaping’ remains under 

debate, it is clear that the microglial population is far more dynamic at a population level 

than previously thought. In general, the data support a scenario whereby microglial cells are 

rapidly renewed and the population is maintained under homeostatic conditions by a finely 

tuned balance of proliferation and apoptosis. The microglial landscape changes radically 

within a few weeks, with cells dying, others taking their place and their absolute position 

changing, further supported by the data reported by Eyo et al. (2018).  

This renewing landscape will likely have implications for the interpretation of phenomena 

such as microglial priming, where the microglial response is exaggerated (stronger than that 

observed in stimulus-naïve microglia) to the secondary insult, as previously discussed. This 

is perhaps best illustrated when the first (priming) and second stimulus are separated by 

prolonged periods of time, in the context of adult responses to early-life infections (Bilbo 

and Schwarz, 2009), delayed inflammation after TBI (Johnson et al., 2013) or the onset of 

age-related amyloid deposition after gestational inflammation (Krstic et al., 2012). In these 

instances, microglial priming implies the need for ‘microglial memory’ of the first stimulus 

to elicit an exaggerated response to the second stimulus, similar to the immunological 

memory found in cells of the adaptive immune system. The active turnover of microglia 

presented here alongside these studies suggests that microglial priming must be achieved 

through inheritable changes that can be passed through subsequent generations of microglia. 

The epigenetic modification of the microglial inflammatory response has been demonstrated 

in neonatal handling paradigms, which induce a robust increase in IL-10 expression in early 

postnatal development that persists in the adult brain due to reduced methylation of Il10 in 

microglia (Schwarz et al., 2011). Individual or repeated systemic inflammatory challenges 

differentially affect the neuroinflammatory response in the brain, demonstrating immune 

training and tolerance in microglia, which relies on the concept of immunological memory 

(Wendeln et al., 2018). Furthermore, training or tolerance-inducing stimuli before the onset 

of pathology in an AD model differentially affect downstream neuropathology due to the 

induction of distinct epigenetic modifications in microglia (Wendeln et al., 2018). The 
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parameters defined here will stimulate a re-interpretation of many of the functions of 

microglia in health and disease. 

4.3.5 Conclusion 

In conclusion, the data presented in this Chapter further supports the hypothesis that the 

microglial population is maintained by self-renewal throughout lifetime. It has been shown 

that microglial proliferation, partly under the control of the CSF1R receptor, is balanced by 

apoptosis to maintain a stable cell density throughout life. This self-renewal process leads to 

several complete renewals of the microglial population throughout lifetime. This challenges 

the view of individual cells being ‘long-lived’, but demonstrates that the microglial 

population as a whole is not renewed from external sources. The precise mechanisms 

regulating the self-renewal process remain to be determined, specifically the balance 

between mitogenic and apoptotic signalling cascades regulating the spatiotemporal coupling 

of these two processes.  
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Chapter 5: The impact of the chronic blockade of 

microglial apoptosis in the steady-state and a 

model of systemic inflammation. 
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5.1 Introduction and objectives 

It was shown in Chapter 4 that the microglial population is maintained by a fine balance of 

proliferation and apoptosis under homeostatic conditions. Whilst a number of readily 

available experimental tools have facilitated the study of the impact of inhibiting microglial 

proliferation (summarised in section 1.2.6.2), there is little evidence in the literature of how 

inhibition of apoptosis may affect the microglial population. At the population level, 

inhibition of microglial apoptosis results in increased cell density. However, blockade of 

apoptosis throughout lifetime, particularly in ageing, may have a significant impact on the 

phenotype and function of microglia, for example in the context of neuroinflammation. To 

understand how modifying cell death affects the microglial population in the healthy CNS, 

the Vav-Bcl-2 model was employed, in which overexpression of human Bcl-2 (hBcl-2) is 

driven by the Vav1 promoter to inhibit apoptosis in myeloid cells. As previously mentioned, 

the Vav1 promoter is expressed by all haematopoietic cells, thus driving transgene 

expression in myeloid populations including microglia in the brain (Ogilvy et al., 1998). 

Whilst there are very small proportions of other myeloid cell populations in the brain 

(BAMs), these are far outnumbered by the microglia thus this model is useful for 

investigating the impact of the specific blockade of apoptosis on the distribution, phenotype 

and function of microglial cells. 

Objectives addressed in this chapter: 

• To analyse the impact of chronic blockade of apoptosis on the development and 

homeostasis of the microglial population. 

• To investigate the interplay between apoptosis and inflammation in microglia, 

particularly the impact of blockade of apoptosis on the inflammatory phenotype of 

microglia. 
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5.2 Results 

5.2.1 The microglial population in Vav-Bcl-2 mice does not undergo 

refinement of density during postnatal development 

It was first of interest to see how blockade of microglial apoptosis would affect the 

developmental refinement of microglial density. Previously in the postnatal brain, microglial 

density was seen to increase from P0 to P21 before refinement to the density observed in the 

adult brain. Since expression of Bcl-2 leads to a reduction in apoptosis, it was of interest to 

know whether its overexpression in microglia would have an impact on the refinement 

process during postnatal development. A time-course of postnatal development of the 

microglial population in the cortex of Vav-Bcl-2 mice showed that there was elevated 

microglial density compared to wild-type mice from birth (Figure 5-1A). Blockade of 

microglial apoptosis appears to overcome the developmental refinement of the population, 

with microglial density increasing from P0 to P44, where it peaks and remains stable until 

middle-age (before the onset of other systemic health defects characteristic of this model 

(Egle et al., 2004)) (Figure 5-1A, Figure 5-1B).  

In order to further understand the role of the hBcl-2 transgene in these changes, its expression 

was examined in the cortex during this developmental period. This region sees the greatest 

increase in microglial density in the adult Vav-Bcl-2 brain compared to wild-type mice (69% 

increase; Figure 4-9B). mRNA expression of hBcl-2 followed a similar trend to the 

developmental refinement in microglial density; with expression increasing from P0 to P14, 

where expression peaks, prior to declining from P21 onwards (Figure 5-1C). hBcl-2 

expression remained relatively stable from P21, with non-significant fluctuation in 

expression at later time points (Figure 5-1C). Whether overexpression of hBcl-2 in the Vav-

Bcl-2 model had an effect on the expression of endogenous mouse Bcl-2 (mBcl-2) was also 

examined. The mRNA expression of mBcl-2 in the cortex of wild-type mice does not change 

during postnatal development, however a non-significant elevation in mBcl-2 expression 

was observed in Vav-Bcl-2 mice compared to wild-type littermates across all time points 

(Figure 5-1C). At the protein level, hBcl-2 expression in the cortex was highest at P0, and 

decreased to a relatively stable level from P14 onwards (Figure 5-1D, Figure 5-1E). This 

trend is similar to that that observed at the mRNA level, but appears to be delayed suggesting 

that post-transcriptional regulatory mechanisms may be in place. Bcl-2 is also a long-lived 

protein, which may also explain the slight delay. 
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Figure 5-1: Vav-Bcl-2 mice have elevated microglial density from birth with variable expression 

of the hBcl-2 transgene throughout postnatal development.  

(A) Time-course analysis of postnatal (P0-P231) microglial density in wild-type (WT; P0 n = 3, P14 n 

= 3, P21 n = 1, P44 n = 6, P231 n = 3) and Vav-Bcl-2 (P0 n = 3, P14 n = 3, P21 n = 2, P44 n = 6, P231 n 

= 2) mice. (B) Representative examples of microglial cells (Iba1+) in the cortex of P44 wild-type and 

Vav-Bcl-2. (C) RT-PCR analysis of the mRNA expression of human Bcl-2 (hBcl-2) and endogenous 

mouse Bcl-2 (mBcl-2) in the cortex of Vav-Bcl-2 mice and wild-type littermates during postnatal 

development. mRNA expression indicated as relative expression compared to the housekeeping 

gene GAPDH using the 2-ΔΔCt method. (D, E) Western blot analysis of protein expression of hBcl-2 

in the cortex of Vav-Bcl-2 mice and wild-type littermates during postnatal development at P0, P14, 

P21 and P44. Protein expression indicated as relative expression compared to b-actin. For RT-PCR 

and Western blot: wild-type P0 n = 4, P14 n = 5, P21 n = 4, P44 n = 1, P130 n = 4 and Vav-Bcl-2 P0 n 

= 3, P14 n = 3, P21 n = 6, P44 n = 6, P130 n = 4. Data represented as mean ± SEM. Data were analysed 

with a one-way (C, E) or two-way (A, D) ANOVA and a post-hoc Tukey test. Statistical differences: 

*p < 0.05 **p < 0.01, ***p < 0.001. Scale bar in (B) 100 µm.  
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5.2.2 Elevated microglial density in Vav-Bcl-2 mice results in reduced 

territory size but does not affect mosaic formation 

Following the observation that microglial density plateaus in the Vav-Bcl-2 cortex during 

postnatal development, it was considered whether this stabilization of the increased density, 

caused by deficient microglial apoptosis, could be explained by the inability of the 

parenchyma to accommodate more cells, suggesting contact inhibition mechanisms are in 

place. As previously mentioned in Chapter 1 (section 1.1.2), the role of contact inhibition in 

maintaining the microglial mosaic has been discussed (Tremblay and Sierra, 2014) but there 

is little formal evidence. In models of neurodegenerative disease, microglial density is 

significantly increased and cells appear to lose their contact inhibition, showing overlapping 

territories after enhanced proliferation (Gomez-Nicola et al., 2013, Olmos-Alonso et al., 

2016). Whether an elevated density of microglial cells in the absence of overt pathology 

would impact the regular mosaic distribution of the population (Davalos et al., 2005, 

Nimmerjahn et al., 2005) was therefore of interest and would provide some insight into its 

formation and maintenance.  

The soma distribution and territory area of microglial cells in layers I-IV of the parietal 

cortex of adult Vav-Bcl-2 mice and wild-type littermates were assessed (Figure 5-2A). As 

shown before, a significant increase in microglial density in Vav-Bcl-2 mice compared to 

wild-type littermates was observed (Figure 5-2B). Along with this increased density, there 

was a significant reduction in the area of individual cell territories of microglia from Vav-

Bcl-2 mice (Figure 5-2C). Microglia from wild-type mice appeared to have large radial 

territories (mean territory area = 2464 µm2 ± 54.57 µm) with their processes evenly 

distributed around the soma, whereas Vav-Bcl-2 microglia had much smaller asymmetrical 

territories (mean territory area = 1480 µm2 ± 30.64 µm) with uneven process distribution, 

often on a single side of the soma. Microglia from Vav-Bcl-2 mice also had significantly 

smaller NNDs compared to wild-type (mean wild-type NND = 59.71 µm ± 1.26 µm, n = 

312 cells vs. mean Vav-Bcl-2 NND = 54.55 µm ± 1.08 µm, n = 470 cells; p = 0.021), 

however these fall within the previously reported range of microglial NNDs in the cortex 

(50-60 µm) (Nimmerjahn et al., 2005). Unexpectedly, there was no correlation between the 

mean NND and microglial territory area (Figure 5-2D), suggesting that the location of the 

nearest neighbour cell soma does not influence the size of the territory covered by an 

adjacent cell.  
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To examine whether having an elevated cell density affected the relatively regular spacing 

of the microglial population, the RI was calculated and Ripley’s K statistics (Ripley, 1977) 

applied to assess the clustering of cells in Vav-Bcl-2 mice compared to wild-type littermates. 

The RI is a measure of the regular spacing of cells, and is defined as the ratio of the mean 

NND of a cell over the standard deviation of the NND (as defined in Chapter 2, section 

2.3.3.2). A regular (or dispersed) distribution can be defined as cell somas arranged in a 

certain pattern with an equal distance between them, whereas a random distribution of cells 

does not have a defined pattern yielding uneven spacing between cell somas. A clustered 

distribution of cells differs from a random distribution in that whilst the spacing between 

individual cells is not even, there are multiple cells in close proximity to one another (a 

‘cluster’) with larger distances between these groups of cells (shown in Figure 2-4). Higher 

RI values indicate a more regular distribution, with values greater than 2 indicating a non-

random distribution (Cook, 1996). The RI of wild-type microglia was 3.073 ± 0.239, 

demonstrating the regular cellular distribution. There was a non-significant decrease in the 

Vav-Bcl-2 mice with an RI of 2.647 ± 0.1688 (Figure 5-2E), which suggests that whilst the 

cell distribution remains regular, i.e. cells are still arranged in a defined pattern, elevated cell 

density changes some aspects of the patterning of the mosaic. As a reduction in the NND in 

Vav-Bcl-2 mice was seen, it is likely that the reduced RI is attributed to a change in the 

spacing between cells.  

To further investigate this, Ripley’s K statistics (Ripley, 1977) were used to examine the 

topographical organisation of microglia in the cortex. The L(r) derivative of Ripley’s K-

function was estimated, comparing microglial spatial point patterns and assessing deviation 

from CSR to determine whether cells had a more dispersed or clustered distribution. The 

L(r) derivative of Ripley’s K function (Besag, 1977) is a square-root transformation of the 

K-function, producing a linear value whereby  L(r)=r to facilitate data analysis. As described 

in Chapter 2 (section 2.3.3.2.1), Ripley’s K-function (K(r)/L(r)) estimates the expected 

number of additional random points within a set distance (r) of typical random point. In our 

analysis, it counts the number of cells found (the K(r)) within a set distance (r) of a single 

cell. This value, the expected K(r), is then compared to the theoretical K(r), which is the 

expected number of cells found within that set distance in a completely spatially random 

distribution (Figure 5-3A-C). The comparison of the observed L(r) value for the microglial 

spatial point pattern (black lines; Figure 5-3D, Figure 5-3E) to the theoretical L(r) 

(theoretical L(r); red dotted line; Figure 5-3D, Figure 5-3E) gives an estimate of the 

clustering or dispersion of cells. If L(r) > r, i.e. there are more cells than would be expected 
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within a set distance from a random distribution, the cells are clustered, whereas if L(r) < r, 

i.e. there are less cells than would be expected within a set distance, the cells are dispersed. 

This can be interpreted directly from the plots: if the observed L(r) (black line) is 

significantly higher or lower than the theoretical L(r) (red dotted line). The 95% confidence 

envelope (grey shading) was plotted to determine significance. Neither Vav-Bcl-2 mice or 

wild-type littermates show a significantly clustered or dispersed distribution of microglial 

cells (Figure 5-3D, Figure 5-3E), with the mean observed values for L(r) being equal to r, 

indicating a random cell distribution in both genotypes (Table S1). This indicates that 

although increased microglial density impacts on the territory size of individual cells, they 

do not cluster together to any greater extent and maintain an ordered distribution. This data 

in combination with the calculated RI suggests that the microglial mosaic is not a stratified, 

uniform arrangement with even spacing between cells, rather it represents a spatially random 

but ordered distribution of cells, which may be recruited to occupy niches within the brain 

during development. Further investigation into how the microglial mosaic forms during 

development or following microglial depletion may provide more insight into how the 

spacing of microglial cells within the brain is regulated.   
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Figure 5-2: Elevated microglial density in the Vav-Bcl-2 cortex results in a significant reduction in 

territory area but does not impact cell distribution.  
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Fig. 5-2 (cont.): (A) Microglial territories were traced and measured in 30 µm z-stacks of Iba1-

labelled brain sections from adult (4-6 months) Vav-Bcl-2 mice (n = 4; 470 individual cells) and wild-

type (n = 4; 312 individual cells) littermates. (B) Quantification of microglial density (Iba1+ cells) in 

the cortex of adult Vav-Bcl-2 mice and wild-type littermates. (C) Quantification of microglial territory 

area (µm) in the cortex of Vav-Bcl-2 mice and wild-type littermates. (D) Linear regression analysis 

of the correlation between nearest neighbour distance and microglial territory area.  (E) 

Quantification of the regularity index of microglia in the cortex of Vav-Bcl-2 mice and wild-type 

littermates. Data shown is represented as mean ± SEM. Data were analysed with a student’s t test 

(B, C, E). Statistical differences: ****p < 0.0001. Scale bar in (A) 100 μm. 

 

 

Figure 5-3: Investigating microglial spatial distribution in Vav-Bcl-2 mice using Ripley's K statistics. 

(A-C) Cartoon illustration of Ripley’s K statistical analysis. Ripley’s K-function estimates the expected 

number of additional random points (grey circles) within a set distance (r) of a given point (purple 

circle). The K(r) value is the number of expected random points within the defined distance r. K(r) 

can be calculated at multiple distances of r within a certain boundary. (A) Firstly, the theoretical K(r) 

is calculated using a computer-generated pattern of CSR. At the distance r, the theoretical K(r) = 3 
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Fig. 5-3 (cont.): cells. (B, C) The observed data is then compared to the CSR distribution. (B)  For a 

particular distance of r, if there are more observed cells than expected (as estimated from CSR), i.e. 

the observed K(r) is greater than the theoretical K(r), then the distribution is clustered. (C) If there 

are fewer observed cells than expected at a set distance of r, i.e. the observed K(r) is less than the 

theoretical K(r), then the distribution is dispersed. (D, E) Representative plots of the L(r) derivative 

of Ripley’s K statistics analysing the spatial clustering of microglia from wild-type and Vav-Bcl-2 

mice. 

 

5.2.3 Blockade of apoptosis leads to a shift in microglial phenotype and 

a reduction in proliferation rate 

In order to understand the impact of apoptosis blockade on cell phenotype, myeloid cell 

populations, including microglia, from the whole brain of Vav-Bcl-2 mice and wild-type 

littermates were analysed by flow cytometry (Figure 5-4A, Figure 5-4B). The histology 

data indicated an average increase of 38% in microglial density across brain regions, with 

variation between a 19% to 69% increase depending on the region (as shown in Figure 5-

9). Analysis of cell density in the whole brain by flow cytometry corroborated histology data 

showing a 40% increase in the CD11b+ CD45low microglial population in Vav-Bcl-2 mice 

compared to wild-type littermates (Figure 5-4C). The Vav promoter is expressed by all 

myeloid cells and whilst microglia are the main myeloid population in the brain, it was 

interesting to see the impact of apoptosis blockade on the populations of macrophages 

(BAMs) and non-resident myeloid cells (monocytes; (Korin et al., 2017)) in the CNS. A 

significant increase in the CD11b+ CD45high Ly6C- population was observed in Vav-Bcl-2 

mice compared to wild-type littermates, representing CD45high activated microglia as well as 

BAMs (Figure 5-4D). A non-significant increase in the number of CD11b+ CD45high Ly6C+ 

monocytes was also seen (Figure 5-4E). Of the total CD11b+ population in the brain, it was 

found that Vav-Bcl-2 mice have a smaller proportion of CD45low resident microglia (wild-

type = 96.80% vs. Vav-Bcl-2 = 92.27%) compared to wild-type but a relatively higher 

proportion of activated microglia/BAMs (wild-type = 2.72% vs. Vav-Bcl-2 = 6.89%) and 

monocytes (wild-type = 0.48% vs. Vav-Bcl-2 = 0.85%) (Figure 5-4F). There are a number 

of potential explanations for this; firstly that the blockade of apoptosis leads to an increase 

in the density of BAMs in the brain due to prolonged survival. Secondly, it could indicate 

that there is an increase in microglial activation, which may occur as a consequence of 

disrupted turnover, resulting in an upregulation of CD45 expression and a shift towards a 
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more inflammatory state in the CNS. Without further phenotypic characterisation using 

specific markers for BAMs (for example, CD206 for PVMs), it is impossible to be certain 

which each of these is accountable for the increased CD45high population found in the Vav-

Bcl-2 mice but it is possible that both explanations contribute.  

As discussed in Chapter 4 (section 4.3.4), the processes of microglial proliferation and 

apoptosis are coupled, therefore it was of interest to investigate whether blocking apoptosis 

would affect the proliferation of microglia in Vav-Bcl-2 mice.  Following a single dose of 

BrdU, Vav-Bcl-2 microglia were observed to have a non-significant reduction in their 

proliferation rate compared to wild-type littermates (Figure 5-5A, Figure 5-5B). Although 

not statistically significant, the effect represented an approximately 40% reduction in 

proliferation (wild-type = 0.91% ± 0.215 vs. Vav-Bcl-2 = 0.465% ± 0.112; p = 0.1041), 

indicating that enhanced protection from apoptosis may lead to an inhibition of proliferation. 

Contact inhibition between cells has also been shown to inhibit proliferation, as discussed 

further in section 5.3.2, thus this reduction in proliferation may be influenced indirectly by 

the elevated microglial density. 
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Figure 5-4: Flow cytometry analysis and sorting (FACS) of microglia from wild-type and Vav-Bcl-2 

mice. 
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Fig. 5-4 (cont.): (A) Representative dot plots of the CD11b+ CD45low and CD11b+ CD45high populations 

in Vav-Bcl-2 mice and wild-type littermates, based on gating from Figure 2-10. (B)  Representative 

dot plots of the CD45high Ly6C+ and CD45high Ly6C- populations in Vav-Bcl-2 mice and wild-type 

littermates, based on gating from Figure 2-10. (C-F) Quantification of the density of CD11b+ CD45low 

(C) CD11b+ CD45high Ly6C+ (D) and CD45high Ly6C- (E) cells in the whole brain of Vav-Bcl-2 mice (n = 

14) and wild-type (n = 10) littermates. (F) Each of the cell populations quantified in (C-E) as a 

proportion of the total CD11b+ population in wild-type and Vav-Bcl-2 mice. Data represented as 

mean ± SEM. Data were analysed with a T-test. Statistical differences: ** p <0.01. 

 

 
Figure 5-5: Vav-Bcl-2 mice have a non-significant reduction in proliferation rate.  

(A) Quantification of overall (left) and regional (right) proliferation rate in the brain of adult (4-6 

months) Vav-Bcl-2 (n = 8) mice and wild-type (n = 8) littermates. (B) Representative examples of 

Iba1-BrdU double immunohistochemistry analysis of microglial proliferation. Iba1+BrdU+ double-

positive proliferating cells indicated by black arrows. Data represented as mean ± SEM. Data were 

analysed with a T-test (A) or two-way ANOVA and a post-hoc Tukey test (B). Scale bar in (A) 75 μm. 
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5.2.4 Microglia from Vav-Bcl-2 mice have an altered transcriptomic 

profile compared to wild-type microglia 

In order to understand the impact of apoptosis blockade on the microglial phenotype, 

microglia were isolated by FACS to further analyse their transcriptomic profile by RNA 

sequencing (RNAseq). CD11b+ CD45low and CD11b+ CD45high subpopulations were isolated 

to carry out RNAseq profiling, which rendered a total of 137 genes statistically (P <0.01; 

fold change >10) upregulated in Vav-Bcl-2 vs wild-type and 259 statistically downregulated 

genes (Figure 5-6A; Table S2).  

 

Figure 5-6: Microglia from Vav-Bcl-2 mice have an altered transcriptome. 

(A) Heatmap representation of genes showing a significant (P <0.01; >10-fold change) change in 

Vav-Bcl-2 vs wild-type microglia (combined CD45+; n = 4/group). Clustering of genes by expression 

profiles is shown on the left. Transcriptomic analysis kindly performed by Dr Mark A. Chapman 

(Biological Sciences, University of Southampton).  

 

These 396 differentially expressed genes were then clustered using GO analysis to classify 

their biological functions. The use of GO-Slim terms simplifies the returned GO terms, 

reporting the pathways in which genes function and so giving a broader overview of changes 
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in expression, rather than reporting individual genes. GO analysis revealed differentially 

expressed genes that were particularly associated with GO-Slim terms involved in pathways 

related to metabolic processes and biogenesis (Figure 5-7A). Clustering of GO terms (based 

on genes shared between each GO category) revealed GO processes previously identified to 

be up-regulated in microglia (Grabert et al., 2016), including immune response and 

macromolecule biosynthesis (Figure 5-7B), amongst others. Vav-Bcl-2 mice also showed a 

significant alteration of genes clustered under the processes of cell cycle and proliferation 

and death, confirming the expected effects of Bcl-2 upregulation (Figure 5-7A). More 

specifically, Vav-Bcl-2 microglia had a significant repression (> 200-fold) of the pro-

apoptotic gene BAD, and a significant upregulation (17-fold) of the anti-apoptotic gene Api5 

(Table S2). Vav-Bcl-2 microglia also displayed a significant repression of cell cycle-

promoting genes like Mad2l1, Mdm2, Cdca3, Cdk1, Cdc20 and Cdc20b (all > 25-fold down-

regulated) (Table S2). These differences in gene expression confirm the anti-apoptotic 

effects of Bcl-2 overexpression in microglia, but also suggest that cell cycle regulation is 

impaired as an associated effect, explaining the previously reported reduction in proliferation 

rate. The CD11b+ CD45low subpopulation was identified as the major contributor to the 

transcriptional variability observed between wild-type and Vav-Bcl-2 microglia, as observed 

when overlapping the gene sets of CD45low and CD45high  cells in a Venn diagram (Figure 

5-7C).  
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Figure 5-7: The transcriptome from Vav-Bcl-2 mice shows alteration of metabolism/biosynthesis 

and immune regulation. 
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Fig. 5-7 (cont.): (A) Clustered representation (GOslim) of GO processes significantly altered in Vav-

Bcl-2 compared to wild-type microglia representing the cellular pathways in which differentially 

expressed genes can be found. Number of genes altered per cluster is shown on top of bars.   (B) 

Enrichment map of GO terms showing the clustering of pathways identified in (A) in cellular 

processes, where red nodes represent GO terms and green edges represent shared genes (thicker 

lines indicate more shared genes). (C) Venn diagram representing the intersection of the 

transcriptional variability observed when comparing total (purple), CD45low (green) or CD45high (pink) 

Vav-Bcl-2 to wild-type microglia. Transcriptomic analysis kindly performed by Dr Mark A. Chapman 

(Biological Sciences, University of Southampton). 

 

Under homeostatic conditions, microglia have a distinct transcriptional profile, expressing a 

core network of genes that distinguish them from other resident macrophage populations and 

CNS cells (summarised in Chapter 1; section 1.1.4, Table 1-1) (Hickman et al., 2013, 

Butovsky et al., 2014). Whilst the transcriptome of microglial cells has significant inter-

regional variability, this core transcriptional signature remains unchanged (Grabert et al., 

2016). Whether blockade of apoptosis impacted the expression of the microglia ‘core 

signature’ genes (Butovsky et al., 2014) in the CD11b+ CD45low subpopulation was assessed 

(Figure 5-8A, Figure 5-8B). Overall, microglia from Vav-Bcl-2 mice do not significantly 

alter their expression of core signature genes. 15 out of 42 genes identified to be highly 

enriched in microglia showed altered expression, including Ccl2 and Serpine2, which were 

upregulated, along with Tgfb1, Fcrls and Crybb1 which were downregulated (Figure 5-8B). 

Expression of the 6 genes previously identified to be microglial-specific, P2ry12, Tmem119, 

Olfml3, P2ry13, CX3CR1 and Hexb, as well as expression of other relevant genes such as 

Sall1 and Csf1r, was unchanged (Figure 5-8B), indicating that apoptosis blockade does not 

affect cell identity or homeostasis. 
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Figure 5-8: Microglia from Vav-Bcl-2 mice do not significantly alter their expression of the 

microglial homeostasis core signature genes.  

(A) Heatmap representation of the expression of the microglial-enriched core signature genes 

identified by Butovsky et al. (2014) in Vav-Bcl-2 and wild-type microglia (CD11b+ CD45low). Heatmap 

produced by Dr Mark A. Chapman (Biological Sciences, University of Southampton). (B) Fold change 

of normalised RNA expression of the microglial-enriched core signature genes in Vav-Bcl-2 relative 

to wild-type littermates. Grey shading indicates the six most highly enriched/microglial-specific core 

signature genes as identified by Butovsky et al. (2014) and summarised in Table 1-1. Data 

represented as mean ± SEM. Data for individual genes were analysed with a T-test. Statistical 

differences: *p < 0.05. 
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5.2.5 Impact of increased microglial density on basic cellular and 

behavioural parameters 

In order to understand the impact of the significant alteration in the number and phenotype 

of microglia on the brain throughout the life of Vav-Bcl-2 mice, other cell populations in the 

adult brain were examined. No gross deficiencies in the astrocytic (GFAP+; Figure 5-9A) or 

neuronal (NeuN+; Figure 5-9B) populations in the cortex, CA1-CA2 layer of the 

hippocampus or dentate gyrus were observed, however in-depth analysis of population 

density was not performed. No significant differences were observed in the postnatal age-

dependent changes in synaptic density in the hippocampus of Vav-Bcl-2 mice compared to 

wild-type littermates (synaptophysin immunoreactivity; Figure 5-10). Across the molecular 

layers of the hippocampus (detailed in Figure 2-2), wild-type and Vav-Bcl-2 mice 

demonstrated the same trend for increased synaptophysin immunoreactivity with increased 

age, with the exception of the granular layer. In the polymorph, molecular, lacunar 

molecular, radiatum and oriens layers, synaptophysin immunoreactivity increased with age 

in both wild-type and Vav-Bcl-2 mice, whereas it decreased with age or remained unchanged 

in the granular and pyramidale layers. Interestingly, a significant increase in synaptophysin 

immunoreactivity was observed in the lacunar-molecular layer of Vav-Bcl-2 mice from 8 

weeks to 8-10-months of age, but this was not observed in wild-type littermates. 

The behavioural performance of these mice was also investigated in open field and 

burrowing tasks, measures of exploration/anxiety and anhedonia, respectively. There were 

no differences in the exploratory behaviour of Vav-Bcl-2 mice in the open field task, 

demonstrated by similar distances travelled compared to wild-type littermates (Figure 

5-11A). Vav-Bcl-2 mice also do not show a difference in anxiety-like behaviour compared 

to wild-type, as evidenced by a similar number of entries into the open zone of the field 

(Figure 5-11B). No differences in burrowing behaviour between Vav-Bcl-2 and wild-type 

littermates were observed, demonstrated by a similar weight of food pellets displaced during 

the test period (Figure 5-11C).  

 



Chapter 5 

 183 

Figure 5-9: Characterization of the astrocyte and neuronal populations in Vav-Bcl-2 mice. 
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Fig. 5-9 (cont.): (A) The distribution and morphology of astrocytes (GFAP+) and neurons (NeuN+) in 

the cortex of wild-type (n = 5) and Vav-Bcl-2 (n = 5) mice. (B) The density and layering of astrocytes 

and neurons (NeuN+) in the dentate gyrus of wild-type and Vav-Bcl-2. Scale bar in (B) 100 μm.  
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Figure 5-10: Quantification of synaptic density in Vav-Bcl-2 mice.  

(A) Immunohistochemical analysis and quantification of protein levels of synaptophysin  in the 

hippocampus of wild-type and Vav-Bcl-2 mice at 8 weeks (wild-type, n = 4; Vav-Bcl-2, n = 5) and 8-

10 months (wild-type, n = 3; Vav-Bcl-2, n = 3) of age. Synaptophysin levels represented as mean ± 

SEM of % Synaptophysin+ area. (B) Representative images of synaptophysin staining in the oriens, 

pyramidale and radiatum layers of the hippocampus in wild-type and Vav-Bcl-2 mice at 8 weeks and 

8-10 months. Data represented as mean ± SEM. Data were analysed with a two-way ANOVA and a 

post-hoc Tukey test. Statistical differences: *p < 0.05.  Scale bar in (B) 100 μm.  
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Figure 5-11: Increased microglial density has no effect on exploratory, anxiety-like or anhedonic 

behaviours. 

(A-C) Analysis of the behaviour in the open field, measured as total distanced travelled (B) or number 

of entries in the open zone (B) of wild-type (n = 6) and Vav-Bcl-2 (n = 6) mice. Exploratory activity 

was measured as distance travelled (cm) in the open field test, analysing the locomotor activity in 

an open zone vs residual zone as a correlate of anxiety. (D-E) Burrowing behaviour, a measure of 

anhedonic behaviour, was measured as weight displaced (g) out of the tube in 24 hours in wild-type 

(n = 6) and Vav-Bcl-2 (n = 6) mice. Data represented as mean ± SEM. Data were analysed with a 

two-way ANOVA and a post-hoc Tukey test (A) or a T-test (B, C). Behavioural testing kindly 

performed and analysed by Mr Adrian Olmos-Alonso. 
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5.2.6 Dysregulated microglial apoptosis alters the inflammatory 

response in the CNS after a systemic challenge. 

In order to further understand the impact of the altered transcriptomic profile in Vav-Bcl-2 

microglia, the inflammatory response in the brain following a systemic challenge with LPS 

was studied as a model of systemic inflammation. Vav-Bcl-2 mice and wild-type littermates 

were given a single dose of 500 µg/kg LPS i.p. and culled after 3 hours. Importantly, any 

baseline changes in expression of Toll-like receptor (TLR)-2 and TLR-4 that may underpin 

differential responsiveness to LPS were first explored in the prior RNAseq dataset. No 

difference in the expression of Tlr4 between wild-type and Vav-Bcl-2 microglia (mean 

normalised expression wild-type = 81.39 ± 28.07 vs. Vav-Bcl-2 = 76.79 ± 51.36) was seen, 

whereas Vav-Bcl-2 microglia demonstrated a non-significant increase in expression of Tlr2 

(mean normalised expression wild-type = 57.61 ± 22.73 vs. Vav-Bcl-2 = 298.3 ± 129.3; p = 

0.08). TLR-2 is also capable of recognising and binding to LPS, however it does not 

significantly contribute to the downstream responses, which are mediated mainly through 

TLR-4 (Ulmer et al., 2002). 

Having established this baseline, the LPS experiment was analysed, first with respect to the 

peripheral inflammatory response in these mice. mRNA expression of pro- and anti-

inflammatory cytokines, including Il-1β, Tnfα, Il6, Ccl2 and Il10, were upregulated in the 

spleen of wild-type mice following an LPS challenge. No significant differences in 

expression were observed in Vav-Bcl-2 mice, with the exception of Il10 which was 

significantly upregulated in LPS-treated Vav-Bcl-2 mice (Figure 5-12A). These data suggest 

that inhibition of apoptosis in the myeloid populations of the spleen does not impact their 

response to an inflammatory challenge, despite significantly increasing their density (Ogilvy 

et al., 1999b). The presence of cytokines in the serum was also examined following LPS 

challenge. As with mRNA expression in the spleen, many pro- and anti-inflammatory 

cytokines were elevated in the serum of both wild-type and Vav-Bcl-2 mice (Figure 5-13A). 

A significant increase in the expression of IL-1β, TNFα and IL-10 was seen in Vav-Bcl-2 

mice compared to wild-type littermates following LPS (Figure 5-13A). 

The inflammatory response was then examined in the brain. Both wild-type and Vav-Bcl-2 

mice up-regulated pro- and anti-inflammatory genes in response to the LPS challenge 

(Figure 5-14A). For many genes, including Il-1β, Il6 and Il10, the response to LPS was 

similar in both Vav-Bcl-2 mice and wild-type littermates. Saline-treated Vav-Bcl-2 mice had 

a non-significant 3.5-fold upregulation of Ccl2 expression compared to wild-type, as was 
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expected following the RNAseq data.  Following LPS challenge, Ccl2 expression became 

significantly upregulated in Vav-Bcl-2 mice, showing a 507% increase compared to LPS-

treated wild-type littermates. Interestingly, a significant downregulation in expression of Il4 

in Vav-Bcl-2 mice was seen compared to wild-type following LPS, along with non-

significant reductions in the expression of Inos and Tnfα, demonstrating that the 

inflammatory response in the brain is altered by blockade of apoptosis. The differences in 

the expression profiles of individual cytokines between the brain, spleen and the blood may 

reflect their cellular compositions, but it appears that apoptosis blockade does affect some 

aspects of the inflammatory response to LPS across all tissues studied. 
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Figure 5-12: The inflammatory response to an acute systemic challenge by splenocytes from Vav-Bcl-2 mice remains unchanged compared to wild-type.  

(A) RT-PCR analysis of the mRNA expression of pro-inflammatory (Il1β, Inos Tnfα, MhcII, Il6 Ccl2) and anti-inflammatory (Tgfβ, Il10, Il4) cytokines in the spleen of wild-type 

and Vav-Bcl-2 mice after i.p. injection of saline (wild-type n = 11; Vav-Bcl-2 n = 12) or LPS (500 μg/kg; wild-type n = 12; Vav-Bcl-2 n = 13) culled 3 hours post-injection. 

Expression of mRNA indicated as relative expression compared to the housekeeping gene GAPDH using the 2-ΔΔCt method. Data represented as mean ± SEM. Data were 

analysed with a two-way ANOVA and post-hoc Tukey test. Statistical differences: *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 5-13: The inflammatory response in the blood to an acute systemic challenge is altered in Vav-Bcl-2 mice compared to wild-type.  

(A, B) Immunoplex analysis of the protein concentration of pro-inflammatory (IFN-g, IL-1β, IL-2, IL-4, IL-5, TNFa, IL-6, CX3CL1) and anti-inflammatory (IL-10) cytokines in the 

serum of wild-type and Vav-Bcl-2 mice after i.p. injection of saline (wild-type n = 11; Vav-Bcl-2 n = 12) or LPS (500 μg/kg; wild-type n = 12; Vav-Bcl-2 n = 13) culled 3 hours 

post-injection. Protein concentration reported as pg/ml. Data represented as mean ± SEM. Data were analysed with a two-way ANOVA and post-hoc Tukey test. Statistical 

differences: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Figure 5-14: Microglia from Vav-Bcl-2 mice have an altered inflammatory response to an acute systemic challenge. 

(A) RT-PCR analysis of the mRNA expression of pro-inflammatory (Il1β, Inos Tnfα, MhcII, Il6 Ccl2) and anti-inflammatory (Tgfβ, Il10, Il4) cytokines in the cortex of wild-type 

and Vav-Bcl-2 mice after i.p. injection of saline (wild-type n = 11; Vav-Bcl-2 n = 12) or LPS (500 μg/kg; wild-type n = 12; Vav-Bcl-2 n = 13) culled 3 hours post-injection. 

Expression of mRNA indicated as relative expression compared to the housekeeping gene GAPDH using the 2-ΔΔCt method. Data represented as mean ± SEM. Data were 

analysed with a two-way ANOVA and post-hoc Tukey test. Statistical differences: **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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5.2.7 The impact of LPS on microglial proliferation in wild-type and 

following blockade of apoptosis  

It has previously been shown that LPS stimulation can induce increased microglial 

proliferation and density throughout the brain at both high (1000 µg/kg) and low (100 µg/kg) 

doses (Fukushima et al., 2015, Furube et al., 2018). Given the reduced proliferation rate 

observed in Vav-Bcl-2 mice, whether this impaired the proliferative response to LPS 

stimulation was explored (Figure 5-15).  Vav-Bcl-2 mice and wild-type littermates were 

given a single dose of 500 µg/kg LPS i.p. and culled after 3 days, with a single dose of 75 

mg/kg BrdU given 24 hours before sacrifice. With the exception of the CA1-CA2 layer and 

the dentate gyrus, an increase in microglial density across brain regions in LPS-treated 

groups of wild-type and Vav-Bcl-2 mice was observed, compared to saline-treated controls 

(Figure 5-15A), corroborating previously published data demonstrating increased 

microglial density after systemic administration of LPS (Furube et al., 2018). However, a 

significant reduction in the overall microglial proliferation rate of wild-type LPS-treated 

mice compared to saline-treated controls was seen (Figure 5-15B-D). Further analysis of the 

proliferation rate across regions demonstrated that a significant reduction in proliferation 

occurred in the corpus callosum, with non-significant reductions in the CA1CA2 layer, 

dentate gyrus and thalamus following LPS treatment in wild-type mice (Figure 5-15C). 

Saline-treated Vav-Bcl-2 mice had a reduction in overall proliferation rate compared to wild-

type controls, as previously shown, with proliferation reduced across all regions studied 

except the dentate gyrus which showed no significant change (Figure 5-15B, Figure 

5-15C). As in the wild-type mice, LPS-treated Vav-Bcl-2 mice showed a reduction in 

regional proliferation rates in the corpus callosum, dentate gyrus and thalamus (Figure 

5-15C). Interestingly, there was no significant difference in the proliferation rate of LPS-

treated Vav-Bcl-2 mice compared to wild-type mice (Figure 5-15B, Figure 5-15C), 

suggesting that the proliferative response following LPS may be differentially regulated 

following blockade of apoptosis. 

Following the RNAseq results suggesting impairment in the cell cycle in the Vav-Bcl-2 mice, 

the expression of components of the CSF1R pathway and other related genes were assessed 

3 hours and 3 days following systemic LPS challenge. 3 hours post-injection, no significant 

differences in expression of CSF1R pathway genes were observed in Vav-Bcl-2 mice 

compared to wild-type littermates in our saline-treated groups (Figure 5-16A), with the 
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exception of Cyclin D1, which showed a non-significant reduction in expression in Vav-Bcl-

2 mice. However, 3 hours post-LPS a significant upregulation in CSF1 and RUNX1 

expression were observed in wild-type mice, which was not seen in Vav-Bcl-2 mice (Figure 

5-16A). A trend towards reduced expression of CSF1R in LPS-treated Vav-Bcl-2 mice was 

seen at the 3-hour time point, whilst the expression of other components of the CSF1R 

pathway did not change significantly in either genotype.  

A similar picture was evident at the 3 day time point, with no significant differences in 

expression of relevant genes in Vav-Bcl-2 mice compared to wild-type littermates in the 

saline- or LPS-treated groups (Figure 5-16B), with the exception of Cyclin D1 and Cyclin 

D2, which showed a non-significant reduction in expression in Vav-Bcl-2 mice in both 

saline- and LPS-treated groups. The expression profile of some genes was different at the 3 

day time point post-LPS compared to 3 hours, with the expression of CSF1 and RUNX1 

returning to similar levels in the wild-type saline- and LPS-treated groups (Figure 5-16B). 

It was also observed that whilst there was a trend towards a reduction of CSF1R expression 

in LPS-treated Vav-Bcl-2 mice at the 3-hour time point compared to wild-type LPS-treated 

mice (Figure 5-16B), there were no differences in expression at 3 days post-injection. This 

suggests that the inflammatory response is likely to have resolved by 3 days, therefore the 

changes in gene expression that would have mediated any proliferation that may have 

occurred will have declined. Our data suggests that the reduced proliferation rate in 

unchallenged Vav-Bcl-2 mice compared to wild-type mice is not mediated at the level of the 

CSF1R pathway, but instead potentially at the level of the cell cycle machinery, supported 

by the RNAseq data showing a reduction in expression of genes that typically function to 

promote cell cycle progression, including Mdm2, Cdca3, Cdk1 and Cdc20 and Cdc20b. It 

also suggests that the LPS-mediated upregulation in expression of CSF1R pathway 

components, such as Csf1 and Runx1, is suppressed after blockade of apoptosis.  
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Figure 5-15: The proliferative response in Vav-Bcl-2 mice is supressed to a lesser extent following 

a systemic challenge in Vav-Bcl-2 mice compared to wild-type.  

(A-C) Analysis of the microglial proliferative response in the brain following i.p. injection of saline 

(wild-type n = 3; Vav-Bcl-2 n = 6) or LPS (500 μg/kg; wild-type n = 4; Vav-Bcl-2 n = 4) culled 3 days 

post-injection. (A) Quantification of microglial density (Iba1+ cells) across brain regions in Vav-Bcl-2 

mice and wild-type littermates following saline or LPS challenge. (B) Quantification of overall 

proliferation rate in the brain of Vav-Bcl-2 mice and wild-type littermates following saline or LPS 
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 Fig. 5-15 (cont.): challenge. (C) Quantification of regional proliferation rate in the brain of Vav-Bcl-

2 mice and wild-type littermates following saline or LPS challenge. (D) Representative examples of 

Iba1-BrdU double immunohistochemistry analysis of microglial proliferation following saline or LPS 

challenge. Scale bar in (C) 100 μm. Data represented as mean ± SEM. Data were analysed with a 

two-way ANOVA and post-hoc Tukey test. Statistical differences: *p < 0.05. 

 

 

Figure 5-16: Gene expression of the components of the CSF1R pathway and cell-cycle associated 

genes in the Vav-Bcl-2 brain are unchanged following a systemic challenge.  

(A, B) RT-PCR analysis of the components of the CSF1R pathway (A; CSF1R, CSF1, IL-34, PU.1, 

c/EBPa, RUNX1, IRF8, Cyclin D1, Cyclin D2) in the cortex of wild-type and Vav-Bcl-2 mice after i.p. 

injection of saline (wild-type n = 11; Vav-Bcl-2 n = 12) or LPS (500 μg/kg; wild-type n = 12; Vav-Bcl-2 

n = 13), culled 3 hours (A) or 3 days (B) post-injection. Expression of mRNA indicated as relative 

expression compared to the housekeeping gene GAPDH using the 2-ΔΔCt method. Data represented 

as mean ± SEM. Data were analysed with a two-way ANOVA and post-hoc Tukey test.   
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5.3 Discussion 

5.3.1 Blockade of apoptosis affects the developmental dynamics of the 

microglial population  

An interesting observation from this study of the Vav-Bcl-2 model was that microglial 

density in the cortex plateaued during postnatal development, whereas in wild-type mice the 

microglial population rapidly expands during the first few postnatal weeks and is then 

refined to the density maintained throughout adulthood, which is approximately 54% lower 

than the peak of density at P21 (Nikodemova et al., 2015). From birth to P21, Vav-Bcl-2 

mice show the same trend in increasing microglial density with age as wild-type littermates, 

albeit with a non-significant increase in density compared to wild-type at the same 

developmental time point. However, microglia do not undergo this developmental 

refinement following blockade of apoptosis, showing that the final density of microglia in 

the brain is developmentally regulated. Changes in the expression of endogenous mBcl-2 

were not observed during the first few developmental weeks, which does not correlate with 

the postnatal decline in microglial numbers, however as mRNA expression in whole cortical 

samples was assessed as opposed to isolated microglia it is likely that differences in 

microglial-specific gene expression were not detected. Development of the online ‘Brain-

Seq’ transcriptome database, which compares gene expression across different CNS cell 

populations (Zhang et al., 2014) as well as changes in gene expression in microglia from 

E17-P60 (Bennett et al., 2016) allows the interrogation of cell-specific gene expression. 

Expression of mBcl-2 in microglial cells is reported to be down-regulated from P7 to P14, 

but then is upregulated again from P21 to P60 (Bennett et al., 2016). It has previously been 

shown that the majority of Bcl-2 expression in the developing and postnatal cortex is in post-

mitotic neurons (Merry et al., 1994) although high levels of expression are also found in 

astrocytes (Zhang et al., 2014). Overall Bcl-2 expression in the brain decreases during the 

first two postnatal weeks and is maintained, albeit at a lower level, in the adult brain (Ferrer 

et al., 1994, Merry et al., 1994), but will contribute to the total mBcl-2 expression observed 

here. Different immune subsets rely on expression of distinct anti-apoptotic Bcl-2 family 

members for their survival (Carrington et al., 2015), however it has not yet been reported 

which of these proteins is critical for microglia survival and the full complement of proteins 

regulating the developmental refinement of microglial density remain unclear. Analysis of 

the expression of the anti-apoptotic Bcl-2 family members using the Brain-Seq database 
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revealed that Bcl-XL, Mcl-1 and A1 are highly enriched in microglia compared to other CNS 

cell types (Zhang et al., 2014), suggesting these as candidate proteins for promoting 

microglial survival. During the postnatal period, Mcl-1 has the highest expression of these 

candidate genes from P7 to adulthood, although all three show stable expression from E17 

onwards (Bennett et al., 2016), as shown in Figure S12.  

Increased expression of mBcl-2 was unexpectedly seen in the Vav-Bcl-2 mice at all time 

points compared to wild-type littermates. These data suggest that there may be a feedback 

mechanism by which hBcl-2 can promote endogenous mBcl-2 expression, but there has been 

no evidence to date suggesting that endogenous mBcl-2 expression is affected by hBcl-2 

overexpression in this model. Unlike mBcl-2, significant changes in hBcl-2 mRNA 

expression were observed during postnatal development in the Vav-Bcl-2 mice. It can be 

assumed that the majority of these expression changes reflect microglial-specific hBcl-2 

expression, as although BAMs are predicted to overexpress hBcl-2 in this model, they 

represent a very small population of cells in the brain relative to microglia (Mrdjen et al., 

2018). Interestingly, a significant upregulation in hBcl-2 expression from P0 to peak 

expression levels at P14 was observed, coinciding with a substantial increase in microglial 

density. However, microglial density continued to increase from P14 to P21, whereas hBcl-

2 mRNA expression decreases. Analysis of hBcl-2 protein indicated no significant 

differences in protein expression during postnatal development. It has been reported that 

Bcl-2 protein expression is regulated at the post-transcriptional level (Cui and Placzek, 2018) 

which may explain the discordance in gene and protein expression. Furthermore, Bcl-2 

protein has a reported half-life of >20 hours (Rooswinkel et al., 2014) thus elevated mRNA 

expression at specific developmental time points (e.g. P14 vs. P21) may reflect a requirement 

for an excess of mRNA template in order to maintain a stable protein expression.  

5.3.2 The impact of elevated density on cell distribution in the microglial 

mosaic 

The data presented in this Chapter suggest a scenario in which the brain can only 

accommodate a certain number of microglial cells, as the continued expression of the hBcl-

2 transgene throughout life does not result in a continued increase in microglial density. 

Instead, microglial density plateaus from P21. This may occur simply because the 

developmental refinement of microglial density typically takes place around this time, and 

once density reaches the ‘developmental maximum’ there is no drive to increase cell 
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numbers further but inhibition of apoptosis prevents them from being refined to the adult 

density. This refinement is likely to at least in part be regulated by the availability of growth 

factors in the developing brain, namely CSF-1 and IL-34, which are both expressed from 

late embryonic development. In the postnatal cortex, CSF-1 is expressed solely in layer VI 

from P2 to P20, whereas IL-34 has a more diverse expression pattern, with expression found 

in layer V and the meninges at P2 and expanding to layers II-IV by P20 (Nandi et al., 2012). 

These regional expression profiles suggest that microglial survival is regulated by different 

growth factors depending on cell location. Analysis of microglial density during postnatal 

development was conducted in layers I-IV of the cortex, suggesting that the survival of the 

cells analysed is regulated by IL-34 expression rather than CSF-1. Expression of both CSF-

1 and IL-34 declines in the brain from P21, but IL-34 is maintained at a higher level than 

CSF-1 from P42 onwards (Nandi et al., 2012, Nikodemova et al., 2015). Reduced availability 

of CSF-1 and IL-34 from P21 is likely responsible for the induction of microglial apoptosis 

and thus the developmental refinement of cell density from this developmental time point. 

The differential expression of CSF-1 and IL-34 during development was not investigated in 

the Vav-Bcl-2 mice, so the influence of apoptotic blockade on the availability of these growth 

factors, and how that may impact the observed plateau in microglial density, during postnatal 

development remains to be investigated. The plateau in density may also be suggestive of 

contact inhibition mechanisms being in place. As previously discussed, although it is 

generally accepted that the microglial mosaic is achieved through contact inhibition 

mechanisms (Tremblay and Sierra, 2014), there is little in vivo evidence. The ‘repellent’ 

nature of interactions between microglial processes from neighbouring cells appear to ‘repel’ 

each other, with processes being retracted to avoid contact during surveilling activity, 

observed during two-photon in vivo imaging studies (Nimmerjahn et al., 2005) is the most 

direct evidence of these mechanisms. In vitro studies have shown that microglia undergo 

density-dependent (i.e. contact) inhibition of proliferation, which is mediated by p27-driven 

suppression of cell cycle progression (discussed further in section 5.3.3) (Koguchi et al., 

2003). Whilst the mechanisms regulating this potential contact inhibition are not well 

understood, the local availability of CSF-1 and IL-34 is likely to have an influence. 

It was considered whether elevated cell density might provide insight into how the mosaic 

distribution of microglia in the brain was achieved and maintained. Previous studies have 

reported no contact between microglial somas in the wild-type cortex (Nimmerjahn et al., 

2005), and hippocampus (Jinno et al., 2007), which was also observed here in the wild-type 

cortex. Whilst no contact between microglial somas was seen in the Vav-Bcl-2 cortex, Vav-
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Bcl-2 microglia had significantly smaller NNDs indicating that the somas of individual cells 

are closer together. With elevated cell density, the territory area of individual microglial cells 

significantly decreased. It is possible that this reflects a reduced availability of growth factors 

in the local micro-environment. The elevated density is likely to result in increased 

competition for available CSF-1/IL-34, expression of which may not increase despite the 

presence of more dependent cells. The over-demand for growth factors would typically result 

in some cells being unable to survive, however this may be overcome by the blockade of 

apoptosis. Instead, it may result in individual cells being unable to sustain larger territory 

areas as there is not enough trophic support to maintain the movement of their processes 

over larger areas. However, the impact of growth factor availability on territory size is 

unclear and the relative CSF-1/IL-34 availability in the Vav-Bcl-2 cortex is unknown, thus 

requiring further study. Interestingly, no correlation between the distance to the nearest 

neighbour of a cell and its territory area was observed. This could be explained by studying 

the different shapes of the territories of microglia in wild-type and Vav-Bcl-2 mice, with 

wild-type microglia predominantly having large radial territories whilst Vav-Bcl-2 microglia 

have smaller asymmetrical territories. These asymmetrical territories would likely result in 

cell somas being closer together than with radial territories, supported by the smaller NNDs 

observed between Vav-Bcl-2 microglia. This suggests that the soma position of the cell 

remains fixed in the absence of a migratory stimulus, as in previous reports showing minimal 

soma movement, although the territory area of individual cells has been shown to be highly 

dynamic (Nimmerjahn et al., 2005). Whilst surveilling the parenchyma, individual cells 

extend and retract their processes, thus changing the border zones between cells. Once a cell 

has retracted its processes, a neighbouring cell will move its own processes into the empty 

niche, effectively ‘taking over’ the territory (Nimmerjahn et al., 2005). However, despite the 

changing territories, previous studies have shown that there is no contact between microglial 

processes under physiological conditions (Davalos et al., 2005, Nimmerjahn et al., 2005, 

Erny et al., 2015). We did observe some overlap between processes of adjacent cells in both 

wild-type and Vav-Bcl-2 mice, but this could be attributed to the fact that our images were 

2D maximum projections of z stacks, therefore the processes of cells in different z planes 

may appear to overlap in 2D space despite not overlapping in 3D space, as shown in Figure 

S13. Further analysis of the microglial territories in 3D would determine whether processes 

from Vav-Bcl-2 microglia overlap and break territorial boundaries.  

Analysis of microglial territory size is sparse in the literature, with very few studies reporting 

data pertaining to territory area. Jinno et al. (2007) reported a mean territory size of 3263.7 
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µm2 (n = 41 cells) for microglia from wild-type mice in the CA1 region of the hippocampus, 

which is larger than the territory areas reported here in the cortex. However this could reflect 

the fact that there are slightly fewer microglia within the hippocampus thus their individual 

territory sizes are larger. Another study reports an average territory area of approximately 

2000 µm2 in the cortex (Preissler et al., 2015), corroborating our data. The estimated territory 

area of microglia in the retina of wild-type mice has also been reported as approximately 

10,700 µm2 (Davis et al., 2017), however this was not directly measured but calculated using 

a transformation of the H(r) derivative of Ripley’s K statistics (H(r) derivative is a further 

transformation of the L(r) derivative) (Kiskowski et al., 2009), which may have resulted in 

an over-estimate of the true territory area as the microglial density in the retina is similar to 

that in the hippocampus. Furthermore, this transformation assumes that cell territories are 

perfectly circular, which is clearly not the case. In fact, another study that directly measured 

territory area in the retina reported an average microglial territory of approximately 6000 

µm2 (Preissler et al., 2015), indicating that the data reported by Davis et al. (2017) is indeed 

an overestimation due to their indirect calculation of territory area. Another study reported 

a microglial territory area of approximately 1200 µm2 in the dentate gyrus of Wistar rats 

(Viana et al., 2013), showing that microglial territory size is heterogeneous across regions 

and species. However, the evidence from in vivo imaging studies indicates that investigation 

of microglial territory area in ‘static’ post-mortem images is likely to result in inaccurate 

measurements of microglial territory area due to the dynamic nature of these cells.  

 It was also of interest to understand whether the mosaic patterning of microglia was affected 

by altered cell density. The RI of microglia from wild-type and Vav-Bcl-2 mice was 

calculated as a measure of the regular distribution of cells. The average RI of wild-type 

microglia was 3.07 ± 0.24, corroborating previous studies (Davis et al., 2017) and indicating 

a regular distribution of cells. The RI of Vav-Bcl-2 microglia was 2.65 ± 0.16, not 

significantly reduced from wild-type but demonstrating that elevated density in the cortex 

results in a slightly less regular distribution of cells within the microglial mosaic. Ripley’s 

K statistics were applied as a further measure of microglial distribution. As the mean 

observed L(r) values were equal to the theoretical L(r) values (relating to a point pattern of 

CSR), the data suggests that the microglial distribution in the cortex is completely spatially 

random i.e. microglia are not clustered or dispersed, but cell somas occupy seemingly ‘empty 

niches’ within the parenchyma. Jinno et al. (2007) reported the distribution of microglia in 

the hippocampus using the H(r) derivative of Ripley’s K function. Their negative values for 

H(r) in the hippocampus indicate a dispersed distribution of cells, i.e. cells are not distributed 
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randomly, suggestive of even spacing between cells, but that they are also not clustered 

together in foci (patterns of spatial distribution defined in Figure 2-4). This agrees with data 

reported by Davis et al. (2017) on the distribution of microglia in the retina; negative values 

for H(r) also indicating a dispersed arrangement of cells. Compared to those studies, it is 

possible that the spatial analysis performed here was under-powered, given the numbers of 

cells analysed per image (average cells per image: wild-type n = 28; Vav-Bcl-2 n = 44). 

This may explain why clustering or dispersion was not determined in our cell populations as 

there were not enough points to determine whether the spacing between cells was truly even, 

thus yielding values indicating a random distribution of cells. Jinno et al. (2007) analysed 

distribution in a point pattern of approximately 1300 cells, whereas Davis et al. (2017) 

analysed all microglia in retinal whole-mounts, >20,000 in total. Further analysis of cortical 

microglia in wild-type and Vav-Bcl-2 mice but using images taken at a lower magnification, 

thus including more cells, may provide more accurate assessments of their spatial 

distribution using Ripley’s K statistics. Despite this, the current data indicates that upon 

increase of cell density, microglia adopt a strategy to reduce their territory area, instead of 

clustering together. This suggests that contact inhibition mechanisms are preserved in this 

model, in order to prevent cells from breaking territorial boundaries. It is hypothesised that 

the plateau in the elevated microglial density observed in the adult brain of Vav-Bcl-2 mice 

indicates a maximum number of cells that can be accommodated in the parenchyma under 

physiological conditions. This limit may be governed by the availability of CSF-1 and IL-

34 within the cortex, which, as previously mentioned, declines during postnatal development 

alongside the refinement of microglial density (Nandi et al., 2012, Nikodemova et al., 2015).  

However, under disease conditions such as prion or AD, there is a marked increase in 

microglial density (Gomez-Nicola et al., 2013, Olmos-Alonso et al., 2016), at least 2-fold 

greater than that in the Vav-Bcl-2 brain. However, in contrast to Vav-Bcl-2 microglia, the 

phenotype of the cells changes with neuroinflammation: they rapidly proliferate and lose 

their distinct territories, indicating that upon microglial activation the mechanisms 

constraining density are not operational. The disease-associated transcriptional phenotype of 

microglia is characterised by loss of expression of the genes comprising the homeostatic core 

signature, thus it is possible that some of these genes may be candidates for regulating the 

link between contact inhibition and proliferation. As discussed in Chapter 4 (section 4.3.4) , 

P2ry12 is required for the translocation of cells during the rearrangement of the microglial 

landscape (Eyo et al., 2018) and has also been shown to regulate the movement of microglial 

processes towards chemotactic stimuli (Haynes et al., 2006), thus may be involved in the 
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‘repellent’ signalling that prevent processes of individual cells contacting one another. 

Gpr34, a G-protein-coupled receptor, is another potential candidate as its activation induces 

downstream signalling pathways that converge on NFκB-dependent regulation of 

proliferation (Schöneberg et al., 2018), although it has not been reported how loss of its 

expression impacts microglial proliferation. The DAM phenotype is also associated with 

elevated expression of Csf1 (Keren-Shaul et al., 2017), presumably responsible in part for 

the upregulation of proliferation but also providing a potential explanation for how such 

large densities of cells can be sustained in the parenchyma. Whilst the distribution and 

territory area of microglial cells in different disease models has not been formally 

investigated, it would be interesting to investigate whether the other core signature genes are 

linked to contact inhibition or proliferation pathways, as the loss of their expression may 

explain why activated/disease-associated microglia appear to lose their contact inhibition. 

 

5.3.3 Apoptosis blockade determines an altered microglial phenotype  

Following reports of altered microglial phenotype in models of dysregulated dynamics 

(through mitogen overexpression, pharmacological/genetic depletion etc.; summarised in 

Chapter 1, section 1.2.6), it was of interest to investigate how apoptosis blockade would 

affect the microglial phenotype. A shift in the cellular make-up of the myeloid population in 

the brain was seen with the relative balance between the proportions of the populations 

changing: a reduction in the proportion of resident microglia with an increase in the 

proportion of activated microglia/BAMs and monocytes. The overall increase in monocyte 

density in the Vav-Bcl-2 brain was small and not likely to represent a significant change in 

the brain environment. It can be assumed that the increase in activated microglia/BAMs can 

mostly be attributed to the activated microglial population based on the histology data 

presented in this thesis. This would suggest a shift towards a more inflammatory state 

following blockade of apoptosis, however without the use of further phenotypic markers 

these populations cannot be properly distinguished. Conducting CyTOF analysis would 

provide a useful insight into the brain myeloid landscape following blockade of apoptosis, 

as it would allow comparison of all populations of immune cells to give an overall picture 

of the neuroimmune landscape. In order to get a better understanding of the impact of 

blockade of apoptosis on microglial phenotype, the microglial transcriptome was assessed 

by RNAseq. These data highlight significant changes in the functional profile of microglia 

from Vav-Bcl-2 mice, including altered metabolism and immune response, suggesting that 
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dysregulated turnover of microglia impacts their phenotypic status. Whilst the analysis of 

the CD45high cells encompasses both the activated microglia/BAM population, the greatest 

degree of transcriptional variability between wild-type and Vav-Bcl-2 mice was seen in the 

CD11b+ CD45low resident microglial subpopulation. This demonstrates that the resident 

population is most affected at the transcriptional level by apoptosis blockade. As discussed 

earlier, it is possible that the elevated microglial density causes a reduction in CSF-1 and IL-

34 availability in the local micro-environment, which may in turn impact microglial 

phenotype. In vitro studies have demonstrated the requirement of these growth factors, and 

others including TGF-β and cholesterol, in both survival and maintenance of the homeostatic 

microglial phenotype (Butovsky et al., 2014, Bohlen et al., 2017). The availability of these 

was not investigated in the Vav-Bcl-2 model, thus is it unknown whether a compensatory 

increase in their production was associated with the elevated cell density or if reduced 

availability could be responsible for some of the transcriptomic changes here. Our data also 

suggest that turnover of microglia may be required in order for them to function properly, 

although the data presented in this thesis suggests that blockade of apoptosis does not 

significantly impact their function.  

Despite this, it was found that blockade of apoptosis does not change the microglial 

homeostatic phenotype, as determined by retention of expression of the microglial core 

signature. However, changes in the expression of some genes within the core signature were 

observed, but the functions of many of these are unknown. Changes in the expression of the 

microglial core signature genes can be associated with loss of the homeostatic microglial 

phenotype and the transition into an activated phenotype. Loss of the homeostatic signature 

has been reported in DAMs, thus it was of interest to compare the changes in expression of 

the microglial signature genes between microglia from Vav-Bcl-2 mice and microglia with 

disease-associated phenotypes, summarised in Figure 5-17.  In Vav-Bcl-2 microglia, 4 

upregulated genes, Ccl2, Serpine2, Lrrc3 and Lag3 were seen, whilst the remaining 11 

differentially expressed genes showed a non-significant downregulation. Of the 4 

upregulated genes, only the functions of Ccl2 have been reported in the context of microglial 

biology, as discussed in section 5.3.4, although Lag3 has been implicated in the regulation 

of peripheral immune responses (Anderson et al., 2016). Of the downregulated genes with 

the greatest fold change in expression compared to wild-type microglia (Ltc4s, Tgfb1 and 

Ctsf) only the functions of Tgfb1 have been well-documented. TGF-β1 has both anti-

inflammatory and immunosuppressive effects, limiting the release of pro-inflammatory 

cytokines (Colton, 2009). Environmental Tgfb1 expression is required for microglia to attain 
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the core transcriptomic signature in vitro and loss of its expression results in impaired 

development of the microglial population in vivo (Butovsky et al., 2014). Upregulation of 

Tgfb1 expression is reported following CNS damage and is proposed to regulate resolution 

of neuroinflammation (Koefer et al., 1995, Lively et al., 2018). The disease-associated 

phenotypes are associated with a significant downregulation of the majority of signature 

genes, with the exception of Serpine2, Ccl2 and Lag3 which are significantly upregulated 

compared to wild-type/naïve microglia (Keren-Shaul et al., 2017, Krasemann et al., 2017). 

Whilst trends towards changes in gene expression in the same ‘direction’ as some of those 

associated with the DAM/MGnD signature were observed (downregulated: Fcrls, Slc2a5, 

Ctsf, Lgmn, Hpgds, Hspa1a, Adamts1, Nuak1, Crybb1, Ltc4s, Tgfb1; upregulated: Ccl2, 

Lag3), the majority of these changes were very small thus indicating that blockade of 

apoptosis does not shift the microglial phenotype towards a detrimental inflammatory 

profile.  
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Figure 5-17: Comparison of the homeostatic signatures in Vav-Bcl-2 microglia and disease-

associated microglial phenotypes.  

Comparison of changes in expression of genes associated with the microglial core signature in Vav-

Bcl-2 microglia and the disease-associated microglial phenotypes identified by Krasemann et al. 

(2017) (MGnDs) and Keren-Shaul et al. (2017) (DAMs). Red indicates upregulated expression, green 

shading indicates downregulated expression, grey shading indicates no change from wild-type. 

Crossed box indicates data not reported by authors, suggestive of no change in expression. * 

indicates significant change.  
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The RNAseq data also revealed that many cell cycle-associated genes were downregulated 

in the Vav-Bcl-2 mice, indicating that blockade of apoptosis impacts the cell cycle. Vav-Bcl-

2 microglia had a trend towards reduced proliferation rate across the brain compared to wild-

type microglia, however no significant differences in the expression of genes in the CSF1R 

pathway were seen. As the CSF1R pathway is a key regulator of the microglial proliferative 

response under homeostatic and disease conditions, this suggests that the reduced 

proliferation rate observed occurs at the level of the cell cycle and apoptosis blockade does 

not impact the mitogenic pathway. Bcl-2 has previously been shown to be able to directly 

inhibit entry and progression through the cell cycle (Quinn and Richardson, 2004). 

Transition through the cell cycle is tightly controlled through expression of cyclin-dependent 

kinases (Cdks) and cyclins. Whilst expression of the Cdks is relatively constant, cyclin 

expression is up- and down-regulated in a cyclical fashion to coordinate transition through 

the different cell cycle phases (Bretones et al., 2015), summarised in Figure 5-18.  

 

 

Figure 5-18: Bcl-2 regulates cell cycle progression through promoting expression of proteins that 

inhibit G1/S transition.  
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Fig. 5-18 (cont.): A simplified representation of the regulatory factors controlling cell cycle 

progression. Transition through cell cycle phases is regulated through oscillating expression of 

cyclins which regulate the activity of specific cyclin-dependent kinases (Cdks). Each cell cycle phase 

has a different Cdk-cyclin pairing, which trigger specific cell cycle events through activating different 

substrates. Expression and activity of cyclins and Cdk-cyclin complexes is tightly controlled by Cdk 

inhibitor proteins and ‘pocket proteins’. In G1 phase, expression of cyclin D increases in response to 

mitogenic signals and Cyclin D-Cdk4/Cdk6 complexes are formed. At the G1/S transition, cyclin E 

expression is upregulated, binding to and activating Cdk2. During S phase, Cdk2 complexes with 

Cyclin A, which remains upregulated through G2 phase to activate Cdk1. Finally, Cyclin B is 

upregulated during M phase, where it complexes with Cdk1 to drive mitosis. During G0 phase, the 

Cdk inhibitor protein p16 binds to free Cdk4/Cdk6 to prevent their association with Cyclin D. During 

G1, activated Cyclin D-Cdk4/6 complexes phosphorylate the pocket proteins (including p130), 

inactivating them and releasing E2F transcription factors which trigger the synthesis of proteins 

required for initiation of S phase. The G1/S transition is inhibited by expression of the Cdk inhibitor 

protein p27, which is able to bind to multiple Cdk-cyclin complexes, including Cyclin A-Cdk2. Bcl-2 

inhibits cell cycle entry by inducing G0 arrest through upregulation of p130, which sequesters E2F 

transcription factors, and progression at the G1/S transition through promoting expression of p27, 

directly inhibiting the activity of Cyclin A-Cdk2. Adapted from Bretones et al. (2015).  

 

Bcl-2 is able to arrest cells in the G0 phase, delaying cell cycle entry, as well as delaying cell 

cycle progression at the G1/S transition (O'Reilly et al., 1996, Janumyan et al., 2003). These 

actions are exerted through increasing the expression of the ‘pocket protein’, p130 and the 

Cdk inhibitor protein, p27 (Vairo et al., 2000), as shown in Figure 5-18. The ‘pocket protein’ 

family members, including Rb, p130 and p107, control cell cycle progression through the 

inhibition of E2F transcription factors, which usually promote the expression of proteins that 

are required to progress into S phase (Weinberg, 1995). Usually pocket proteins are 

phosphorylated by the Cyclin D-Cdk4/6 complex during G1, releasing E2F transcription 

factors to promote the G1/S transition (Weinberg, 1995). In the presence of Bcl-2, expression 

of unphosphorylated p130 is elevated and persists for an increased length of time, stabilising 

complexes with E2F transcription factors and thus delaying cell cycle entry (Vairo et al., 

2000). Bcl-2 also exerts its inhibitory functions directly at the G1/S phase transition through 

increasing expression of p27 (Greider et al., 2002), which binds directly to the Cyclin E-

Cdk2 complex to inhibit its activity and thus progression into S phase (Bretones et al., 2015). 

Overexpression of Bcl-2 does not completely prevent cells from cycling, but delays both 
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entry to the cycle by growth-arrested cells and progression through the cycle, meaning that 

cells enter S phase later than in the absence of Bcl-2 expression (O'Reilly et al., 1996). The 

RNAseq data revealed a significant downregulation of the cell cycle-associated genes, 

Mad2l1, Mdm2, Cdca3, Cdk1, Cdc20 and Cdc20b. These genes are found at all phases of 

the cell cycle (as shown in Figure 5-18) (Fang et al., 1998, Uchida et al., 2012) and 

predominantly function to promote cell cycle progression, although Mad2l1 acts at the 

spindle assembly checkpoint to inhibit cell division (Fang et al., 1998, Lawrence et al., 

2015). These data support the previously reported inhibitory effects of Bcl-2 on cell cycle 

progression. This would explain why fewer BrdU+ proliferating microglia were observed as 

it is likely that hBcl-2 overexpression causes cells to delay their entry into the cell cycle, if 

they were not already actively cycling, or to be held in G1 if they had already entered the 

cycle.  

Despite the altered transcriptional identity of the microglia and increased cell density in Vav-

Bcl-2 mice, the neuronal and astrocyte populations appear to be unaffected at least at the 

level of inspection of histological sections, and some natural behaviours also appeared to be 

normal. A trend towards increased synaptic density, evidenced by increased synaptophysin 

immunoreactivity, with advanced postnatal development in both wild-type and Vav-Bcl-2 

mice was seen, however there were no significant differences between the two genotypes. 

The measurement of immunoreactivity here is an indirect and semi-quantitative measure of 

synaptic density, thus limited conclusions can be drawn (Calhoun et al., 1996). The most 

appropriate technique to investigate synaptic density is stereological quantification with 

electron microscopy, allowing measurement of the numerical density of synapses amongst 

other properties (Reichmann et al., 2015). An alternative approach would be to assess the 

density of dendritic spines as a correlate of synaptic density (Mancuso et al., 2013). 

Furthermore, conducting an in-depth quantification of NeuN+ neurons across different brain 

regions would determine whether or not blockade of apoptosis in microglia does impact the 

neuronal population. 

Overall, the data contrasts with data from Csf1r+/- mice, which show a ~30% increase in 

microglial density, altered neuronal and glial populations and show increased anxiety-like 

behaviour (Chitu et al., 2015). However, these effects are likely a consequence of CSF1R 

haploinsufficiency, although the impacts of this on microglial proliferation and apoptosis 

have not been directly studied. The number of studies reporting the impact of increased 

microglial density in the absence of overt brain pathology are limited and tend to focus on 

the alterations in microglial phenotype as opposed to the changes in other CNS-resident cell 
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types (De et al., 2014, Erny et al., 2015). The data reported in this thesis are in accordance 

with what is observed following microglial depletion in the adult brain: i.e. altering the 

numbers of microglia within the otherwise healthy brain does not affect other CNS cell 

populations or behaviour (Elmore et al., 2014, Bruttger et al., 2015, Elmore et al., 2015). 

Considering some of the proposed functions of microglia in the healthy brain, this may seem 

unsurprising. For example, under homeostatic conditions having elevated microglial density 

is unlikely to affect the ability of cells to provide trophic support or monitor synapses. This 

study appears to be the first investigating the impact of a blockade of microglial apoptosis. 

In the diseased CNS, increased microglial proliferation is known to be detrimental and 

reducing microglial proliferation, and therefore preventing the increase in cell density, is a 

beneficial therapeutic intervention (Gomez-Nicola et al., 2013, Martinez-Muriana et al., 

2016, Olmos-Alonso et al., 2016). It is possible that this is due to the reduction in the 

production of cells with an increased inflammatory profile (i.e. DAMs), which have a 

detrimental impact on disease progression (Keren-Shaul et al., 2017, Krasemann et al., 2017) 

although it is unclear whether the increased proliferation can be solely attributed to these 

cells. However the compounds used to inhibit proliferation target any CSF1R-expressing 

cell, without being selective for the DAM phenotype, suggesting that an overall reduction in 

microglial proliferation is beneficial. In general, it appears that the phenotypic changes 

induced in microglia following blockade of microglial apoptosis do not have an overt 

negative impact on the CNS, suggesting that cells are still able to function appropriately in 

the absence of normal turnover, without inducing pathological changes in the CNS. 

5.3.4 The microglial inflammatory response is altered following 

blockade of apoptosis 

Clustering of differentially expressed genes from the RNAseq analysis revealed an altered 

immune response in Vav-Bcl-2 mice, and so it was hypothesised that this may impact the 

functional response of the cells to a systemic challenge. Systemic administration of LPS 

induces a robust systemic inflammatory response in the brain (Bickel et al., 1998), although 

the exact mechanisms mediating this are under debate. Systemic LPS binds to CD14 and 

TLR-4 on the surface of peripheral immune cells, activating the intracellular NFκB, 

mitogen-activated protein kinase (MAPK) and Janus kinase (JAK)/signal transducer and 

activator of transcription (STAT) cascades that ultimately result in transcription of 

inflammatory cytokines (Ulmer et al., 2002). The propagation of this response to the brain 

has been proposed to be mediated through either indirect or direct pathways. The indirect 
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pathways include activation of endothelial cells lining CNS vessels to promote cytokine 

release into the parenchyma (Verma et al., 2006) and direct CNS entry by cytokines released 

from peripheral macrophages (Qin et al., 2007). More recently it has been suggested that 

LPS is able to directly cross the BBB and activate TLR-4 on the microglial cell surface to 

elicit a response (Banks and Robinson, 2010, Vargas-Caraveo et al., 2017) as the 

inflammatory response in the CNS can be elicited in the absence of circulating cytokines 

(Murray and Wynn, 2011).  

The data presented here shows that for many inflammatory genes the response to LPS in 

Vav-Bcl-2 mice is not significantly different compared to wild-type. However, a 6-fold 

increase in the expression of Ccl2 and downregulated expression of both Tnfα and Il4 was 

observed in Vav-Bcl-2 mice following LPS challenge. In the absence of an inflammatory 

stimulus, Vav-Bcl-2 microglia showed a 3.5-fold increase in expression of Ccl2 compared 

to wild-type. This elevated baseline expression is likely to account for part of the response 

following LPS treatment, but the magnitude of the response indicates that Vav-Bcl-2 

microglia upregulate the CCL2 axis to a greater extent than wild-type after an inflammatory 

challenge. In unstimulated Vav-Bcl-2 microglia, a non-significant upregulation of Tlr2 was 

seen, which, as previously mentioned, is capable of binding to LPS despite not being a 

significant mediator of LPS-induced downstream responses (Ulmer et al., 2002). It is 

possible that the increased baseline expression of Tlr2 contributed to the heightened Ccl2 

expression following LPS, however it has been shown that Ccl2 expression is regulated 

through TLR-4 activation by LPS and is unchanged in the absence of TLR-2 (Aravalli et al., 

2005).  

The peripheral inflammatory response was also examined to see if this altered response was 

‘microglial-specific’, or whether blockade of apoptosis had an impact on the inflammatory 

response in the periphery. Upregulated expression of Il-10 was observed in the spleen but 

otherwise there was comparable expression of pro- and anti-inflammatory cytokines in wild-

type and Vav-Bcl-2 mice. However, in the blood there was a significant upregulation of a 

number of pro-inflammatory cytokines in Vav-Bcl-2 mice including IL-1β, TNFα and IL-6 

as well as increased expression of IL-10. Peripheral cytokines are released by monocytes 

and lymphocytes (Arango Duque and Descoteaux, 2014) as well as by other tissue-resident 

macrophage populations, thus the increased expression in the blood could be due to the 

significant increase in density of these cells in the Vav-Bcl-2 model, with 16-fold increase 

in lymphocytes and a 7-fold increase in monocytes at 4-months of age (Ogilvy et al., 1999b). 

However, the increase in cytokine expression observed in the brain at the same age does not 
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appear be proportional to the increase in microglial density, with the fold change in 

expression ranging from 1.2- (IL-6) to 3.7-fold (IL-10) in Vav-Bcl-2 mice compared to wild-

type. Without measuring the protein concentration of cytokines in the brain as well as the 

blood, it is not possible to discern if the elevated levels of circulating cytokines may result 

in increased entry into the brain, thus influencing the inflammatory response. Both IL-1β 

and TNFα are able to cross the BBB (Gutierrez et al., 1993, McLay et al., 2000) and systemic 

IL-1β and TNFα have previously been shown to upregulate their own expression in the 

brain, whilst IL-1β is also able to induce Il6 expression (Skelly et al., 2013). Whilst these 

studies indicate that periphery is able to influence the microglial response, the expression of 

Il-1β, Tnfα and Il6 were not significantly altered in the Vav-Bcl-2 brain despite being 

elevated in the blood. It has been previously shown in vitro that TNFα and IL-1β stimulation 

are able to induce Ccl2 expression in astrocytes (Thompson and Eldik, 2009) and neurons 

(Zhang et al., 2017), and IL-1β overexpression in the brain is able to induce expression of 

Ccl2 (Shaftel et al., 2007), thus it is possible that the elevated expression of brain Ccl2 

observed in Vav-Bcl-2 mice is promoted by elevated circulating systemic cytokines. 

Previously it has been shown that elevated CCL2 expression following a systemic LPS 

challenge can promote entry of inflammatory monocytes into the CNS (Cazareth et al., 

2014), which has been suggested in part to occur due to CCL2/CCR2-mediated BBB 

breakdown (Yao and Tsirka, 2014). CCL2 has previously been shown to induce microglial 

activation, upregulating expression of IL-1β and IL-6, but having no impact on TNFα 

expression (Selenica et al., 2013), which may in part explain the expression profiles of 

cytokines seen here in the brain. CCL2-mediated activation of microglia is also associated 

with a significant upregulation in CD45 expression (Selenica et al., 2013). These data 

supporting the hypothesis that microglial activation increases in the Vav-Bcl-2 model, as 

evidenced by the flow cytometry data and elevated CCL2 expression in naïve mice. Exactly 

how the blockade of apoptosis leads to increased CCL2 expression is unknown. CCL2 has 

also been shown to promote microglial proliferation (Hinojosa et al., 2011), suggesting that 

there may be an exacerbated proliferative response following an LPS challenge but not at 

the particular time points investigated here.  

Previous studies have suggested that systemic treatment with LPS can stimulate microglial 

proliferation (Fukushima et al., 2015, Furube et al., 2018), although there is some 

discrepancy between the reported effects of LPS on microglial proliferation. Some studies 

have reported no microglial proliferation in the cortex, subventricular zone and dentate gyrus 

after 4 daily injections of 1 mg/kg LPS (Chen et al., 2012) whilst others report an increase 
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in proliferation in the corpus callosum and dentate gyrus, but not the cortex following a 

single injection of 1 mg/kg LPS (Fukushima et al., 2015, Furube et al., 2018). Proliferation 

is also induced in these regions after a single injection of a lower dose of LPS, 100 µg/kg, 

albeit to a lesser extent, suggesting a dose-dependent effect (Furube et al., 2018). However, 

contrary to this, the data presented in this thesis indicates that the proliferation rate of wild-

type microglia was significantly reduced 3 days after a systemic LPS challenge with 500 

µg/kg. It is possible that the differences in the number of proliferating cells detected stems 

from the BrdU dosing regimen, as both studies reporting high proliferation rate following 

LPS provided 1 mg/ml BrdU ad libitum in drinking water (Fukushima et al., 2015, Furube 

et al., 2018), resulting in many more cells being labelled due to increased bioavailability 

compared to our dosing regimen of a single 75 mg/kg injection. It is also possible that the 

time point at which BrdU was injected (2 days following LPS, 24 hours before sacrifice) did 

not encompass the proliferative response, with cells potentially proliferating much earlier. 

This would explain the trend towards increased density that was observed following LPS 

treatment in both wild-type and Vav-Bcl-2 mice. The expression of the components of the 

CSF1R pathway and some cell cycle regulators were assessed in the cortex 3 hours and 3 

days following LPS stimulation. A significant increase in Csf1 expression was seen 3 hours 

following LPS, in line with previous reports (Fedoroff et al., 1993), which had returned to 

baseline levels by 3 days. No other significant changes in expression of the CSF1R pathway 

and other related genes were observed between the saline- and LPS-treated groups. The 

elevated expression of Csf1 and Runx1 at 3 hours indicates that microglial proliferation was 

induced by the LPS stimulation but the injection of BrdU after 2 days prior to analysis of 

proliferation rate at the 3-day time point was too late to detect this response. This is in 

agreement with previous studies showing that the greatest increases in microglial 

proliferation occur 36-48 hours following LPS stimulation, whilst significantly fewer 

proliferating cells are found 48-60-hours post-stimulation (Fukushima et al., 2015).  

Interestingly, despite the reduced proliferation rate seen in naïve Vav-Bcl-2 microglia 

compared to wild-type, the proliferative response appears to be comparable following LPS 

stimulation. However, without more detailed investigation of the time course of the 

proliferative response to LPS, it is difficult to understand the impact of the blockade in 

apoptosis on this response. LPS treatment has been shown to induce phosphorylation of the 

Vav promoter in vitro, regulating macrophage activation (English et al., 1997),  suggesting 

that LPS stimulation could lead to increased Bcl-2 expression in the Vav-Bcl-2 model as a 

result of Vav activation. Given the impact of Bcl-2 on cell cycle progression, as discussed in 
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section 5.3.3, this would presumably result in a reduction in proliferation, which may also 

explain the reduced proliferation rate seen following LPS in the Vav-Bcl-2 mice. However, 

without further investigation of the time course of the microglial proliferative response 

following a systemic challenge, the significance of this data in comparison to the wild-type 

response is difficult to interpret. Overall, the data indicates that the altered microglial 

phenotype following blockade of apoptosis does not have a significant functional impact, 

with little difference in the inflammatory response following a systemic challenge.  

5.3.5 Conclusion 

In this Chapter data has been presented showing that whilst blockade of microglial apoptosis 

significantly increases the density of microglial cells from early postnatal development, this 

does not have a significant impact on several aspects of brain function that have been assayed 

here. The precision of the distribution of cells within the microglial mosaic is unaffected, 

with individual cells maintaining their non-overlapping territories, but reducing their overall 

territory area. A reduction of microglial turnover alters the transcriptional profile of the cells 

in limited ways but this does not appear to affect their ability to respond to a systemic 

inflammatory challenge, although some aspects of the inflammatory response are altered. 

This suggests that microglia remain functional despite changes in the normal balance of 

proliferation and apoptosis and that changes in their local micro-environment are likely to 

be responsible for the transition into the phenotype associated with age-related neurological 

diseases.  
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Chapter 6: General discussion 
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6.1 The study of microglia in the steady-state 

During the last decade, the study of microglial cells and neuroinflammation has experienced 

a revolution. New higher sensitivity, minimally-invasive methods have revealed microglia 

to be highly dynamic in their interaction with the microenvironment, responding to 

inflammatory signals (Davalos et al., 2005, Nimmerjahn et al., 2005) and suggest that they 

can interact with neuronal circuits at the synaptic level (Wake et al., 2009, Tremblay et al., 

2010). Despite these advances concerning the critical functions of microglia within the 

healthy and diseased CNS, several fundamental aspects of microglial biology remained 

incompletely understood, including the mechanisms regulating population homeostasis in 

the steady state, if and how these processes change in healthy ageing and whether a long-

term deregulation of microglial dynamics affects their phenotype. The work detailed in this 

thesis aimed to investigate these outstanding questions to better understand microglial 

turnover in the healthy brain and provide insight into whether disrupting this turnover could 

result in changes to microglial phenotype and function.  

 

6.2 Microglia actively turnover in the steady-state throughout 

lifetime 

The data presented here demonstrates that whilst microglial density varies across brain 

regions, in accordance with previous studies (Lawson et al., 1990, Mittelbronn et al., 2001), 

their overall density remains unchanged throughout lifetime in both mice and humans. Using 

LeGO-driven tracing of cells derived from the foetal liver alongside a knockout model 

reducing the density of circulating monocytes, the data shows that there is little or no 

contribution of circulating monocytes to the adult microglial population despite a transient 

infiltration in the postnatal brain. This suggests that either embryonically-derived microglia 

persist throughout lifetime with limited turnover, or alternatively that the microglial 

population is maintained throughout life through self-renewal of resident cells. 

The fact that the adult microglial population is maintained at least in part by self-renewal 

has been postulated for over 20 years since a very low proliferation rate of resident microglia 

was reported in the mouse (Lawson et al., 1992). From this study, it was proposed that 

microglia are extremely long-lived cells, not achieving a complete renewal of the population 

in a lifetime. Evidence provided here demonstrates that microglial cells are actively renewed 
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and that their population is maintained by a finely tuned balance of proliferation and 

apoptosis. The microglial landscape changes radically over a period of a few weeks, with 

some cells dying, others taking their place and their absolute position changing. These results 

have an immediate impact on how the diverse functions attributed to microglia in the healthy 

and diseased CNS are perceived as their interaction with other neighbouring cell types can 

now be perceived as a transient dialogue as opposed to a stable long-term relationship.  

For example, microglia have been proposed to sculpt the brain through active remodelling 

of synapses thus impacting on local circuit physiology, as they have been observed to contain 

phagocytic inclusions with features of axonal terminals, dendritic spines or supernumerary 

neuronal progenitors (Sierra et al., 2010, Tremblay et al., 2010, Schafer et al., 2012, 

Paolicelli et al., 2014), although direct evidence for this has been lacking. A recent study 

using a combination of focused ion beam scanning electron microscopy and time-lapse light 

sheet microscopy, has demonstrated that whilst microglia do not phagocytose entire 

synapses, they ‘trogocytose’ small fragments of presynaptic structures, including axons and 

synaptic boutons (average of 250 nm diameter) (Weinhard et al., 2018a). Trogocytosis is 

defined as the partial engulfment of membrane components and is distinct from the process 

of phagocytosis which eliminates larger cellular components and debris (>1 µm in size). 

There is currently no direct evidence for a role of microglia in elimination of post-synaptic 

elements in the brain (Weinhard et al., 2018a). Many of the proposed functions of microglia 

rely on the principle that the population is long-lived so that microglia can “remember” the 

particular signals, history or activity of their microenvironment, shaping the activity of the 

surrounding cells accordingly. The implication of microglia as synaptic partners, responding 

to neuronal activity by numerous physical contacts (Wake et al., 2009, Tremblay et al., 

2010), is based on the assumption that this partnership is somehow stable in time and refined 

by the memory of previous interactions. With the microglial network being remodelled on a 

daily basis by proliferation, translocation and apoptosis, these partnerships will be renewed 

or even disappear, compromising the proposed monitoring of specific synapses. In light of 

the present data, the impact of microglia on the monitoring and regulation of synaptic activity 

may need re-interpreting.  

The data presented here demonstrates that microglial proliferation and apoptosis are both 

spatially and temporally coupled, with cells more likely to proliferate immediately after the 

death of a neighbouring cell (Askew et al., 2017). Unexpectedly, it does not appear to be the 

immediate neighbours of the dying cell that are most likely to proliferate, but the second 

closest neighbour, as shown in Figure 6-1.  
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Figure 6-1: Microglial proliferation and apoptosis are spatially and temporally coupled. 

Chronic two photon live imaging studies revealed that microglial cells are more likely to proliferate 

immediately after a microglial cell death event, highlighting a temporal coupling between the two 

processes. A spatial coupling between proliferation and apoptosis was also observed, however it is 

not the immediate neighbour of the apoptosing cell that is more likely to proliferate, but the second 

closest neighbour. The signalling pathways regulating this temporal and spatial coupling remain 

unknown. 

The molecular signals regulating this coupling remain unknown. Apoptosis in somatic cells 

is typically induced following the loss of survival/trophic signalling, which can take the form 

of soluble factors or direct interactions with neighbouring cells or the extracellular matrix 

(Evan and Vousden, 2001). It has also been shown that many signalling pathways driving 

cell growth and proliferation have the capability to induce apoptotic signalling under 

conditions of cellular stress (Evan and Vousden, 2001).  The data presented here in Chapter 

4 (section 4.2.4) indicates that microglial proliferation in the healthy brain is partly regulated 

through CSF1R signalling, evidenced by a reduction in microglial numbers following 

treatment with the small molecule CSF1R inhibitor GW2580, known to block proliferation 

but not to induce microglial death. CSF1R signalling is also crucial in the regulation of 

microglial survival, evidenced by studies using alternative CSF1R inhibitors, dosed at high 

concentrations, that cause ~99% depletion of the microglial population (Elmore et al., 2014). 

Activation of the PI3K/Akt signalling pathway downstream of CSF1R after binding of CSF-

1 or IL-34 is the most likely candidate for promoting survival within microglial cells; Akt 

signalling has been shown to both inhibit pro-apoptotic signalling as well as promote pro-
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survival signalling (Brunet et al., 1999, Kelley et al., 1999, Ogawara et al., 2002), as 

previously discussed in Chapter 1 (section 1.1.4.2.1), summarised in Figure 6-2.  

Figure 6-2: Survival signalling following CSF1R activation is likely mediated through the PI3K/Akt 

pathway.  

Following CSF1R activation, dimerisation and autophosphorylation, the PI3K/Akt signalling 

pathways is activated. PI3K can be activated by Src, following its phosphorylation and activation, or 

by direct interaction with CSF1R itself. Active PI3K phosphorylates and activates Akt. Once Akt is 

active, it phosphorylates BAD which is then sequestered by the scaffold protein 14-3-3, releasing 

Bcl-2. Bcl-2 then prevents apoptosis through inhibition of BAK/BAX activation. 

   

However, it is unclear how apoptosis of one cell induces the proliferation of a cell that is not 

immediately adjacent to it. The phenomenon of proliferation-apoptosis coupling has been 

alluded to in developmental studies reporting compensatory proliferation of cells in response 

to the induction of apoptosis (apoptosis-induced proliferation, AiP). In studies using 

Drosophila melanogaster (Drosophila), AiP is induced through activation of the c-Jun N-

terminal kinase (JNK) pathway  and Dronc, homologous to mammalian caspase-9 (Huh et 

al., 2004, Ryoo et al., 2004, Fogarty et al., 2016). Activation of caspases, typically known 

for their role in induction of apoptosis, can also promote cell proliferation through cleavage 

of substrates involved in cell cycle regulation (Schwerk and Schulze-Osthoff, 2003). This 

can occur with ‘sub-threshold’ activation of caspases, inducing signalling pathways that 

ultimately result in the secretion of mitogens prior to the induction of their ‘executioner’ 
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activity during apoptosis (Ryoo and Bergmann, 2012). The mechanisms regulating AiP in 

vertebrates are less well understood, but it seems that only caspases-3 and -7 are able to 

induce AiP in mammals. In epithelial cells, caspase-3 stimulates production of 

prostaglandin-E2 to promote proliferation, whilst caspase-7 activates the JNK and Akt 

pathways, as shown in Figure 6-3 (Fogarty and Bergmann, 2017). Furthermore, it remains 

unclear whether AiP can occur in cell types other than epithelial cells (Fogarty and 

Bergmann, 2017), however it is a mechanistic basis for how apoptosis and proliferation 

could be coupled between microglial cells. In this context, it might be that the apoptosing 

microglial cell expresses/releases factors that are recognised by the surrounding cells 

(neurons, astrocytes, endothelial cells etc.) to stimulate CSF-1 and/or IL-34 production. The 

exact identity of these factors is unknown, but it is possible that exposure of intracellular 

proteins, such as the endoplasmic reticulum protein calreticulin, during apoptosis could 

induce proliferation, as seen in other cell types (Huang et al., 2016, Yi et al., 2016). However, 

whether calreticulin would induce CSF-1/IL-34 expression to promote microglial 

proliferation remains unknown. 

 

Figure 6-3: Proposed mechanism of AiP induction in mammalian cells.  

Following initiation of the intrinsic pathway of apoptosis (shown in Figure 1-5), caspase-3 and 

caspase-7 are activated. It is proposed that ‘sub-threshold’ activation of these caspases is thought 

to induce the phospholipase A2 (iPLA2) and PKCd signalling pathways to promote proliferation. iPLA2 

activation triggers prostaglandin-E2 (PGE2) production to induce proliferation, whilst PKCd activates 

the JNK and Akt signalling pathways, which are proposed to stimulate mitogen release and 

proliferation. The process of AiP has only been confirmed in epithelial cells in mammals thus it is 
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Fig. 6-3 (cont.): unknown whether this process can occur in microglia and which signalling pathways 

may be activated. Adapted from Fogarty and Bergmann (2017). 

 

It is also possible that the molecular control of this process relates to the concept of niche 

occupation. It has recently been proposed that other tissue-resident macrophages generated 

in the adult may not strictly arise from the renewal of resident macrophages that derive from 

yolk-sac derived progenitors, but instead arise from circulating monocytes if there is an 

available and accessible niche (Guilliams and Scott, 2017). This concept does not directly 

apply to microglia as the brain niche is not accessible from the periphery from early 

embryonic development due to the formation of the BBB, thus the niche left by an 

apoptosing microglial cell can only be occupied following the proliferation or translocation 

of another resident microglial cell. Furthermore, as previously discussed, it has recently been 

shown that the CNS environment alone is not sufficient to determine microglial identity and 

that ontogeny plays a critical role (Bennett et al., 2018). However, it has been proposed that 

expression of CSF-1, and in the case of microglia IL-34, regulates niche occupation. The 

relative expression of CSF-1 in tissues has been suggested to be regulated by the population 

density of resident macrophages (Jenkins and Hume, 2014), with enough being produced to 

sustain the self-renewal of the cells present. Within an occupied niche, CSF-1 (or IL-34) 

expression would be maintained at a relatively low level in order to sustain the population. 

However, following depletion of cells within the niche, it has been proposed that local CSF-

1 or IL-34 expression would be increased to stimulate proliferation of resident cells in order 

to fill the niche (Guilliams and Scott, 2017). This has been previously demonstrated in the 

lung, with increased CSF-1 expression promoting proliferation of tissue-resident 

macrophages to repopulate the niche following iDTR-mediated depletion (Hashimoto et al., 

2013). It is likely that a similar concept applies in the case of microglial turnover, with CSF-

1 and/or IL-34 expression being elevated in response to the niche left by the apoptosing cell 

providing enough stimulation to induce the proliferation of cells nearby. The mechanisms 

by which the niche is re-occupied in the brain are unknown, but as previously discussed, the 

availability of CSF-1 and IL-34 are likely to constrain microglial density and at least in part 

regulate contact inhibition between cells, thus it is likely that they are involved in niche 

occupation. However, why the ‘second-closest’ neighbour to an apoptosing cell would be 

most sensitive to such signals is unclear.  
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6.3 Relationship between reduced microglial turnover in the 

ageing brain and the onset of senescence 

The dynamics and phenotype of the microglial population in the aged brain is of significant 

interest given the role of these cells in age-related neuropathologies. The data presented in 

Chapter 3 demonstrates a non-significant increase in microglial density throughout the 

healthy aged brain along with a trend towards a reduction in the proliferation rate in the 

hippocampus. A reduction in expression of components of the CSF1R pathway was observed 

in the aged hippocampus, likely underlying this reduction in proliferation rate. These data 

could suggest that as the brain ages, the process of microglial turnover becomes less efficient 

resulting in cells becoming ‘longer-lived’. This may have profound implications for the 

maintenance of CNS homeostasis, as inefficient microglial turnover may impact some of 

their cellular functions. However, this does not appear to be the case, at least for their 

functions relating to inflammation, as evidenced in Vav-Bcl-2 mice when provided with an 

LPS challenge. In this mice, the microglial inflammatory response was not significantly 

different to wild-type, despite their impaired turnover as a result of the apoptotic blockade. 

However, the Vav-Bcl-2 model is not a model of ageing, thus cannot recapitulate the 

environmental aspects of the aged brain that may impact microglial turnover or function. 

Aged microglia have decreased baseline motility compared to young cells (Hefendehl et al., 

2014) and downregulate expression of genes involved in surveillance of their environment 

(Grabert et al., 2016), which could occur as a result of reduced turnover with aged cells 

remaining in the parenchyma instead of being replaced. It is possible that the reduced 

turnover observed here reflects cells reaching replicative senescence. As previously 

discussed, increased cellular senescence is common throughout the ageing body due to the 

historical accumulation of DNA damage and telomere shortening (Blasco, 2007). The basal 

rate of microglial proliferation under steady-state conditions coupled with systemic 

inflammatory events throughout lifetime, which may result in transient increases in 

proliferation or in rare cases reactive microgliosis (Ajami et al., 2007), may contribute to 

microglial senescence in ageing. This could in part explain the increased inflammatory tone 

seen in the ageing CNS, as senescent cells are known to adopt a ‘senescence-associated 

secretory phenotype’ (SASP), characterised by elevated secretion of pro-inflammatory 

cytokines, such as CCL2, amongst other growth factors and proteases (Campisi, 2013, 

Chinta et al., 2015). If microglia (and other cells) in the aged brain do indeed become 

senescent, the SASP and resulting elevated expression of CCL2, in combination with the 
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deterioration of the BBB in ageing (Popescu et al., 2009), may promote the infiltration of 

peripheral cells. This could partly explain the presence of age-related multinucleated 

aggregates of microglial-like cells (presumably originating from the infiltration of 

monocytes into the parenchyma). However, given the small numbers of these aggregates in 

the aged brain it is unlikely that they have a significant impact on brain function and it is 

unknown whether they are present in the human brain.  

The presence of senescent microglia in the aged brain is still debated, as discussed in Chapter 

1 (section 1.2.5) (Streit et al., 2004, Tischer et al., 2016). As previously discussed, human 

microglia are exposed to many systemic inflammatory challenges throughout lifetime and 

the data presented here suggests a rapid turnover rate, thus supporting the idea that if they 

self-renew, without associated telomerase activation, they may become senescent in the aged 

brain. Recent transcriptomic analysis of post-mortem ‘healthy aged’ human microglia has 

demonstrated an upregulation in genes associated with the SASP, DNA damage and 

telomere maintenance (although it is unclear which aspect(s) of this process are upregulated) 

(Olah et al., 2018), providing support for this hypothesis. Furthermore, aged human 

microglia appear to downregulate pathways involved in homeostasis (such as TGF-β 

signalling) whilst upregulating ‘reactive pathways’ and genes associated with phagocytosis 

(Olah et al., 2018). As previously discussed, microglial activation and proliferation have 

been implicated in the pathogenesis and progression of age-related neurodegenerative 

diseases. The recently identified DAM phenotype is not only found in neurodegenerative 

conditions, but also in the supposedly ‘healthy’ aged brain as well (Holtman et al., 2015, 

Keren-Shaul et al., 2017, Mrdjen et al., 2018). The transition from ‘homeostatic’ microglia 

to DAMs is initiated following exposure to apoptotic neurons (Krasemann et al., 2017), and 

it has since been hypothesised that myelin debris, lipid degradation products and 

extracellular deposits may also promote this transition (Deczkowska et al., 2018). As 

previously mentioned, aged microglia appear to be less effective at responding to, and 

clearing debris from, the brain, potentially leading to accumulation of factors that promote 

the transition to the DAM phenotype. Whether the reduction in their functional efficiency is 

linked to the onset of microglial senescence is unknown. Furthermore, it is unknown whether 

this DAM phenotype may encompass senescent microglia. It has not yet been reported 

whether DAMs have altered turnover compared to homeostatic microglia, although the 

signature is characterised by a significant downregulation of Csf1r expression (Keren-Shaul 

et al., 2017, Krasemann et al., 2017), suggesting that the proliferative response may be 

impaired. As previously discussed, targeting microglial proliferation in several 
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neurodegenerative conditions appears to be beneficial (Gomez-Nicola et al., 2013, Dagher 

et al., 2015, Rice et al., 2015, Martinez-Muriana et al., 2016, Olmos-Alonso et al., 2016, 

Spangenberg et al., 2016) but it is unclear whether this effect is elicited through the blockade 

of the proliferation of all microglia or specifically the DAM subset. It can be hypothesised 

that DAMs may have a reduced proliferative response due to the downregulation of Csf1r 

expression. It can also be hypothesised that the proliferation of non-DAM activated 

microglia may result in more cells transitioning to the DAM phenotype following their 

production and exposure to the factors promoting this transition. Thus blockade of 

proliferation may be eliciting a beneficial effect due to the prevention of DAM accumulation 

in the diseased brain, however this is entirely speculation and requires further evidence.  

The data presented here suggests that disruption of microglial turnover through blockade of 

apoptosis in the adult brain has no significant impact on their phenotype and function, 

disproving our original hypothesis, although further work must be done to definitively 

confirm this. It also remains unclear how microglial turnover changes in both healthy ageing 

and in the context of disease. Whilst elevated microglial proliferation is characteristic of 

many, if not all neurodegenerative conditions, microglial apoptosis does not appear to have 

been investigated in the healthy or diseased brain thus it remains unclear how important 

programmed cell death is for regulation of microglial function throughout lifetime.  

 

6.4 Future directions 

The key question left unanswered by this study is exactly how the coupling between 

proliferation and apoptosis is regulated. As previously mentioned, the data suggests that an 

apoptosis event triggers proliferation of nearby cells, but further investigation with a direct 

intervention (i.e. induction of the apoptotic event) is needed. A potential method to 

investigate the dynamics of this coupling in vivo would be to apply different techniques of 

light-induced ablation to target specific microglial cells in combination with live imaging, 

as shown in Figure 6-4. Whilst optogenetic tools for the activation of the apoptotic 

machinery have been described in vitro (Mills et al., 2012, Hughes et al., 2015) and in other 

models systems such as Drosophila (Smart et al., 2017), these have not yet been applied to 

mammalian systems. Optogenetics approaches in the CNS typically rely on the activation of 

light-sensitive ion channels, such as channelrhodopsin-2 (ChR2), to modulate membrane 

excitability and drive neuronal activity (Tanaka et al., 2012). Apoptosis can be induced by 
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excessive calcium (Ca2+) influx (Zhivotovsky and Orrenius, 2011), thus expression of ChR2, 

which has previously been shown to mediate Ca2+ influx into neurons and astrocytes 

following optogenetic stimulation (Cho et al., 2016), is a potential candidate for the 

induction of apoptosis via this mechanism, although this has not yet been demonstrated in 

microglia. There are also alternative light-regulated systems for modulating Ca2+ release 

from intracellular stores, which may also be applicable in this context (Cho et al., 2016), 

although their efficiency in inducing apoptosis following stimulation is yet to be reported. 

In order to specifically target these optogenetic receptors to microglia, microglial-specific 

Cre-recombinase or Tet-inducible systems would be required. A modification of the Tet 

system called knockin-mediated enhanced gene expression by improved tetracyline-

controlled gene induction (KENGE-tet), based on crossing a transgenic mouse line with a 

cell-type specific promoter driving expression of a tTa allele with a different strain 

expressing a tTa-dependent promoter driving the expression of ChR2, has been shown to 

robustly induce ChR2 expression in microglia under the Iba1 promoter (Tanaka et al., 2012). 

Microglial-specific Cre-recombinase systems have been effectively used to manipulate gene 

expression in a number of experimental paradigms. It has previously been shown that 

titrating the dose of tamoxifen can limit Cre-mediated recombination in a subset of microglia 

(Fuger et al., 2017), thus allowing more specific targeting of individual cells. Combining 

these two systems may be a possibility for the specific ablation of small numbers of 

microglia following optogenetic stimulation in combination with live imaging to follow 

subsequent dynamics of apoptosis and proliferation.  

An alternative method is two-photon chemical apoptotic targeted ablation (termed ‘2Phatal’) 

of individual cells following uptake of a nuclear-binding dye, which can be applied directly 

to a cranial window or given systemically, in combination with live imaging. 2Phatal induces 

apoptosis in specific cells through exposure to a femtosecond pulsed laser to induce 

photobleaching of the DNA dye (Hill et al., 2017). This approach has been used to ablate 

neurons, astrocytes and pericytes in vivo, without inducing damage/death in adjacent cells 

or overt microglial activation (Hill et al., 2017). Application of the DNA dye to microglial-

reporter mice would allow visualisation of microglia labelled with the dye and subsequent 

specific ablation of individual cells. The advantage of this method is that it can be conducted 

in readily available transgenic lines with conventional two-photon imaging systems and does 

not rely on optogenetic systems that have not yet been optimised for the study of microglial 

cells. However, the disadvantage of live imaging studies in general is that they can typically 

only be conducted in the cortical regions due to accessibility. With substantial evidence 



Chapter 6 

 227 

indicating heterogeneity in the microglial population, including regional proliferation, it is 

unknown whether coupling mechanisms may be conserved across brain regions.  

 
Figure 6-4: Light-induced ablation of individual microglial cells to determine the dynamics of 

apoptosis-proliferation coupling in vivo.  

To directly investigate the dynamics of the coupling between apoptosis and induction of 

proliferation in vivo, experimental manipulations inducing apoptosis in individual cells can be used 

in combination with live imaging studies. Optogenetic approaches based on light-induced 

manipulation of the apoptotic machinery or calcium signalling pathways to induce apoptosis have 

not yet been developed in microglia but are an option for future studies. Chemical targeted 

apoptosis (‘2Phatal’) relies on the uptake of non-specific nuclear-binding dyes but specific targeting 

of individual cells with femtosecond-pulsed lasers to induce photobleaching of the dye and 

subsequent apoptosis in the cell, which can be conducted in readily available microglial-specific 

reporter mice.  

 

Whilst the ‘direction’ of the coupling could be assessed using these methods, the identity of 

the molecules/signalling pathways regulating the coupling is likely to be extremely difficult 

to determine experimentally. There are two processes which need to be investigated: firstly, 

how does the apoptosis of one cell promote the proliferation of another? And secondly, why 

does this induce proliferation of the ‘second-closest’ and not the proximal cell? 

Transcriptomic and proteomic investigation of the microglial secretome could be assessed 

to determine the repertoire of proteins secreted by microglia following apoptotic events to 

provide insight into which molecules are involved in the induction of proliferation. Whilst 

analysis of the secretome has been carried out both in vivo and ex vivo in tissue explants 
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(Brown et al., 2012), this is not possible for this experimental paradigm, given that the 

secretome of individual cells needs to be analysed, thus, the use of an in vitro platform is 

required. The secretome of cultured cells can be easily analysed by mass spectrometry of the 

culture medium (Mukherjee and Mani, 2013), however generating comprehensive coverage 

in the presence of a serum-rich medium is difficult (Chevallet et al., 2007). However, 

protocols have been developed for culturing microglia in the absence of animal serum, 

although these identified TGF-β, IL-34 and cholesterol as being essential for microglial 

survival in serum-free conditions (Bohlen et al., 2017), which are likely to also present 

problems for secretome analysis. Microfluidic devices are becoming increasingly popular 

for investigating interactions between cells cultured in separate chambers that are fluidically 

linked by microchannels (Whitesides, 2006), providing a platform in which the local 

microenvironment of individual or small numbers of cells can be easily controlled (Gao et 

al., 2012). Previous experiments with both primary murine (Amadio et al., 2013) and human 

(Cho et al., 2013, Park et al., 2018) microglia demonstrate that it is possible to culture 

microglial cells within such devices. A very simple device could therefore be designed in 

which apoptosis could be induced in microglial cells within one compartment fluidically 

linked to an adjacent compartment containing naïve microglia, as shown in Figure 6-5. The 

medium from both compartments could then be analysed by mass spectrometry to identify 

components of the secretome from apoptotic cells and microglial cells that have been 

exposed to this apoptotic secretome (‘neighbouring cells’) by means of the fluidic channels, 

which could be compared to naïve microglial cells cultured in the devices in the absence of 

further experimental manipulation. RNAseq analysis of naïve microglia compared to 

‘neighbouring’ microglia may allow identification of downstream proliferative pathways 

induced in response to secretome components. This could then be tested in vivo using ‘spatial 

transcriptomics’ (Ståhl et al., 2016). This technique relies on the exposure of tissue sections 

to an array of oligonucleotides, each with a unique molecular identifier and a spatial barcode, 

from which mRNA can be captured to allow generation of a sequencing library (Ståhl et al., 

2016). The subsequent transcriptomic data can then be spatially resolved within the tissue. 

Whilst this technology has not yet been developed to resolve individual cells within a tissue, 

further advancement may allow this in the future. Apoptotic microglia could then be 

identified on the basis of their transcriptomic profile and the profiles of nearby cells could 

be investigated for expression of proliferation-related genes, and vice versa. This approach 

may also provide insight into why ‘AiP’ in microglia appears to occur in ‘second-closest’ 

neighbouring cells, rather than the cell proximal to that undergoing apoptosis. One caveat of 

an in vitro approach is that there is significant evidence demonstrating that cultured murine 
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microglial cells are phenotypically different from those in vivo (Butovsky et al., 2014, 

Bohlen et al., 2017), thus it is possible that the dynamics of proliferation and apoptosis 

cannot be recapitulated in a culture environment. However, with the current technical 

difficulties of investigating this in vivo, the in vitro platform will provide a useful starting 

point for understanding the molecular regulation of the coupling between proliferation and 

apoptosis.  

Figure 6-5: In vitro microfluidic platform for investigating the molecules regulating the coupling 

between apoptosis and proliferation.  

A simple microfluidic device with two adjoining chambers could be used to investigate the secretome 

of microglial cells following the induction of apoptosis and of cells exposed to this secretome by the 

means of the fluidic channels. The secretome of either cell population can be measured from their 

conditioned medium by mass spectrometry. 

 

6.5 Summary 

Understanding the microglial turnover in the healthy brain is fundamental to understanding 

how these cells interact with other cells within the CNS compartment throughout lifetime. 

The data presented in this thesis demonstrates that the turnover of the microglial population 
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is a highly dynamic process, made possible by the finely tuned temporal and spatial balance 

of microglial proliferation and apoptosis with little or no contribution from infiltrating cells.  

This challenges the view of microglia as a long-lived population, almost never renewed in 

the adult brain, proposing a much more dynamic scenario. Key questions remain unanswered 

about the molecular regulation of the dynamics of these processes in the healthy brain, but 

the data here suggests that microglial proliferation in the healthy brain is in part regulated 

by the CSF1R pathway. Microglial proliferation appears to be reduced in the aged brain, 

which could be linked to the onset of replicative senescence, however disruption of 

microglial turnover alone in the otherwise healthy brain through blockade of apoptosis is not 

sufficient to induce dysfunction in these cells. Further investigation of the coupling of 

proliferation and apoptosis in the aged and diseased brain will provide insight into whether 

microglial turnover is implicated in the development of neurological disorders. 
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A.2 Supplementary figures and tables 

Figure S1: Proliferation rate of resident microglia in the olfactory bulb determined by two-photon 

imaging. 

(A) Maximal intensity projection (MIP) images of the same field of view (142–153 mm depth, 1 mm 

step) in a CX3CR1GFP/+ mouse taken at different time points as indicated (see timestamps, relative 

time). Arrows point to a proliferating microglial cell and its progeny. (B) Proliferation rate of 

microglia (median ± interquartile range [IQR]; n = 669 cells, 9 fields of view [FOVs], and 4 mice). (C) 

Mean distance between the centers of two neighboring cells for resident cells and for newborn cells 

during the first 24 hr of their life (mean ± SEM; n = 62 cells, 9 FOVs, and 4 mice). (D) Distance between 

the twin microglial cells as a function of their age (median ± IQR; n = 31 pairs of twin cells, 8 FOVs, 

and 4 mice). Imaging and analysis conducted by Olga Garaschuk’s research group. Reproduced from 

Askew et al. (2017). 

 

 

Figure S2:  Death rate of resident microglia in the olfactory bulb as determined by two-photon 

imaging. 

(A) Maximal intensity projection (MIP) images of the same field of view (88–106 mm depth, 2 mm 

step) in a CX3CR1GFP/+ mouse. Arrows point to a disappearing (i.e., dying) microglial cell. (B) Death rate 
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Fig. S2 (cont.): of microglia (median ± IQR; n = 669 cells, 9 FOVs, and 4 mice). Imaging and analysis 

conducted by Olga Garaschuk’s research group. Reproduced from Askew et al. (2017). 

 

Figure S3:  Temporal and spatial coupling of microglial proliferation and death. 

(A) MIP images of a sample field of view (50–80 mm depth, 1 mm step) in a CX3CR1GFP/+ mouse taken 

at the beginning (left, day 0) and at the end (right, day 22) of the imaging period. Bone growth 

occurred in the lower right corner of the latter image. (B) 3D matrix illustrating the history of cells 

in the sample field of view (317 3 317 3 160 mm) during the 22-day-long imaging period. Stable cells 

are shown in gray, cells that are going to die are shown in red, and cells that are going to divide are 

shown in blue. This FOV includes the cells shown in (A). (C) Temporal relationship between death 
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Fig. S3 (cont.): and proliferation events (n = 68 cells, 9 FOVs, and 4 mice). The time when a cell dies 

is set as day 0 (reference point), and the relative time when pro- liferation occurs in its vicinity (%200 

mm) is calcu- lated. The pie chart illustrates the fractions of cells proliferating in the vicinity of a 

dying cell 4 days before (light gray), during (gray), or 4 days after (dark gray) the death of the 

reference cell. (D) Spatial relationship between a dead cell and the nearest proliferating or resident 

cell (n = 53 dead cells, 9 FOVs, and 4 mice). (E) Summary of the data shown in (D) (median ± IQR; n 

= 53 cells, 9 FOVs, and 4 mice). Statistical differences: *p < 0.001, Wilcoxon signed-ranks test. Scale 

bar in (A) is 50 mm. Imaging and analysis conducted by Olga Garaschuk’s research group. 

Reproduced from Askew et al. (2017). 

 

 

Figure S4: Point pattern plots and subsequent plots drawn from Ripley’s K- and L-functions in 

RStudio for sample KA235 (wild-type). 
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Figure S5: Point pattern plots and subsequent plots drawn from Ripley’s K- and L-functions in 

RStudio for sample KA236 (Vav-Bcl-2). 
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Figure S6: Point pattern plots and subsequent plots drawn from Ripley’s K- and L-functions in 

RStudio for sample KA237 (wild-type). 

 

 



Appendices 

 242 

 

Figure S7: Point pattern plots and subsequent plots drawn from Ripley’s K- and L-functions in 

RStudio for sample KA238 (Vav-Bcl-2). 
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Figure S8: Point pattern plots and subsequent plots drawn from Ripley’s K- and L-functions in 

RStudio for sample KA239 (wild-type). 
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Figure S9: Point pattern plots and subsequent plots drawn from Ripley’s K- and L-functions in 

RStudio for sample KA240 (Vav-Bcl-2). 
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Figure S10: Point pattern plots and subsequent plots drawn from Ripley’s K- and L-functions in 

RStudio for sample KA241 (wild-type). 
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Figure S11: Point pattern plots and subsequent plots drawn from Ripley’s K- and L-functions in 

RStudio for sample KA242 (Vav-Bcl-2). 
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Figure S12: Developmental expression of the anti-apoptotic Bcl-2 family members Bcl-XL, Mcl-1 

and A1. 

Expression profiles of the anti-apoptotic family members (A) Bcl-XL, (B) Mcl-1 and (C) A1, which show 

high expression in microglia during postnatal development (Bennett et al., 2016) and elevated 

expression in microglia compared to other CNS-resident cells (Zhang et al., 2014). Black boxes 

indicate expression in Tmem119+ microglia during postnatal development (P7, P14, P21) and 
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Fig. S12 (cont.): adulthood (P60). FPKM = Fragments Per Kilobase of transcript per Million mapped 

reads (the relative expression of a transcript proportional to the number of cDNA fragments that 

originate from it). Graphs taken from www.BrainRNASeq.org with permission from the authors 

(Bennett et al., 2016).  

 

 

Figure S13: Overlapping of the processes of adjacent microglia does not occur despite elevated 

density in Vav-Bcl-2 mice. 

The overlapping of microglial processes observed in 2D maximum projection images of confocal z 

stacks does not represent overlapping of processes in 3D space, as evidenced in 10µm z stacks 

showing cell somas and processes residing in different z planes. 
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Table S1: Summary values from RStudio calculation of Ripley’s L-function from Figure S4-S11 

point patterns.  

Identical values for the observed L(r), Lobs(r), and the theoretical L(r), Ltheo(r), indicate a random cell 

distribution. Border indicates the border-corrected estimate of L(r), trans indicates the translation-

corrected estimate of L(r) and iso indicates the isotropic correction of L(r). 

Sample ID Lobs(r) Ltheo(r) border trans iso 
KA235-1 49.42 49.42 41.54 42.03 40.17 
KA235-2 49.42 49.42 40.1 41.83 43.17 
KA235-3 49.42 49.42 39.46 40.74 39.48 
KA236-1 49.42 49.42 46.875 46.39 44.49 
KA236-2 49.42 49.42 50.49 51.46 49.77 
KA236-3 49.42 49.42 48.02 48.57 46.56 
KA237-1 49.42 49.42 32.47 34.71 35.56 
KA237-1 49.42 49.42 41.55 36.46 34.88 
KA238-1 49.42 49.42 58.52 56.17 53.61 
KA238-2 49.42 49.42 41.06 40.91 40.26 
KA238-3 49.42 49.42 45.17 44.82 43.28 
KA239-1 49.42 49.42 42.86 43.46 42.04 
KA239-2 49.42 49.42 44.54 44.5 42.15 
KA239-3 49.42 49.42 37.95 38.55 37.39 
KA240-1 49.42 49.42 40.54 44.22 43.41 
KA240-2 49.42 49.42 44.36 45.02 42.67 
KA240-3 49.42 49.42 47.43 47.66 46.18 
KA241-1 49.42 49.42 44.96 4.7 42.663 
KA241-2 49.42 49.42 41.24 41.98 40.18 
KA241-3 49.42 49.42 41.14 39.65 38.66 
KA242-1 49.42 49.42 51.65 50.99 48.68 
KA242-2 49.42 49.42 52.23 50.89 48.76 
KA242-1 49.42 49.42 51.12 52.96 51.15 
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Table S2: List of 396 genes differentially expressed between wild-type and Vav-Bcl2 mice.  

LogFC = log fold change (where positive values indicate VAV expression upregulated relative to wild-type and negative values indicate Vav-Bcl2 expression downregulated). 

LogCPM = log counts per million. P value = raw P value. FDR = False discovery rate-corrected P value. 

	 logFC	 logCPM	 PValue	 FDR	 MGI	code	 Gene	
name	 Gene	annotation	

ENSMUSG00
000100862	 8.637048206	 12.0106355	 3.90E-12	 6.68E-08	 MGI:3809095	 Gm10925	 predicted	gene	10925	

ENSMUSG00
000101111	 8.91418503	 11.3706777	 5.93E-10	 5.08E-06	 MGI:5579143	 Gm28437	 predicted	gene	28437	

ENSMUSG00
000102070	 8.69823761	 10.86835027	 3.91E-09	 2.23E-05	 MGI:5579367	 Gm28661	 predicted	gene	28661	

ENSMUSG00
000003617	 7.903056093	 5.998531614	 9.79E-07	 0.004190029	 MGI:88476	 Cp	 ceruloplasmin	

ENSMUSG00
000029730	 -8.963536567	 6.980411351	 4.21E-06	 0.014408044	 MGI:1298398	 Mcm7	 minichromosome	maintenance	

complex	component	7	
ENSMUSG00
000076609	 10.09506807	 9.377664605	 7.55E-06	 0.021550979	 MGI:96495	 Igkc	 immunoglobulin	kappa	constant	

ENSMUSG00
000053769	 -10.72559761	 6.04278667	 3.00E-05	 0.0734563	 MGI:1919409	 Lysmd1	 LysM,	putative	peptidoglycan-

binding,	domain	containing	1	
ENSMUSG00
000044934	 -8.099338553	 5.985119617	 6.78E-05	 0.130060805	 MGI:2442266	 Zfp367	 zinc	finger	protein	367	

ENSMUSG00
000035458	 -10.49975221	 5.7945208	 7.48E-05	 0.130060805	 MGI:98783	 Tnni3	 troponin	I,	cardiac	3	

ENSMUSG00
000028743	 -7.501685793	 6.070570155	 8.45E-05	 0.130060805	 MGI:107796	 Akr7a5	

aldo-keto	reductase	family	7,	
member	A5	(aflatoxin	aldehyde	
reductase)	
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ENSMUSG00
000089727	 -9.187233698	 6.591240548	 8.49E-05	 0.130060805	 MGI:102968	 Klra8	 killer	cell	lectin-like	receptor,	

subfamily	A,	member	8	
ENSMUSG00
000030588	 -8.644643072	 5.637736732	 9.11E-05	 0.130060805	 MGI:1924504	 Yif1b	 Yip1	interacting	factor	homolog	B	

(S.	cerevisiae)	
ENSMUSG00
000032295	 -4.786732774	 7.693803273	 0.000118797	 0.146187526	 MGI:1920994	 Man2c1	 mannosidase,	alpha,	class	2C,	

member	1	
ENSMUSG00
000033124	 -10.00734465	 5.437874339	 0.000119511	 0.146187526	 MGI:2138446	 Atg9a	 autophagy	related	9A	

ENSMUSG00
000005481	 -7.1906302	 7.928692305	 0.000131259	 0.149854459	 MGI:1915528	 Ddx39	 DEAD	(Asp-Glu-Ala-Asp)	box	

polypeptide	39	
ENSMUSG00
000035273	 -10.28866664	 6.696080863	 0.000150032	 0.160581381	 MGI:1343124	 Hpse	 heparanase	

ENSMUSG00
000024959	 -8.175165855	 6.422696315	 0.000159427	 0.16059921	 MGI:1096330	 Bad	 BCL2-associated	agonist	of	cell	

death	
ENSMUSG00
000029910	 -8.593632497	 6.814294267	 0.000176244	 0.16767639	 MGI:1860374	 Mad2l1	 MAD2	mitotic	arrest	deficient-like	

1	
ENSMUSG00
000023051	 -8.629102248	 6.164478836	 0.000198685	 0.171708427	 MGI:103027	 Tarbp2	 TARBP2,	RISC	loading	complex	

RNA	binding	subunit	
ENSMUSG00
000101389	 9.293411636	 6.829606908	 0.000207305	 0.171708427	 MGI:3643932	 Ms4a4a	 membrane-spanning	4-domains,	

subfamily	A,	member	4A	
ENSMUSG00
000031168	 7.351234174	 6.203242378	 0.000237956	 0.171708427	 MGI:107822	 Ebp	 phenylalkylamine	Ca2+	antagonist	

(emopamil)	binding	protein	
ENSMUSG00
000029561	 6.484087202	 5.428728685	 0.000240986	 0.171708427	 MGI:1344390	 Oasl2	 2'-5'	oligoadenylate	synthetase-

like	2	
ENSMUSG00
000057895	 -8.289876204	 4.895513786	 0.000251796	 0.171708427	 MGI:1277119	 Zfp105	 zinc	finger	protein	105	

ENSMUSG00
000035505	 7.010913796	 5.945898227	 0.000252431	 0.171708427	 MGI:2448532	 Cox18	 cytochrome	c	oxidase	assembly	

protein	18	
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ENSMUSG00
000100131	 6.111054393	 7.374291378	 0.000272766	 0.171708427	 MGI:5579145	 Gm28439	 predicted	gene	28439	

ENSMUSG00
000025161	 -6.49653041	 5.995746822	 0.00028145	 0.171708427	 MGI:1933438	 Slc16a3	

solute	carrier	family	16	
(monocarboxylic	acid	
transporters),	member	3	

ENSMUSG00
000067149	 10.14786003	 8.414465588	 0.000296701	 0.171708427	 MGI:96493	 Jchain	 immunoglobulin	joining	chain	

ENSMUSG00
000020184	 -4.734871976	 7.87681544	 0.000305552	 0.171708427	 MGI:96952	 Mdm2	 transformed	mouse	3T3	cell	

double	minute	2	
ENSMUSG00
000041147	 -6.331727935	 4.039841705	 0.000315855	 0.171708427	 MGI:109337	 Brca2	 breast	cancer	2,	early	onset	

ENSMUSG00
000024527	 -5.889842612	 6.935934277	 0.000328517	 0.171708427	 MGI:1916847	 Afg3l2	 AFG3-like	AAA	ATPase	2	

ENSMUSG00
000068227	 -8.837631075	 6.925607143	 0.000332072	 0.171708427	 MGI:96550	 Il2rb	 interleukin	2	receptor,	beta	chain	

ENSMUSG00
000031954	 5.104233845	 6.146043423	 0.00033329	 0.171708427	 MGI:1344403	 Cfdp1	 craniofacial	development	protein	1	

ENSMUSG00
000084628	 -8.371567728	 3.880732841	 0.000340496	 0.171708427	 MGI:5452390	 Gm22613	 predicted	gene,	22613	

ENSMUSG00
000022496	 6.67408387	 5.926919051	 0.000366055	 0.171708427	 MGI:1343050	 Tnfrsf17	 tumor	necrosis	factor	receptor	

superfamily,	member	17	
ENSMUSG00
000043822	 -10.59569277	 5.886529034	 0.000373255	 0.171708427	 MGI:1913798	 Adamtsl5	 ADAMTS-like	5	

ENSMUSG00
000042213	 -11.10224231	 6.427469201	 0.00037346	 0.171708427	 MGI:1914742	 Zfand4	 zinc	finger,	AN1-type	domain	4	

ENSMUSG00
000007039	 -6.175074803	 6.352661132	 0.000381541	 0.171708427	 MGI:1859016	 Ddah2	 dimethylarginine	

dimethylaminohydrolase	2	
ENSMUSG00
000026135	 -6.661784075	 5.872583986	 0.000385884	 0.171708427	 MGI:1924514	 Zfp142	 zinc	finger	protein	142	
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ENSMUSG00
000090761	 -8.940911288	 4.212226783	 0.000392288	 0.171708427	 MGI:4938028	 Gm17201	 predicted	gene	17201	

ENSMUSG00
000101249	 5.401252694	 11.10333528	 0.000401071	 0.171708427	 MGI:5579922	 Gm29216	 predicted	gene	29216	

ENSMUSG00
000023571	 -10.96246017	 6.281955457	 0.000416582	 0.1739991	 MGI:1914639	 Fam132a	 family	with	sequence	similarity	

132,	member	A	
ENSMUSG00
000062866	 4.856357262	 6.502237137	 0.000450765	 0.183794199	 MGI:2446138	 Phactr2	 phosphatase	and	actin	regulator	2	

ENSMUSG00
000031669	 -7.474590775	 5.5693884	 0.000471312	 0.1869288	 MGI:1926083	 Gins3	 GINS	complex	subunit	3	(Psf3	

homolog)	
ENSMUSG00
000056228	 -9.53543814	 6.37632776	 0.000487737	 0.1869288	 MGI:1919191	 Cars2	 cysteinyl-tRNA	synthetase	2	

(mitochondrial)(putative)	
ENSMUSG00
000071708	 -6.130197884	 4.756383931	 0.0004912	 0.1869288	 MGI:109490	 Sms	 spermine	synthase	

ENSMUSG00
000051851	 -9.557032049	 4.919930678	 0.000550058	 0.195405655	 MGI:1920115	 Cxx1c	 CAAX	box	1C	

ENSMUSG00
000041961	 -6.567894153	 5.080553751	 0.000561397	 0.195405655	 MGI:3039616	 Znrf3	 zinc	and	ring	finger	3	

ENSMUSG00
000013593	 -3.775030244	 7.347384492	 0.000563035	 0.195405655	 MGI:2385112	 Ndufs2	 NADH	dehydrogenase	

(ubiquinone)	Fe-S	protein	2	

ENSMUSG00
000033444	 5.444151097	 5.923245985	 0.000563711	 0.195405655	 MGI:1921642	 Specc1l	

sperm	antigen	with	calponin	
homology	and	coiled-coil	domains	
1-like	

ENSMUSG00
000023505	 -9.83642209	 6.231437586	 0.000570527	 0.195405655	 MGI:1315198	 Cdca3	 cell	division	cycle	associated	3	

ENSMUSG00
000101462	 -8.791592278	 5.113318173	 0.000598875	 0.199141825	 MGI:3781230	 Gm3052	 predicted	gene	3052	

ENSMUSG00
000005986	 8.349404214	 6.267864482	 0.000606621	 0.199141825	 MGI:1915673	 Ankrd13d	 ankyrin	repeat	domain	13	family,	member	D	
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ENSMUSG00
000021245	 -6.566033798	 4.59835654	 0.000619207	 0.199141825	 MGI:1353455	 Mlh3	 mutL	homolog	3	

ENSMUSG00
000031090	 -8.632300973	 4.180778948	 0.000639144	 0.199141825	 MGI:1926164	 Nadsyn1	 NAD	synthetase	1	

ENSMUSG00
000033272	 5.163363228	 5.428240537	 0.000643785	 0.199141825	 MGI:1915093	 Slc35a4	 solute	carrier	family	35,	member	

A4	

ENSMUSG00
000032436	 -3.439572122	 7.663216218	 0.000663553	 0.199141825	 MGI:2447166	 Cmtm7	

CKLF-like	MARVEL	
transmembrane	domain	
containing	7	

ENSMUSG00
000018405	 -8.003907843	 5.167287089	 0.000667101	 0.199141825	 MGI:2443470	 Mrm1	 mitochondrial	rRNA	

methyltransferase	1	
ENSMUSG00
000035266	 -7.316482819	 5.170819117	 0.000674466	 0.199141825	 MGI:2176740	 Helq	 helicase,	POLQ-like	

ENSMUSG00
000020668	 -9.457395131	 6.246700625	 0.000715762	 0.207752948	 MGI:107979	 Kif3c	 kinesin	family	member	3C	

ENSMUSG00
000039483	 -6.387386449	 6.173267387	 0.000744333	 0.207812576	 MGI:1919573	 Asb6	 ankyrin	repeat	and	SOCS	box-

containing	6	
ENSMUSG00
000023015	 -9.265287947	 7.131750309	 0.000744817	 0.207812576	 MGI:1349423	 Racgap1	 Rac	GTPase-activating	protein	1	

ENSMUSG00
000040594	 -9.254622262	 6.27238758	 0.000752373	 0.207812576	 MGI:1929706	 Ranbp17	 RAN	binding	protein	17	

ENSMUSG00
000014444	 -5.572582139	 3.893945661	 0.000800614	 0.210694417	 MGI:3603204	 Piezo1	 piezo-type	mechanosensitive	ion	

channel	component	1	
ENSMUSG00
000019951	 5.753489777	 5.05693397	 0.000809025	 0.210694417	 MGI:2442888	 Uhrf1bp1l	 UHRF1	(ICBP90)	binding	protein	1-like	
ENSMUSG00
000045160	 6.355076933	 4.886053094	 0.000818602	 0.210694417	 MGI:1925903	 Bola3	 bolA-like	3	(E.	coli)	

ENSMUSG00
000031494	 8.058769715	 6.54469483	 0.000823048	 0.210694417	 MGI:2157942	 Cd209a	 CD209a	antigen	
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ENSMUSG00
000032849	 -6.385793039	 4.300171641	 0.000824323	 0.210694417	 MGI:2443111	 Abcc4	 ATP-binding	cassette,	sub-family	C	

(CFTR/MRP),	member	4	
ENSMUSG00
000028140	 -5.228175289	 6.132260357	 0.000842746	 0.212235617	 MGI:2137211	 Mrpl9	 mitochondrial	ribosomal	protein	

L9	
ENSMUSG00
000015766	 -7.312704733	 6.552970964	 0.000901777	 0.220433238	 MGI:104684	 Eps8	 epidermal	growth	factor	receptor	

pathway	substrate	8	
ENSMUSG00
000031723	 8.750876764	 5.738701458	 0.000923562	 0.220433238	 MGI:2443724	 Txnl4b	 thioredoxin-like	4B	

ENSMUSG00
000024659	 -8.089000362	 7.085622098	 0.000968787	 0.220433238	 MGI:96819	 Anxa1	 annexin	A1	

ENSMUSG00
000046546	 4.816800638	 4.777096697	 0.000976837	 0.220433238	 MGI:2676309	 Fam43a	 family	with	sequence	similarity	43,	

member	A	
ENSMUSG00
000040532	 -7.325132438	 5.390344979	 0.001024919	 0.220433238	 MGI:1916008	 Abhd11	 abhydrolase	domain	containing	11	

ENSMUSG00
000040447	 7.036063469	 3.998215382	 0.001042291	 0.220433238	 MGI:2384936	 Spns2	 spinster	homolog	2	

ENSMUSG00
000049489	 -4.880861755	 6.402709153	 0.001056625	 0.220433238	 MGI:1916359	 Fam58b	 family	with	sequence	similarity	58,	

member	B	
ENSMUSG00
000019942	 -8.984648632	 5.774166751	 0.001068443	 0.220433238	 MGI:88351	 Cdk1	 cyclin-dependent	kinase	1	

ENSMUSG00
000038866	 -4.472678554	 7.059992151	 0.001086856	 0.220433238	 MGI:2444114	 Zcchc2	 zinc	finger,	CCHC	domain	

containing	2	
ENSMUSG00
000022064	 -4.769137718	 5.749556307	 0.001094808	 0.220433238	 MGI:1261910	 Pibf1	 progesterone	immunomodulatory	

binding	factor	1	
ENSMUSG00
000026669	 -8.535327081	 6.462880043	 0.001097247	 0.220433238	 MGI:1917274	 Mcm10	 minichromosome	maintenance	10	

replication	initiation	factor	
ENSMUSG00
000031365	 6.021019492	 7.273808578	 0.001104937	 0.220433238	 MGI:1350985	 Zfp275	 zinc	finger	protein	275	
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ENSMUSG00
000074500	 9.774314881	 5.432161718	 0.00110521	 0.220433238	 MGI:1921681	 Zfp558	 zinc	finger	protein	558	

ENSMUSG00
000032496	 -8.725713094	 7.566979496	 0.001109676	 0.220433238	 MGI:96837	 Ltf	 lactotransferrin	

ENSMUSG00
000085771	 -10.35392609	 5.631016974	 0.001109955	 0.220433238	 MGI:2141339	 C230066

G23Rik	 RIKEN	cDNA	C230066G23	gene	

ENSMUSG00
000036613	 -6.742438853	 4.684241821	 0.00111838	 0.220433238	 MGI:1289332	 Tssc1	 tumor	suppressing	subtransferable	

candidate	1	
ENSMUSG00
000003418	 5.685828615	 5.04022265	 0.001124702	 0.220433238	 MGI:2386797	 St8sia6	 ST8	alpha-N-acetyl-neuraminide	

alpha-2,8-sialyltransferase	6	
ENSMUSG00
000098176	 -9.914259509	 5.285531663	 0.001132511	 0.220433238	 MGI:1925902	 Ccdc166	 coiled-coil	domain	containing	166	

ENSMUSG00
000024851	 -4.213028721	 7.015764313	 0.001135552	 0.220433238	 MGI:1197524	 Pitpnm1	 phosphatidylinositol	transfer	

protein,	membrane-associated	1	
ENSMUSG00
000076547	 10.76509207	 6.39985936	 0.001155453	 0.220433238	 MGI:2686348	 Igkv4-70	 immunoglobulin	kappa	chain	

variable	4-70	
ENSMUSG00
000045502	 -8.752011418	 6.081473795	 0.001157461	 0.220433238	 MGI:1933383	 Hcar2	 hydroxycarboxylic	acid	receptor	2	

ENSMUSG00
000027360	 -8.008376488	 5.874759005	 0.001159363	 0.220433238	 MGI:96062	 Hdc	 histidine	decarboxylase	

ENSMUSG00
000042870	 -9.226479772	 5.688754948	 0.001171353	 0.220433238	 MGI:1338026	 Tom1	 target	of	myb1	trafficking	protein	

ENSMUSG00
000085009	 -5.513386404	 4.358845327	 0.001208294	 0.223174465	 MGI:3650699	 Gm12977	 predicted	gene	12977	

ENSMUSG00
000031134	 4.784059921	 6.029853255	 0.0012265	 0.223174465	 MGI:1343044	 Rbmx	 RNA	binding	motif	protein,	X	

chromosome	
ENSMUSG00
000020413	 6.393285246	 6.23883532	 0.001242015	 0.223174465	 MGI:1277962	 Hus1	 HUS1	checkpoint	clamp	

component	
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ENSMUSG00
000020125	 -9.128944244	 6.17276515	 0.001245205	 0.223174465	 MGI:2679229	 Elane	 elastase,	neutrophil	expressed	

ENSMUSG00
000021621	 -3.653723084	 6.842943339	 0.001252297	 0.223174465	 MGI:1916335	 Zcchc9	 zinc	finger,	CCHC	domain	

containing	9	
ENSMUSG00
000067750	 -10.26317333	 5.53500087	 0.001264112	 0.223174465	 MGI:2676610	 Khdc1a	 KH	domain	containing	1A	

ENSMUSG00
000072621	 -7.39144339	 5.573597382	 0.001305131	 0.228064987	 MGI:3512288	 Slfn10-ps	 schlafen	10,	pseudogene	

ENSMUSG00
000101892	 -5.892335967	 5.967704249	 0.0013331	 0.230599439	 MGI:1923008	 9130401

M01Rik	 RIKEN	cDNA	9130401M01	gene	

ENSMUSG00
000021824	 5.244936495	 6.234694494	 0.001388487	 0.237778421	 MGI:1929212	 Ap3m1	 adaptor-related	protein	complex	3,	

mu	1	subunit	
ENSMUSG00
000028811	 -4.487630994	 5.857694298	 0.001402657	 0.237826716	 MGI:2147627	 Yars	 tyrosyl-tRNA	synthetase	

ENSMUSG00
000029059	 5.361984627	 4.977088118	 0.001447756	 0.240925376	 MGI:1913719	 Fam213b	 family	with	sequence	similarity	

213,	member	B	
ENSMUSG00
000067736	 6.405881877	 6.166162314	 0.00144946	 0.240925376	 MGI:3642643	 Gm10222	 predicted	gene	10222	

ENSMUSG00
000019792	 5.306881933	 5.954542911	 0.001463138	 0.240925376	 MGI:1920931	 Trmt11	 tRNA	methyltransferase	11	

ENSMUSG00
000060860	 -7.207231897	 5.885300263	 0.001550872	 0.244669735	 MGI:1925141	 Ube2s	 ubiquitin-conjugating	enzyme	E2S	

ENSMUSG00
000059482	 5.870522691	 4.453942521	 0.001602456	 0.244669735	 MGI:1914407	 2610301

B20Rik	 RIKEN	cDNA	2610301B20	gene	

ENSMUSG00
000020538	 -4.744764913	 5.973603797	 0.001605535	 0.244669735	 MGI:107606	 Srebf1	 sterol	regulatory	element	binding	

transcription	factor	1	
ENSMUSG00
000075254	 8.112973231	 5.085162099	 0.001613134	 0.244669735	 MGI:1924696	 Heg1	 heart	development	protein	with	

EGF-like	domains	1	
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ENSMUSG00
000046329	 -6.506833731	 4.270215107	 0.001621559	 0.244669735	 MGI:1914222	 Slc25a23	

solute	carrier	family	25	
(mitochondrial	carrier;	phosphate	
carrier),	member	23	

ENSMUSG00
000057594	 -8.735837462	 4.876353869	 0.00162404	 0.244669735	 MGI:1917567	 Arl16	 ADP-ribosylation	factor-like	16	

ENSMUSG00
000101939	 6.46613762	 5.748104899	 0.001660196	 0.244669735	 MGI:5579144	 Gm28438	 predicted	gene	28438	

ENSMUSG00
000032309	 -5.528451767	 5.834303432	 0.001667845	 0.244669735	 MGI:1926014	 Fbxo22	 F-box	protein	22	

ENSMUSG00
000074629	 -9.218338351	 4.674382263	 0.001669914	 0.244669735	 MGI:1921954	 4930518I

15Rik	 RIKEN	cDNA	4930518I15	gene	

ENSMUSG00
000041695	 5.085163427	 5.596034532	 0.001675736	 0.244669735	 MGI:104744	 Kcnj2	 potassium	inwardly-rectifying	

channel,	subfamily	J,	member	2	
ENSMUSG00
000084277	 7.30514819	 3.166863032	 0.001695466	 0.244669735	 MGI:3649846	 Gm11702	 predicted	gene	11702	

ENSMUSG00
000055900	 8.93294444	 4.651983479	 0.001699001	 0.244669735	 MGI:3045357	 Tmem69	 transmembrane	protein	69	

ENSMUSG00
000085208	 -4.157671947	 6.144095378	 0.001710832	 0.244669735	 MGI:1921288	 Brip1os	

BRCA1	interacting	protein	C-
terminal	helicase	1,	opposite	
strand	

ENSMUSG00
000032777	 -4.987073528	 5.37344042	 0.001718303	 0.244669735	 MGI:107887	 Gtf3c1	 general	transcription	factor	III	C	1	

ENSMUSG00
000046947	 6.893131648	 4.157665533	 0.001728462	 0.244669735	 MGI:1889336	 Adck2	 aarF	domain	containing	kinase	2	

ENSMUSG00
000057497	 7.893299849	 5.178107172	 0.001742763	 0.244669735	 MGI:1913738	 Fam136a	 family	with	sequence	similarity	

136,	member	A	
ENSMUSG00
000027074	 -7.779480855	 5.639742461	 0.001743049	 0.244669735	 MGI:1931054	 Slc43a3	 solute	carrier	family	43,	member	3	
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ENSMUSG00
000063605	 -8.851004252	 4.978441687	 0.001876865	 0.261311544	 MGI:2686927	 Ccdc102a	 coiled-coil	domain	containing	

102A	
ENSMUSG00
000051502	 -8.351091764	 5.252748853	 0.001900473	 0.262464497	 MGI:1917490	 Ufsp1	 UFM1-specific	peptidase	1	

ENSMUSG00
000021103	 -5.580428604	 4.626858182	 0.00196489	 0.26918997	 MGI:106207	 Mnat1	 menage	a	trois	1	

ENSMUSG00
000024772	 -7.906114876	 6.228478847	 0.001988588	 0.270164343	 MGI:1341878	 Ehd1	 EH-domain	containing	1	

ENSMUSG00
000028064	 6.571679169	 5.167711203	 0.002003555	 0.270164343	 MGI:107560	 Sema4a	

sema	domain,	immunoglobulin	
domain	(Ig),	transmembrane	
domain	(TM)	and	short	
cytoplasmic	domain,	(semaphorin)	
4A	

ENSMUSG00
000026199	 -5.999046063	 4.493031585	 0.002071135	 0.271592029	 MGI:1098746	 Ankzf1	 ankyrin	repeat	and	zinc	finger	

domain	containing	1	
ENSMUSG00
000092564	 -9.791932247	 5.03773225	 0.002074191	 0.271592029	 MGI:3039585	 BC05122

6	 cDNA	sequence	BC051226	

ENSMUSG00
000097388	 -9.317403726	 4.545115953	 0.002078542	 0.271592029	 MGI:3781379	 Gm3200	 predicted	pseudogene	3200	

ENSMUSG00
000006920	 4.940989868	 6.145081649	 0.002086437	 0.271592029	 MGI:1097695	 Ezh1	 enhancer	of	zeste	1	polycomb	

repressive	complex	2	subunit	
ENSMUSG00
000001588	 -8.46011058	 7.207967399	 0.002093439	 0.271592029	 MGI:2388270	 Acap1	 ArfGAP	with	coiled-coil,	ankyrin	

repeat	and	PH	domains	1	
ENSMUSG00
000028651	 7.219037598	 4.718193798	 0.002191717	 0.281019669	 MGI:1917118	 Ppie	 peptidylprolyl	isomerase	E	

(cyclophilin	E)	
ENSMUSG00
000072596	 7.205595225	 7.285087201	 0.002204957	 0.281019669	 MGI:108020	 Ear2	 eosinophil-associated,	

ribonuclease	A	family,	member	2	
ENSMUSG00
000047139	 -6.990137765	 6.399448886	 0.002215338	 0.281019669	 MGI:88323	 Cd24a	 CD24a	antigen	
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ENSMUSG00
000060470	 -9.310803114	 4.551806321	 0.002257535	 0.283264399	 MGI:1859670	 Adgrg3	 adhesion	G	protein-coupled	

receptor	G3	

ENSMUSG00
000028496	 -6.932094683	 4.755047615	 0.002272943	 0.283264399	 MGI:1917372	 Mllt3	

myeloid/lymphoid	or	mixed-
lineage	leukemia;	translocated	to,	
3	

ENSMUSG00
000027650	 4.851816155	 7.479891037	 0.002282656	 0.283264399	 MGI:1922675	 Tti1	 TELO2	interacting	protein	1	

ENSMUSG00
000053687	 6.676489773	 6.135064081	 0.002331806	 0.285644574	 MGI:2442042	 Dpep2	 dipeptidase	2	

ENSMUSG00
000022657	 -9.377228216	 5.591027566	 0.002344151	 0.285644574	 MGI:1934368	 Cd96	 CD96	antigen	

ENSMUSG00
000025006	 -7.603422843	 5.583726112	 0.002354668	 0.285644574	 MGI:700014	 Sorbs1	 sorbin	and	SH3	domain	containing	

1	
ENSMUSG00
000026463	 -8.88548547	 5.165956907	 0.002368556	 0.285644574	 MGI:88111	 Atp2b4	 ATPase,	Ca++	transporting,	plasma	

membrane	4	
ENSMUSG00
000039959	 -5.580855328	 4.784617484	 0.002390266	 0.285693313	 MGI:1099804	 Hip1	 huntingtin	interacting	protein	1	

ENSMUSG00
000023456	 3.624889473	 6.423737308	 0.002404509	 0.285693313	 MGI:98797	 Tpi1	 triosephosphate	isomerase	1	

ENSMUSG00
000027193	 4.137816354	 7.668832848	 0.002419009	 0.285693313	 MGI:1888993	 Api5	 apoptosis	inhibitor	5	

ENSMUSG00
000031527	 -4.2627576	 6.815353627	 0.002449061	 0.287261421	 MGI:1914526	 Eri1	 exoribonuclease	1	

ENSMUSG00
000025701	 -4.972923584	 6.073581674	 0.00248158	 0.289049202	 MGI:87999	 Alox5	 arachidonate	5-lipoxygenase	

ENSMUSG00
000067599	 -9.358762772	 5.557105069	 0.00249806	 0.289049202	 MGI:101901	 Klra7	 killer	cell	lectin-like	receptor,	

subfamily	A,	member	7	
ENSMUSG00
000039195	 9.261746943	 4.905602797	 0.002519938	 0.289623731	 MGI:1920987	 1110008

P14Rik	 RIKEN	cDNA	1110008P14	gene	
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ENSMUSG00
000022957	 5.700840136	 4.545983192	 0.002565408	 0.290414685	 MGI:1338069	 Itsn1	 intersectin	1	(SH3	domain	protein	

1A)	
ENSMUSG00
000031700	 7.039396471	 3.003116644	 0.002576532	 0.290414685	 MGI:1915391	 Gpt2	 glutamic	pyruvate	transaminase	

(alanine	aminotransferase)	2	
ENSMUSG00
000049252	 -7.42959541	 3.897244096	 0.002577695	 0.290414685	 MGI:2151136	 Lrp1b	 low	density	lipoprotein-related	

protein	1B	(deleted	in	tumors)	
ENSMUSG00
000038010	 -9.689679439	 4.928200134	 0.002628032	 0.293217913	 MGI:1923388	 Ccdc138	 coiled-coil	domain	containing	138	

ENSMUSG00
000028480	 -9.155775144	 6.098597459	 0.002650624	 0.293217913	 MGI:1917770	 Glipr2	 GLI	pathogenesis-related	2	

ENSMUSG00
000026655	 -4.770031045	 7.39203104	 0.002665462	 0.293217913	 MGI:1913790	 Fam107b	 family	with	sequence	similarity	

107,	member	B	
ENSMUSG00
000028869	 4.564131259	 5.185305257	 0.002698418	 0.293217913	 MGI:2385207	 Gnl2	 guanine	nucleotide	binding	

protein-like	2	(nucleolar)	
ENSMUSG00
000057729	 -8.445809647	 5.510597393	 0.002704327	 0.293217913	 MGI:893580	 Prtn3	 proteinase	3	

ENSMUSG00
000037999	 -4.205252046	 5.725029717	 0.00270531	 0.293217913	 MGI:2684416	 Arap2	 ArfGAP	with	RhoGAP	domain,	

ankyrin	repeat	and	PH	domain	2	
ENSMUSG00
000041130	 -4.080298745	 6.310907212	 0.002761086	 0.297381142	 MGI:2670965	 Zfp598	 zinc	finger	protein	598	

ENSMUSG00
000002190	 -5.677956227	 5.253915666	 0.002806275	 0.298277234	 MGI:107472	 Clgn	 calmegin	

ENSMUSG00
000003813	 -8.649455878	 5.728191311	 0.002806988	 0.298277234	 MGI:105126	 Rad23a	 RAD23	homolog	A,	nucleotide	

excision	repair	protein	
ENSMUSG00
000054199	 -6.668501059	 4.385819224	 0.002821659	 0.298277234	 MGI:1917579	 Gon4l	 gon-4-like	(C.elegans)	

ENSMUSG00
000006398	 -8.959516825	 6.373095792	 0.002846087	 0.29901369	 MGI:1859866	 Cdc20	 cell	division	cycle	20	
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ENSMUSG00
000019726	 -3.537807601	 6.018319814	 0.002886076	 0.299176528	 MGI:107448	 Lyst	 lysosomal	trafficking	regulator	

ENSMUSG00
000030505	 5.336380269	 3.245338237	 0.002891559	 0.299176528	 MGI:1919224	 Prmt3	 protein	arginine	N-

methyltransferase	3	
ENSMUSG00
000044676	 -8.046554913	 5.09607638	 0.002906685	 0.299176528	 MGI:2443465	 Zfp612	 zinc	finger	protein	612	

ENSMUSG00
000037552	 -6.039940322	 5.353098769	 0.002917517	 0.299176528	 MGI:2141874	 Plekhg2	

pleckstrin	homology	domain	
containing,	family	G	(with	RhoGef	
domain)	member	2	

ENSMUSG00
000020869	 5.084967337	 6.912312558	 0.002954842	 0.299660126	 MGI:2138133	 Lrrc59	 leucine	rich	repeat	containing	59	

ENSMUSG00
000038811	 3.383586838	 8.221990397	 0.002977397	 0.299660126	 MGI:893584	 Gngt2	

guanine	nucleotide	binding	protein	
(G	protein),	gamma	transducing	
activity	polypeptide	2	

ENSMUSG00
000047735	 7.505741011	 5.961081684	 0.002987437	 0.299660126	 MGI:1343184	 Samd9l	 sterile	alpha	motif	domain	

containing	9-like	
ENSMUSG00
000021893	 -4.367685791	 5.596303593	 0.002996832	 0.299660126	 MGI:1338030	 Capn7	 calpain	7	

ENSMUSG00
000024983	 7.202464448	 5.241901891	 0.003024086	 0.299660126	 MGI:1855699	 Vti1a	 vesicle	transport	through	

interaction	with	t-SNAREs	1A	
ENSMUSG00
000029814	 -9.6059213	 4.839395435	 0.003027594	 0.299660126	 MGI:1890359	 Igf2bp3	 insulin-like	growth	factor	2	mRNA	

binding	protein	3	
ENSMUSG00
000022559	 7.120676209	 4.694915425	 0.003050944	 0.299660126	 MGI:1354705	 Fbxl6	 F-box	and	leucine-rich	repeat	

protein	6	
ENSMUSG00
000024378	 7.823648759	 4.674805071	 0.003064429	 0.299660126	 MGI:2156764	 Stard4	 StAR-related	lipid	transfer	

(START)	domain	containing	4	
ENSMUSG00
000071074	 4.286224807	 5.706167327	 0.00309179	 0.299660126	 MGI:106280	 Yipf3	 Yip1	domain	family,	member	3	
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ENSMUSG00
000033658	 -5.053871838	 6.059631422	 0.003114448	 0.299660126	 MGI:2148251	 Ddx19b	 DEAD	(Asp-Glu-Ala-Asp)	box	

polypeptide	19b	
ENSMUSG00
000040472	 -5.92982609	 6.987116062	 0.003116409	 0.299660126	 MGI:1860443	 Rabggta	 Rab	geranylgeranyl	transferase,	a	

subunit	
ENSMUSG00
000030653	 -3.977281014	 6.017556348	 0.00314682	 0.299660126	 MGI:2446107	 Pde2a	 phosphodiesterase	2A,	cGMP-

stimulated	
ENSMUSG00
000042814	 8.591034262	 4.392601587	 0.003149712	 0.299660126	 MGI:1913655	 Mcts2	 malignant	T	cell	amplified	

sequence	2	
ENSMUSG00
000079852	 -8.620892626	 4.779490486	 0.003173934	 0.300296223	 MGI:101904	 Klra4	 killer	cell	lectin-like	receptor,	

subfamily	A,	member	4	
ENSMUSG00
000030201	 4.034059067	 6.125438844	 0.003202824	 0.300806911	 MGI:1298218	 Lrp6	 low	density	lipoprotein	receptor-

related	protein	6	
ENSMUSG00
000036737	 -5.458385109	 5.922719913	 0.003232028	 0.300806911	 MGI:1917378	 Oxsr1	 oxidative-stress	responsive	1	

ENSMUSG00
000026581	 -7.369299601	 6.055146235	 0.003271756	 0.301974411	 MGI:98279	 Sell	 selectin,	lymphocyte	

ENSMUSG00
000046572	 -5.872041121	 3.779505418	 0.003279839	 0.301974411	 MGI:2140750	 Zfp518b	 zinc	finger	protein	518B	

ENSMUSG00
000041831	 -9.586678009	 4.818695231	 0.003333293	 0.30220709	 MGI:1933367	 Sytl3	 synaptotagmin-like	3	

ENSMUSG00
000022223	 -9.654344644	 5.791377179	 0.00334694	 0.30220709	 MGI:1916876	 Sdr39u1	

short	chain	
dehydrogenase/reductase	family	
39U,	member	1	

ENSMUSG00
000022582	 -7.856476032	 5.47666428	 0.003348261	 0.30220709	 MGI:109440	 Ly6g	 lymphocyte	antigen	6	complex,	

locus	G	

ENSMUSG00
000030178	 -8.661269701	 5.658166385	 0.003352955	 0.30220709	 MGI:1321090	 Klra13-ps	

killer	cell	lectin-like	receptor	
subfamily	A,	member	13,	
pseudogene	
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ENSMUSG00
000026822	 -5.577326223	 8.062030074	 0.003431492	 0.307221792	 MGI:96757	 Lcn2	 lipocalin	2	

ENSMUSG00
000058470	 8.540880839	 5.090121302	 0.00346178	 0.307221792	 MGI:3645380	 Gm8369	 predicted	gene	8369	

ENSMUSG00
000026701	 -4.923150346	 7.008526801	 0.003463725	 0.307221792	 MGI:894320	 Prdx6	 peroxiredoxin	6	

ENSMUSG00
000032231	 -5.75601772	 7.030674448	 0.003492677	 0.307221792	 MGI:88246	 Anxa2	 annexin	A2	

ENSMUSG00
000028893	 -8.284294056	 3.798866807	 0.003568211	 0.31176334	 MGI:2651874	 Sesn2	 sestrin	2	

ENSMUSG00
000034855	 6.679851478	 4.439520062	 0.00361803	 0.313195414	 MGI:1352450	 Cxcl10	 chemokine	(C-X-C	motif)	ligand	10	

ENSMUSG00
000028194	 -8.00397856	 4.928460846	 0.003625694	 0.313195414	 MGI:1916469	 Ddah1	 dimethylarginine	

dimethylaminohydrolase	1	
ENSMUSG00
000020576	 -4.778969358	 5.064630418	 0.003655743	 0.313195414	 MGI:1918419	 Nbas	 neuroblastoma	amplified	sequence	

ENSMUSG00
000042804	 -9.189857813	 4.667744253	 0.003679485	 0.313195414	 MGI:1916157	 Gpr153	 G	protein-coupled	receptor	153	

ENSMUSG00
000031887	 -6.39906683	 6.202278486	 0.003682514	 0.313195414	 MGI:109200	 Tradd	 TNFRSF1A-associated	via	death	

domain	
ENSMUSG00
000030054	 -4.927465541	 5.180770891	 0.003706072	 0.313195414	 MGI:1860137	 Gp9	 glycoprotein	9	(platelet)	

ENSMUSG00
000070284	 -8.106281521	 3.382120786	 0.003712623	 0.313195414	 MGI:2660880	 Gmppb	 GDP-mannose	pyrophosphorylase	

B	
ENSMUSG00
000037408	 -5.421309031	 5.913022673	 0.00373433	 0.313482383	 MGI:2151060	 Cnnm4	 cyclin	M4	

ENSMUSG00
000054008	 -5.0790273	 7.304869277	 0.0037664	 0.314632158	 MGI:104719	 Ndst1	 N-deacetylase/N-sulfotransferase	

(heparan	glucosaminyl)	1	
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ENSMUSG00
000024830	 -5.30808831	 6.571885959	 0.003902496	 0.323287949	 MGI:1927343	 Rps6kb2	 ribosomal	protein	S6	kinase,	

polypeptide	2	
ENSMUSG00
000078348	 -4.268016748	 5.939038967	 0.003907773	 0.323287949	 MGI:1913375	 Sf3b5	 splicing	factor	3b,	subunit	5	

ENSMUSG00
000051056	 8.380568183	 6.76912258	 0.003949464	 0.323777584	 MGI:1339969	 Gja10	 gap	junction	protein,	alpha	10	

ENSMUSG00
000018821	 -9.437673433	 5.699628175	 0.003951505	 0.323777584	 MGI:1916784	 Avpi1	 arginine	vasopressin-induced	1	

ENSMUSG00
000091908	 -7.016218158	 2.776680975	 0.003971679	 0.323881001	 MGI:4938058	 Gm17231	 predicted	gene	17231	

ENSMUSG00
000051906	 7.115670265	 4.614937788	 0.004023036	 0.326251104	 MGI:1916392	 Cd209f	 CD209f	antigen	

ENSMUSG00
000028803	 -5.328503018	 6.157185322	 0.004038846	 0.326251104	 MGI:1921802	 Nipal3	 NIPA-like	domain	containing	3	

ENSMUSG00
000079334	 5.697267216	 5.271965998	 0.004089845	 0.328819659	 MGI:1888902	 Nat6	 N-acetyltransferase	6	

ENSMUSG00
000021130	 -8.630252413	 4.11588888	 0.004121185	 0.329791071	 MGI:1917754	 Galnt16	

UDP-N-acetyl-alpha-D-
galactosamine:polypeptide	N-
acetylgalactosaminyltransferase	
16	

ENSMUSG00
000097654	 -7.896414926	 4.117203191	 0.00417878	 0.332638629	 MGI:5477208	 Gm26714	 predicted	gene,	26714	

ENSMUSG00
000031553	 -6.93182197	 4.019784717	 0.004222247	 0.332638629	 MGI:102518	 Adam3	 a	disintegrin	and	metallopeptidase	

domain	3	(cyritestin)	
ENSMUSG00
000028393	 -7.57142551	 5.708946775	 0.004237617	 0.332638629	 MGI:96853	 Alad	 aminolevulinate,	delta-,	

dehydratase	
ENSMUSG00
000029408	 -8.312544883	 5.241642746	 0.004243156	 0.332638629	 MGI:1861729	 Abcb9	 ATP-binding	cassette,	sub-family	B	

(MDR/TAP),	member	9	
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ENSMUSG00
000027222	 -5.192579554	 6.69985923	 0.004316669	 0.332638629	 MGI:1338829	 Pex16	 peroxisomal	biogenesis	factor	16	

ENSMUSG00
000029553	 -9.478240015	 4.703975565	 0.00431799	 0.332638629	 MGI:1333760	 Tfec	 transcription	factor	EC	

ENSMUSG00
000031819	 -5.266463454	 4.444967153	 0.004321618	 0.332638629	 MGI:1343095	 Emc8	 ER	membrane	protein	complex	

subunit	8	
ENSMUSG00
000020776	 -7.227023899	 6.110733314	 0.004344105	 0.332638629	 MGI:1922033	 Fbf1	 Fas	(TNFRSF6)	binding	factor	1	

ENSMUSG00
000053411	 -5.602548647	 3.687471023	 0.004347946	 0.332638629	 MGI:1196439	 Cbx7	 chromobox	7	

ENSMUSG00
000030393	 8.933755474	 4.531135222	 0.004361126	 0.332638629	 MGI:108070	 Zik1	 zinc	finger	protein	interacting	with	

K	protein	1	
ENSMUSG00
000027712	 5.439815857	 7.080970182	 0.004370435	 0.332638629	 MGI:106008	 Anxa5	 annexin	A5	

ENSMUSG00
000071654	 6.33758115	 5.093834143	 0.004428358	 0.334661904	 MGI:2147553	 Uqcc3	 ubiquinol-cytochrome	c	reductase	

complex	assembly	factor	3	
ENSMUSG00
000024797	 -6.382200939	 6.490408749	 0.004439839	 0.334661904	 MGI:1915755	 Vps51	 VPS51	GARP	complex	subunit	

ENSMUSG00
000001143	 -3.831517842	 6.537095711	 0.004455645	 0.334661904	 MGI:2443010	 Lman2l	 lectin,	mannose-binding	2-like	

ENSMUSG00
000097415	 6.843321465	 5.294833176	 0.004507517	 0.336900761	 MGI:2142134	 AU02020

6	 expressed	sequence	AU020206	

ENSMUSG00
000028709	 -3.975640362	 6.130728547	 0.004524799	 0.336900761	 MGI:2140623	 Mob3c	 MOB	kinase	activator	3C	

ENSMUSG00
000032431	 7.46564032	 4.55768532	 0.004564394	 0.338377672	 MGI:1891221	 Crtap	 cartilage	associated	protein	

ENSMUSG00
000097990	 -8.981315708	 4.448369411	 0.00464927	 0.339506606	 MGI:5011742	 Gm19557	 predicted	gene,	19557	
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ENSMUSG00
000053094	 3.555561198	 6.625295255	 0.004680993	 0.339506606	 MGI:1918917	 Tmem248	 transmembrane	protein	248	

ENSMUSG00
000048142	 -5.352312887	 6.709530622	 0.004683631	 0.339506606	 MGI:2447776	 Nat8l	 N-acetyltransferase	8-like	

ENSMUSG00
000085687	 -5.373112258	 4.690864556	 0.00470688	 0.339506606	 MGI:3802057	 Gm16153	 predicted	gene	16153	

ENSMUSG00
000024011	 -9.202384434	 4.438435141	 0.004720617	 0.339506606	 MGI:1921366	 Pi16	 peptidase	inhibitor	16	

ENSMUSG00
000052212	 -9.099911771	 4.325330292	 0.004722923	 0.339506606	 MGI:1916141	 Cd177	 CD177	antigen	

ENSMUSG00
000037827	 -7.664919494	 4.947353916	 0.004770029	 0.339506606	 MGI:3644646	 Gm5884	 predicted	pseudogene	5884	

ENSMUSG00
000078780	 -9.834157859	 5.079968293	 0.004780071	 0.339506606	 MGI:3779469	 Gm5150	 predicted	gene	5150	

ENSMUSG00
000067924	 -5.471799914	 1.782631862	 0.004809863	 0.339506606	 MGI:3576504	 Cxx1b	 CAAX	box	1B	

ENSMUSG00
000074646	 -8.526558714	 3.74388334	 0.004826868	 0.339506606	 MGI:2443361	 6430550

D23Rik	 RIKEN	cDNA	6430550D23	gene	

ENSMUSG00
000057098	 5.368856852	 4.581570657	 0.00485759	 0.339506606	 MGI:95275	 Ebf1	 early	B	cell	factor	1	

ENSMUSG00
000079487	 -5.685050903	 5.047156135	 0.004864408	 0.339506606	 MGI:1926212	 Med12	 mediator	complex	subunit	12	

ENSMUSG00
000037949	 -5.185922115	 6.783807102	 0.004868514	 0.339506606	 MGI:2143103	 Ano10	 anoctamin	10	

ENSMUSG00
000031907	 -5.774403793	 4.474994317	 0.004877	 0.339506606	 MGI:104786	 Zfp90	 zinc	finger	protein	90	

ENSMUSG00
000095079	 8.515509511	 6.504858441	 0.004906056	 0.339874261	 MGI:96444	 Igha	 immunoglobulin	heavy	constant	

alpha	
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ENSMUSG00
000094590	 -6.946877649	 2.668981868	 0.004921975	 0.339874261	 MGI:3704424	 Gm10251	 predicted	gene	10251	

ENSMUSG00
000002326	 -3.398208298	 7.07410957	 0.00503896	 0.343242947	 MGI:1917903	 Gmpr2	 guanosine	monophosphate	

reductase	2	
ENSMUSG00
000018341	 6.15409686	 3.797551768	 0.005040355	 0.343242947	 MGI:1270861	 Il12rb2	 interleukin	12	receptor,	beta	2	

ENSMUSG00
000027580	 -7.874412093	 4.950323511	 0.005062122	 0.343242947	 MGI:2385169	 Helz2	 helicase	with	zinc	finger	2,	

transcriptional	coactivator	
ENSMUSG00
000076441	 -7.899809641	 5.411273033	 0.005078204	 0.343242947	 MGI:88090	 Ass1	 argininosuccinate	synthetase	1	

ENSMUSG00
000036860	 -5.145538886	 3.649442809	 0.005105598	 0.343242947	 MGI:1914462	 Mrpl55	 mitochondrial	ribosomal	protein	

L55	
ENSMUSG00
000028878	 -4.044810415	 6.859353285	 0.005111063	 0.343242947	 MGI:2385211	 Fam76a	 family	with	sequence	similarity	76,	

member	A	
ENSMUSG00
000024319	 -3.954632475	 6.823063971	 0.005153351	 0.344731003	 MGI:1330304	 Vps52	 VPS52	GARP	complex	subunit	

ENSMUSG00
000096606	 3.7412647	 6.24752239	 0.005187912	 0.34507171	 MGI:3646425	 Tpbgl	 trophoblast	glycoprotein-like	

ENSMUSG00
000040913	 6.679665694	 4.448428123	 0.005198745	 0.34507171	 MGI:1354698	 Fbxw4	 F-box	and	WD-40	domain	protein	

4	
ENSMUSG00
000070371	 -8.313401423	 3.850524796	 0.005231677	 0.345268285	 MGI:1924863	 Prss36	 protease,	serine	36	

ENSMUSG00
000031864	 -4.71712571	 6.785412167	 0.005260008	 0.345268285	 MGI:1918135	 Ints10	 integrator	complex	subunit	10	

ENSMUSG00
000041488	 -5.388486181	 4.61634032	 0.005262191	 0.345268285	 MGI:103077	 Stx3	 syntaxin	3	

ENSMUSG00
000023341	 5.330637856	 3.992978854	 0.00535142	 0.348647633	 MGI:97244	 Mx2	 MX	dynamin-like	GTPase	2	
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ENSMUSG00
000036403	 -4.249768253	 5.054505907	 0.005354413	 0.348647633	 MGI:2681869	 Cep135	 centrosomal	protein	135	

ENSMUSG00
000021759	 6.494369396	 5.636346686	 0.005458337	 0.353483341	 MGI:108412	 Plpp1	 phospholipid	phosphatase	1	

ENSMUSG00
000036381	 -8.453966888	 3.982707719	 0.005469961	 0.353483341	 MGI:2155705	 P2ry14	 purinergic	receptor	P2Y,	G-protein	

coupled,	14	
ENSMUSG00
000028099	 -5.014576543	 6.323136884	 0.005590624	 0.359922682	 MGI:1921664	 Polr3c	 polymerase	(RNA)	III	(DNA	

directed)	polypeptide	C	
ENSMUSG00
000003527	 -5.402612724	 7.169884751	 0.005634282	 0.361374832	 MGI:107854	 Dgcr14	 DiGeorge	syndrome	critical	region	

gene	14	
ENSMUSG00
000035559	 5.593348215	 6.110946743	 0.005714994	 0.363337331	 MGI:2681846	 Mpv17l2	 MPV17	mitochondrial	membrane	

protein-like	2	
ENSMUSG00
000046324	 -4.480585228	 6.10508048	 0.005716967	 0.363337331	 MGI:106250	 Ermp1	 endoplasmic	reticulum	

metallopeptidase	1	
ENSMUSG00
000052688	 -5.971701228	 6.471411576	 0.00572853	 0.363337331	 MGI:2442295	 Rab7b	 RAB7B,	member	RAS	oncogene	

family	
ENSMUSG00
000029097	 7.803617552	 5.106480175	 0.005787543	 0.365725748	 MGI:1926140	 Trmt44	 tRNA	methyltransferase	44	

ENSMUSG00
000034071	 -8.758525458	 4.267982643	 0.005848504	 0.366535826	 MGI:3588205	 Zfp551	 zinc	fingr	protein	551	

ENSMUSG00
000027959	 4.623767068	 5.209792721	 0.005855733	 0.366535826	 MGI:1920026	 Sass6	 SAS-6	centriolar	assembly	protein	

ENSMUSG00
000086194	 -9.654304216	 4.889629423	 0.005899932	 0.366535826	 MGI:3840126	 Gm16329	 predicted	gene	16329	

ENSMUSG00
000040936	 -7.718783132	 3.391128963	 0.00594332	 0.366535826	 MGI:1921622	 Ulk4	 unc-51-like	kinase	4	

ENSMUSG00
000021038	 -4.46519519	 3.822915262	 0.005989368	 0.366535826	 MGI:2144805	 Vipas39	

VPS33B	interacting	protein,	apical-
basolateral	polarity	regulator,	spe-
39	homolog	
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ENSMUSG00
000021879	 -7.62740757	 5.294796817	 0.00604922	 0.366535826	 MGI:107720	 Dnah12	 dynein,	axonemal,	heavy	chain	12	

ENSMUSG00
000081752	 -7.037086001	 2.543696801	 0.006075748	 0.366535826	 MGI:3705601	 Gm14680	 predicted	gene	14680	

ENSMUSG00
000036561	 -7.418225017	 3.932745058	 0.006079099	 0.366535826	 MGI:1918724	 Ppp6r2	 protein	phosphatase	6,	regulatory	

subunit	2	

ENSMUSG00
000061613	 -4.229461114	 4.366521579	 0.006080507	 0.366535826	 MGI:98884	 U2af1	

U2	small	nuclear	
ribonucleoprotein	auxiliary	factor	
(U2AF)	1	

ENSMUSG00
000057672	 -3.368616911	 5.356809548	 0.00609821	 0.366535826	 MGI:108022	 Pkn1	 protein	kinase	N1	

ENSMUSG00
000028669	 -5.279355038	 3.234994477	 0.006145431	 0.366535826	 MGI:1913443	 Pithd1	

PITH	(C-terminal	proteasome-
interacting	domain	of	thioredoxin-
like)	domain	containing	1	

ENSMUSG00
000063522	 -8.749056484	 4.228470236	 0.006146782	 0.366535826	 MGI:1914288	 2010109I

03Rik	 RIKEN	cDNA	2010109I03	gene	

ENSMUSG00
000050592	 -6.387143133	 5.987236847	 0.00615114	 0.366535826	 MGI:2443569	 Fam78a	 family	with	sequence	similarity	78,	

member	A	

ENSMUSG00
000050323	 6.871216284	 4.26352717	 0.006151301	 0.366535826	 MGI:1924197	 Ndufaf6	

NADH	dehydrogenase	
(ubiquinone)	complex	I,	assembly	
factor	6	

ENSMUSG00
000038047	 -5.909525334	 5.797331774	 0.006161706	 0.366535826	 MGI:1923389	 Haus6	 HAUS	augmin-like	complex,	

subunit	6	
ENSMUSG00
000037339	 -3.703823543	 4.814822519	 0.006163111	 0.366535826	 MGI:1919225	 Fam53a	 family	with	sequence	similarity	53,	

member	A	
ENSMUSG00
000047789	 -3.962380759	 6.817610672	 0.006208553	 0.366535826	 MGI:1918839	 Slc38a9	 solute	carrier	family	38,	member	9	

ENSMUSG00
000043419	 6.389335147	 4.447510354	 0.006269577	 0.366535826	 MGI:1915359	 Chd3os	 chromodomain	helicase	DNA	

binding	protein	3,	opposite	strand	
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ENSMUSG00
000098197	 -8.647874412	 4.748762871	 0.006271122	 0.366535826	 MGI:3041255	 BC05153

7	 cDNA	sequence	BC051537	

ENSMUSG00
000039634	 -7.187799481	 6.002284376	 0.006295302	 0.366535826	 MGI:2444707	 Zfp189	 zinc	finger	protein	189	

ENSMUSG00
000034032	 5.515981815	 3.792527429	 0.006340848	 0.366535826	 MGI:1916175	 Rpap1	 RNA	polymerase	II	associated	

protein	1	

ENSMUSG00
000007837	 6.408735668	 3.72958549	 0.00635077	 0.366535826	 MGI:1929596	 Prrg2	

proline-rich	Gla	(G-
carboxyglutamic	acid)	polypeptide	
2	

ENSMUSG00
000028469	 -8.252107678	 4.74093049	 0.006405105	 0.366535826	 MGI:97372	 Npr2	 natriuretic	peptide	receptor	2	

ENSMUSG00
000041915	 -3.441487542	 6.368493683	 0.006407828	 0.366535826	 MGI:2442711	 Ammecr1

l	
AMME	chromosomal	region	gene	
1-like	

ENSMUSG00
000062861	 6.338005931	 4.070523245	 0.006433811	 0.366535826	 MGI:99175	 Zfp28	 zinc	finger	protein	28	

ENSMUSG00
000003184	 -3.50060745	 6.627803681	 0.006447947	 0.366535826	 MGI:1859179	 Irf3	 interferon	regulatory	factor	3	

ENSMUSG00
000031840	 5.630780908	 3.634799851	 0.006468136	 0.366535826	 MGI:97843	 Rab3a	 RAB3A,	member	RAS	oncogene	

family	
ENSMUSG00
000052798	 5.661100306	 4.937169855	 0.00648433	 0.366535826	 MGI:2143854	 Nup107	 nucleoporin	107	

ENSMUSG00
000007036	 -4.149971308	 7.488290282	 0.006515492	 0.366535826	 MGI:99476	 Abhd16a	 abhydrolase	domain	containing	

16A	
ENSMUSG00
000029338	 -8.9989538	 4.205595931	 0.006516676	 0.366535826	 MGI:1919164	 Antxr2	 anthrax	toxin	receptor	2	

ENSMUSG00
000039640	 5.491921341	 4.965375962	 0.006572205	 0.366535826	 MGI:1926273	 Mrpl12	 mitochondrial	ribosomal	protein	

L12	
ENSMUSG00
000028187	 4.094721591	 5.706460588	 0.006590984	 0.366535826	 MGI:1917535	 Rpf1	 ribosome	production	factor	1	

homolog	
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ENSMUSG00
000041653	 9.013153053	 4.623293359	 0.006675573	 0.366535826	 MGI:2151796	 Pnpla3	 patatin-like	phospholipase	domain	

containing	3	
ENSMUSG00
000038059	 -3.864119131	 5.638981834	 0.006716486	 0.366535826	 MGI:1917088	 Smim3	 small	integral	membrane	protein	3	

ENSMUSG00
000009076	 -7.431310136	 3.866895923	 0.006737501	 0.366535826	 MGI:1914428	 Zmat5	 zinc	finger,	matrin	type	5	

ENSMUSG00
000057421	 -4.725890645	 6.083390934	 0.006742628	 0.366535826	 MGI:1923380	 Las1l	 LAS1-like	(S.	cerevisiae)	

ENSMUSG00
000085802	 5.524185854	 4.249220449	 0.006786541	 0.366535826	 MGI:3802029	 Gm16059	 predicted	gene	16059	

ENSMUSG00
000024654	 6.234760405	 3.384410411	 0.006799791	 0.366535826	 MGI:1913764	 Asrgl1	 asparaginase	like	1	

ENSMUSG00
000072294	 -6.909491864	 3.387764464	 0.006807161	 0.366535826	 MGI:1333796	 Klf12	 Kruppel-like	factor	12	

ENSMUSG00
000024675	 6.946403672	 4.40689737	 0.006825112	 0.366535826	 MGI:1927656	 Ms4a4c	 membrane-spanning	4-domains,	

subfamily	A,	member	4C	
ENSMUSG00
000040549	 3.815456971	 5.899029032	 0.006858927	 0.366535826	 MGI:1923036	 Ckap5	 cytoskeleton	associated	protein	5	

ENSMUSG00
000063281	 7.844367965	 4.491073431	 0.006864033	 0.366535826	 MGI:99179	 Zfp35	 zinc	finger	protein	35	

ENSMUSG00
000078765	 5.849069572	 4.535787356	 0.006875884	 0.366535826	 MGI:2678374	 U2af1l4	 U2	small	nuclear	RNA	auxiliary	

factor	1-like	4	
ENSMUSG00
000084866	 7.433213162	 4.12492664	 0.006878435	 0.366535826	 MGI:1925683	 A930006

K02Rik	 RIKEN	cDNA	A930006K02	gene	

ENSMUSG00
000040820	 -5.223022001	 6.391192714	 0.006895916	 0.366535826	 MGI:894646	 Hlcs	

holocarboxylase	synthetase	
(biotin-	[propriony-Coenzyme	A-
carboxylase	(ATP-hydrolysing)]	
ligase)	
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ENSMUSG00
000027395	 -4.814135216	 2.550735993	 0.006897558	 0.366535826	 MGI:108014	 Polr1b	 polymerase	(RNA)	I	polypeptide	B	

ENSMUSG00
000026388	 5.75662129	 3.488310287	 0.006909817	 0.366535826	 MGI:1920353	 3110009

E18Rik	 RIKEN	cDNA	3110009E18	gene	

ENSMUSG00
000089872	 4.812883119	 6.358094191	 0.006925775	 0.366535826	 MGI:2443419	 Rps6kc1	 ribosomal	protein	S6	kinase	

polypeptide	1	
ENSMUSG00
000037151	 7.867223282	 3.708525973	 0.006928821	 0.366535826	 MGI:2387182	 Lrrc20	 leucine	rich	repeat	containing	20	

ENSMUSG00
000005699	 -6.284389229	 5.082683324	 0.006975941	 0.366535826	 MGI:1927223	 Pard6a	 par-6	family	cell	polarity	regulator	

alpha	
ENSMUSG00
000019986	 -4.869630774	 3.52042697	 0.006983318	 0.366535826	 MGI:87971	 Ahi1	 Abelson	helper	integration	site	1	

ENSMUSG00
000064289	 3.733651574	 6.346553899	 0.006992868	 0.366535826	 MGI:107676	 Tank	 TRAF	family	member-associated	

Nf-kappa	B	activator	
ENSMUSG00
000020395	 9.448341605	 5.136447419	 0.007001651	 0.366535826	 MGI:96621	 Itk	 IL2	inducible	T	cell	kinase	

ENSMUSG00
000055067	 -5.813898743	 5.787312679	 0.007003676	 0.366535826	 MGI:1916976	 Smyd3	 SET	and	MYND	domain	containing	

3	
ENSMUSG00
000020812	 -6.494965748	 3.464409784	 0.007053369	 0.366535826	 MGI:1913543	 1810032

O08Rik	 RIKEN	cDNA	1810032O08	gene	

ENSMUSG00
000025491	 -6.845779841	 6.170241301	 0.007054863	 0.366535826	 MGI:1915963	 Ifitm1	 interferon	induced	

transmembrane	protein	1	
ENSMUSG00
000029310	 -4.094764918	 6.474321893	 0.007119468	 0.366535826	 MGI:1921417	 Nudt9	 nudix	(nucleoside	diphosphate	

linked	moiety	X)-type	motif	9	
ENSMUSG00
000003438	 -4.361674733	 6.370780586	 0.007126711	 0.366535826	 MGI:1913775	 Timm50	 translocase	of	inner	mitochondrial	

membrane	50	
ENSMUSG00
000022437	 -4.636370123	 5.210743206	 0.007171423	 0.366535826	 MGI:1915903	 Samm50	 SAMM50	sorting	and	assembly	

machinery	component	
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ENSMUSG00
000007041	 -3.529967101	 7.683826264	 0.007190815	 0.366535826	 MGI:2148924	 Clic1	 chloride	intracellular	channel	1	

ENSMUSG00
000066278	 -3.441581769	 7.419312741	 0.007191593	 0.366535826	 MGI:1916724	 Vps37b	 vacuolar	protein	sorting	37B	

ENSMUSG00
000021892	 -4.245713011	 6.60042118	 0.007242607	 0.3669516	 MGI:1344391	 Sh3bp5	 SH3-domain	binding	protein	5	

(BTK-associated)	
ENSMUSG00
000022313	 -5.729548429	 5.464953388	 0.007351859	 0.3710911	 MGI:1925831	 Utp23	 UTP23	small	subunit	processome	

component	
ENSMUSG00
000023274	 6.775146273	 5.078094197	 0.007373167	 0.3710911	 MGI:88335	 Cd4	 CD4	antigen	

ENSMUSG00
000091649	 5.268656546	 4.792339269	 0.007400647	 0.3710911	 MGI:3645789	 Phf11b	 PHD	finger	protein	11B	

ENSMUSG00
000027593	 -4.224039703	 5.136006297	 0.007410987	 0.3710911	 MGI:97850	 Raly	 hnRNP-associated	with	lethal	

yellow	
ENSMUSG00
000050931	 -7.777687086	 4.464166033	 0.00747268	 0.372168706	 MGI:1921692	 Sgms2	 sphingomyelin	synthase	2	

ENSMUSG00
000027663	 -5.472362625	 2.923028797	 0.007515315	 0.372168706	 MGI:1195270	 Zmat3	 zinc	finger	matrin	type	3	

ENSMUSG00
000021365	 8.183777584	 5.034173205	 0.007517265	 0.372168706	 MGI:97302	 Nedd9	

neural	precursor	cell	expressed,	
developmentally	down-regulated	
gene	9	

ENSMUSG00
000027933	 3.755641218	 5.865778307	 0.007519438	 0.372168706	 MGI:2140050	 Ints3	 integrator	complex	subunit	3	

ENSMUSG00
000038510	 5.326581741	 5.613411877	 0.007605196	 0.375328466	 MGI:1914489	 Rpf2	 ribosome	production	factor	2	

homolog	
ENSMUSG00
000074221	 -5.137158964	 6.383810023	 0.00773586	 0.380679899	 MGI:2142347	 Zfp568	 zinc	finger	protein	568	

ENSMUSG00
000027997	 5.878185594	 4.562231089	 0.007863188	 0.384734542	 MGI:1312921	 Casp6	 caspase	6	
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ENSMUSG00
000008206	 8.702083284	 4.384739665	 0.007986701	 0.389664519	 MGI:1914510	 Cers4	 ceramide	synthase	4	

ENSMUSG00
000035392	 6.184222277	 4.384550419	 0.008032119	 0.389957775	 MGI:2442794	 Dennd1a	 DENN/MADD	domain	containing	

1A	
ENSMUSG00
000022194	 5.977853954	 3.77963683	 0.008038254	 0.389957775	 MGI:1859158	 Pabpn1	 poly(A)	binding	protein,	nuclear	1	

ENSMUSG00
000090665	 4.852149278	 3.986883749	 0.008088268	 0.391275697	 MGI:95633	 Gad1-ps	 glutamate	decarboxylase	1,	

pseudogene	
ENSMUSG00
000102112	 8.506088976	 4.128588477	 0.008144418	 0.392882136	 MGI:1925562	 1810041

H14Rik	 RIKEN	cDNA	1810041H14	gene	

ENSMUSG00
000053080	 -5.035071009	 3.424298525	 0.008197558	 0.394334801	 MGI:1919667	 2700081

O15Rik	 RIKEN	cDNA	2700081O15	gene	

ENSMUSG00
000041000	 -7.573864929	 3.959496245	 0.008279469	 0.395211902	 MGI:1914775	 Trim62	 tripartite	motif-containing	62	

ENSMUSG00
000035681	 -7.086107317	 3.629921274	 0.008302336	 0.395211902	 MGI:96668	 Kcnc2	 potassium	voltage	gated	channel,	

Shaw-related	subfamily,	member	2	
ENSMUSG00
000030763	 6.537304618	 5.06950971	 0.008309517	 0.395211902	 MGI:1353593	 Lcmt1	 leucine	carboxyl	methyltransferase	

1	
ENSMUSG00
000032661	 -6.602602917	 5.672595899	 0.008319855	 0.395211902	 MGI:2180850	 Oas3	 2'-5'	oligoadenylate	synthetase	3	

ENSMUSG00
000097023	 -7.611525323	 3.224828194	 0.008331182	 0.395211902	 MGI:2142071	 Mir9-3hg	 Mir9-3	host	gene	

ENSMUSG00
000045165	 4.367236809	 4.744636926	 0.008359771	 0.395472614	 MGI:2141979	 AI467606	 expressed	sequence	AI467606	

ENSMUSG00
000052406	 -3.805877985	 6.447005263	 0.008467499	 0.398446562	 MGI:2684957	 Rexo4	 REX4,	3'-5'	exonuclease	

ENSMUSG00
000028127	 4.589833312	 6.438282028	 0.008478077	 0.398446562	 MGI:1349216	 Abcd3	 ATP-binding	cassette,	sub-family	D	

(ALD),	member	3	
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ENSMUSG00
000086496	 -8.968694158	 4.458489242	 0.008492438	 0.398446562	 MGI:3651576	 Gm14204	 predicted	gene	14204	

ENSMUSG00
000068114	 -5.681840233	 4.05051952	 0.00856953	 0.399197676	 MGI:1923707	 Ccdc134	 coiled-coil	domain	containing	134	

ENSMUSG00
000036854	 -7.225495544	 3.742521529	 0.00857171	 0.399197676	 MGI:2685325	 Hspb6	 heat	shock	protein,	alpha-

crystallin-related,	B6	
ENSMUSG00
000040139	 5.850144847	 3.47230012	 0.008578379	 0.399197676	 MGI:1924502	 9430038I

01Rik	 RIKEN	cDNA	9430038I01	gene	

ENSMUSG00
000092060	 -7.90826999	 4.597567133	 0.008659498	 0.401811216	 MGI:3648414	 Bend4	 BEN	domain	containing	4	

ENSMUSG00
000037816	 -6.377145417	 6.49976683	 0.008710001	 0.401811216	 MGI:1923584	 Fbxw17	 F-box	and	WD-40	domain	protein	

17	
ENSMUSG00
000045410	 -5.188712485	 4.414490172	 0.008715496	 0.401811216	 MGI:1914758	 Akr1e1	 aldo-keto	reductase	family	1,	

member	E1	
ENSMUSG00
000075702	 7.267339783	 4.208685092	 0.00874598	 0.401811216	 MGI:2149786	 Selm	 selenoprotein	M	

ENSMUSG00
000043939	 -8.669723869	 5.128868822	 0.008762238	 0.401811216	 MGI:2443476	 A530064

D06Rik	 RIKEN	cDNA	A530064D06	gene	

ENSMUSG00
000020228	 -4.94018329	 4.809375475	 0.008775322	 0.401811216	 MGI:2152895	 Helb	 helicase	(DNA)	B	

ENSMUSG00
000087231	 -6.530689215	 4.180350417	 0.00881269	 0.402446189	 MGI:2443524	 E230016

M11Rik	 RIKEN	cDNA	E230016M11	gene	

ENSMUSG00
000005125	 -6.838576636	 5.410452193	 0.00886224	 0.403632596	 MGI:1341799	 Ndrg1	 N-myc	downstream	regulated	gene	

1	
ENSMUSG00
000066113	 6.80912339	 3.862653718	 0.008902454	 0.403752656	 MGI:1924989	 Adamtsl1	 ADAMTS-like	1	

ENSMUSG00
000054099	 5.33815928	 4.356788589	 0.008912029	 0.403752656	 MGI:2442486	 Slc25a40	 solute	carrier	family	25,	member	

40	
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ENSMUSG00
000035868	 -6.553574034	 3.978666441	 0.008984764	 0.405973818	 MGI:1920479	 Zfp983	 zinc	finger	protein	983	

ENSMUSG00
000032565	 4.671800525	 5.685261366	 0.009040601	 0.4074218	 MGI:1922936	 Nudt16	 nudix	(nucleoside	diphosphate	

linked	moiety	X)-type	motif	16	
ENSMUSG00
000005672	 6.910786189	 4.480069973	 0.009165786	 0.411585817	 MGI:96677	 Kit	 kit	oncogene	

ENSMUSG00
000026509	 5.220108374	 4.849378901	 0.009181068	 0.411585817	 MGI:88264	 Capn2	 calpain	2	

ENSMUSG00
000020691	 -5.911552566	 4.687578673	 0.009255075	 0.411921488	 MGI:1289171	 Mettl2	 methyltransferase	like	2	

ENSMUSG00
000001089	 -4.153919215	 6.060057037	 0.00932268	 0.411921488	 MGI:107629	 Luzp1	 leucine	zipper	protein	1	

ENSMUSG00
000030747	 -5.264967386	 3.682843637	 0.009335175	 0.411921488	 MGI:1915050	 Dgat2	 diacylglycerol	O-acyltransferase	2	

ENSMUSG00
000060147	 4.743577542	 4.549918164	 0.009353269	 0.411921488	 MGI:103123	 Serpinb6a	 serine	(or	cysteine)	peptidase	inhibitor,	clade	B,	member	6a	
ENSMUSG00
000027371	 -5.126677513	 2.383198929	 0.009373835	 0.411921488	 MGI:1915376	 Fahd2a	 fumarylacetoacetate	hydrolase	

domain	containing	2A	
ENSMUSG00
000029119	 -3.747117369	 6.59971604	 0.009428471	 0.411921488	 MGI:1195262	 Man2b2	 mannosidase	2,	alpha	B2	

ENSMUSG00
000078926	 -8.66042625	 5.01247135	 0.009433232	 0.411921488	 MGI:3644472	 Cdc20b	 cell	division	cycle	20B	

ENSMUSG00
000040158	 -6.514870939	 5.78448699	 0.009436005	 0.411921488	 MGI:1923531	 Tax1bp3	 Tax1	(human	T	cell	leukemia	virus	

type	I)	binding	protein	3	
ENSMUSG00
000062585	 5.464376672	 6.589885902	 0.009470983	 0.411921488	 MGI:104650	 Cnr2	 cannabinoid	receptor	2	

(macrophage)	
ENSMUSG00
000047603	 -7.353347904	 3.016064724	 0.009486794	 0.411921488	 MGI:1929117	 Zfp235	 zinc	finger	protein	235	
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ENSMUSG00
000034853	 -5.774200735	 1.832396421	 0.009490731	 0.411921488	 MGI:1913736	 Acot11	 acyl-CoA	thioesterase	11	

ENSMUSG00
000071454	 6.545674941	 4.079958355	 0.009501255	 0.411921488	 MGI:1203728	 Dtnb	 dystrobrevin,	beta	

ENSMUSG00
000035769	 5.787860948	 4.418706548	 0.009574025	 0.413196992	 MGI:2142985	 Xylb	 xylulokinase	homolog	(H.	

influenzae)	
ENSMUSG00
000018340	 -3.906117653	 7.853535851	 0.009587472	 0.413196992	 MGI:88255	 Anxa6	 annexin	A6	

ENSMUSG00
000026678	 -7.922701322	 4.352338846	 0.00960306	 0.413196992	 MGI:1098434	 Rgs5	 regulator	of	G-protein	signaling	5	

ENSMUSG00
000025369	 -3.401744545	 5.996519837	 0.009641302	 0.413387462	 MGI:1915344	 Smarcc2	

SWI/SNF	related,	matrix	
associated,	actin	dependent	
regulator	of	chromatin,	subfamily	
c,	member	2	

ENSMUSG00
000002833	 3.887504577	 4.934915576	 0.009655766	 0.413387462	 MGI:1194492	 Hdgfrp2	 hepatoma-derived	growth	factor,	

related	protein	2	
ENSMUSG00
000020806	 6.779904499	 4.177582295	 0.009730004	 0.415192483	 MGI:2442473	 Rhbdf2	 rhomboid	5	homolog	2	

ENSMUSG00
000045932	 6.025552787	 4.344633346	 0.009764186	 0.415192483	 MGI:99449	 Ifit2	 interferon-induced	protein	with	

tetratricopeptide	repeats	2	
ENSMUSG00
000059183	 -5.968364536	 2.408277044	 0.009770661	 0.415192483	 MGI:1916856	 Mtfmt	 mitochondrial	methionyl-tRNA	

formyltransferase	
ENSMUSG00
000038936	 5.101484212	 3.927358828	 0.009830158	 0.416291963	 MGI:1924486	 Sccpdh	 saccharopine	dehydrogenase	

(putative)	
ENSMUSG00
000031824	 -4.860853199	 6.276597409	 0.009845153	 0.416291963	 MGI:2443793	 6430548

M08Rik	 RIKEN	cDNA	6430548M08	gene	

ENSMUSG00
000080268	 -4.772909541	 6.176151722	 0.009877924	 0.416648878	 MGI:2388804	 Brms1	 breast	cancer	metastasis-

suppressor	1	
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ENSMUSG00
000021645	 -4.738251263	 3.338812442	 0.009932178	 0.417907987	 MGI:109257	 Smn1	 survival	motor	neuron	1	

ENSMUSG00
000069633	 6.838877512	 2.697217524	 0.009980247	 0.418901306	 MGI:1920905	 Pex11g	 peroxisomal	biogenesis	factor	11	

gamma	
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A.3 Buffers and reagents 

4% PFA 

40 g paraformaldehyde 

500 ml dH2O 

500 ml 0.2M phosphate buffer 

Add paraformaldehyde powder to 400 ml dH2O, heat to 60° and stir gently for ~3 hours 

until dissolved. Top up volume to 500 ml with dH2O and add 500 ml 0.2M phosphate. 

After stirring, cool to 4° and store at -20°C. 

 

Cryoprotectant solution 

300 g Sucrose  

10 g Polyvinyl-pyrrolidone (PVP-40)  

300 ml Ethylene glycol  

500 ml 0.1M phosphate buffer  

Store at -20°C. 

 

PBS 

8 g NaCl  

0.2 g KCl   

0.24 g KH2PO4  

1.44 g NA2PO4  

Make up to 1 L in dH2O. Adjust to pH 7.4. 
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Gelatin-coated slides 

Gelatin-coating solution: 

5 g gelatin 

0.5 g CrK(SO4)2 

Make up to 1 L in dH2O. 

Dip slides into gelatin-coating solution for ~5 seconds, 3-5 times each. Blot excess solution 

and dry slides at room temperature for 48 hours. 

 

DAB substrate solution (25 mg/ml) 

2.5% DAB (Sigma Aldrich, UK) 5ml 

250 ml 0.1M phosphate buffer 

125 μl 30% H2O2 (Sigma Aldrich, UK) 

 

Mowiol-DABCO mounting medium 

4.8 g Mowiol 4-88  

12 ml Glycerol  

12 ml dH2O  

24 ml 0.2M Tris-Cl (pH8.5)  

2.5% DABCO (Merck Millipore, Darmstadt, Germany) 

Mix mowiol 4-88, glycerol and dH2O for 1 hour, add 0.2 M Tris-Cl and mix at 50°C until 

dissolved. Centrifuge at 5 000 x g at 18°C for 15 minutes. Remove supernatant into new 

tube and add 2.5% DABCO. Store at -20°C. 
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Citrate buffer 

2.1 g citric acid 

1 L dH2O 

Adjust to pH6.0. 

 

0.2 M Phosphate buffer 

12.5 g NaH2PO4 

85.8 g Na2HPO4 

Make up to 2 L in dH2O. Adjust to pH 7.4. 

 

TAE buffer (50x stock) 

242 g Tris Base 

57.1 ml Acetic Acid 

100 ml 0.5 M EDTA 

Make up to 1 L in dH2O. 

 

10X Laemmli buffer 

30.2 g Tris Base 

144 g Glycine 

10 g SDS 

Make up to 1 L with dH2O. Dilute to 1X in dH2O before use.  
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10X Tris buffered saline 

60.6 g Tris Base 

87.6 g NaCl 

Make up to 1 L with dH2O. Adjust to pH 7.6.  

 

FACS buffer 

500 ml PBS  

1 ml FBS  

1 ml EDTA 

 

4X loading buffer (Western blot) 

8% SDS 

20% β-mercaptoethanol 

40% glycerol 

0.0008% bromophenol blue 

0.25 M Tris-HCl 

Adjust pH to 6.8. 
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A.4 Protocol for image processing for analysis of microglial spatial 

dynamics, adapted from Davis et al. (2017). 

1. Use calibration image from SP8 to set scale in FIJI. 

a. Draw line on scale bar > Analyse > Set scale. 

2. Open max. projection image and convert to multi-channel image. 

a. Image > Color > Channels tool > Toggle colours > Change to multi-channel 

composite 

3. Quantify area of image (µm2) and microglial density – whole microglial cells with a 

DAPI-stained nucleus visible within the cell body counted and used for downstream 

analysis.  

a. Cmd+A > Cmd+M (area measurement) > File > Save As > XY coordinates 

(for spatial analysis from boundaries) 

b. Plugins > Analyse > Cell counter 

4. Split images into three colour channels – take only Iba1 (green) channel for 

downstream analysis. 

a. Image > Colour > Split channels 

5. Convert image to 8-bit. 

a. Image > Type > 8-bit 

6. Use grey scale attribute opening filter (area minimum = 25 pixels, connectivity = 8) 

to isolate Iba1+ cells from the background. 

a. Plugins > MorphoLibJ > Grey scale attribute filtering > Opening  

7. Use opening morphological filter (1-pixel radius octagon) to separate microglial 

soma from processes. 

a. Plugins > MorphoLibJ > Morphological filters > Opening > Octagon 

8. Use maximum entropy threshold to segment microglial soma from background. 

a. Plugins > Entropy threshold 

9. Invert colours and fill holes in soma. 

a. Edit > Invert 

b. Process > Binary > Fill holes 

10. Measure area of soma in image. 

a. Ellipse selection tool > Cmd+M  

11.  Use analyse particles function to identify somas and exclude background pixel noise. 

Set minimum particle size to exclude anything smaller than soma. 
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a. Analyse > Analyse particles > Set size to soma area (~30 µm2)-infinity > 

Show outlines > Exclude on edges > Display results > Summarize > Add to 

manager > Include holes > Record stats 

b. Measurements window should show XY co-ordinates of each particle 

12. Use nearest neighbour function to calculate the nearest neighbour distances 

a. Plugins > Nnd 

13. Map ROIs from particle analyser onto original image  

14. Use grey scale attribute opening filter (area minimum = 25 pixels, connectivity = 8) 

to isolate Iba1+ cells from the background before territory tracing. 

a. Plugins > MorphoLibJ > Grey scale attribute filtering > Opening  

15. Trace territories using freehand selection tool 

a. Cmd+D to save region, cmd+M to measure area 

b. Record area of territory next to other data for each cell 

c. Save .png file with traced territories 

*Clear measurements and ROIs between images! 
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A.5 Nearest neighbour distances calculation with ImageJ 

From: Mao, Y. Nearest Neighbor Distances Calculation with ImageJ. 2016; Available 

from: 

https://icme.hpc.msstate.edu/mediawiki/index.php/Nearest_Neighbor_Distances_Calculati

on_with_ImageJ 

1. Convert the image to grayscale: Image → Type → 8-bit 

2. Segment the image using the automated routine: Process → Binary → Make 

Binary. Alternatively you can segment the image manually with Image → Adjust 

→ Threshold and select a threshold range of 0 to 121. 

3. Fill the holes in particles: Process → Binary → Fill holes 

4. Surround the scale bar with the rectangular selection tool and clear the contents 

(Edit → Clear). 

5. If in the binary image, there are particles connected together, use eraser tool to 

separate the connected particle manually. 

6. Analyze particles: Analyze → Analyze Particles. Enter a minimum particle size, 

toggle 'Show Outlines', check 'exclude on edges', ‘Display Results’, ‘Summarize’ 

and ‘Record Stats’ and click 'OK'. Selections are counted and numbered. The data 

window lists the area (in μm2) for each selection. These data could be copied to a 

spreadsheet. A summary of the particle count is also shown in another data 

window. 

Nearest neighbour analysis: 

7. Click Analyze -> Set Measurements, Make sure "Centroid" is checked. 

8. Click Analyze -> Analyze Particles.. and then ok. 

9. The results window will display the X and Y coordinates of the particle's centroid. 

10. Click Plugins -> Analyze -> Nnd to get the nearest neighbour distances. 
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A.6 Protocol for the use of RStudio Spatstat package to   analyse 

microglial spatial distribution using Ripley’s K- and L-functions 

1. Open RStudio 
2. Load ‘SpatStat’ package.  

>library(spatstat) 

3. Set the working directory to load/save data. 

>setwd("/Users/kea1g11/Documents/PhD/Year 

Three/Experiments/Point pattern analysis") 

4. Check the working directory is correct by listing files within containing folder. 

>list.files("/Users/kea1g11/Documents/PhD/Year 

Three/Experiments/Point pattern analysis") 

5. Read data into RStudio. Set the sample name prior to reading in the .csv file. 

>SAMPLE <-read.csv(“SAMPLE.csv”) 

6. Check that data is what you expect (shows first few rows of spreadsheet). 

>head(SAMPLE) 

7. Convert data into point pattern object using “ppp” command. X and Y coordinates 
are in columns 2 and 3 of spreadsheet, X coordinates range from 0 to 387.1393, Y 
coordinates range from 0 to 387.1393. General format is >ppp(x.coordinates, 
y.coordinates, x.range, y.range) 

>SAMPLE <-ppp(SAMPLE[,2], SAMPLE[,3], c(0,387.1393), 

c(0,387.1393))  
8. Check point pattern plot of data.  

>plot(SAMPLE NAME) 

9. Run Ripley’s K- and L-functions on data with envelope to produce plots for both 
tests.  

>plot(envelope(AOA1851,Kest)) 

>plot(envelope(AOA1851,Lest)) 

10. For summary of values related to statistical test 

>summary(Kest(AOA1851) 

>summary(Lest(AOA1851) 
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