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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES, INSTITUTE FOR LIFE 

SCIENCES, CENTRE FOR BIOLOGICAL SCIENCES 

Doctor of Philosophy 

The Effects of Ageing on Microglial Phenotypes and the 

Central Nervous System Response to Systemic 

Inflammation 

 

By Adam David Hart, BSc 

Microglial cells are resident immune cells of the central nervous system (CNS) 

that participate in the CNS response to systemic inflammation by producing 

inflammatory mediators, which subsequently contribute to the behavioural and 

metabolic adaptations to systemic infections collectively termed sickness 

behaviour. Ageing leads to changes in microglial phenotype and a maladaptive, 

exaggerated CNS inflammatory and behavioural response to systemic infection 

has been described in aged rodents, which could have a negative impact on 

CNS health. However, most studies examining the effects of ageing on 

microglia have focused on a single region of the brain (the hippocampus) and 

have used a single model of infection, the bacterial mimetic lipopolysaccharide 

(LPS). This raises two important questions – are microglia in different parts of 

the brain equally effected by ageing, and do different models of systemic 

infections have different effects on sickness behaviour and on microglia? To 

address these questions we used immunohistochemistry, quantitative PCR and 

behavioural assays to investigate the effects of region on age related changes 

in microglial phenotype along a rostral to caudal axis and the CNS 

inflammatory and behavioural response elicited by LPS was compared to that 

elicited during a live infection with Salmonella typhimurium. 

We detected significant differences in the effects of ageing on microglia of 

different regions of the CNS, with microglia of white matter areas and the 

cerebellum demonstrating significantly greater changes in expression of 

activation markers than those of rostral grey matter areas. Co-ordination and 

balance was impaired in aged mice at baseline and some sickness behaviours 

were exaggerated in aged mice in response to LPS injection, whereas 

Salmonella typhimurium infection induced long-lasting reductions in 

exploratory activity of equal size in young and aged mice and, in aged mice, 

co-ordination and balance deficits and prolonged weight loss. A low grade, 

prolonged inflammatory response was detected in the hippocampus which was 

accompanied by increased expression of microglial activation markers 

throughout the young and aged CNS, particularly in the spinal cord, where 

increased axonal stress and changes in the organisation of the paranodal 

junction were also observed. These changes in cytokine levels and microglial 

phenotype were mostly of similar magnitude in young and aged mice, 

contrasting to the effects of LPS. 

These results highlight regional differences in the sensitivity of microglia to 

systemic infection and ageing and show extensive differences between the 

effects of the bacterial mimetic LPS and a live bacterial infection on microglia 

and on sickness behaviour in young and aged mice. They also have important 

implications for the study of ageing microglia regarding the selection of the 

infection models and in deciding which CNS regions to examine. 
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1. Introduction 

The central nervous system (CNS) is a uniquely specialised anatomical 

compartment. Functionally it co-ordinates and regulates organismal function 

and behaviour on almost every level, from control of metabolism and basic 

homeostatic processes such as breathing through to complex direction of 

behaviours directed through multiple neuronal circuits and their afferent 

projections. The brain is also an immune privileged organ, with a tightly 

regulated population of perivascular macrophages, microglia and a small 

number of T cells transiently entering the parenchyma of the brain providing 

the basis of the brain’s immune system. This immune privilege is in part 

maintained by the blood brain barrier, a tightly regulated structure principally 

consisting of endothelial cells which are supported by pericytes, astrocytes and 

perivascular macrophages.  

Despite this separation from the rest of the body, the brain communicates bi-

directionally with the peripheral immune system through multiple routes to 

direct adaptive behavioural and metabolic responses which function to assist 

the immune system’s attempts to eliminate infections from the body. These 

responses are critical for the resolution of infection, but in some circumstances 

may become maladaptive, for example in the damaged or ageing brain where 

microglia respond in an exaggerated manner to peripheral inflammatory 

stimuli and, through their excessive inflammatory responses, may precipitate 

or accelerate the progression of pathology in the brain and drive maladaptive 

behavioural responses to infection (Cunningham et al., 2009; Godbout et al., 

2008). The causes and consequences of these exaggerated responses are not 

fully understood at present. This thesis aims to characterise the response of 

the ageing CNS to peripheral inflammation and infection on a cellular and 

behavioural level and to investigate regional differences within the CNS in 

these responses. 
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1.1 Physiology of the immune response, the brain and 

their communication 

1.1.1 Introduction to the Innate Immune System (for references, see 

Paul (2008)) 

The mammalian immune system is divided into two branches; the adaptive and 

the innate immune system. The innate immune system presents a rapid and 

robust response to insult that develops within hours; the adaptive response 

takes longer to develop and eliminates pathogens in a specific manner via the 

production of antibodies and T cell responses. The innate immune system 

initially reacts to infection via pathogen recognising pattern recognition 

receptors (PRRs) such as mannose receptors, scavenger receptors, nucleotide-

binding oligomerisation receptors and toll like receptors. Each of these 

receptors recognise different structural motifs associated with pathogens and 

initiate distinct signalling cascades upon their activation; for a more complete 

discussion see section 1.2.3. This initial identification of a pathogen is 

normally performed by resident tissue macrophages and dendritic cells (DCs). 

PRR activation triggers the beginning of the innate immune response, leading 

to phagocytosis of micro-organisms/virus infected cells by macrophages and 

dendritic cells, lysosomal degradation of the phagocytosed material and 

subsequent presentation of antigens in MHC complexes. Macrophages and DCs 

also produce cytokines and chemokines after PRR stimulation, which attract 

other immune cells to the site of insult, activates immune cells, increases 

vascular permeability and increases expression of MHC and co-stimulatory 

molecules. The subsequent infiltrating immune cells include neutrophils and 

natural killer (NK) cells, which phagocytose or lyse bacteria or virus infected 

cells and form an important part of the innate immune response in the direct 

elimination of pathogens. These cells are not normally present in healthy 

tissue, but are present in the circulation and upon activation migrate via 

chemotaxis to the site of inflammation. The cytokine profiles elicited by PRR 

activation differ according to the type of immune challenge encountered and 

can influence the immune response through initiation of a Th1 or Th2 (or 

Th17/Th9) dominant response. These different responses are adapted to the 

clearance of different types of pathogens. For example, Th2 responses are 

initiated in response to helminths (Hoffmann et al., 2000), while Th1 responses 
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are elicited by bacterial stimuli such as E. coli lipopolysaccharide (Re and 

Strominger, 2001). 

Phagocytosis of extracellular material by antigen presenting cells such as 

macrophages or dendritic cells results in the display of antigen fragments via 

MHCII. Dendritic cells constitutively express MHC molecules and co-stimulatory 

molecules and one of their principle roles is to migrate via lymph vessels to a 

lymph node where they can activate naïve CD4+ T cells, triggering the adaptive 

arm of the immune system. Dendritic cells thus act as a bridge between the 

innate and the adaptive immune response. B cells can bind soluble antigens via 

their unique B cell receptor (an immunoglobulin specific to one particular 

epitope) and, if co-stimulated by T cells, clonally expand and begin producing 

antibodies against the antigen they recognise. Long lived B memory cells are 

also formed during this clonal expansion, which express the antibody 

produced during expansion on the outer cell membrane to allow rapid 

pathogen recognition and clonal expansion following future encounters with 

that particular antigen.  

Complement also plays an important role in both the innate and the adaptive 

immune response. The complement system is a range of small proteins that 

are produced primarily by the liver which can be found circulating in the blood 

of healthy individuals in inactivated conformations. They can also be produced 

on a local basis by epithelium, endothelium and lymphocytes, including in the 

brain (Godbout et al., 2005b). They play a role in innate immunity via the 

alternative complement pathway and in the adaptive immune response via the 

classical and the lectin complement pathways. Complement opsonises 

membranes for phagocytosis and forms membrane attack complexes to help 

lyse targeted cells such as bacteria. The classical pathway is mediated by 

IgG/IgM interactions with C1q and along with the lectin pathway (which acts on 

repetitive microbial patterns e.g. via MBL) triggers C4 and C2 metabolism to 

form C4b and C2a, which together make up the classical pathway C3 

convertase. This C3 convertase then cleaves a thioester bond in C3 to form 

C3b (Martinez-Barricarte et al., 2010). The classical pathway also plays an 

important role in the opsonisation of apoptotic cells (Nauta et al., 2002). The 

alternative pathway relies on C3b generated from spontaneous hydrolysis of 

the thioester bond of inactive C3 by H
2

O or C3b derived from the other two 

pathways, which both bind to “activator” surfaces such as bacterial 
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lipopolysaccharide sequences (Pangburn et al., 1980). Factor B and D bind to 

membrane bound C3b and form a C3 convertase, subsequently cleaving 

further C3 and leading to further C3b binding, forming a positive feedback 

loop. Unbound C3b and C3b on non-activator surfaces is rapidly inactivated by 

Factor H in plasma to control C3b levels. When C3 convertase is covalently 

linked to an additional C3b molecule it forms C5 convertase and initiates the 

terminal pathway, provided sufficient concentrations of terminal pathway 

factors are present. The terminal pathway eventually results in the assembly of 

the lysis inducing membrane attack complex consisting of C5b-C9, which 

disrupts membrane integrity and will, if there are sufficient numbers of 

complexes bound, result in death of the bound cell. Sublytic concentrations of 

membrane attack complexes can also effect the target cell, such as by 

increasing intracellular calcium concentrations (Seeger et al., 1986), and 

thereby a number of calcium sensitive molecules such as protein kinase C. C3b 

labelling also opsonises the cell, enhancing phagocytosis via binding to the 

complement receptors CD11b and CD11c (see figure 1.1 for an illustration of 

the complement system).  

 

Figure 1.1. The complement system.  
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The three activating pathways all converge on C3 and subsequently the 

terminal pathway, marked in red boxes, provided there are sufficient 

concentrations of terminal pathway components. 

1.1.2 The immune response to a peripheral bacterial infection: focus on 

Salmonella typhimurium. 

Pathogenic infectious bacteria are responsible for a wide variety of highly 

prevalent diseases, such as whooping cough (Bordetella pertussis), typhoid 

fever (Salmonella typhi) or cholera (Vibrio cholerae). There is a huge diversity 

in types of pathogenic bacteria, their methods of infection and subsequently 

the strength and profile of an organism’s immune responses to them. Some of 

the most common serious bacterial infections that affect humans are 

intracellular bacteria, such as Salmonella typhi or Mycobacterium tuberculosis. 

Often intracellular bacteria infect phagocytic cells, such as macrophages, and 

inhabit the phagosome until they break out and proliferate within the cytosol 

(Peterson, 1996).  

Typhoid fever is a serious and very prevalent disease worldwide with an 

estimated 16-31 million cases and over 200,000 deaths a year (Crump et al., 

2004), with most of these cases occurring in the developing world. The first 

symptoms to present are often diarrhoea caused by gastroenteritis, and after 

an incubation period of 10-14 days from infection other symptoms appear 

including fever, headache, abdominal pain, anorexia and vomiting (Bhutta, 

2006; Giannella, 1996). Typhoid fever is usually caused by the consumption of 

food or water contaminated with Salmonella typhi, paratyphi or schottmuelleri 

(Giannella, 1996), leading to invasion through the intestinal cell wall by the 

bacteria and subsequent colonisation of liver, spleen, peyer’s patches and 

lymph nodes (Dougan et al., 2011). Salmonella typhimurium (S. typhimurium) 

is a serovar from the same species as Salmonella typhi, but in humans 

ingestion of S. typhimurium usually only induces enteritis (Santos et al., 2001). 

However, in mice S. typhimurium ingestion leads to symptoms similar to those 

seen in human typhoid fever (Santos et al., 2001). As a result of these 

similarities, murine infection with S. typhimurium has been used to model 

human typhoid fever since the early 20
th

 century (Santos et al., 2001).  
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Genetically modified strains with attenuated virulence are frequently used 

when studying S. typhimurium to model vaccination against typhoid 

Salmonella infections (Mittrucker et al., 2000) or because strains with 

decreased virulence produce a milder disease course that is less likely to cause 

death of infected mice and are less likely to infect researchers working with the 

bacterium. SL3261 is an example of a genetically modified strain of S. 

typhimurium which has attenuated virulence as a result of the insertion of a 

transposon in the AroA gene (Hoiseth and Stocker, 1981), which prevents 

synthesis of p-amino-benzoic acid from chorismate. S. typhimurium cannot 

assimilate exogenous folate and instead synthesises folate from precursors 

such as p-amino-benzoic acid, which is not present in vertebrate tissue in 

significant quantities (Hoiseth and Stocker, 1981). Blocking production of p-

amino-benzoic acid from chorismate prevents folate production by S. 

typhimurium during vertebrate infection, which restricts DNA synthesis 

(Reichard, 1988) and therefore bacterial proliferation. Inoculation of C57/BL6 

mice with SL3261 led to substantially less colonisation of the liver and spleen 

compared to its wild-type parent strain, SL1344 (Benjamin et al., 1990), 

demonstrating the reduced virulence of this strain of S. typhimurium. 
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Figure 1.2. Early events of Salmonella enterica infection.  

Salmonella enterica reaches the intestine and invades microfold cells, which 

are specialised epithelial cells that transcytose antigens from the intestinal 

lumen to the abluminal side (Mastroeni et al., 2009). Salmonella enterica 

bacteria then invade phagocytic cells such as macrophages and dendritic cells 

which enter the circulation in sysytemic salmonellosis (typhoid fever). Free 

circulating salmonella that have escaped from apoptosing phagocytes populate 

tissue with large resident populations of phagocytic cells, such as the liver, 

spleen, mesenteric lymph nodes, bone and gall bladder. This figure is taken 

from Mastroeni et al, 2009. 

The initial events that lead to colonisation of multiple organs by S. 

typhimurium are outlined in figure 1.2. If S. typhimurium is injected 

intraperitoneally instead of being administered orally then free bacteria enter 

the blood stream without having to invade through the gut mucosa, but 

infection via both routes leads to colonisation of organs with large phagocyte 

populations e.g. spleen, liver (Dougan et al., 2011). During the first few days 
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after infection bacteria multiply in numbers (Grant et al., 2008) and the innate 

immune system is activated (Sebastiani et al., 2002). The innate immune 

response is characterised by local production of a range of pro-inflammatory 

cytokines, including IFN, IL-1β, IL-6, IL-12, IL-18 and TNF (Mittrucker and 

Kaufmann, 2000) and induction of iNOS activity and macrophage migration 

inhibitor factor release (Koebernick et al., 2002; Schwacha et al., 1998). These 

cytokines recruit cells such as natural killer cells, polarise T cells and mediate 

and potentiate the bactericidal response of infected phagocytic cells. IFN, 

TNF and IL-12 are particularly important in controlling S. typhimurium 

infection, as demonstrated by studies which used antibodies to block these 

cytokines (Mastroeni et al., 1998). Multicellular lesions consisting of recruited 

and infected cells called granulomas form around sites of infection and 

attempt to prevent the spread of the infection to other cells (Mastroeni et al., 

1992). 

Although T cells do not contribute much to the initial response to S. 

typhimurium infection (Hess et al., 1996), they play an important role in 

achieving elimination of bacteria rather than merely controlling infection (Hess 

et al., 1996). CD4 T cell responses contribute to the elimination of infected 

cells by production of large amounts of IFN and by stimulating B cell 

maturation and antibody production (Hess et al., 1996). The role of CD8 cells 

in primary S. typhimurium infection is less well established, with some reports 

claiming that elimination of CD8 T cells has no impact in attenuated salmonella 

infection (Hess et al., 1996) while others show decreased survival in CD8 

depleted mice following infection with attenuated S. typhimurium (Lo et al., 

1999). 

The extent of B cell participation in primary salmonella infection seems to 

depend on the virulence of the S. typhimurium strain used. Resistance to oral 

infection with unattenuated, virulent S. typhimurium was impaired in B cell 

deficient mice (Mittrucker et al., 2000; O'Brien et al., 1979), but unimpaired in 

mice infected with an attenuated strain of S. typhimurium (McSorley and 

Jenkins, 2000; Mittrucker et al., 2000). Another study showed that bacterial 

counts in the spleen were similar between B cell deficient and wild type mice 7, 

28 or 42 days after infection with an attenuated strain, but that B cell deficient 

mice had a higher bacterial load in the blood, suggesting that the antibody 
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response may be important in preventing the systemic spread of infection but 

not in clearance of bacteria (Cunningham et al., 2007a).  

By approximately 40 days after infection most studies find that S. typhimurium 

is no longer detectable in spleen or liver of infected mice (Cunningham et al., 

2007a; McSorley and Jenkins, 2000; Mittrucker et al., 2000). In summary, S. 

typhimurium challenge produces a systemic infection that lasts several weeks 

and invokes an immune response that encompasses many different cell types 

at different stages of the disease, with critical roles for both the innate and 

adaptive arms of the immune system. 

1.1.3 Introduction to the central nervous system (for references, see 

(Purves et al., 2008) 

The mammalian CNS is separated from the rest of the body by the blood brain 

barrier (BBB), which is present at all the blood vessels of the CNS (apart from 

the circumventricular organs) and consists primarily of endothelial cells, their 

tight junctions and a basement membrane which restrict the entry of cells and 

transmembrane diffusion of large or lipophobic macromolecules above ~8kDa 

under normal physiological conditions (Banks, 2009), but allows simple 

molecules such as glucose to pass through. Astrocytes associate closely with 

the endothelial cells of the BBB, influencing their function via soluble factors 

such as growth factors (Popescu et al., 2009). Other cells that participate in 

BBB function include perivascular macrophages, which play an important role 

in transducing immune responses from the periphery into central responses 

(Serrats et al., 2010), and pericytes, which contribute to the regulation of BBB 

tightness and perform contractile functions to regulate CNS blood flow 

(Winkler et al., 2011). Ageing, neurodegenerative disease and systemic 

infection have all been proposed to increase the permeability of the BBB (Bake 

et al., 2009; McQuaid et al., 2009), but in the absence of these conditions it 

excludes undesired blood components, actively transports those which are 

required into the brain and contributes to the immune privilege of the brain by 

restricting infiltration of non-resident immune cells (Popescu et al., 2009). 
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Figure 1.3. The structure of the blood brain barrier.  

This diagram is taken from Chen and Liu (2012). 

The brain itself is a heterogeneous organ. The simplest division is between 

grey and white matter – grey being made up of neuronal cell bodies and 

neuropil, white matter of myelinated axons. Both grey and white matter 

contain a wide range of glial cells, including astrocytes, microglia, 

oligodendrocytes and pericytes. Table 1.1 outlines their roles. The brain is 

organised into distinct areas of grey and white matter and is functionally 

organised into circuits, with neurons receiving and projecting neuronal inputs 

and outputs to and from specific brain regions, with a range of 

neurotransmitters employed to transfer these signals. These circuits are the 

mechanism by which information processing, comprehension, memory and 

generation of physiological outputs occurs. While a detailed description of 

brain anatomy is not the focus of this introduction, it is important to note that 

these spatially and functionally distinct regions may differentially influence 

microglial function, for example through microglial neurotransmitter receptors 

(Kettenmann et al., 2011), and that different brain regions are selectively 

vulnerable to cell loss in neurodegenerative disease and ageing – see section 

1.3.2 for discussion. These factors may contribute to the variations in 

microglial phenotype described across the CNS (De Haas et al., 2008). 
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Cell type Origin Functions 

Microglia 

Yolk sac origin (Ginhoux et al., 

2010), post embryonic 

proliferation within the CNS, 

infiltration from periphery in 

BBB breakdown (Ajami et al., 

2007). 

Myeloid cells of the CNS; 

repair, surveillance, 

microbial defence, trophic 

support of neurons 

(Kettenmann et al., 2011). 

Astrocyte 

Post embryonic mitotic 

proliferation, radial glia, neural 

stem cells (Kriegstein and 

Alvarez-Buylla, 2009) 

Structural and metabolic 

support, BBB control, 

neurotransmitter uptake 

and release, ion 

concentration regulation, 

repair. 

Oligodendrocyte 

Neural stem cells (Kriegstein 

and Alvarez-Buylla, 2009) 

Myelination of axons, 

trophic support of neurons 

(Wilkins et al., 2001). 

Oligodendrocyte 

precursor cells 

Neural stem cells (Trotter et 

al., 2010) 

Generation of 

oligodendrocytes and 

astrocytes, trophic support 

of neurons (Trotter et al., 

2010) 

Pericyte 

Mesoderm and neuroectoderm 

(Winkler et al., 2011) 

Blood brain barrier 

maintenance, vascular 

constriction (Winkler et al., 

2011). 

Table 1.1. Types of glia resident in the CNS.  

Descriptions taken from Purves et al, 2008, or referenced in text. 
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1.1.4 Oligodendrocyte-neuron interactions: focus on the paranodal 

junction. 

Oligodendrocytes are cells that populate the “white matter” of the CNS. They 

extend processes to axons and ensheath them, wrapping layers of cell 

membrane around an axon to form a structure called a myelin sheath (Figure 

1.4). The myelin sheath provides insulation to axons to prevent 

transmembrane ionic flux at areas other than the nodes of Ranvier. This myelin 

sheath leads to the polarisation of ion channels into spatially restricted 

domains, termed nodes of Ranvier, that in combination with the tight 

ensheathement of internodal spaces with myelin allow the rapid conduction of 

action potentials via saltatory conduction (Salzer, 2003). The oligodendrocyte 

attaches to the axon on either side of the node of Ranvier forming structures 

known as paranodal junctions.  
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Figure 1.4. An electron micrograph of a transverse section of the anterior 

commissure of a monkey.  

The thick dark layers surrounding axonal cytoplasm are internodal myelin 

sheaths, indicated by red arrows. The black arrows point out transverse 

profiles through paranodes, where the myelin sheaths open into loop shaped 

endings and attach to the axon at paranodal junctions - hence the layer of 

Internode 
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cytoplasm between the myelin sheath and the axon. Adapted from (Peters and 

Sethares, 2013). 

Paranodal junctions are structures with an important role in facilitating 

saltatory conduction in myelinated neurons through the efficient segregation 

of Na
v

1.6 and K
v

1.2 channels. They accomplish this by the formation of tight 

junctions between the axon and oligodendrocyte, forming a barrier between 

the two populations of ion channels (Salzer, 2003) (Figure 1.5). The paranodal 

junction principally comprises of three proteins – neurofascin 155 (Nfasc155), 

contactin and caspr. Nfasc155 is anchored in the cell membrane of 

oligodendrocyte processes and forms a tight junction with contactin, which in 

turn is tightly bound to contactin associated protein (caspr), which anchors the 

complex to the axon. These complexes cluster together in structures known as 

transverse bands. Caspr associates with ankyrin B and various spectrins to 

anchor the paranodal junction to the axon’s cytoskeleton. The Nav1.6 channels 

are segregated to the node of Ranvier, where they are anchored in place by 

neurofascin 186, NrCAM and ankyrin G. Kv1.2 channels are located in the 

juxtaparanode. A full, detailed description of the structure of the node of 

Ranvier, paranode and juxtaparanode is provided by Salzer, 2003. This 

architecture, illustrated in figure 1.5, separates the two populations of ion 

channels and concentrates depolarisation and repolarisation of the axon into a 

smaller area, allowing for quicker action potential generation and propagation. 
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Figure 1.5. A simplified diagram showing some of the key components of 

the node of ranvier, the paranodal junction and the juxtaparanode and 

how they are organised in a healthy axon.  

The paranodal junction is formed of the three proteins Nfasc155, contactin and 

caspr, which segregate Nav1.6 channels in the node of ranvier from Kv1.2 

channels in the juxtaparanode.  

The consequences of paranodal junction disruption are well characterised 

through mutant models. In mouse knock out models of either Nfasc155, 

contactin or caspr the mice develop ataxia, tremor, reduced conduction 

velocity of white matter tracts, axonal transport deficits and, in the case of 

Nfasc155 knockouts, sudden early death (Bhat et al., 2001; Boyle et al., 2001; 

Sherman et al., 2005). On a molecular level Kv1.2 channels are no longer 

strictly segregated to the juxtaparanodal region in these knockouts, but 

instead mislocalise to the paranodal and nodal region, as illustrated in figure 

1.6. Detachment of paranodal loops also occurs in these knockout models, 

demonstrating the importance of these proteins in maintaining nodal 

architecture. 
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Figure 1.6. A modified version of figure 1.5 demonstrating how a 

“disrupted” paranode may be organised.  

Kv1.2 channels are no longer segregated to the juxtaparanodal regions, but 

are now also present in the paranodal regions. 

1.1.5 Immune to brain communication 

Immune brain communication is a critical component of a host organism’s 

response to infection or peripheral inflammation. A collection of behavioural 

and metabolic adaptations are initiated over the course of an infection with the 

purpose of restricting the spread of a pathogen within an organism, optimising 

conditions for a successful immune response and preventing the spread of 

infection to other organisms (Hart, 1988). Collectively these behaviours have 

been termed “sickness behaviours”. Some of the more common sickness 

behaviours induced in infection include depression, reduced appetite, 

anhedonia, social withdrawal, reduced locomotor activity, hyperalgesia, 

reduced motivation, cognitive impairment and impairments in memory 

encoding and recall (Dantzer, 2004). Metabolic adaptions to infection include 

fever, altered dietary intake and reductions in the bioavailability of nutrients 

that may facilitate the growth of pathogens such as iron or zinc (Hart, 1988). 

These behavioural and metabolic adaptations also occur in humans (Bucks et 

al., 2008; Smith, 2012; Smith, 2013).  
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Exactly how the immune system initiates and maintains these behaviours 

depends on the locality, type and severity of inflammatory stimulus. The three 

principle routes of immune brain communication are described below. 

1.1.5.1 Immune to brain communication via the vagus nerve 

The vagus nerve is a cranial nerve that predominately innervates the viscera 

and blood vessels of the thorax and abdomen. Vagal afferent fibres innervate 

the liver, lungs, heart, aorta, gastrointestinal tract and numerous other organs 

and project to the nucleus of the solitary tract (NTS), area postrema (AP) 

(together known as the dorsal vagal complex (DVC)) and the dorsal motor 

nucleus of the vagus (Berthoud and Neuhuber, 2000). Neurons project from 

these regions to a wide range of areas including medullary motor nuclei such 

as the vagal dorsal motor nucleus and nucleus ambiguus, to the dorsolateral 

pons (including the locus coeruleus), and to forebrain regions including the 

hypothalamus, bed nucleus of the stria terminalis (BST) and the amygdala 

(Berthoud and Neuhuber, 2000). These vagal afferents are sensory neurons, 

containing (depending on the area innervated) baroreceptors, 

mechanoreceptors, osmoreceptors, chemoreceptors and thermoreceptors 

(Berthoud and Neuhuber, 2000). They can also detect local inflammation 

through expression of IL-1, TNFα and prostaglandin receptors on the 

paraganglia and ganglia (Ek et al., 1998; Goehler et al., 1997; Rogers and 

Hermann, 2012). The vagus nerve also contains efferent fibres which project 

from the dorsal motor nucleus of the vagus (Berthoud and Neuhuber, 2000). 

These fibres modulate local immune responses via the cholinergic anti-

inflammatory pathway (Borovikova et al., 2000) and motor functions such as 

gut motility (Chang et al., 2003). 

Several studies have attempted to identify the precise role of the vagus nerve 

in immune brain communication using subdiaphragmic vagotomy followed by 

intraperitoneal (i.p.) injection of LPS or pro-inflammatory cytokines. Two 

studies in mice showed a lack of influence of vagotomy on sickness behaviour 

(burrowing, locomotor activity, sweetened milk intake) in mice following i.p. 

injection of 100µg/kg or 1µg/mouse LPS (Teeling et al., 2007; Wieczorek et al., 

2005), whereas in contrast other authors demonstrated the necessity of the 

vagus nerve for social interaction deficits following an intraperitonal injection 

of either 250µg/kg LPS or 25µg IL-1β (Konsman et al., 2000a) in rats, induction 
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of fever by i.p. injection of low levels of human IL-1β (1µg/kg) in rats (Watkins 

et al., 1995), conditioned taste aversion in rats following i.p. injection of 

human IL-1β or TNF (Goehler et al., 1995) and food seeking behaviour in mice 

following i.p. injection of 400µg/kg of LPS or 1.5µg of human IL-1β (Bretdibat 

et al., 1995). At higher doses of rat IL-1β (25µg/rat, injected i.p.) 

subdiaphragmatic vagotomy did not attenuate fever (Konsman et al., 2000a), 

demonstrating that the importance of vagal signalling may depend on the 

degree of inflammation present.  

Some studies have inactivated or lesioned the dorsal vagal complex instead of 

performing subdiaphragmatic vagotomy to block vagal signalling. The caveat 

of this approach is that it also prevents one of the circumventricular organs, 

the area postrema (AP), from signalling in response to circulating inflammatory 

mediators, presenting a confounding factor when trying to attribute specific 

immune responses to vagus nerve mediated signalling. However, this approach 

still retains some value when investigating BBB independent routes of immune 

to brain communication. Inactivation of the dorsal vagal complex with 

bupivacaine blocked social withdrawal (Marvel et al., 2004) and LPS-induced 

reductions in locomotor activity (Gaykema and Goehler, 2011) in response to 

an i.p. injection of 100µg/kg LPS and prevented c-fos activation of several 

forebrain regions including the amygdala, bed nucleus of the stria terminalis 

and periventricular nucleus of the hypothalamus (Marvel et al., 2004).  

These studies together demonstrate that vagal signalling contributes to some 

aspects of sickness behaviour, such as social withdrawal or fever, but not to 

other aspects such as reduced sweetened milk intake (a measure of anhedonia) 

or locomotor activity. Some of these effects may be mediated through 

activation of the hypothalamic-pituitary-adrenal axis (Wieczorek et al., 2005), 

particularly the metabolic effects, while projections to forebrain structures 

such as the amygdala likely mediate many of the vagus dependent behavioural 

effects (Gaykema et al., 2007b). Hansen et al showed that vagotomy did not 

influence brain levels of IL-1β in response to i.p. 10-100µg/kg LPS (Hansen et 

al., 2000b), suggesting that the effects of vagal afferent stimulation are not 

mediated by induction of IL-1β synthesis within the CNS.  
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1.1.5.2 Circumventricular organs  

The sensory circumventricular organs (CVOs) are areas of the brain which are 

highly vascularised and not fully protected by the BBB (Fry and Ferguson, 

2007), allowing exposure of neurons to blood components and circulating 

inflammatory mediators such as cytokines. These areas include the AP, 

subfornical organ and organum vasculosum of lamina terminalis (OVLT) (Fry 

and Ferguson, 2007). A tanycytic barrier limits diffusion of small molecular 

weight tracers such as Evans blue and prevents diffusion of larger molecular 

weight tracers such as horse radish peroxidase and 70kDa dextran beads from 

the CVOs into neighbouring CNS parenchyma (Morita and Miyata, 2012; 

Peruzzo et al., 2000), demonstrating the presence of an effective barrier 

against diffusion of complex molecules such as cytokines. The CVOs have been 

shown using c-fos staining shown to be activated following systemic LPS 

(Gaykema et al., 2007a) and are known to project to the amygdala, 

hypothalamus and hippocampus (Quan, 2008), converging with central vagal 

pathways at some points (Gaykema et al., 2007b). Cells in these regions have 

been shown to express high levels of a variety of receptors for immune 

mediators including TLR4 and CD14 (Laflamme and Rivest, 2001), IL-1 receptor 

(Ericsson et al., 1995) and prostaglandin E (EP) receptors (Ek et al., 2000; 

Zhang and Rivest, 1999). The precise role of CVOs in sickness behaviour are 

not well defined, but ablation of the AP has been shown to attenuate HPA axis 

activation following an i.v. injection of LPS (Lee et al., 1998), and inhibition of 

inflammation in the OVLT before i.v. injection of LPS attenuated fever (Lin and 

Lin, 1996). CVO activation may contribute to other cytokine behaviours via its 

projections to other brain regions that are important in sickness behaviour e.g. 

the amygdala, but this has not been investigated in detail to date. 

1.1.5.3 De novo production of inflammatory mediators within the CNS 

Systemic inflammation results in production of IL-1β, IL-6, TNF and PGE
2

 

within the CNS (Lacroix and Rivest, 1998; Teeling et al., 2010). Glia and 

neurons throughout the brain express receptors for these inflammatory 

mediators (Bette et al., 2003; Frost et al., 2001; Nakamura et al., 2000; Oka et 

al., 2000; Vallieres and Rivest, 1997) with neuronal expression of these 

receptors more pronounced in brain areas thought to play roles in sickness 

behaviour such as the hippocampus, hypothalamus, circumventricular organs, 
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NTS and the amygdala (Bette et al., 2003; Ek et al., 2000; Ericsson et al., 1995; 

Vallieres and Rivest, 1997).  

This increased production of inflammatory mediators in the brain is initiated at 

the blood brain barrier by circulating cytokines and ligands for pathogen 

recognition receptors (PRRs) such as LPS, which act on TLRs and cytokine 

receptors expressed on endothelial cells and perivascular macrophages to 

initiate de novo synthesis of inflammatory mediators such as IL-1β and PGE
2

 

(Laflamme and Rivest, 2001; Laflamme et al., 2001; Serrats et al., 2010; Skelly 

et al., 2013). These inflammatory mediators diffuse through the parenchyma to 

activate cells such as microglia and astrocytes (Konsman et al., 2000b), which 

themselves contribute to the inflammatory milieu produced in the CNS 

following systemic inflammation (Henry et al., 2009). The induction of this 

inflammatory response at the BBB and subsequent behavioural responses can 

be achieved by a variety of peripheral inflammatory mediators. Abrogation of 

peripheral IL-6, TNF and IL-1β either separately or simultaneously with 

blocking antibodies has been shown to only partially attenuate sickness 

behaviours and not to affect central cytokine production in response to i.p. LPS 

injection (Swiergiel and Dunn, 1999; Teeling et al., 2007), suggesting that LPS 

can directly activate brain endothelium to mediate some behavioural effects. 

Some sickness behaviour e.g. anhedonia (measured by sweetened milk intake) 

was however attenuated by simultaneous blocking of IL-1β, TNF and IL-6 

before i.p. LPS injection (Swiergiel and Dunn, 1999). Intraperitoneal injection of 

mouse IL-1β (50µg/kg) or TNF (250µg/kg) individually can induce changes in 

open field activity, body temperature, central production of IL-1β and TNFα and 

endothelial COX-2 production in a dose dependent manner (Skelly et al., 2013), 

demonstrating that in the absence of circulating LPS these cytokines are 

capable of inducing central cytokine responses and sickness behaviour, with 

the possible exception of IL-6. Engagement of other PRRs on endothelial cells 

such as TLR3 by polyinosinic:polycytidylic acid (poly I:C) can also induce 

central cytokine production and behavioural changes (Cunningham et al., 

2007b). 

One of the cytokines produced in the CNS following a peripheral LPS challenge 

is IL-1β (Godbout et al., 2005b), which is produced by endothelial 

cells/perivascular macrophages and microglial cells (Cunningham et al., 2005; 

Henry et al., 2009) and has been suggested to play a role in potentiating the 
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central cytokine response to LPS (Laye et al., 2000). Expression of IL-1β within 

the CNS is involved in the control of multiple sickness behaviours, including 

social interaction (Kent et al., 1992) (Bluthe et al., 2000a), depressive 

behaviour (Kent et al., 1992), anxiety (Connor et al., 1998), fever (Luheshi et 

al., 1997), anorexia (Laye et al., 2000) food seeking behaviour (Kent et al., 

1992; Pecchi et al., 2006) and locomotor activity (Bluthe et al., 2000a). Some of 

these roles may be exerted through downstream induction of PGE
2

 synthesis 

within the CNS (Hein et al., 2007; Pecchi et al., 2006).  

PGE
2

 is one of the key mediators of immune to brain communication across the 

BBB. PGE
2

 is produced by PGE synthase from PGH
2

, which is produced from 

arachadonic acid by COX-1 (the constitutively active isoenzyme) and COX-2 (the 

inducible isoenzyme) (Hopkins, 2007). Both COX-1 and COX-2 have been 

proposed to have important roles in mediating sickness behaviour and fever. 

COX-2 is strongly induced in the cerebral microvasculature after peripheral 

immune challenge (Serrats et al., 2010; Skelly et al., 2013). COX-1 mRNA on 

the other hand is not upregulated by peripheral immune challenge, but 

inhibition using COX-1 specific inhibitors such as piroxicam has suggested that 

it has a role in mediating early response behavioural responses to systemic 

inflammation (Swiergiel and Dunn, 2002; Teeling et al., 2010).  

Non-specific systemic COX inhibition using indomethacin has been shown to 

prevent LPS induced fever, burrowing deficits (Teeling et al., 2007) (a species 

typical murine spontaneous behaviour (Deacon et al., 2002)) and social 

interaction deficits (Bluthe et al., 1992), although the relative contribution of 

peripheral (i.e. vagal) and central prostaglandin signalling is not 

distinguishable in these studies. Intracerebroventricular injection of PGE
2

 

reduces performance in tests of memory function (Hein et al., 2007), and 

microsomal PGE synthase-1, an enzyme downstream of COX-2 involved in PGE
2

 

production, has been shown to be necessary for the induction of anorexia by 

i.p. injection of IL-1β (Pecchi et al., 2006) or fever by i.p. injection of LPS 

(Engblom et al., 2003). EP3 receptor knockout mice, but not EP1, 2 or 4 

receptor knock outs, do not develop fever in response to i.c.v. injection of PGE
2

 

(Ushikubi et al., 1998), suggesting that central PGE
2

 signalling via EP3 

receptors is sufficient to evoke fever. Together these data suggest a role for 

central PGE
2

 in anorexia, fever and some behavioural changes e.g. impaired 

memory function, reduced burrowing activity and social interaction deficits. 
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Central TNF is also capable of mediating some sickness behaviours such as 

depressive behaviour, food intake and locomotor activity (Bluthe et al., 2000a), 

anxiety (Connor et al., 1998) with some redundancy between IL-1β and TNF in 

their behavioural effects having been suggested (Bluthe et al., 2000a). Central 

IL-6 expression has been shown to have a role in fever and activation of the 

HPA axis (Harden et al., 2008; Lenczowski et al., 1999), but does not appear to 

play a direct role in inducing sickness behaviour (Connor et al., 1998; 

Lenczowski et al., 1999), although it does potentiate responses to IL-1β 

(Lenczowski et al., 1999) or LPS (Bluthe et al., 2000b).  

Some of the depressive components of sickness behaviour are mediated by 

indoleamine 2,3-dioxygenase activity (IDO 2,3). IDO 2,3 is an enzyme that 

degrades tryptophan, which is a precursor for the neurotransmitter serotonin. 

IDO 2,3 activation is thought to exert depressive effects either through 

restricting the precursors for serotonin production (Moreau et al., 2005) or 

through the metabolites produced from tryptophan breakdown such as 

quinolic acid, which is neurotoxic and an NDMA receptor agonist (Stone, 1993), 

or L-kynurenine, which when injected intraperitoneally induced depressive 

behaviour in mice in a dose dependent manner (O'Connor et al., 2009d). 

Inhibition of IDO 2,3 has been shown to abrogate depressive like behaviour in 

acute (O'Connor et al., 2009d), and chronic inflammation (O'Connor et al., 

2009c). IDO 2,3 can be induced by IFN and TNF (O'Connor et al., 2009a) and 

possibly by type 1 interferons (Capuron et al., 2003; Jansen and Reinhard, 

1999). 

Type 1 interferons are a separate class of immune mediators that also play a 

role in immune to brain communication. The best known members of the type 

1 interferon family are interferon alpha and beta. Peripheral administration of 

interferon alpha in treatment of diseases such as cancer has been associated 

with depression and “flu like symptoms” in humans (Loftis and Hauser, 2004). 

These depressive symptoms may be mediated by changes in 

tryptophan/kynurenine metabolism (Capuron et al., 2003; Jansen and 

Reinhard, 1999), possibly mediated by IDO 2,3. Interferon alpha and beta 

expression in the CNS can be induced by activation of TLR3 by i.p. injection of 

poly I:C (Cunningham et al., 2007b) or for interferon beta via i.p. LPS injection, 

but not by circulating cytokines such as IL-1β (Skelly et al., 2013). 

Pharmacological studies have suggested that opioid receptors play an 
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important role in mediating interferon alpha induced depressive behaviour 

(Makino et al., 2000).  

1.1.5.4 An integrated view of sickness behaviour and its application to 

real infections  

The different routes of immune to brain communication described here are 

often studied in isolation from one another, but systemic inflammation has 

been shown to signal to the brain via all three of the routes described above. 

The CNS response to peripheral inflammation integrates inputs from these 

different pathways, with certain pathways being more salient depending on the 

type, locality and severity of the inflammation. Much of the research described 

above has used sterile mimetics of infection e.g. LPS to investigate sickness 

behaviour, but this does not fully recapitulate the nature of a systemic 

infection. Inflammatory reactions during infection usually have longer kinetics 

than those induced by sterile mimetics and may engage a variety of different 

PRRs rather than only one or two. The site of infection is often also limited to a 

few particular sites in the body, such as the upper respiratory tract or the GI 

tract, and therefore PRRs on the brain endothelium may not be exposed to 

ligands such as LPS for much of the infection period. In contrast, i.p. injection 

of 10µg/kg or more of LPS leads to detectable levels of LPS in serum (Hansen 

et al., 2000a) and therefore direct binding of LPS to TLRs on brain 

endothelium, which is sufficient to induce transcription of several inflammatory 

molecules within the brain (Chakravarty and Herkenham, 2005). LPS can be 

found in circulation in the initial, but not the later stages of S. typhimurium 

infection induced by i.p. injection (Püntener et al., 2012) and therefore LPS 

injection can be considered to only model the early part of these infections.  

The literature on the immune to brain communication of live infections is 

limited, as most authors prefer to work with sterile models of inflammation, 

presumably due to their relative ease and safety of use and increased 

reproducibility. The principle models of live infection that have been used to 

investigate immune to brain communication in the literature to date are 

Mycobacterium bovis strain Bacillus Calmette-Guérin (BCG), E. Coli, 

Campylobacter jejuni and influenza. 

BCG (an attenuated strain of Mycobacterium bovis) is a mycobacterium that is 

used in humans as a vaccine against turbeculosis, which is caused by the 
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closely related Mycobacterium turbeculosis (McMurray, 1996). Intraperitoneal 

injection of BCG causes an acute (<48h) reduction in body weight and open 

field locomotor and rearing activity and an elevation in core body temperature 

that lasted 5 days (Moreau et al., 2008). Longer lasting effects in measures of 

depressive behaviour (the forced swim test, sucrose consumption and the tail 

suspension test) were observed up to 21 days after infection (Moreau et al., 

2008). The depressive symptoms observed in BCG infection are mediated by 

induction of IDO 2,3 (O'Connor et al., 2009c), probably via induction of 

peripheral IFN and TNF (O'Connor et al., 2009b), and the subsequent activity 

of IDO 2,3 metabolites in the CNS (O'Connor, Lawson et al. 2009). 

E. coli is a bacteria that in humans usually infects the lower GI tract and is a 

common cause of enteritis (Evans and Evans, 1996). The infection of rats with 

live E. coli (Campisi et al., 2003) leads to acutely detectable levels of LPS in 

circulation, as well as elevation of serum IL-1β, TNFα and IL-6 levels (Campisi et 

al., 2003) and PGE
2

 (Tian and Baracos, 1989). Rats infected with E. coli exhibit 

an acute increase in core body temperature, and reduced open field activity 

(Barrientos et al., 2009b). E. coli infection also leads to impaired memory 

function in aged rats (Barrientos et al., 2006), but not young rats, which the 

authors propose is mediated by increases in hippocampal IL-1β levels and 

reduced brain derived neurotrophic factor (BDNF) expression (Barrientos et al., 

2009a; Cortese et al., 2011). 

Campylobacter jejuni localises to the GI tract and causes gastroenteritis (Perez-

Perez and Blaser, 1996) and has been used to investigate infection induced 

sickness behaviour. Campylobacter jejuni infection acutely increases anxiety 

behaviour in the holeboard test (Goehler et al., 2008), and Goehler et al 

suggested that the activation of pathways associated with vagal afferent 

signalling are responsible for these behavioural changes. A role for the vagus 

nerve in mediating Camplyobacter jejuni induced anxiety is supported by c-fos 

activation of vagal ganglia, the NTS and several forebrain areas in the absence 

of elevated circulating cytokine levels (Goehler et al., 2005). Similar results 

were obtained by Lyte et al when using Citrobacter rodentum, an animal model 

of inflammatory bowel disease (Lyte et al., 2006). 

Influenza is a virus that infects the upper respiratory tract of hosts (Dasaraju 

and Liu, 1996). Infection with influenza leads to pronounced weight loss 
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accompanied by anorexia, decreased sweetened milk take, which is indicative 

of decreased fluid intake and/or anhedonia, decreased open field locomotor 

and rearing activity, and impaired reversal in the Morris water maze, which is 

indicative of impaired hippocampus dependent learning (Jurgens et al., 2012; 

Swiergiel and Dunn, 1999; Swiergiel et al., 1997). Simultaneous abrogation of 

IL-1β, IL-6 and TNF only slightly attenuated the effects of influenza on weight 

loss and sweetened milk intake, suggesting that influenza elicits immune to 

brain communication through an alternative route, possibly through increased 

levels of circulating interferons or through vagally mediated immune to brain 

communication. There is a neuroinflammatory reaction during influenza 

infection, with an 1.5-3 fold increase in expression of IL-1β, IL-6, TNF and IFN-

 in the hippocampus 7 days after infection (Jurgens et al., 2012), 

accompanied by a decreased in expression of neurotrophins and 

immunoregulatory molecules such as BDNF and CD200. It should be noted 

however that this dose of influenza did cause a very large decrease in body 

weight (30%) which led to the authors of this study culling the mice after 7 

days of infection (Jurgens et al., 2012). 

1.1.5.5 Summary 

Immune to brain communication operates on multiple levels through different 

pathways to alter the behavioural and metabolic state of an organism. The 

relative contribution of these pathways depends on the type of immune 

challenge faced by the organism and the phase of the immune challenge. 

During the course of most real infections it is likely that all these immune to 

brain communication routes play a role, either simultaneously or individually at 

different points during the disease. The differences between the acute phase of 

infection modelled by bacterial or viral mimetics are marked compared to live 

infection, where sickness behaviour is experienced over a more prolonged 

period of time and is often of a more subtle nature. A summary of the principle 

components of immune to brain communication is provided in figure 1.7. 
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Figure 1.7. The main pathways of immune brain communication. 

The red text represents activated transcription factors and enzymes in cells at 

the BBB. The green boxes represent the end products of immune brain 

communication. 

1.2 Microglia 

Microglia are myeloid-derived cells originating from the yolk sac that populate 

the CNS during early development (Ginhoux et al., 2010). Recent work has 

established that in the adult mouse microglia are renewed by local proliferation 

within the CNS and are not replenished by myeloid cells from outside the CNS, 

even in the presence of CNS pathology (Ajami et al., 2007; Mildner et al., 

2007), although peripheral macrophages are recruited to the CNS parenchyma 

in a transgenic mouse model of Alzheimer’s disease (AD) probably due to the 

well characterised vascular pathology associated with increased amyloid beta 

levels in AD (Mildner et al., 2011). Lawson and Perry’s study in 1992 

demonstrated that over 24h only 0.19% of F4/80 expressing cells with resident 

microglial morphology in the adult mouse brain had undergone proliferation, 

suggesting that adult murine microglia are long lived cells, perhaps only 
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proliferating 1-2 times across a murine lifespan (Lawson et al., 1992). It 

remains unknown if macrophage recruitment from the periphery is altered in 

the ageing brain.  

The shared origins of microglia and macrophages means that, especially upon 

activation of microglia, the two cell types can be very hard to distinguish – 

macrophages can adopt a microglia-like morphology after infiltration of the 

CNS (Ajami et al., 2007) and microglia when activated can morphologically 

resemble macrophages (Karperien et al., 2013). On a molecular basis the two 

cell types can be almost impossible to separate if exposed to the same 

environment and stimuli (Guillemin and Brew, 2004).  

1.2.1 Resting microglia 

The CNS environment promotes a unique phenotype in resident myeloid cells 

of the healthy CNS that has been termed “resting” or “surveillant” microglia. In 

the absence of inflammatory stimuli microglia constantly monitor their 

environment (Wake et al., 2009), performing a range of housekeeping 

functions within the CNS, for example phagocytosis of apoptotic cells, 

promoting repair of localised disruption to the BBB (Nimmerjahn et al., 2005) 

and providing trophic support for neurons and glial cells (Kettenmann et al., 

2011). The study by Wake et al. (2009) showed regular transient contacts 

between microglia and synapses, suggesting a role in checking the health and 

activity of synapses . This hypothesis is supported by the presence of 

neurotransmitter receptors on microglia (Pocock and Kettenmann, 2007). The 

processes of resting microglia are highly motile, but the cell body remains 

static under resting conditions, suggesting that each microglia has a 

geographically restricted domain that it resides in (Davalos et al., 2005). Basal 

release of cytokines such as IL-1β and TNFα also plays a role in supporting 

neuronal plasticity and learning (del Rey et al., 2013; Yirmiya et al., 2002). 

A variety of stimuli can activate these cells – it is important however to specify 

that the term ‘activated’ microglia, often defined by morphological 

characteristics, encompasses a diverse and impressively plastic range of 

phenotypes, from an anti-inflammatory, regulatory state to the classically 

activated pro-inflammatory microglia. These differing states of activation can 

influence the cells reaction to different stimuli e.g. LPS and influence how 
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active/efficient the cell is in performing functions such as phagocytosis. 

Identifying if there is a shift towards a certain phenotype in the aged or 

diseased brain would subsequently give greater understanding of how one may 

expect microglia to behave. The principle states are outlined below. Some of 

the characteristics outlined below regarding alternative activation states have 

been described in peripheral macrophages rather than microglia; as discussed 

previously they share a number of common features, particularly upon 

stimulation. Hence studying peripheral macrophages can inform our ideas 

about how microglia might behave.  

1.2.2 Pro-inflammatory activation of microglia 

Exposure to IL-1/TNF or TLR activating pathogen-associated molecular 

patterns (PAMPs) such as LPS and some danger-associated molecular patterns 

(DAMPs) induces an activated, pro-inflammatory phenotype in microglia. In 

vitro studies have shown that microglia can respond to a variety of pro-

inflammatory stimuli such as LPS challenge, pro-inflammatory cytokines (e.g. 

IL-1β) or DAMPs such as amyloid beta by increasing production of some or all 

of IL-6, IL-1, IL-12, TNF, PGE
2

, reactive oxygen and nitrogen species and 

interferons (Henry et al., 2008; Li et al., 2007; Neher et al., 2011; Wang et al., 

2004). Production of these molecules is mostly transduced through branches 

of the MAPK and NF-κB signalling pathways (Koistinaho and Koistinaho, 2002).  

In vivo, one would not expect direct contact between LPS and TLR4 within the 

parenchyma of the CNS due to the presence of the BBB; activation of TLR4 via 

DAMPs however is a plausible scenario, especially in the aged or diseased brain 

where cell damage and misfolded proteins are more likely to be present. 

Microglia are also activated during systemic inflammation by the inflammatory 

mediators produced at the BBB. Peripheral immune challenges cause microglia 

to increase mRNA levels of pro-inflammatory molecules such as TNF, IDO 2,3, 

IL-1 and iNOS (Corona et al., 2010; Wohleb et al., 2012) and expression of 

activation markers such as CD11b and MHC II (Corona et al., 2010; Henry et 

al., 2009; Laflamme et al., 2001). 

Activation of microglia by pro-inflammatory molecules is often accompanied by 

morphological changes in the microglia as they adopt a more amoeboid shape, 
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defined by deramified processes and hypertrophy of the cell body (Karperien et 

al., 2013; Qin et al., 2007), as illustrated in figure 1.8. 

Pro-inflammatory activation of microglia can be neurotoxic, either directly 

through release of ROS, NO and peroxynitrate or via chemokine secretion to 

recruit further cells to the site of injury or into the wider CNS from the 

periphery (Ambrosini and Aloisi, 2004; Arimoto and Bing, 2003; Gibbons and 

Dragunow, 2006; Neher et al., 2011). Exposure of neurons to lower levels of 

peroxynitrate (5µM) or ROS (25µM H
2

O
2

) leads to the reversible exposure of 

phosphatidylserine on the outer membrane, the “eat me” signal of 

phagocytosis, and subsequent phagocytosis of the neuron, without the neuron 

committing to apoptosis (Neher et al., 2011). Higher doses of peroxynitrate 

(10, 20µM) lead directly to increases in apoptosis or necrosis of neurons 

(Neher et al., 2011).  
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Figure 1.8. Morphological activation of microglial cells.  

Resting or “surveying” microglia are highly ramified, with extensive primary, 

secondary and tertiary branching from the soma. Microglia can change in 

morphology when activated, where they become progressively less ramified 

until eventually becoming fully amoeboid, resembling peripheral macrophages. 

Image taken from Karperien et al. (2013).  

Heterogeneity of the innate immune response is mediated by the wide diversity 

of PAMP and DAMP sensing pathways expressed in the peripheral immune 

system and on microglia. Toll like receptors are an important family of PRRs 

that recognise a variety of different ligands in conjunction with their cognate 

co-receptors. Table 1.2 summarises the characteristics of the different TLRs. 
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TLR 

Location of 

TLR 

PAMPs recognized by 

TLR 

Signalling 

adaptor 

Transcri

ption 

factor(s) 

TLR1/

2 

Plasma 

membrane 

(cell 

surface) 

Triacyl lipopeptides 

(Bacteria and 

Mycobacteria) 

TIRAP, 

MyD88 

NFκB 

TLR2 

Plasma 

membrane 

(cell 

surface) 

Peptidoglycan (Gram-

positive bacteria), LAM 

(Mycobacteria), 

Hemagglutinin (Measles 

virus), 

phospholipomannan 

(Candida), 

Glycosylphosphophatidyl 

inositol mucin 

(Trypanosoma) 

TIRAP, 

MyD88 

NFκB 

TLR3 Endosome 

ssRNA virus (WNV), dsRNA 

virus(Reovirus), RSV, 

MCMV 

TRIF 

NFκB, 

IRF3,7 

TLR4 

Plasma 

membrane 

(cell 

surface) 

LPS (Gram-negative 

bacteria), Mannan 

(Candida), 

Glycoinositolphospholipid

s (Trypanosoma), 

Envelope proteins (RSV 

and MMTV) 

TIRAP, 

MyD88, 

TRAM and 

TRIF 

NFκB, 

IRF3,7 

TLR5 

Plasma 

membrane 

(cell 

surface) 

Flagellin (Flagellated 

bacteria) 

MyD88 NFκB 

TLR6/

2 

Plasma 

membrane 

(cell 

surface) 

Diacyl lipopeptides 

(Mycoplasma), LTA 

(Streptococcus), Zymosan 

(Saccharomyces) 

TIRAP, 

MyD88 

NFκB 
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TLR7 Endosome 

ssRNA viruses (VSV, 

Influenza virus) 

MyD88 

NFκB, 

IRF7 

TLR8 Endosome ssRNA from RNA virus MyD88 

NFκB, 

IRF7 

TLR9 Endosome 

dsDNA viruses (HSV, 

MCMV), CpG motifs from 

bacteria and viruses, 

Hemozoin (Plasmodium) 

MyD88 

NFκB, 

IRF7 

TLR1

1 

Plasma 

membrane 

(cell 

surface) 

Uropathogenic bacteria, 

profillin-like molecule 

(Toxoplasma gondii) 

MyD88 NFκB 

Table 1.2. The TLR family of receptors and their ligands and functions. 

This table is adapted from Kumar et al. (2009b). 

Inflammatory stimuli can act at more than one receptor during an immune 

reaction. A gram-negative bacteria endowed with flagella will for instance 

activate both TLR4 and TLR5. Examples of DAMP activation of TLRs include 

heat shock protein 60 (TLR4) (Ohashi et al., 2000), the blood component 

fibrinogen (TLR4) (Smiley et al., 2001) and amyloid beta (TLR2, 4 and 6) (Reed-

Geaghan et al., 2009; Stewart et al., 2010). DAMPs can also activate cells via 

RAGE receptors, which are discussed further in section 1.5.1.5. Although all 

TLR populations signal via branches of the MAPK and NF-κB signalling 

pathways, TLRs 3, 4, 7, 8 and 9 also signal via IRF3 and IRF7 to induce type 1 

interferon signalling (Kumar et al., 2009b).  

Examples of other receptors capable of inducing pro-inflammatory 

macrophage/microglial activation include C-type lectins (Geijtenbeek and 

Gringhuis, 2009), the Rig-I like receptor family (RLRs) and Nucleotide-binding 

domain and Leucine-Rich repeat containing proteins (NLRs) (Kumar et al., 

2009a). Pro-inflammatory cytokines such as TNF and IL-1 can also evoke pro-

inflammatory activation of microglia by activation of NFΚB and MAPK pathways 

via IRAK-2 or TRAF2 mediated pathways, leading to production of pro-

inflammatory cytokines such as IL-1β and morphological changes in microglia 

(Hinkerohe et al., 2005; Janssens and Beyaert, 2003; Wajant and Scheurich, 
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2011). Intracellular ROS can also contribute to enhanced iNOS activity and 

cytokine release (Pawate et al., 2004; Qin et al., 2004). 

1.2.3 Alternative activation of microglia 

Microglia and macrophages exhibit a range of phenotypes beyond simply 

“resting” and “activated”. Regulatory macrophages are proposed to be induced 

by cells undergoing apoptosis, immune complexes (when cell is co-stimulated 

with other ligands e.g. LPS) (Edwards et al., 2006; Gerber and Mosser, 2001) 

and the cytokines IL-10 and TGF-. Characteristics of this macrophage 

population include enhanced production of IL-10 and TGF-, while the pro-

inflammatory cytokine response to LPS is attenuated, as demonstrated by 

reduced IL-12, IL-1 and TNF production (Edwards et al., 2006; Fadok et al., 

1998; Gerber and Mosser, 2001; Voll et al., 1997). A population of regulatory 

macrophages may therefore be expected in areas of damaged, diseased or 

degenerating tissue where apoptosis and/or antibody opsonised tissue may be 

present.  

Elevated TGF- levels have been reported in the CNS of a murine prion model, 

reduction of which led to widespread neuronal apoptosis, suggesting a 

protective role for TGF- and a role in maintaining a neuroprotective regulatory 

microglial phenotype (Boche et al., 2006). Work in an optic nerve crush model 

showed elevated TGF- levels 3 days after crush and increased scavenger 

receptor expression, indicating an injury dependent induction of TGF- (Palin et 

al., 2008), which presumably polarises microglia to a more regulatory 

phenotype. 

Interestingly, LPS induced greater levels of pro-inflammatory cytokine in 

animals that had undergone optic nerve crush 28 days previously compared to 

sham operated animals (Palin et al., 2008), suggesting that these microglia 

were primed for a greater inflammatory reaction despite the presence of TGFβ, 

which has been described in vitro as attenuating LPS induced cytokine 

production. Prion infected mice, which have elevated TGF- levels, demonstrate 

greater IL-1, IL-6, iNOS and TNF induction in the brain and an accelerated 

progression of neurodegeneration following i.p. or i.c. injection of LPS than 

mice injected with saline (Cunningham et al., 2005). The in vivo injured brain is 

a complex environment and it is likely that these cells are not differentiated 
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purely towards a “regulatory” phenotype, but instead exist somewhere in a 

continuum between different states of activation. 

Alternatively activated macrophages have been described following treatment 

with IL-4 or IL-13, cytokines typically associated with a Th2 type immune 

response (Abbas et al., 1996; Ramirez-Icaza et al., 2004). IL-4/IL-13 induced 

macrophages typically express increased levels of mannose receptor, Ym1 and 

Fizz1 at the cell surface (Colton et al., 2006; Edwards et al., 2006; Stein et al., 

1992), increased arginase activity (Sandler et al., 2003), an attenuated antigen 

presenting capacity (Edwards et al., 2006) and an attenuated pro-inflammatory 

cytokine response to LPS compared to classically activated macrophages 

(Colton, 2009). IL-4 has been shown to evoke a similar profile in microglia 

(Colton et al., 2006; Ponomarev et al., 2007), while both IL-4 and IL-13 have 

been shown to evoke apoptosis of classically activated (but not resting) 

microglia (Yang et al., 2002). Changes in the expression of phagocytosis 

receptors also occur following exposure of macrophages to IL-4, which causes 

increases in expression of mannose receptor, complement receptor 3 and 

dectin 1, while expression of FcRI, FcRII and CD163 decreases following 

exposure to IL-4 (Gordon, 2003; Nimmerjahn and Ravetch, 2006; Schaer et al., 

2002; Willment et al., 2003). This suggests a more complex role for these cells 

than simple clearance of post injury debris. Atorvastatin, a drug that stimulates 

IL-4 release within the CNS, has been shown to ameliorate the effects of 

systemic LPS on LTP and IL-1/IFN release (Clarke et al., 2008), suggesting an 

in vivo anti-inflammatory action of IL-4 in the brain, a concept further 

supported by work suggesting that IL-4 upregulates CD200 expression (Lyons 

et al., 2009b).  

IL-4 and IL-13 release in the CNS have not been widely reported in vivo. IL-4 

mRNA has been detected in the brain in the absence of immune challenge 

(Loane et al., 2009), but IL-4 (and IL-13) protein was absent from mouse 

scrapie infected brains (Tribouillard-Tanvier et al., 2009). Interestingly, a role 

has been described for microglial release of IL-13 in exacerbation of microglial 

respiratory burst following hippocampal exposure to the blood component 

thrombin (Park et al., 2009). Induction of IL-13 release in activated microglia 

was also demonstrated following i.c. injection of LPS, where IL-13 knockdown 

exacerbated LPS induced neuronal cell death and microglial survival (Shin et 

al., 2004).  
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1.2.4 Priming vs tolerance 

Microglia and macrophages are plastic in phenotype, switching between 

activation states depending on the stimuli they are exposed to, as discussed 

above. This also applies to their responsiveness to pro-inflammatory stimuli. 

Priming is a concept originally described in macrophages treated with IFN. 

IFN treated macrophages have an enhanced response to LPS, producing larger 

amounts of inflammatory cytokines than macrophages stimulated with LPS 

without being exposed to IFN (Schroder et al., 2006). This enhanced response 

is mediated by increased expression of TLRs, downstream TLR signalling 

apparatus e.g. TRAF6 and the synergistic action of IFN receptor and TLR 

signalling on transcription factors (Schroder et al., 2006). Granulocyte 

macrophage-colony stimulating factor (GM-CSF) has also been shown in vitro to 

prime microglia to stimulation with LPS through increased expression of TLR4 

and CD14 (Parajuli et al., 2012). The absence of monocyte chemoattractant 

protein-1 (MCP-1) attenuates microglial production of cytokines in response to 

intrastriatal injection of LPS, suggesting a role in potentiating microglial 

responses to LPS (Rankine et al., 2006). 

Enhanced reactivity to inflammatory stimuli has been described in microglia in 

vivo in injured, diseased or aged brains (Cunningham et al., 2005; Henry et al., 

2009; Palin et al., 2008). The mechanisms underlying these changes are not 

well understood at present and are discussed in section 1.4. Stress can also 

prime microglia to systemic inflammation via a glucocorticoid dependent 

mechanism, causing enhanced production of IL-1β and enhanced NFB 

signalling in response to an i.p. LPS injection (Frank et al., 2012). In vivo 

exposure of microglia to a different set of molecules associated with stress, 

beta adrenergic receptor agonists, also sensitises microglia to ex vivo 

stimulation with LPS, leading to increased IL-1β and IL-6 production (Johnson et 

al., 2013). 

Tolerance is a phenomenon in which exposure of a cell or animal to endotoxin 

(LPS) blunts its response to a latter re-exposure of that stimulus. This allows 

homeostasis to be maintained in areas of the body where cells might be 

constantly exposed to LPS, such as in the mouth to periodontal bacteria 

(Biswas and Lopez-Collazo, 2009). Tolerance can be seen to occur in the 

systemic immune system following consecutive i.p. injections of LPS (Püntener 
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et al., 2012) and in the CNS after consecutive i.c.v. injections of LPS (Faggioni 

et al., 1995), but not in the CNS after systemic i.p. injection of LPS, suggesting 

the need for direct ligation of TLRs on microglia for the induction of tolerance 

(Püntener et al., 2012). To what extent tolerance occurs in response to chronic 

cytokine signalling is not known. 

1.3 Ageing 

1.3.1 Mechanisms of ageing 

At first, defining ageing appears easy: “To age – to grow old,” according to the 

Oxford dictionary. In biological terms however this definition is insufficient. A 

more comprehensive definition is that ageing after the onset of adulthood is 

the progressive dysfunction of an organism and its biological processes. 

Alternative definitions describe ageing as a progressive accumulation of 

damage in an organism, but whether this is a cause or a consequence of 

ageing and the biological impact of this damage is currently under debate. 

Three of the most prominent theories of ageing are oxidative stress mediated 

ageing, developmental drift and TOR-centric ageing. There are many more 

theories of ageing – a review in 1990 by Medvedev counted over 300 

(Medvedev, 1990) - but this introduction will focus on these three concepts. 

Ageing affect cells throughout the body, and understanding the general 

concepts underlying the ageing process is useful for understanding how and 

why certain cells and systems become dysfunctional during ageing. 

1.3.1.1 ROS and Ageing 

Reactive oxygen species (ROS) damage accumulates over the lifetime of an 

organism in the form of lipid peroxidation and protein oxidation (Droge and 

Schipper, 2007).The stochastic nature of ROS means that any macromolecule 

in the organism can be oxidised. The oxidative damage theory of ageing 

hypothesises that oxidative damage of macromolecules accumulates and 

progressively impairs cellular function. Damage in particular to mitochondria 

and DNA have been implicated as potential mechanisms for age-related 

impairment of cellular function (Chan, 2006; Sinclair and Oberdoerffer, 2009). 

A large number of studies have attempted to increase lifespan by manipulating 

the oxidative state of mice. However the majority have shown that 
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modifications to antioxidant expression, both positively and negatively, failed 

to alter lifespan (Salmon et al., 2010). What has subsequently been proposed is 

that accumulated ROS damage or increased ROS levels in an organism may 

affect the health span rather than life span of an organism. Evidence from 

mouse models implicates reduced expression of the antioxidant enzymes 

Superoxide Dismutase 1 (SOD1), SOD2, glutathionine peroxidise 1 and 

methionine sulfoxide reductase A in an accelerated progression of/earlier 

onset of hearing loss, macular degeneration, cataract formation, muscle 

atrophy, tumour formation, insulin resistance and hippocampal degeneration 

(Salmon et al., 2010). In mouse models of neurodegenerative disease, knock 

out or transgenic overexpression of antioxidant enzymes accelerated or slowed 

respectively progression of AD, Parkinson’s Disease, ALS, atherosclerosis and 

insulin resistance models (Salmon et al., 2010). 

Notably, however, these studies were all in mice. Numerous clinical human 

trials with a total of half a million participants have failed to show any 

protective effect of antioxidants against cardiovascular disease, cancer 

incidence, stroke incidence or mortality (Howes, 2006). A clinical antioxidant 

trial for AD (Tabet et al., 2000) was similarly disappointing. Some of these 

trials lasted a number of years (>5) and some were stopped early due to 

increased mortality/disease incidence. One is forced to conclude that there is 

insufficient evidence to support the idea that progressive stochastic molecular 

damage is the major driving force of ageing. ROS is an important signalling 

molecule in numerous cell types (D'Autreaux and Toledano, 2007), and also 

amplifies pro-inflammatory signalling in microglia (Pawate et al., 2004; Qin et 

al., 2004; Wang et al., 2004) through increased NFB signalling (Gloire et al., 

2006) which gives rise to the notion that increased ROS may participate in 

certain aspects of age related changes, such as microglial priming. 

1.3.1.2 mTOR, calorie restriction and ageing 

The mTOR pathway offers an attractively linear explanation of the life 

extending effects of caloric restriction (CR) and reduced insulin signalling via 

nutrient sensing and Phosphatidylinositide 3-kinase (PI3K) mediated insulin 

signalling pathways. There are two mTOR complexes, mTORC1 and mTORC2, 

and it is mTORC1 where most studies have identified a role in the attenuation 

of the ageing process via mTOR inhibition. mTORC1 activation promotes cell 
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growth (but not proliferation), and negatively regulates autophagy, apoptosis 

and protein ubiquination via 4E-binding protein 1, MAF-1 and S6 kinase (Hall, 

2008; Michels et al., 2010). mTOR signalling is required for life extension via 

caloric restriction in Drosophila (Zid et al., 2009) and autophagy, which is 

promoted by mTOR inhibition, is required for CR life extension in C. Elegans 

(Hansen et al., 2008). Expression of S6 kinase, one of mTOR’s downstream 

targets, in 24m old CR treated mice was reduced 13 fold compared to 24m old 

non-treated mice, indicating that caloric restriction in aged mice has a powerful 

effect on the downstream components of the mTOR pathway. Sirtuins are 

proteins which are involved in epigenetic regulation of gene expression and 

have also been shown in yeast to be essential for life extension via mTOR and 

CR (Medvedik et al., 2007).  

Studies in C. Elegans and Drosophila suggest that the life extending effects of 

mTOR inhibition is at least partly mediated by promotion of autophagy 

(Hansen et al., 2008; Simonsen et al., 2008; Toth et al., 2008), which is 

impaired in ageing (Simonsen et al., 2008; Szweda et al., 2003). Autophagy, 

literally “self eating”, is the process of delivering cellular components to the 

lysosome and has two principle purposes: the generation of energy in times of 

low nutrient availability and the removal of proteins and organelles from the 

cytoplasm. The mechanism of age-related decreases in autophagy is not clear; 

accumulation of lipofuscin has however been suggested as one potential cause 

of reduced lysosomal efficiency (Szweda et al., 2003). Blocking autophagy in 

mice causes severe neurodegeneration in the CNS and eventual death at 28 

weeks of age, demonstrating the importance of autophagy in maintaining 

homeostasis within cells, particularly in the CNS (Komatsu et al., 2006). 

There is not much literature that has actually shown increased mTOR signalling 

in aged cells. Increased mTOR signalling has been described in aged 

haematopoietic stem cells (Chen et al., 2009), hypothalamic 

proopiomelanocortin neurons (Yang et al., 2012) and muscle cells (Paturi et al., 

2010), but the state of mTOR signalling in most cell types in aged organisms 

remains undefined. Manipulation of mTOR signalling certainly extends 

lifespan, even in complex vertebrates (Harrison et al., 2009), but how prevalent 

increased mTOR signalling in different cell types aged organisms remains to be 

determined. 
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1.3.1.3 Developmental drift 

Developmental drift theory postulates that epigenetic regulation of genes 

becomes progressively more dysfunctional with age. The principle idea is that 

the regulation of genetic programing by organisms is only optimised for the 

period of life where an organism is alive and reproducing – without 

reproduction there is no evolutionary pressure to shape genetic programming. 

Expression of a gene may play a beneficial role early in an organism’s life but 

be detrimental to the organism in later life, but the detrimental effects in later 

life have no evolutionary pressure on the genome. This concept is known as 

antagonistic pleiotropy (Williams, 1957). Epigenetic regulation of gene 

expression controls patterns of gene expression between different cell types 

and during development through changes in DNA methylation or histone 

modification. Ageing leads to drastic changes in the epigenetic landscape of an 

organism (Li et al., 2011) which may underlie some of the changes observed in 

ageing organisms. Variations in gene methylation have been proposed to 

contribute to late onset AD (Wang et al., 2008) and manipulation of the 

epigenetic landscape has been shown to reverse some of the effects of ageing 

and age related diseases (Sung et al., 2013; Zeng et al., 2011). 

1.3.2 Ageing, the CNS and neurodegenerative disease 

For many years it was assumed that the cognitive decline that occurs with 

ageing was a result of a global, age related neuronal loss throughout the brain 

(Long et al., 1999). The application of stereological counting techniques has 

subsequently shown however that neuronal loss does not occur globally across 

the brain and varies between CNS regions and between species. For example, 

neuronal numbers in the rodent hippocampus have been reported to be stable 

(Calhoun et al., 1998; Rasmussen et al., 1996), whereas in humans neuronal 

loss in some, but not all hippocampal subregions (such as the hilus of the 

dentate gyrus) has been reported (West, 1993). Other brain regions reported to 

retain the same number of neurons across human ageing include the putamen 

(Pesce and Reale, 1987) and locus coeruleus (Ohm et al., 1997), and a range of 

nuclei in the mouse (Sturrock, 1991, 1992). A modest (10%) loss of neurons 

has been reported with age in the human neocortex (Pakkenberg and 

Gundersen, 1997), while approximately half of all neurons in the Purkinje layer 

and substantia nigra of mice (Mouton et al., 2012; Woodruff-Pak et al., 2010), 
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humans (Sjobeck et al., 1999) or monkeys (Emborg et al., 1998) are lost over 

the ageing process. Clearly age related neuronal loss varies significantly 

between populations, but the causes for these variations remain to be 

identified. Reduction of dendritic tree size and spine numbers have also been 

reported (Dickstein et al., 2007), suggesting loss of synapses occurs during 

ageing. 

Increasing age in humans is also associated with increasing frequency of 

neurodegenerative disorders. Environmental and genetic risk factors do 

influence the probability of an individual developing AD or PD, but the biggest 

risk factor is age. Indeed, many cognitively healthy aged individuals display at 

autopsy a range of the molecular markers typically used to confirm diagnosis 

of AD or PD, namely amyloid beta plaques, neurofibrilliary tangles and Lewy 

bodies (Gibb and Lees, 1988; Knopman et al., 2003; Rowe et al., 2007), which 

may be indicative of subclinical disease. While the proteins which are involved 

in formation of these aggregates are well described, the underlying causes of 

these disease states remain unknown. AD and PD are both characterised by 

neuronal dysfunction and (later) death of specific groups of neurons, elevated 

cytokine levels, movement/memory problems (in PD and AD respectively) and 

behavioural changes (Beal et al., 2005) which are not characteristic of healthy 

ageing. What remains to be determined is what triggers the transition from 

healthy ageing to neurodegenerative disease, particularly in sporadic disease 

such as late onset AD. Systemic inflammation could potentially play a role in 

precipitating pathology in aged individuals and accelerating disease 

progression (Cunningham et al., 2009; Holmes et al., 2009; Krstic et al., 2012). 

1.3.3 Ageing and white matter 

Significant changes also occur within the white matter of ageing animals, with 

the majority of investigations being conducted in aged rhesus monkeys. 

Abnormalities in myelin sheath thickness and morphology and a loss in the 

total number of myelinated fibres has been reported in a range of brain areas, 

including the rhesus monkey anterior commissure (Sandell and Peters, 2003), 

cingulate bundle (Bowley et al., 2010), fornix (Peters et al., 2010) and optic 

nerve (Sandell and Peters, 2002). A 45% reduction in the total length of white 

matter tracts has been estimated using stereology in humans between 20 and 

80 years old (Marner et al., 2003). Increased myelin turnover in mice (Ando et 
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al., 2003) and the appearance of white matter lesions in humans have also 

been reported with age (Fernando et al., 2006). These decreases in myelinated 

fibre numbers seem to occur across the brain, but there are variations between 

white matter tracts in the extent to which they undergo age related changes, 

with the optic nerve for example losing more myelinated nerve fibres with age 

(Sandell and Peters, 2002) than the corpus callosum (Bowley et al., 2010). 

Myelin has been reported to be present inside microglia in aged white matter 

tracts, suggesting that microglia may play a role in either driving white matter 

loss during ageing or in clearing myelin debris (Peters et al., 2010; Sandell and 

Peters, 2002).  

There is some evidence to suggest disruption to paranodal junctions in normal 

ageing. The number of transverse bands present at paranodal regions has 

been reported to decrease in the spinal cord of aged mice (Shepherd et al., 

2010). The same study reported detection of caspr in juxtaparanodal regions, 

although Kv1.2 channels were still restricted to the juxtaparanodal region. In 

the aged rhesus monkey optic nerve Kv1.2 was detectable in the paranodal 

region more often than in young monkeys (Hinman et al., 2006). This study 

also showed examples of abnormal caspr distribution in aged monkeys and 

caspr/Kv1.2 overlap in aged rat optic nerve. Both of these papers also 

demonstrated paranodal loop “piling” in ageing mice through electron 

microscopy, suggesting previous withdrawal of paranodal loops and 

subsequent reattachment of new paranodal loops. Reduced conduction velocity 

has been reported in aged white matter tracts of cats and rats (Aston-Jones et 

al., 1985; Morales et al., 1987), and disruption of paranodal junctions could 

contribute to this reduced conduction velocity. Various studies have shown 

axonal swellings in aged white matter tracts (Baurle and Grussercornehls, 

1994; Munari et al., 1989; Nishimura et al., 1998), which could be 

symptomatic of disrupted axonal transport as a result of parnodal disruption 

(Garcia-Fresco et al., 2006). 

1.3.4 Ageing and the peripheral immune system 

Other areas of the body are affected by ageing apart from the CNS, including 

the immune system. Increased susceptibility to infection is characteristic of the 

elderly population (Gardner, 1980). Age related changes to the adaptive 

immune system include clonal expansion of CD4/8
+

 memory T cells (Schwab et 
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al., 1997), deficits in the formation of new T memory cells (Haynes and Maue, 

2009) and declining efficacy of antigen presentation (Donnini et al., 2002). 

Aged B cell populations have a reduced antibody repertoire and an increase in 

experienced B cells and a decrease in naïve B cells, compromising the antibody 

response to novel antigens (Mehr and Melamed, 2011). The innate immune 

system also exhibits age dependent changes characterised by a systemic, 

chronic, asymptomatic, low grade increase in expression of inflammatory 

mediators, including cytokines such as IL-1, TNFα and IL-6 and other 

molecules associated with the Th1 inflammatory response such as NO and PGE
2

 

(Franceschi et al., 2007; Goto, 2008). This age dependent change in the 

immune system has been termed “inflammageing” and has mostly been 

described in humans rather than experimental animals. This may reflect the 

difference in environment between “clean” animal houses and the environment 

that humans inhabit, which contains many pathogens (Franceschi et al., 2007). 

In contrast to the reported chronic activation of the aged innate immune 

system, there is some evidence to suggest that acute responses to 

inflammatory stimuli are blunted in aged organisms. The IL-1β and TNFα 

response to LPS was attenuated in ex vivo blood culture from elderly humans 

compared to young humans (IL-6 release was unaffected) (Bruunsgaard et al., 

1999; van den Biggelaar et al., 2004), suggesting a decreased responsiveness 

to TLR4 stimulation in blood macrophages stimulated in vitro. Similar results 

were obtained in macrophages derived from mice (Chelvarajan et al., 2005). 

Aged monocytes have been shown to express reduced levels of TLR1 and TLR4 

in the absence of infection (Chelvarajan et al., 2005; van Duin et al., 2007), 

which may explain the blunted responses of macrophages from aged humans 

and mice.  

In vivo studies of cytokine responsiveness to TLR ligands have produced mixed 

results. The effect of age on the acute phase response to LPS at levels that do 

not induce septic shock levels remains understudied, but those studies that 

have been carried out show an attenuated or unchanged IL-1β and TNF 

response but an enhanced IL-6 response to intraperitoneal injection of LPS or 

live E. coli (Barrientos et al., 2009a; Chorinchath et al., 1996; Godbout et al., 

2005b; Henry et al., 2009). The increased IL-6 levels have been associated with 

enhanced adipocyte production of IL-6 in response to LPS, which may explain 

why induction of IL-6 by LPS is enhanced in ageing whereas IL-1β and TNF are 
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not (Starr et al., 2009). Injection of significantly higher concentrations of LPS to 

model sepsis induce exaggerated inflammatory responses in aged mice 

(Chorinchath et al., 1996; Tateda et al., 1996). Other aspects of innate immune 

senescence include the reduced induction of MHCII in response to IFN evident 

in aged macrophages (Herrero et al., 2001) and a decreased phagocytic 

capacity of aged macrophages and neutrophils (Plowden et al., 2004), both of 

which may impair the immune system’s capacity to resist infection.  

1.4 Microglial Priming 

1.4.1 Microglial Priming in the neurodegenerative brain 

The descriptions of the CNS immune system in this introduction so far have 

mostly referred to transient, acute influences so far; the influence of chronic, 

neurodegenerative changes to the CNS can alter microglial phenotypes and 

their responses to immunogenic stimuli (such as DAMPs and PAMPs), 

potentially exacerbating their release of pro-inflammatory cytokines, PGE
2

, ROS 

and NO. Increased levels of pro-inflammatory cytokines and NO/ROS has been 

reported in the post-mortem brains and cerebrospinal fluid of dementia 

patients compared to age-matched control subjects (BlumDegen et al., 1995; 

McGeer et al., 1988; Müller et al., 1998), suggesting a possible role for 

inflammation in the pathogenesis of dementia. Genome wide association 

studies have also associated several genes linked to inflammation with AD 

susceptibility (Naj et al., 2011). One study drew a correlation between 

circulating basal TNFα levels or systemic inflammatory events and the 

progression of cognitive decline in Alzheimer’s disease (Holmes et al., 2009), 

demonstrating that systemic inflammation accelerated cognitive decline in AD 

patients. A similar, smaller study pointed to a possible association between 

accelerated cognitive decline and elevated circulating IL-1 levels (Holmes et 

al., 2003). Systemic infections and elevated cytokines may accelerate cognitive 

decline via endothelial and microglial activation and subsequent increase in 

inflammatory mediators within the brain parenchyma, which could cause 

sickness behaviour like symptoms and memory deficits (Dantzer, 2004) and, if 

produced in sufficient quantities, could induce neuronal loss (Neher et al., 

2011) and drive increased amyloid precursor protein secretion (Buxbaum et al., 

1992). A study using prenatal poly I:C challenges has also provided evidence 



 

 44 

that early life inflammatory events may increase the susceptibility of an 

organism to the development of AD-like pathology in later life following a 

second immune challenge (Krstic et al., 2012). 

Neurodegeneration also seems to potentiate microglial inflammatory 

responses to systemic inflammation. In a murine model of prion disease 

intraperitoneal LPS administration induced exaggerated sickness behaviour and 

increased induction of central TNF, IL-1 and IFN mRNA compared to normal 

brain homogenate (NBH) treated controls (Cunningham et al., 2009). In the 

same study prion infected mice demonstrated accelerated decline in motor 

performance through the course of the disease if treated once with i.p. injected 

LPS in the early disease stages, showing that a single dose of LPS induces 

sufficiently profound changes within the CNS to accelerate the pathology of 

prion disease. This accelerated disease progression is likely driven by neuronal 

damage and loss incurred during the acute inflammatory challenge 

(Cunningham et al., 2005). Microglia in the prion infected brain in the absence 

of LPS robustly express markers of microglial activation (Williams et al., 1994), 

but lack the cytokine profile that is normally associated with pro-inflammatory 

activation of microglia (Cunningham et al., 2009). These microglia have been 

proposed to exist in a ‘primed’ state; ready to produce a larger than normal 

inflammation response, but only when an inflammatory cue is present. Further 

studies from the same group show exaggerated sickness behaviour and CNS 

cytokine release in the prion infected mouse in response to the TLR3 agonist 

poly I:C (Field et al., 2010). A similar accelerating effect of i.p. injected LPS 

(albeit administered in multiple acute challenges rather than a single dose) on 

disease progression was seen in a mouse model of familial ALS (Nguyen et al., 

2004). 

It has been proposed that the microglia described in the above studies are 

primed by changes in their microenvironment that occur during 

neurodegenerative disease, explaining the exaggerated release of cytokines 

that occurs in these conditions following systemically or centrally administered 

LPS challenge. Corresponding exaggerated sickness behaviour has not been 

investigated in a wide range of models; work in prion mice forms the largest 

base of evidence for microglial priming exacerbating sickness behaviour in the 

context of chronic neurodegenerative conditions.  
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1.4.2 Microglial Priming in the ageing brain 

Microglial priming also occurs in the normally ageing brain. Various authors 

have demonstrated that aged rodents exhibit exaggerated sickness behaviour 

and a prolonged/enhanced cytokine release in the CNS in response to systemic 

inflammation, as well as showing that aged microglia bear typical markers of 

activation including CD11b, CD68 and F4/80 (Deng et al., 2006; Godbout et 

al., 2005b; McLinden et al., 2012). A role for systemic inflammation in delirium 

in elderly humans has been suggested too (Cerejeira et al., 2010; de Rooij et 

al., 2007) providing further evidence of aberrant behavioural responses to 

systemic inflammation in the aged brain. It has been established for some time 

that there is increased expression of microglial activation markers such as 

CD11b in the aged rodent brain (Perry et al., 1993) and subsequent work has 

built on those observations, making frequent use of rodent models. 

Comprehensive studies of microglial priming in ageing have primarily come 

from Dr Johnson’s group at the University of Illinois. Data from their group has 

shown two fold greater induction of IL-1 and IL-6 mRNA in the brain 4 hours 

after i.p. injection of 330µg/kg LPS in aged (20-24 month) vs young adult (3-6 

month) BALB/C mice (Godbout et al., 2005b). Prolonged elevation (24h post 

injection) of IL-6 mRNA was also present in the brains of the aged (but not 

young) mice. Preceding injection of LPS, aged mice expressed increased levels 

of CD68, a marker of microglial activation, and iC3b complement receptor 3, 

aka CD11b (Godbout et al., 2005b), also a microglial activation marker (Graber 

et al., 2010). Aged mice exhibited more severe and prolonged deficits in social 

behaviour, open field exploration and food intake following LPS challenge 

(Godbout et al., 2005b). A later study recapitulated some of these earlier 

behaviour deficits and showed prolonged depressive behaviour in aged (20-

24m) mice injected i.p. with 330µg/kg LPS vs young mice (3-6m), as measured 

by the duration of immobility in the forced swim test 72 hours post injection 

(Godbout et al., 2008). This corresponded with prolonged elevation of IDO 2,3 

activity – 24 hours after LPS injection in the young adult brain IDO 2,3 levels 

had returned to saline levels, while they remained elevated in the aged animals 

(Godbout et al., 2008). These authors demonstrated that this enhanced 

cytokine response to systemic inflammation is mediated, at least in part, by 

microglia by isolating microglia from LPS injected young or aged mice and 

measuring cytokine transcripts in the purified microglia transcripts, reporting 
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increased induction of IL-1β, TNF, iNOS and IDO 2,3 transcript in aged 

microglia compared to young microglia (Corona et al., 2010; Henry et al., 

2009; Wohleb et al., 2012). 

A similar profile of exaggerated sickness behaviour and cytokine response to 

inflammation in aged mice was generated by i.c.v. injection of the HIV 

envelope protein HIV-gp120 (Abraham et al., 2008) or LPS (Huang et al., 2008), 

showing that an enhanced central immune response is not limited to systemic 

immune challenges – HIV-gp120 activates microglia by binding to CXCR5 

(Rottman et al., 1997), a receptor which has not been implicated in mediating 

peripheral to brain immune communication to date. Huang’s 2008 study also 

showed that exaggerated responses to inflammation in ageing are not 

restricted to the hippocampus, as IL-1β, IL-6 and TNF release was also 

enhanced in the aged cerebellum. In a separate study elevated IL-1 levels 24h 

after LPS injection in the aged (22-24m) but not the young adult (3-6m) brain 

were attenuated with centrally administered IL-1ra, which correlated with 

attenuated deficits in social and locomotor behaviour following LPS injection, 

suggesting a role for IL-1 in mediating the exaggerated inflammatory 

response in aged mice (Abraham and Johnson, 2009a). Induction of IL-10, the 

anti-inflammatory cytokine, was also greater and more prolonged following 

systemic LPS injection in aged vs young brain, demonstrating that it is not only 

the pro-inflammatory arm of the microglial response that is primed in the aged 

brain (Henry et al., 2009). A study using an i.p. injection of 3-6mg/kg poly I:C 

demonstrated exaggerated sickness behaviour in aged mice by measuring 

overnight burrowing activity, although expression of the cytokines measured 

(IL-1β and IL-6) was not enhanced in aged (18-19m) C57/BL6 mice (McLinden et 

al., 2012). Injection of IFN and TNF i.c.v. in aged and middle aged mice 

(Deng et al., 2006) caused a greater induction of microglial activation markers 

CD11b and F4/80 in old (18-21m) than in middle aged (10-11m) and young (2-

3.5m) brains, adding weight to the idea of enhanced microglial responses to 

inflammatory stimuli and suggesting that microglial priming may begin in 

middle age rather than old age.  

Data from rat studies offers additional support for microglial priming with 

ageing. Elderly rats (24 month old) experienced prolonged weight loss and 

core body temperature drop in response to injection of live E. coli compared to 

young rats (3 month) (Barrientos et al., 2009b). The same group also 
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demonstrated that live E. coli infection induced memory deficits and elevation 

of IL-1β in the hippocampus of aged (24month old) rats compared to 3 month 

old rats (Barrientos et al., 2009a). These memory deficits may have been 

induced by changes in BDNF expression that occur following E. coli infection 

(Cortese et al., 2011). Intrapallidonial injection of LPS into rats induced 

prolonged expression of TNF (which was still elevated 4 weeks post injection) 

and elevated expression of IL-6 2 days after injection in elderly vs young adult 

rats (Choi et al., 2008). Increased expression and induction of CD11b and MHC 

II has been reported in aged rat brain before and after LPS injection vs young 

rat brain (Bilbo, 2010). Increased DNA binding of NFB subunit p65 has been 

reported in aged (30m) rat brain vs 3m rat brain, suggesting constitutive 

upregulation of the pro-inflammatory response (ToliverKinsky et al., 1997). 

Further work is required to clarify the consequences of these exaggerated 

microglial reactions. While a co-incidence of systemic inflammatory events with 

accelerated progression of AD in humans has been demonstrated (Holmes et 

al., 2009), the effects of systemic inflammatory events on the neuronal health 

of ageing humans and whether these events are capable of precipitating 

neurodegenerative disease remains unstudied. The studies in mice and rats 

discussed above do not focus on the effect of these inflammatory events on 

neuronal survival and cellular function, e.g. synaptic density – this is a critical 

question relating to how pathologically significant microglial priming is to 

systemic inflammation in humans. The literature describes in depth the altered 

phenotype of microglia in the aged brain, their enhanced reactions to 

inflammatory challenge and in further studies (Abraham and Johnson, 2009b) 

has begun to investigate ways of attenuating this enhanced response to 

systemic inflammatory challenge.  

1.5 Causes of Microglial Priming 

Microglial priming and macrophage priming are both characterised by an 

exaggerated reaction to inflammatory stimuli. However, levels of molecules 

such as GM-CSF, IFN and MCP-1 which have been linked to macrophage and 

microglial priming previously have not been described as changed in the aged 

brain to date (Godbout et al., 2005b). Furthermore, isolated macrophages from 

aged organisms are less responsive to stimulation than those from young 
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organisms (Chelvarajan et al., 2005), which contrasts to what has been 

observed in aged microglia. Therefore changes in the microenvironment 

surrounding microglia or differences in the life cycle of macrophages and 

microglia e.g. longevity may account for microglial priming in the ageing CNS. 

1.5.1 The CNS microenvironment – immune regulating molecules of the 

CNS 

There is a multitude of signals within the CNS that can affect the activation 

state of microglia, causing alterations in phagocytic activity, release of 

pro/anti-inflammatory cytokines, membrane protein and receptor expression 

levels, nitric oxide release and cell survival. These interactions allow the 

microglia to monitor their local environment and react to changes within it. 

Some of these signals (for example CD200) act in a tonic manner to influence 

microglial phenotype, keeping the microglia in a constrained, resting 

phenotype, and perturbations in this tonic signalling could contribute to 

microglial priming. In an aged brain exhibiting region-specific neuronal loss 

(e.g. Purkinje neurons – (Woodruff-Pak et al., 2010)) or compromised neuronal 

function (Erickson and Barnes, 2003), the microglial microenvironment may be 

altered to some degree – thus chronic changes to the microglial 

microenvironment represent a potential cause of priming.  

1.5.1.1 CD200 & CD200R 

CD200-CD200R interactions are one example of neuronal-glia contact 

interactions that exert a tonic inhibitory influence on microglial activation state 

(Meuth et al., 2008). CD200 is expressed on neurons and oligodendrocytes, 

but not microglia or astrocytes (Koning et al., 2009), while expression of 

CD200 receptor (CD200R) is limited to microglia and perivascular 

macrophages in the context of the CNS (Koning et al., 2009; Wright et al., 

2000). CD200R has multiple isoforms, but only the inhibitory receptor 

CD200R1 binds CD200 (Hatherley et al., 2005). CD200R1 has been shown to 

exert its inhibitory effects on pro-inflammatory activation of macrophages and 

microglia by docking protein 2 (Dok2) and RasGAP (the inactivator of Ras) 

signalling (Mihrshahi et al., 2009; Zhang et al., 2004). Within this discussion 

CD200R1 will be referred to as CD200R. 



   

 49  

Administration of anti-CD200R blocking antibody exacerbates the severity of a 

guinea pig model of EAE, suggesting that disruption of CD200-CD200R 

interaction exacerbates microglial inflammatory activity (Wright et al., 2000). 

Another study offered supporting evidence for this conclusion using neuronal-

macrophage co-culture studies, showing that pre-treatment with blockading 

anti-CD200R antibody enhanced IFN mediated IL-6 release in peritoneal 

macrophages extracted from rats suffering from MOG-induced EAE (Meuth et 

al., 2008). CD200 knockout mice exhibit increased expression of microglial 

activation markers CD11b, MHCII and F4/80, fusion of microglia to form 

multinucleated giant/aggregated cells, increased basal expression of TNFα and 

IL-6 in the hippocampus and expressed greater levels of inflammatory markers 

following facial nerve transaction or EAE induction (Denieffe et al., 2013; Hoek 

et al., 2000), suggesting that CD200 is the necessary partner for the CD200R 

protein to mediate CD200R’s constitutive anti-inflammatory effects.  

The CD200-CD200R interaction represents an influential constitutive, anti-

inflammatory, contact mediated signal within the CNS; age related changes in 

neuronal expression levels of this protein could drive an exaggerated 

inflammatory response similar to that seen in primed microglia. An age related 

decline in CD200 expression has indeed been reported in the hippocampus 

(Frank et al., 2006) and the substantia nigra (Wang et al., 2011), although 

CD200R levels remained unchanged (Frank et al., 2006). Loss of neurons could 

have the same effect as reductions in neuronal CD200 expression - the levels 

of CD200 within the CNS would decline with neuronal loss, which would hold 

true for other contact dependent anti-inflammatory mechanisms within the CNS 

too. One should bear in mind however that the CD200-CD200R interaction is 

contact dependent and the resting microglia are dynamic in monitoring their 

environment – if the microglial cell is still able to find sufficient neurons to 

interact with then perhaps there would be no significant decline in the quantity 

of CD200-CD200R interactions.  

1.5.1.2 SIRP & CD47 

Signal regulatory protein alpha (SIRPα) is a transmembrane glycoprotein 

belonging to the SIRP family (part of the immunoglobulin superfamily) that is 

paired with CD47, also of the immunoglobulin superfamily. Both are expressed 

within the CNS and when SIRPα is ligated it exerts an anti-inflammatory 
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influence on microglia. CD47 is widely expressed within the CNS by a variety of 

cell types including microglia, neurons, oligodendrocytes and astrocytes, 

whereas SIRPα is expressed in neurons and microglia (Gitik et al., 2011b; Han 

et al., 2012; Matozaki et al., 2009). CD47-SIRPα signalling is also present in 

cells outside the CNS and one of the cell types that expresses SIRPα is 

macrophages (Matozaki et al., 2009). When ligated by CD47, SIRPα is 

phosphorylated at its tyrosine residues and SIRPα subsequently recruits and 

activates SHP-1 and SHP-2 (Matozaki et al., 2009), which are negative 

regulators of phagocytosis and cytokine release (Neel et al., 2003; Okazawa et 

al., 2005; Zhao et al., 2006). This inhibition of phagocytosis has led to SIRPα-

CD47 signalling being described as a “don’t eat me” signal. SIRPα-CD47 

interactions have been shown to downregulate myelin phagocytosis in 

microglia (Gitik et al., 2011a; Han et al., 2012) and disruption of CD47-SIRPα 

signalling during EAE worsens the symptoms of the disease and increases 

cytokine production (Han et al., 2012). 

Evidence for a role of these interactions in regulation of macrophage activation 

comes from several studies. Knockdown of SIRPα enhanced LPS induced NFκB, 

activator protein 1 (AP-1), extracellular signal-regulated kinase (ERK) and c-Jun 

N-terminal kinases (JNK) signalling and enhanced LPS induced pro-

inflammatory cytokine production (IFNβ, TNFα, IL-6) and nitric oxide 

production in a RAW264-7 macrophage cell line (Kong et al., 2007). Another 

study found similar effects in RAW264-7 cells in response to TLR3 stimulation 

via poly I:C (Dong et al., 2008). Smith et al (Smith et al., 2003) described an 

attenuated TNF response to LPS and zymosan in human peripheral blood 

mononuclear cells (PBMCs) following ligation of SIRP. One study using rat 

peritoneal macrophages surprisingly showed induction of nitric oxide 

production (but not pro-inflammatory cytokine production) following ligation 

of macrophage SIRPα with a SIRPα specific mAb (Alblas et al., 2005). However, 

the use of an anti-SIRPα antibody to ligate SIRPα rather than its normal binding 

partner CD47 was proposed by the authors not to have the same effects on NO 

production as the binding of membrane bound CD47, suggesting this 

interaction is mimicking a different ligand interaction with SIRPα, possibly 

surfactant A or D or soluble CD47. Inhibition of phagocytic activity in 

macrophages via CD47 mediated SIRP ligation has also been demonstrated in 
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haematopoietic stem cells and erythrocytes (Jaiswal et al., 2009; Okazawa et 

al., 2005).  

1.5.1.3 TREM receptors 

The TREM2 receptor is a DAP12 signalling receptor (Hamerman et al., 2005) 

that are expressed on myeloid cells, including microglia. TREM2 ligation 

attenuates cytokine production (Hamerman et al., 2006; Turnbull et al., 2006), 

despite signalling via DAP-12, which contains an ITAM motif (Hamerman et al., 

2005). These studies support the surprising conclusion that ITAMs can also 

exert inhibitory signalling, and that the ITAM motif is necessary for attenuation 

of cytokine production by TREM2 ligation. The mechanisms underlying 

inhibitory ITAM activity have not yet been fully elucidated, but may be 

associated with the strength of ligation of the receptor (Blank et al., 2009). 

TREM2 is ligated by gram-negative and positive bacteria and by expression of 

Hsp60 on astrocytes (Daws et al., 2003; Quan et al., 2008; Stefano et al., 

2009). This ligation by resident CNS cells suggests a possible basal role in 

maintenance of a down regulated microglial inflammatory phenotype. A 

decrease in TREM2 receptor/ligand expression or increase in soluble TREM2 

would amplify inflammatory responses and therefore represents a further 

potential contributor to microglial priming. Loss of function mutations lead to 

a chronic neurodegenerative disease known as Nasu-Hakola disease, 

suggesting that TREM2 signalling plays an important role in maintaining 

homeostasis within the CNS (Neumann and Takahashi, 2007). Polymorphisms 

in the TREM2 gene have also been associated with Alzheimer’s disease 

(Guerreiro et al., 2013). TREM2 also exists in a soluble, non-signalling form 

which is believed to be generated by metalloproteinases (Gomez-Pina et al., 

2007; Piccio et al., 2008), which is hypothesised to be antagonistic to the 

membrane bound receptor through binding of free TREM2 ligands (i.e. acting 

as a decoy receptor). 

1.5.1.4 AGE and RAGE 

Advanced Glycation End products (AGEs) are modifications to proteins caused 

by derivatives of glycation pathway components (Grillo and Colombatto, 2008). 

AGEs have been shown to accumulate in aged organisms (usually due to their 

longevity on long lived proteins) (Hallam et al., 2010), including in the brain, 

albeit in a region specific manner (Dei et al., 2002; Luth et al., 2005; 
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Thangthaeng et al., 2008). These AGEs are normally removed from proteins via 

deglycating enzymes (Grillo and Colombatto, 2008) or the AGE-modified 

proteins are degraded by the lysosome (Grimm et al., 2010) or the proteasome 

(Schmid et al., 2008). 

The principle membrane receptor for AGEs is RAGE (Guglielmotto et al., 2012), 

although AGEs can signal via TLR2 and TLR4 as well (Hodgkinson et al., 2008). 

RAGE is expressed by neurons, astrocytes and microglia (Schmitt et al., 2006), 

and can also be ligated by amyloid beta (Fang et al., 2010), S100B (Bianchi et 

al., 2007) and High Mobility Group protein B1 (HMGB1) (Qin et al., 2009). 

Studies using mice expressing a dominant negative mutation of RAGE have 

suggested that the microglial activation seen in mouse AD models requires 

RAGE signalling acting via MAPK p38 and ERK1/2 (Fang et al., 2010). 

The signalling transducer between RAGE and activation of NFκB via MAPK, 

Rac/Cdc42 and JAK/STAT kinases remains unknown (Zong et al., 2010). Work 

in a yeast two-hybrid system has pointed to Diaphanous-1 (Dia-1), a member of 

the formin family, as a potential mediator of interaction between RAGE and 

Rac/Cdc42 (Hudson et al., 2008). However, the association of the human 

homologue gene, DFNA1 (Lynch et al., 1997), with RAGE has not yet been 

investigated. One study has however showed that RAGE induction of early 

growth response gene-1 (egr-1) (a hypoxia response gene involved in fibrin 

deposition) by hypoxia required Dia-1 in primary mouse macrophages and in a 

human macrophage cell line (Xu et al., 2010), suggesting a potential role for 

Dia-1 in RAGE signalling in mammalian cells too. 

AGEs have been shown to induce TNF and NO release in a microglial cell line 

(Gasic-Milenkovic et al., 2003) and IL-6, IL-1 and TNF in J774 macrophages 

(Neumann et al., 1999). A RAGE-dependent activation of NFκB signalling via 

AGEs was also shown in vitro using SK-N-BE neuroblastoma cells (Guglielmotto 

et al., 2012), while Li et al, 1997 in their original characterisation of the RAGE 

protein showed the presence of NFκB promoter regions (Li and Schmidt, 1997). 

RAGE activation also increases levels of ROS release in microglia, neurons, 

astrocytes and endothelial cells (Nitti et al., 2007; Schmitt et al., 2006; Wautier 

et al., 2001).  

A soluble form of the RAGE receptor (sRAGE) also exists - sRAGE is formed by 

proteolytic cleavage of the membrane bound form and acts as a decoy 
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receptor, competing for RAGE binding ligands (Raucci et al., 2008). sRAGE is 

capable of attenuating inflammatory responses (Hofmann et al., 1999) and is 

released in response to endotoxin challenge (Soop et al., 2009). Perturbations 

to sRAGE levels with age could mediate exaggerated reactions to inflammatory 

challenge. 

Although increased AGE levels are present in the aged brain, there have not 

been any studies examining the effect of elevated AGE levels on the microglial 

or macrophage response to a systemic innate immune challenge. An 

interesting study using an alternative RAGE agonist, HGBM1, showed that pre-

incubation of ex vivo bone marrow derived macrophages with HGBM1 induced 

tolerance to LPS (Aneja et al., 2008). This tolerance was not induced in RAGE 

deficient macrophages, suggesting that this tolerance is RAGE mediated. Pre-

conditioning of mice with HGMB1 in vivo 1h before injection also reduced the 

TNF response to i.p. administration of a large dose of LPS (10mg/ml) (Aneja 

et al., 2008). This study suggests that the pro-inflammatory presence of AGEs, 

if they signal in the same manner as HGBM1, will not be additive to the pro-

inflammatory effects of LPS. A study supporting this conclusion showed that 

while AGE tagged protein did induce IL-6 release from CD14+ monocytes, this 

effect of AGE tagged protein was not additive to that of LPS (Hodgkinson et al., 

2008). The effects of RAGE signalling on cytokine mediated activation of 

macrophages/microglia has not yet been determined. 

1.5.1.5 Fractalkine 

Fractalkine (CX3CL1) is a chemokine produced by neurons (Harrison et al., 

1998) that binds in either a soluble or membrane bound conformation to the 

CX3CR1 receptor, which is expressed on microglia (Wynne et al., 2010). 

CX3CR1 ligation by fractalkine leads to PI3K induced protein kinase B (Akt) 

signalling and calcium influx, which in turn activates MAPK signalling (Re and 

Przedborski, 2006). Studies have been published suggesting both a pro-

inflammatory (Denes et al., 2008; Shan et al., 2009; Soriano et al., 2002) and 

anti-inflammatory (Cardona et al., 2006; Mizuno et al., 2003; Zujovic et al., 

2000) influence of fractalkine on microglia. Soluble fractalkine injection has 

been shown to attenuate age related changes microglia in vivo (Lyons et al., 

2009a), and there are decreases in fractalkine expression in the aged 

hippocampus and forebrain of rodents (Bachstetter et al., 2011; Lyons et al., 
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2009a; Wynne et al., 2010), suggesting that fractalkine may exert an anti-

inflammatory role in the aged CNS. Decreased fractalkine expression has also 

been reported in the aged human brain (Cribbs et al., 2012). 

 

Figure 1.9. Control of microglial phenotype by extracellular signals.  

A diagram illustrating some of the extracellular modifiers of microglial 

phenotype. 

1.5.1.6 Immune regulating molecules of the CNS – summary 

The above section describes the known constitutive pro and anti-inflammatory 

regulators of microglial phenotype that are well defined at present; others may 

yet emerge, while further research may more precisely define the functions of 

molecules such as Semaphorin 3A and 4D, neurotransmitters and CD22, which 

have all been suggested to play immunomodulatory roles within the CNS 

(Majed et al., 2006; Mott et al., 2004; Pocock and Kettenmann, 2007; Toguchi 

et al., 2009). Decreased contacts between microglia and neurons because of 

decreased motility of microglial processes, which has been reported to occur 

with ageing (Hefendehl et al., 2013), or loss of neurons could cause reduced 

neuron-microglia signalling and therefore reduced suppression of microglial 



   

 55  

inflammatory status. One significant change that seems to occur with ageing is 

increased blood brain permeability, which is described below. 

1.5.1.7 Blood Brain Barrier Integrity 

The blood brain barrier (BBB) acts as the gatekeeper of the CNS that controls 

what enters and leaves the parenchyma from the circulation. Peripheral 

immune challenges with LPS have been shown to increase BBB permeability, as 

shown using Evans blue after i.p. injection of 100µg/kg of LPS in rats, while 

still excluding larger molecules such as LPS or cytokines (Lu et al., 2009). In 

ageing it appears that BBB permeability may be increased in the absence of 

immune challenge. Increased IgG levels around blood vessels has been 

observed in senescence accelerated prone mouse (SAMP8) mice, a model for 

accelerated murine senescence, at 12 months of age (Pelegri et al., 2007). 

Another study looked at IgG deposition within the CNS of middle aged rats and 

found that by 10-11 months IgG levels around blood vessels were significantly 

greater than in younger mice (Bake et al., 2009). A meta-analysis of studies 

into BBB permeability in humans using a variety of techniques found that BBB 

permeability is consistently reported to increase during healthy ageing and 

further increase during dementia, particularly vascular dementia (Farrall and 

Wardlaw, 2009). Increased IgG deposition has also been reported in AD brains 

and age matched control brains, suggesting a disruption in BBB integrity 

(D'Andrea, 2003), and the majority of IgG opsonised neurons in control brains 

were apoptotic, suggesting that labelling of these neurons is specific and 

targeted.  

Increased infiltration of blood components to the CNS would represent a 

significant change to the microglial microenvironment. IgG could influence 

microglia reaction to immune stimulation in a variety of ways, depending on 

the nature of deposition e.g. monomeric IgG vs immune complexes, while 

other blood components such as thrombin are neurotoxic (Xue et al., 2006). 

Increased BBB permeability in ageing could lead therefore to sustained 

infiltration of blood components that may change microglial phenotypes and 

potentially contribute to priming. 
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1.5.2 Increased innate immune stimulation 

One may hypothesise that a lifetime of minor infections and exposure of 

microglial cells to DAMPs in an aged animal may lead to a ramped up 

microglial phenotype with heightened responsiveness to pathogens. Several 

studies have shown that the prenatal environment can affect adult immune 

responses in the periphery and in the brain (Bilbo and Tsang, 2010; Diz-Chaves 

et al., 2012; Krstic et al., 2012; Williams et al., 2011). Changes in epigenetic 

regulation of inflammatory genes in immune cells likely underlie at least some 

of these changes in the phenotype of these cells, as they do for other 

phenomonena such as endotoxin tolerance (Biswas and Lopez-Collazo, 2009).  

Microglia are slowly proliferating, long lived cells (Lawson et al., 1992) and 

over the course of an organisms lifetime it is not known how the epigenetic 

regulation of their signalling changes. Persistent immune signalling to 

microglia could alter microglial phenotypes through changes in epigenetic 

regulation of inflammatory genes. Manipulation of histone deacetylation using 

histone deacetylase (HDAC) inhibitors does cause changes in microglial 

cytokine release, but the published data has been contradictory on the 

influence of HDAC inhibition thus far (Faraco et al., 2009; Suuronen et al., 

2003). Expression of IFN, GM-CSF and MCP-1 has not been reported to be 

increased in the aged brain (Godbout et al., 2005b) and is not normally 

induced in the brain after an i.p. injection of LPS or during S. typhimurium 

infection (Püntener et al., 2012), suggesting that other mechanisms than those 

that typically drive macrophage priming are at work in the aged brain.  

1.5.3 Intrinsic changes 

Microglia are long lived cells (Lawson et al., 1992). This longevity of microglia 

means that, like neurons, they senesce and may develop age related cellular 

dysfunction leading to microglial priming. Increased levels of ROS occur in 

aged organisms, including in the aged brain (Hayashi et al., 2008), and it has 

been suggested that elevated ROS levels may also be found in aged microglia. 

Only one study so far has directly demonstrated reduced antioxidant enzyme 

activity in aged microglia, which reported a 21% reduction in total glutathione 

(an antioxidant enzyme) levels in ex vivo microglia from 14-16m mice vs 1-2m 

old mice, although this was not statistically significant (Njie et al., 2010). 
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Decreased ROS production via knockout of NADPH oxidase have been shown to 

attenuate TNF release following LPS stimulation of microglia in vivo (Qin et 

al., 2004) and reduction of ROS levels via addition of antioxidant enzyme 

catalase or the phosphate-oxidase (PHOX) inhibitor 4-(2-aminoethyl) 

benzenesulfonylfluoride attenuated iNOS activity and NFκB activation (Pawate 

et al., 2004), so one may hypothesise that increased levels of intracellular 

microglial ROS may contribute to microglial priming. Reduction of glutathione 

levels in vitro was recently reported to induce IL-6 and TNF release from 

microglia and astrocytes (Lee et al., 2010). 

Other studies have reported systemic use of antioxidants reducing the brain 

cytokine and sickness behaviour response to LPS (Abraham and Johnson, 

2009b; Godbout et al., 2005a). However, the antioxidants used, Resveratrol 

and -tocopherol, are known to also effect the sirtuin pathway (Gracia-Sancho 

et al., 2010) and to have more general, non-ROS mediated anti-inflammatory 

effects (Reiter et al., 2007). Further investigation into age related changes in 

expression of antioxidant enzymes in aged microglia and of ROS levels is 

required to unravel the contribution of intracellular ROS to microglial priming. 

mTOR signalling has been proposed to potentially underlie many of the effects 

of ageing, as discussed in section 1.3. The effects of mTOR inhibition on 

cytokine release in the absence of stimulation and after application of LPS have 

been investigated in macrophages and microglia in vitro, but the data is 

complex and contradictory, with no clear answer on whether mTOR inhibition 

potentiates or attenuates inflammatory responses (Dello Russo et al., 2009; 

Schmitz et al., 2008; Weichhart et al., 2008). What role mTOR plays in age 

induced changes to microglia has not been investigated. Changes to the 

epigenetic landscape of microglia could also significantly alter the phenotype 

of microglia in the aged brain, but this has also not been investigated to date.  

1.6 Summary 

The evidence for priming of microglia in the ageing brain now forms a robust 

body of literature. The relevance of microglial priming in accelerating the 

progression of neurodegenerative disease has been demonstrated using 

murine models of prion disease (Cunningham et al., 2009) and it remains 

unknown whether microglia also play a role in the cognitive changes seen over 
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the course of normal ageing, particularly regarding the loss of myelinated 

fibres from white matter tracts. What is not well defined is what role microglial 

priming plays during real infections in aged animals, whether the exaggerated 

behavioural reactions observed following LPS injection are also present during 

live infections and how real infections affect microglial phenotypes. There is 

also little work assessing regional differences in microglial phenotypes and 

priming in the ageing brain. This thesis aims to shed some light on these 

questions using intraperitoneal LPS injections and Salmonella typhimurium 

infections in young and aged mice.  

1.7 Project aims 

The specific aims of this project were to: 

1. Investigate regional differences in age-associated changes in microglial 

phenotype. 

2. Investigate regional differences in the effects of LPS and S. typhimurium 

infection on microglial phenotype and CNS cytokine production. 

3. Characterise and compare the behavioural responses of young and aged 

mice injected systemically with LPS or infected with S. typhimurium. 

4.  To investigate the effects of S. typhimurium infection on paranodal 

junctions. 
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2. Materials & Methods 

2.1 Animals  

2.1.1 Animal housing 

C57BL/6 mice were used in all experiments and were either bred in house or 

obtained from Charles River (Margate, UK). Mice were housed in groups of 5-10 

in plastic cages with sawdust bedding and standard chow diet and water 

available ad libitum. The holding room temperature was kept between 19-23°C 

with a 12:12 hour light-dark cycle (light on at 0700h). All procedures were 

performed under the authority of a UK Home Office License in accordance with 

the UK animals (Scientific Procedures) Act 1986 and after obtaining local 

ethical approval by the University of Southampton. 

2.1.2 Tissue harvesting 

Mice were terminally anaesthetized via intraperitoneal injection of either 300-

400µl rat avertin ((2,2,2) tribromoethanol in tertiary amyl alcohol) or 150-200µl 

pentobarbital (5-(1-methylbutyl)-2,4,6(1H,3H,5H)-pyrimidinetrione). Blood 

samples were collected by cardiac puncture after which the mouse was 

transcardially perfused with chilled 0.9% saline with heparin (1:1000) (5000 

units/ml, CP Pharmaceuticals, Wrexham, UK). For perfusion fixation the mouse 

was first perfused with heparinised saline, followed by ice-cold 4% 

paraformaldehyde (PFA) (Fisher Scientific, Loughborough, UK) until the mouse 

became completely rigid (typically 1-2 minutes). Tissues taken for 

immunohistochemistry were embedded in optical cutting temperature medium 

(OCT, Sakura Finetek, Thatcham, UK) and rapidly frozen using isopentane 

placed on dry ice. Samples were stored at -80C until required. Tissue taken for 

post fixation were placed in ice-cold 4% PFA for 4-6 hours and then transferred 

to 30% sucrose for 24-48 hours, after which tissue was embedded in OCT. 

Tissue taken for qPCR analysis was placed in an eppendorf tube and snap 

frozen in liquid nitrogen, then stored at -80C. The blood sample was kept at 

RT for a maximum of 4 hours before being centrifuged at 5000RPM for 5 

minutes and the serum transferred to a clean eppendorf tube and frozen at -

80°C. 
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2.1.3 LPS/saline injection  

Mice received lipopolysaccharide (LPS) derived from Salmonella abortus equi 

(lot 91K4143, Sigma, Poole, UK) at a dose of 100g/kg via intraperitoneal 

injection. A 10g/ml LPS solution was diluted in 0.9% saline from a stock 

solution of 10 mg/ml for injection. Following injection mice were monitored 

for the next 6 hours.  

2.1.4 Salmonella typhimurium infection  

Mice were injected intraperitoneally with 1 x 10
5

, 3 x10
5

 or 1 x10
6

 CFU of 

attenuated Salmonella typhimurium strain SL3261, depending on the 

experiment (cultured in house by Dr Ursula Püntener; original vial provided by 

Dr. H Atkins, DSTL, Salisbury, UK). Body weight was monitored daily post 

infection and mice were culled if their body weight fell to less than 85% of their 

original pre-infection body weight. In vivo experiments using S. typhimurium 

infected mice were carried out in the category 2 lab within the Southampton 

University biomedical research facility. 

2.2 Behavioural assays. 

Behavioural assays were either performed in the category 2 lab or the 

behaviour rooms of the biomedical research facility, depending whether mice 

were infected with S. typhimurium or injected with LPS. Prior to all tests in the 

behavioural room, mice were brought into the behavioural room and allowed 

to habituate to their new environment for at least 20 minutes. In the category 2 

lab mice were moved from the incubator to the safety cabinet and left to 

habituate for at least 20 minutes before commencing behavioural tests. 

2.2.1 Inverted screen – test of muscle strength. 

The mouse was placed in the middle of a wire mesh screen. The screen was 

then inverted and suspended approximately half a meter above a bed of soft 

foam. If the mouse remained inverted for 1 minute the score was recorded as a 

maximal score of 60 seconds. Otherwise the time of the mouse’s fall was 

recorded. Performance on the inverted screen was rated as described in table 

2.1.  
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Inverted screen latency to fall (s) Score 

1-10 1 

11-25 2 

26-59 3 

>60 4 

Table 2.1. Inverted screen scoring system.  

2.2.2 Rod climbing assay – test of forelimb strength. 

An L shaped metal rod of 2mm diameter, 28cm in length and with a 2.5cm 

protrusion at the bottom of the rod was suspended from a wire mesh screen 

via a hook at the top of the rod. The rod was suspended half a meter above a 

bed of foam. In this test, the mouse was placed onto the bottom of the rod 

from where it climbs upwards using its two forepaws, wrapping its hind legs 

around the rod. The mouse is then given a maximum of 60 seconds to climb 

the rod and reach the above inverted screen. The time taken to reach the 

screen is recorded and marked “escape”. If the mouse stays on the rod for 60 

seconds but fails to reach the screen a maximal time of 60 seconds is 

recorded. If the mouse falls the time the mouse fell at is recorded and marked 

“fall”.  

Climbing rod performance Score 

Fell within 1-10s 1 

Fell within 11-25s 2 

Fell within 26-59s 3 

Fell at 60 or more seconds 4 

Escaped within 26-59s 5 

Escaped within 11-25s 6 
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Escaped within 1-10s 7 

Table 2.2. Scoring system for the climbing rod assay. 

2.2.3 Multiple Static Rod test – test of balance/co-ordination 

Three rods of varying diameter (experiments using LPS - 35, 22 and 9 mm 

diameter, experiments using S. typhimurium – 15, 12, 9mm diameter), each 60 

cm long were fixed on one end to a bench. To attenuate any anxiety of the 

mice caused by handling the operator positioned their hand in the cage for at 

least two minutes before beginning the assay. Mice were trained on each of the 

three rods 24 hours prior to testing. 

During testing a mouse was placed at the exposed end of the largest diameter 

rod with its nose facing away from the bench. The time taken to orientate 180 

degrees from the starting position (“orientation”) and the time taken to travel 

to the bench following orientation (“transit time”) were noted. If the mouse fell 

or did not reach the platform within 180s it was not tested on the smaller rods. 

If the mouse turned upside down or slipped and held on with only two paws 

during the test the result was recorded as “fail”. If the mouse successfully 

orientated itself and transited from the end of the rod to the bench then the 

test result was recorded as “pass”. If the mouse failed the test within less than 

5s of being placed on the rod it was replaced on the rod and another attempt 

allowed, for a maximum of three trials. Mice were allowed to recover for at 

least two minutes between test sessions.  

In experiments using LPS, testing was stopped if the mouse turned or fell off a 

rod after being on it for more than 5s. In experiments using S. typhimurium, 

testing was paused if the mouse turned or fell off a rod after being on it for 

more than 5s and they were replaced on the rod in the same location. 

Recording of orientation or transit time resumed once the mouse resumed 

movement. These transit times were then included in calculation of the mean 

transit time for that group. The differences between protocols were 

adaptations to increase the amount of data collected in experiments using S. 

typhimurium. 
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2.2.4 Rotarod test – test of co-ordination. 

The Ugo Basile 7650 accelerating mouse Rotarod (Ugo Basile, Comerio, Italy) 

was used to assess balance and co-ordination. The mouse was placed on the 

rod when rotating at a constant speed of 4 RPM, the lowest speed setting. A 

total of up to 5 mice were tested simultaneously in parallel bays. Once all mice 

were on the rod the pressure pads used to detect the fall of a mouse were 

reset and the rod set to accelerating mode. Latency to fall was recorded, up to 

a maximal value of 300 seconds. Mice were habituated to the test on two 

occasions prior to the day of the experiment. Mice that fell within the first 90 

seconds of accelerating were replaced on the rod. If the mouse did not fall 

again within a further 60 seconds then the first sub-90 seconds fall was 

disregarded. Mice in the first 90 seconds frequently turn around on the rod 

and attempt to explore their environment rather than running forwards and 

their falls are often deliberate jumps to another location rather than co-

ordination faults, hence the replacement of a mouse if it fell within 90s.  

2.2.5 Automated open field test – an assay of spontaneous locomotor 

activity 

Open-field activity in mice was assessed using a Med Associates Activity 

Monitor (Med Associates Inc., Vermont). The open field consisted of an 

aluminium base (27x27 cm) enclosed on four sides with 0.7cm thick acrylic 

sheet, surrounded by an opaque screen. Each mouse was placed in the middle 

of the open field and observed for 3 min. During this period the total distance 

travelled (cm) and the total number of rears was recorded. Mice were not 

habituated to the open field box prior to use. 

2.2.6 Manual open field test - an assay of spontaneous locomotor 

activity 

For experiments in the category 2 lab it was necessary to perform open field 

testing manually, due to the absence of automated behavioural equipment 

within the category 2 lab. To assess open field activity manually a dark blue 

plastic box measuring 30cm height x 36cm width x 30cm length was used. 

The floor of the box was divided into 12 quadrants measuring 9 x 10cm,. The 

mice were habituated to the box for 14 minutes 24h prior to the open field 
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test. Before any habituation or testing phase the box was cleaned with 70% 

ethanol. The testing phase starts with the mouse being placed in the proximal 

right hand corner facing the corner of the box with the operator watching from 

the proximal right hand corner of the box. The number of rears (where the 

mouse raises itself on its hind legs) and the number of quadrant entries 

(defined as when the whole body of the mouse crosses over a line or two 

intersecting lines i.e. a diagonal) were counted over the course of a 5 minute 

testing period.  

2.2.7 Glucose water consumption test 

5% (weight/volume) glucose water was made up on the day of the experiment 

by dissolving glucose (Sigma, Poole, UK) in tap water. Mice were left overnight 

with at least 100ml of glucose water and the subsequent change in glucose 

water bottle weight was measured. Mice were habituated to glucose water 

overnight in two separate overnight sessions at least 24 hours before 

performing assay. The glucose water replaced the normal glucose free water as 

the only fluid source in the cage. The glucose water assay was performed at 

the same time as the overnight burrowing assay. The mean weight loss from a 

water bottle which is inverted on two separate occasions with no mouse in the 

cage was 3 grams (n = 7). 

2.2.8 Burrowing 

Burrowing tubes (see figure 2.1 for an example) were filled with 190g of food 

pellets. The burrowing tubes and mice were placed in individual cages lacking 

any environmental enrichment other than sawdust. Mice were left to burrow for 

2 hours and the remaining pellets after 2 hours were weighed. Pellets that have 

been displaced were then replaced into the tube which was weighed again the 

following morning, approximately 18 hours since the pellets were replaced. 

Mice were habituated twice in a group cage with one full burrowing tube and 

three times in individual cages with a full burrowing tube. A baseline 

measurement of burrowing performance was recorded 24h prior to the 

experiment.  
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Figure 2.1. An example of a burrowing tube. 

Image taken from (Deacon, 2009).  

2.2.9 Novel Object Recognition test 

The protocol used for this assay was adapted from Mazarati et al, 

2011(Mazarati et al., 2011). The metal box used for testing measured 28cm 

height x 33cm width x 50cm length and was placed on top of a bench. The 

box and bench were cleaned with 70% ethanol before and after each 

test/habituation session, with the box always placed in the same orientation 

and location on the bench. The mice were habituated to the box during two 5 

minute sessions at 24h intervals, which is sufficient to stabilise exploratory 

locomotor activity (Oliveira et al., 2010) before beginning the familiarisation 

phase 24h later. During habituation the mice were also handled for one minute 

each to habituate them to handling. The familiarisation phase consisted of 

placing two identical objects in opposite corners of the box for either 10 

minutes or until the mouse spent 30 seconds investigating each object, 

depending on the protocol used. The amount of time spent investigating the 

object was timed using a stopwatch. All objects were cleaned with 70% ethanol 

before each test. 

The testing phase consisted of replacing one of the two identical “familiarised” 

objects with a novel object and then allowing the mouse to explore the two 

objects for 5 minutes. To prevent positional bias the position of the novel 
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object was alternated between the two locations used during the familiarisation 

phase. Investigation of the object was defined by orientation of the nose 

towards the object at a distance of no more than 1cm, including when the 

mouse was climbing on the object. If the mouse was climbing on the object but 

orientating its nose away from the object, for example if it was rearing while 

standing on the object, then this was not included in the time spent 

investigating the object. All objects were cleaned with 70% ethanol before each 

test. Testing was performed 90 minutes or 24h after the end of the 

familiarisation phase. 

The two objects in the box were placed approximately 3cm from the corner of 

the box in opposite corners. They were always placed in the same orientation 

within the box and relative to each other. After the test the novel object 

preference ratio was determined using the calculation below:  

time spent investigating novel object 

time spent investigating novel object + time spent investigating familiar object 

A novel object preference ratio of above 0.5 indicates a preference for the 

novel object over the familiar object. 

2.2.10 Body weight measurement 

Body weight was recorded by taring the weight of a beaker on a weighing 

scale, placing the mouse inside the beaker and replacing the beaker on the 

weighing scale. Body weights during S. typhimurium infection were always 

taken at the same time of day (8-10AM). 

2.3 Immunohistochemistry 

2.3.1 Fresh frozen Sections – DAB staining 

Sections were cut at 10µm thickness on a cryostat, mounted onto 3-

aminopropyltriethoxysilane (APES) coated glass slides and stored at -20°C. 

Sections were dried at 37°C for 30 minutes and then fixed in 100% ethanol at 

+4°C. After being fixed slides were placed in PBS (appendix 1) to dissolve the 

remaining OCT. Sections were encircled using a wax pen (DAKO, Ely, UK) and 
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quenched with 3% H
2

O
2

,(Sigma, Poole, UK) in PBS for 10 minutes followed by 3 

x 3 minute PBS washes on an orbital stirrer. Sections were then blocked with 

60l of 1% normal animal serum (Vector Labs, Peterborough, UK) of the same 

animal as the secondary antibody and 1% Bovine Serum Albumin (BSA) (Sigma, 

Poole, UK) for 45 minutes at RT in a humidified chamber. The blocking solution 

was tapped off and replaced with 60l of primary antibody diluted to desired 

concentration in PBS. For negative controls the primary antibody was omitted. 

Sections were incubated with primary antibody in a humidified chamber at 4°C 

overnight. A list of all primary antibodies used in this thesis is provided in 

table 2.3. 

Following primary antibody incubation slides were washed in PBS 3 x 10 

minutes each on an orbital stirrer. 60l of biotinylated secondary antibody (see 

table 2.4 for details) was added to each section and incubated at room 

temperature for 45 minutes. Slides were washed 3 x 3 minutes in PBS. 

Sections were then incubated with pre-prepared avidin biotin complex 

(prepared at least 30 minutes before use) (Vector Laboratories, Peterborough, 

UK) for 45 minutes at RT in a humidified chamber. Slides were washed 3 x 3 

minutes in PBS and during the wash the DAB (3,3'-Diaminobenzidine) solution 

(Appendix 1) was prepared. Slides were placed in DAB solution for a minimum 

of 30s, normally 1-2 minutes, depending on the antibody tested. Slides were 

then placed in PBS, counterstained in Harris Hematoxylin (Sigma, Poole, UK) for 

1-4s, washed in tap water, differentiated in acid alcohol (Appendix 1) for 20s, 

washed in tap water and placed in tap water for 2-3 minutes. Slides were then 

dehydrated as follows:   

Dehydration:   

70% alcohol – 60s, 80% alcohol – 60 sec, 95% alcohol – 60 sec, absolute alcohol 

– 60 sec, absolute alcohol II– 2 min, Xylene I – 5 min, Xylene II – 10 min. 

Following dehydration slides were cover-slipped using DPX mounting medium 

(VWR, Poole, UK) and dried for at least 48h before viewing under a microscope. 

Antibody 

target 

Clone Animal 

of origin 

Source Dilution 

CD11b 5C6 Rat Serotec (Oxford, UK) 1:500 
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CD11c N148 Hamster Kind gift from Prof. M. 

Glennie (University of 

Southampton, UK) 

1:500 

CD68 FA-11 Rat  Serotec (Oxford, UK) 1:500 

F4/80 CI:A-1 Rat  Serotec (Oxford, UK) 1:250 

FcRI 290322 Rat  R&D Systems 

(Abingdon, UK) 

1:500 

MHCII M5/114.15.2 Rat  Abcam (Cambridge, 

UK) 

1:500 

CD16/32 FCR4G8 Rat  Serotec (Oxford, UK) 1:500 

Dectin-1 218820 Rat R&D Systems 

(Abingdon, UK) 

1:500 

Ki67 Polyclonal Rabbit  Abcam (Cambridge, 

UK) 

1:500 

DEC-205 NLDC-145 Rat  Serotec (Oxford, UK) 1:500 

Collagen IV Polyclonal Rabbit  Serotec (Oxford, UK) 1:1000 

Neurofascin 

155 (Nfasc155) 

Polyclonal Rabbit Kind gift from 

Professor Peter Brophy 

(University of 

Edinburgh, UK) 

1:500 

Caspr S65-35 Mouse Novus Biologicals 

(Cambridge, UK) 

1:500 

Kv1.2 S14-16 Mouse Novus Biologicals 

(Cambridge, UK) 

1:500 

Non-

phosphorylated 

neurofilament 

H 

SMI-32 Mouse Merck (Nottingham, 

UK) 

1:500 

Table 2.3. A table of all primary antibodies used. 

Antibody (ab)/ 

Streptavidin 

Code & 

manufacturer 

Notes 
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Goat anti-Hamster ab BA9100, Vector 

Laboratories, 

Peterborough, UK 

Affinity purified, 

biotinylated, used at 1:200 

dilution 

Rabbit anti-Rat ab BA4001, Vector 

Laboratories, 

Peterborough, UK 

Affinity purified, adsorbed, 

biotinylated, used at 1:100 

dilution 

Goat anti-Rat ab BA-9400, Vector 

Laboratories, 

Peterborough, UK 

Affinity purified, 

biotinylated, used at 1:200 

dilution 

Goat anti-Rat ab, 

568nm fluorophore 

tagged 

A11077, Invitrogen, 

Paisley, UK 

Used at 1:500 dilution 

Donkey anti-Goat ab, 

568nm fluorophore 

tagged 

A11057, Invitrogen, 

Paisley, UK 

Used at 1:500 dilution 

Donkey anti-Rat ab, 

488nm fluorophore 

tagged 

A21208, Invitrogen, 

Paisley, UK 

Used at 1:500 dilution 

Donkey anti-Rabbit 

ab, 568nm 

fluorophore tagged 

A21206, Invitrogen, 

Paisley, UK 

Used at 1:500 dilution 

Goat anti-Rabbit ab 

568nm fluorophore 

tagged 

A11011, Invitrogen, 

Paisley, UK 

Used at 1:500 dilution 

Goat anti-Rabbit ab 

488nm fluorophore 

tagged 

A11008, Invitrogen, 

Paisley, UK 

Used at 1:500 dilution 

Goat anti-Mouse ab 

568nm fluorophore 

tagged 

A11004, Invitrogen, 

Paisley, UK 

Used at 1:500 dilution 
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Goat anti-Mouse ab 

488nm fluorophore 

tagged 

A11029, Invitrogen, 

Paisley, UK 

Used at 1:500 dilution 

Streptavidin, 488nm 

fluorophore tagged 

S-11223, Invitrogen, 

Paisley, UK 

Used at 1:500 dilution 

Streptavidin, 568nm 

fluorophore tagged 

S-11226, Invitrogen, 

Paisley, UK 

Used at 1:500 dilution 

Table 2.4. A table of all secondary antibodies used.  

2.3.2 Fresh frozen sections – fluorescent immunohistochemistry 

Fluorescent immunohistochemistry was performed using the same method as 

DAB staining up to the secondary antibody step. All staining steps were 

performed in a dark chamber using fluorescently conjugated antibodies, or 

strepatavidin in the case of biotinylated antibodies. A list of all fluorescently 

labeled secondary antibodies used is provided in table 2.4. Slides were also 

incubated with secondary antibodies for a shorter time (30 minutes) at RT. 

Slides were washed 3 x 3 minutes and then mounted and cover-slipped using 

DAPI containing Prolong Gold antifade mounting medium (Invitrogen, Paisley, 

UK) or were counterstained for 10 minutes with Hoechst (Sigma, Poole, UK) or 

DAPI (Invitrogen, Paisley, UK) nuclear counterstain (1:1000) for 10 minutes, 

washed 3 x 3 minutes and mounted using Mowiol mounting medium 

(appendix 1). 

2.3.3 PFA fixed sections. 

PFA fixed and frozen sections were cut at 10µm thickness and mounted on 

gelatinised slides (Appendix 1) and stored at -20°C. Sections were dried at 37°C 

and then placed directly into PBS. Post fixed fresh frozen sections were air 

dried at 37°C, immersed in 4°C 4% PFA for 10-20 minutes and then washed 3 x 

3 minutes in PBS. The slides were then processed as described in 2.3.1 and 

2.3.2 after the ethanol fixation step. 
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2.4 Quantitative PCR 

2.4.1 RNA extraction 

RNA was extracted using RNeasy mini kits (Qiagen, Crawley, UK) and treated 

with a DNAse I enzyme to remove any contaminating genomic DNA. Samples 

were kept on dry ice until use. 

Pestles for homogenisation were autoclaved, treated with RNAse away (Sigma, 

Poole, UK) and rinsed with RNAse free water before use. RNA was isolated 

according manufacturers instructions, with minor modifications. Samples were 

then homogenised in RLT buffer and beta mercaptoethanol (1:100) using an 

electronic tissue homogeniser. The homogenised sample was pipetted onto a 

Qiashredder column and centrifuged at 13000RPM for 6 minutes. 450µL of the 

homogenised lysate was pipetted from the collection tube into a volume of 

450µL of 70% ethanol and triturated until a precipitate formed, at which point 

450µL of the sample was transferred to a RNeasy column and centrifuged at 

13000RPM for 15 seconds. The liquid that flowed through the RNeasy column 

and accumulated in the collection tube (the “flow through”) was discarded and 

the remaining 450µL of sample added to the column and centrifuged at 

13000RPM for 15 seconds. The column was then washed by adding 350µL of 

RW1 buffer to the column and centrifuging at 13000RPM for 15 seconds and 

discarding the flow through. The Rneasy column was treated with DNase I 

enzyme (Qiagen, Crawley, UK) for 15 minutes at RT and washed twice with 

350µL of RW1 buffer. 500µL of RPE buffer was then added to the RNeasy 

column and centrifuged for 15 seconds at 13000RPM, after which the flow 

through was discarded and another 500µL of RPE buffer added to the column 

and centrifuged for 2 minutes at 13000RPM and the flow through discarded. 

The RNeasy column was then transferred to a clean collection tube and 30µL of 

RNAse free water added to the column membrane to elute the RNA. 1 minute 

after adding the water the column was centrifuged at 13000RPM for 1 minute 

and the eluted RNA/water transferred from the collection tube to a RNase free 

PCR tube.  

RNA yield and quality was assessed using a Nanordop ND-1000 

spectrophotometer (Fisher Scientific, Loughborough, UK). Before use and 

between samples the Nanodrop was cleaned with a fine tissue dampened with 
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RNAse free water. 2µL of sample was loaded onto the Nanodrop and the RNA 

concentration, 260/280 ratio and 260/230 ratio measured. RNA has an 

absorbance of 260nm, and by using the 260/280 ratio one can obtain some 

indication of the purity of the sample, with a ratio of less than 2.0 indicating a 

degree of protein, phenol or ethanol contamination. The 260/230 ratio is also 

a measure of RNA sample purity, with a ratio of less than 1.8 indicative of 

contamination with phenol, salts or proteins. 

2.4.2 Reverse transcription  

cDNA was synthesised from RNA using reverse transcription reagents from 

Applied Biosystems, Warrington, UK. The components of the reverse 

transcription master mix are listed below in table 2.5:  

Reagent 

Volume 

per 

sample 

(µL) 

10x RT buffer 2 

25mm MgCl2 4.4 

dNTPs mix (stock 

concentration = 10mM) 4 

Random hexamers/dT16s 1 

RNAse inhibitor 0.4 

Multiscribe RT 0.5 

RNA in RNAse free water 

400ng 

in 

7.7µL 

Total volume 20 

Table 2.5. The reverse transcription master mix components.  

All reagents and RNA were kept on ice until use. The master mix was prepared 

first, then the required volume of RNAse free water was added to a RNAse free 

PCR tube and the required volume of RNA was added to bring the total RNA 

content in the tube to 400ng. The PCR tubes were then placed in a PTC240 

tetrad 2 peltier thermal cycler (MJ Research, St Bruno, Canada) and heated to 

25°C for 10 minutes, 48°C for 30 minutes, 95°C for 5 minutes and then cooled 
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to 4°C until removed from the machine. cDNA was then stored at -20°C until 

required.  

2.4.3 Quantitative polymerase chain reaction (qPCR) 

Either iQ SYBR green supermix or iTaq SYBR green supermix (BioRad, Hemel 

Hempstead, UK) were used to detect amplification of primer products. The two 

master mixes are below in tables 2.6 and 2.7. 

Reagent Volume (µL) 

iTaq SYBR green 

supermix 10 

DNAse free water 4.92 

Fwd primer (stock 

100µM) 0.04 

Rev primer (stock 

100µM) 0.04 

5µL DNA (1:5 diluted) 5 

Final volume 20 

Table 2.6. Reagents used for qPCR when using iTaq SYBR green supermix.  

Reagent Volume (µL) 

iQ SYBR green 

supermix 6.5 

DNAse free water 13.4 

Fwd primer (stock 

100µM) 0.05 

Rev primer (stock 

100µM) 0.05 

5µL DNA (1:5 diluted) 5 

Final volume 25 

Table 2.7. Reagents used for qPCR whe using iQ SYBR green supermix. 
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The master mix was pipetted into a 96 well non-skirted low profile plate 

(Starlab, Milton Keynes, UK), followed by the cDNA. The plate was covered with 

clear optical caps and centrifuged for 2 minutes at 3000RPM. The plate was 

then loaded into a PTC-200 peltier thermal cycler (MJ Research, St Bruno, 

Canada) and the following cycle started: 

1. Incubate at 95°C for 5 minutes 

2. Incubate at 95°C for 30 seconds 

3. Incubate at 60°C for 1 minute 

4. Plate read 

5. Incubate at 72°C for 1 minute 

6. Return to step 2, repeat 44 more times 

7. Construct a melting curve from 55°C to 90°C at intervals of 0.2°C 

8. Incubate at 4°C until cycle is terminated. 

All samples were pipetted onto the plate in duplicate. A negative control 

(master mix and DNAse free water) and a positive control (master mix and 

cDNA from a sample with robust expression of the target gene) were included 

in duplicate on each plate. 

Data was recorded using MJ Opticon Monitor 3.1.32 software (BioRad, Hemel 

Hempstead, UK). This software measures the change in fluorescence in each 

well after each cycle. A threshold was set on a graph plotting cycle number 

against fluorescence to determine the cycle number when the fluorescence 

begins to increase exponentially in each well. This threshold is referred to as 

the Ct value and provides a relative measure of the quantity of cDNA that the 

primers have bound to at the beginning of the PCR reaction, and thereby an 

estimation of the abundance of the transcript of interest within the sample. 

The threshold was set at 1 x the standard deviation over cycle range after 

subtracting the average baseline over cycle range. A list of all the primers used 

during this thesis is provided in table 2.8. 

Gene Primer Sequence 5' to 3' 

ATP5b 

Forward CACGGTCAGAACTATTGCTATG 

Reverse  TCCTTTAATGGTCTCCTTCAA 

GAPDH Forward TCCACCACCCTGTTGCTGTA 
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Reverse  TGAACGGGAAGCTCACTGG 

Beta actin 

Forward ATGGATGACGATATCGCT   

Reverse  ATGAGGTAGTCTGTCAGGT  

IL-1β (24h time-point 

LPS) 

Forward CTCCAGGCGGTGCCTATG 

Reverse  ACCGTTTTTCCATCTTCTTCT 

IL-1β (3h time-point 

LPS, S. typhimurium 

experiments) 

Forward TGTGTTTTCCTCCTTGCCTC 

Reverse  

CTGCCTAATGTCCCCTTGAA 

TNFα 

Forward CGAGGACAGCAAGGGACTA 

Reverse  GCCACAAGCAGGAATGAGA 

IL-6 

Forward GGATACCACTCCCAACAGACC 

Reverse  GCACAACTCTTTTCTCATTTCC 

COX-1 

Forward CCAGAACCAGGGTGTCTGTGT 

Reverse  GTAGCCCGTGCGAGTACAATC 

COX-2 

Forward GGGTGTCCCTTCACTTCTTTCA 

Reverse  TGGGAGGCACTTGCATTGA 

F4/80 

  

Forward TTACGATGGAATTCTCCTTGTATATCAT 

Reverse  CACAGCAGGAAGGTGGCTATG 

PGK1 

  

Forward GTCGTGATGAGGGTGGACT 

Reverse  TTTGATGCTTGGAACAGCAG 

BDNF 

  

Forward TTCACAGGAGACATAGCAA 

Reverse  CCAACAAGAGACCACAGCA 

IFNβ 

Forward CCATCATGAACAACAGGTGGA 

Reverse   GAGAGGGCTGTGGTGGAGAA 

Table 2.8. A list of all primers used throughout this thesis.  

2.4.4 qPCR data analysis – Delta Delta Ct method 

This method compares the mean Ct values of the gene of interest against 

those of a reference gene using the following equation: 

2-∆∆Ct = [(Ct gene of interest – Ct internal control) sample A – (Ct gene of 

interest – Ct internal control) sample B] 
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Sample A was always the treated sample e.g. S. typhimurium infection, Sample 

B was the control sample e.g. saline injected. Changes in the delta delta Ct 

were always expressed as fold change from young, saline treated samples. 

2.4.5 Agarose gel for PCR products 

To check the specificity of the products of new primers, the amplification 

product of a positive control sample was loaded on an agarose gel. The gel 

was made by adding 1.8g of agarose to 100ml 1 x TAE buffer (Appendix 1), 

heating in a 800W microwave at high power for 1 ½ minutes to dissolve the 

agarose and then adding 3µL of ethidium bromide (Fisher Scientific, 

Loughborough, UK). This solution was mixed and then poured into a cast with 

a 20 well comb at one end and left to set for 30 minutes. Once the gel had set 

it was placed in an electrophoresis tank with the comb at the negative end and 

covered with 1x TAE buffer. The comb was removed and the wells filled with a 

mixture of 10µL of loading buffer (Appendix 1) and 12.5µL of sample. 4µL of a 

1kb ladder (Fisher Scientific, Loughborough, UK) was loaded onto one end of 

the gel with 10µL of loading buffer. The gel was run at 85V for 15-30 minutes 

and pictures taken using a High Performance Ultraviolet Transilluminator (UVP, 

Cambridge, UK). Primers were deemed specific if there was a single clear band 

on the gel at the anticipated molecular weight for the primers’ product.  

2.5 Enzyme-linked immunosorbent assay (ELISA) 

Serum samples were collected upon exsanguination as described in section 

2.1.2. IL-6 levels were measured by ELISA (R&D Systems, Abingdon, UK, mouse 

IL-6 kit) according to the manufacturer’s instructions with minor adaptations. 

The mouse IL-6 kit provided the substrate solution, capture antibody, detection 

antibody and standard for the ELISA.  

First the capture antibody was diluted to a working concentration of 2.0g/mL 

in PBS. A 96-well Maxisorp microplate (Nunc, Fisher Scientific, Loughborough, 

UK) was coated with 100L per well of the diluted capture antibody. The plate 

was sealed and incubated overnight at RT. The following morning each well 

was aspirated and washed with wash buffer, repeating the process two times 

for a total of three washes. Each well was washed by filling with 400L of wash 
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buffer (0.05% PBS-tween). Any remaining wash buffer was removed by inverting 

the plate and blotting it against clean paper towels. Plates were then blocked 

by adding 300L of reagent diluent (1% BSA in PBS) to each well and incubating 

at room temperature for a minimum of 1 hour. The wells were then washed as 

previously described. 

100L of undiluted sample or standards (1000pg/ml IL-6 diluted in reagent 

diluent, 7x1:2 serial dilutions, 1 dilution per well) were added per well. The 

plate was covered with an adhesive strip and incubated for 2h at RT. Following 

incubation the wells were washed with wash buffer and 100L of the detection 

antibody (diluted to 200ng/ml in reagent diluent) added. The plate was then 

covered with a new adhesive strip, incubated for 1h at RT and shaken 

vigorously. 

After one hour the wells were washed again as previously described and 100L 

of poly-Streptavidin-HRP (Sanquin, Amsterdam, Netherlands) diluted 1:10000 in 

reagent diluent to each well. The plate was covered with a new adhesive strip 

and incubated for 30 minutes at RT and covered with tin foil. After another 

wash 100L of Substrate Solution (1:1 mix of H
2

O
2

 and tetramethylbenzidine) 

was added to each well and the plate incubated for 20 minutes at room 

temperature covered in tin foil. After 20 minutes 50L of 2M H
2

SO
4

 was added 

to each well and the plate gently tapped to ensure thorough mixing. After the 

addition of H
2

SO
4 

the optical density of each well was determined as using a 

microplate reader set to 450nm with wavelength correction. 

2.6 Meso Scale Discovery multiplex cytokine 

measurements 

Serum cytokine measurements were obtained using a MSD multiplex kit 

((K15012B) Meso Scale Discovery, Gaithersburg, MD, USA) following the 

manufacturer’s instructions.  

First the plate calibrator was prepared through serial dilution of the stock 

solution in diluent 4. The detection antibody and read buffer were diluted from 

their stock vials 1:50 in diluent 5 and 1:2 in distilled water respectively. 25µL 

of of diluent 4 was added to each well and the plate was covered with an 

adhesive strip before incubating for 30 minutes at RT while being shaken at 
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500 RPM. 25µL of sample or calibrator were then added to the diluent 4 in 

each well and triturated before re-covering the plate and incubating for 2 hours 

at room temperature while being shaken at 500RPM. The plate was washed 3 

times with 0.05% PBS-tween and 25µL of detection antibody solution added to 

each well before sealing and incubating at RT for 2 hours while being shaken 

at 500RPM in the dark. The plate was then washed 3 times in 0.05% PBS-tween 

and 150µL of read buffer added to each well before reading the plate using a 

Sector Imager 2400 (MesoScale Discovery, Gaithersburg, MD, USA). After 

reading data was analysed using MSD Discovery Workbench software 

(MesoScale Discovery, Gaithersburg, MD, USA) to fit standard curves using the 

calibrator samples and the sample values obtained by comparing their values 

to the standard curve. 

2.7 Statistical analysis 

Normality of data was tested using the D’Agostino-Pearson omnibus test on 

either individual groups or on the residuals (sample value – group mean) of all 

the data points within an analysis. All tests were performed in either Sigmaplot 

11.0 or 12.0 or GraphPad Prism 5.0 or 6.0. Normally distributed data was 

analysed using student’s t-tests, one, two or three way ANOVAs and Holm-

Sidak post tests. Data that was not normally distributed was logarithmically 

transformed to achieve normality. If after logarithmic transformation the data 

was still not normally distributed then data was analysed using non-parametric 

tests, such as then Kruskal-Wallis test with Dunnet’s post hoc tests or Mann-

Whitney U tests. Data arranged in frequency tables were analysed using a 

partitioned Chi squared test (Kimball, 1954). 
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3. Characterisation of the behavioural 

response to LPS in young, middle-aged 

and aged mice 

3.1 Introduction 

There is a growing literature that suggests ageing causes exaggerated and 

prolonged behavioural reactions to systemic inflammation (Barrientos et al., 

2009b; Chen et al., 2008; Godbout et al., 2005b). Intraperitoneal injection of 

333-500µg/kg of LPS in aged mice causes prolonged reductions in locomotor 

activity, exaggerated and prolonged deficits in social interaction, exaggerated 

reductions in weight loss and food intake (Godbout et al., 2005b), prolonged 

depressive behaviour (Godbout et al., 2008) and working memory deficits 

(Chen et al., 2008). Many of these effects have been associated with increased 

hippocampal neuroinflammation (Chen et al., 2008; Godbout et al., 2005b).  

In contrast there have been fewer investigations into the effects of systemic 

inflammation on performance of aged mice behaviours that are dependent on 

the function of other brain regions, such as the cerebellum. Ageing causes a 

decline in performance in the eye blink conditioning test (Woodruff-Pak et al., 

2010), a cerebellum dependent assay, and there is a progressive loss of 

Purkinje neurons in the aged brain (Woodruff-Pak et al., 2010), loss of which 

can cause deficits in tasks which assess co-ordination and balance (Chen et al., 

1996; Kyuhou et al., 2006). A rostral-caudal gradient of age-related increases 

in microglial expression of CD11b and CD68 has been shown previously 

(Kullberg et al., 2001), suggesting that the microglia of caudal brain areas such 

as the cerebellum may be affected by ageing differently to those in brain areas 

such as the hippocampus. To test this hypothesis, cerebellar dependent 

behaviours were assessed following LPS-mediated systemic inflammation as 

well as sickness behaviours in which the hippocampus plays a role, such as 

burrowing (Deacon et al., 2002; Teeling et al., 2007). Young, middle-aged and 

aged mice were injected with 100µg/kg of LPS and behavioural assays were 

performed over the next 24 hours. 
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3.2 Materials and Methods 

3.2.1 Animals 

C57/Bl6 mice (Harlan, UK, bred in house) were used in this experiment. Young 

mice were 4 months old, middle-aged mice were 11-13 months old and aged 

mice were 20-21 months old. Young and aged mice were female, middle-aged 

mice were male. An additional group of young mice fed on a high fat diet were 

used to control for the effect of weight differences on performance in the the 

static rod test and rotarod assay. High fat diet mice were given chow diet 

supplemented with 18% (w/w) animal lard and additional vitamins, minerals, 

protein and choline (Special Diet Services, Witham, UK) (Lanham S.A. et al., 

2010) (Appendix 1). High fat diet mice were kindly provided by Felino 

Cagampang and Kim Bruce (University of Southampton). All procedures were 

performed under the authority of a UK Home Office License in accordance with 

the UK animals (Scientific Procedures) Act 1986, and after obtaining local 

ethical approval by the University of Southampton. 

3.2.2 Procedures 

Mice were injected intraperitoneally with either 100µg/kg of LPS (batch 

91K4143, Sigma, Poole, UK) or 200µL of saline. Mice were culled 24 hours after 

injection. Mice were terminally anaesthetised and perfused with heparinised 

saline as described in Chapter 2. 

3.2.3 Behavioural assays 

Behavioural assays were performed as described in Chapter 2. Assistance was 

received while performing behavioural assays from Steven Booth (University of 

Southampton). Figure 3.1 is a schematic illustrating the timing of different 

behavioural tests during the experiment. All baseline measurements were 

taken 24 hours before injection of LPS or saline, except for the inverted screen 

test and climbing rod test, which were tested 48 hours before injection. The 

amount of training mice underwent for each test is outlined below: 

Burrowing: the week before the experiment commenced mice were presented 

with a full tube of food pellets in their home cages overnight on two 

consecutive days. In the next three consecutive days mice were placed in 
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individual cages overnight with a full tube of food pellets. Mice were then 

rested from burrowing for the next two days before baseline readings were 

taken. 

Open field test: mice were not trained in the open field test before 

commencing testing. 

Glucose water consumption: during individual training for burrowing mice were 

left with a bottle of glucose water overnight on two separate occasions. 

Rotarod test: mice were trained on the rotarod on two separate occasions in 

the two days preceding baseline measurements. 

Static rod test: mice were trained on each of the static rods on one occasion 

the day before baseline recordings. 

Inverted screen test: mice were not trained for this assay. 

Climbing rod test: mice were not trained for this assay.  
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Figure 3.1. A timeline illustrating the sequence of behavioural tests 

performed.  

LPS injections were carried out at 9am, saline injections were carried out at 

11am. 
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3.3 Results 

3.3.1 Sickness behaviours 

LPS injection induced a greater weight change than saline (2 way ANOVA: LPS: 

F
1, 75

 = 35.47; p<0.0001) (Figure 3.2), but there was no significant interaction 

between age and LPS (LPS x age interaction: F
2, 75

 = 1.498; p= 0.232). Age alone 

exerted a significant effect on body weight (age: two way ANOVA F
2, 75

 = 3.964; 

p= 0.0231). The statistically significant effect of age rather than an age x LPS 

interaction is probably due to the small decline in body weight in saline 

injected mice that occurs in saline injected mice. Holm-Sidak post tests only 

showed a significant effect of LPS in the middle-aged and aged groups. 

 

 

Figure 3.2. The effect of LPS or saline injection on body weight.  

Weight was measured 24h before injection and 23.5h after injection and the 

percentage change in weight calculated for aged, middle-aged and young mice. 

LPS injection elicits a greater change in body weight than saline injection, and 

this decrease was more pronounced in middle-aged and aged mice than young 

mice. Bars represent means +/- SEM. n = 11 for aged saline injected mice, n 

=14 for middle-aged and aged LPS injected mice, n =12 for middle-aged saline 

injected mice, n =15 for young saline/LPS injected mice. Stars indicate a 
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significant difference saline and LPS group (Holm-Sidak post test). * = p<0.05, 

*** = p<0.001.  

Between 3-5 hours after LPS injection all mice showed a decline in burrowing, 

with a greater decline in burrowing activity in both middle-aged and aged mice 

compared to young mice (Figure 3.3) (Kruskal-Wallis test: LPS group: х2 

= 19.38, 

d.f. = 2, effect of age p<0.0001). Data was not normally distributed and was 

therefore analysed non-parametrically using separate Kruskal-Wallis tests on 

the LPS and saline groups. Most LPS injected aged mice failed to show any 

burrowing activity between 3-5 hours (median = 0%), and the activity in middle-

aged mice was negligible (median = 1.6%). In comparison, most young mice 

retained a degree of burrowing activity (median = 12.1%). There was no age 

related effect of injection on burrowing within the saline treated group (х2 

= 

1.574, d.f. = 2, p = 0.455). Analysis by Dunnett’s post hoc tests showed that 

LPS has a greater effect on middle-aged and aged mice compared to young 

mice (p<0.05).  

 

Figure 3.3. 2h Burrowing performance after injection of LPS or saline. 

Burrowing performance is represented as percentage of baseline burrowing 

activity over 2 hours between 3-5 hours after injection. Baseline burrowing 

activity was represented as percentage of 190g of food pellets displaced. Bars 

represent medians +/- SEM. n = 10 for aged saline injected mice, n =14 for 
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aged LPS injected mice, n =13-14 for middle-aged saline/LPS injected mice and 

n = 15 for young saline/LPS injected mice. Medians with different letters are 

significantly different (p<0.05) from each other (Dunnett’s post hoc tests). 

 

Figure 3.4. Overnight burrowing performance after injection of LPS or 

saline.  

Burrowing performance is represented as percentage of baseline burrowing 

activity over 18 hours between 5.5-23.5 hours after i.p. injection. Baseline 

burrowing activity was represented as percentage of 190g of food pellets 

displaced. Bars represent means +/- SEM. n = 10 for aged saline injected mice, 

n =14 for aged LPS injected mice, n = 13-14 for middle-aged saline/LPS 

injected mice and n = 15 for young saline/LPS injected mice. Means with 

different letters are significantly different (p<0.05) from each other (Holm 

Sidak post tests). 

After measuring the pellets displaced within 2h, the food pellets were returned 

to the tube and mice were allowed to burrow overnight between 5.5-23.5 hours 

after LPS or saline injection. LPS challenged mice partially recovered their 

burrowing activity overnight (Figure 3.4), but this recovery was attenuated in 

middle-aged and aged mice compared to young mice (young vs middle-
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aged/aged group p<0.001, n = 14-15). Age and LPS both had a significant 

effect on overnight burrowing (Two way ANOVA: Age: F
2, 75

 = 6.362, p<0.01. 

LPS: F
1, 75

 = 46.52, P<0.0001). In addition a strong trend towards an interaction 

between the two factors was detectable (Age x LPS: F
2, 75

 = 2.852, p = 0.064). 

Taken together, these data show that the effects of LPS are more pronounced 

and prolonged in middle-aged and aged mice than in young mice.  

There was also an effect of age alone on baseline burrowing activity (Figure 

3.5). Age significantly affected burrowing activity over two hours (Kruskal-

Wallis test: x
2

 = 19.36, d.f. = 2, p<0.0001) or overnight (x
2

 = 13.04, d.f. = 2, p 

= 0.0015). Only aged mice demonstrated this decrease in burrowing activity, 

which was significantly reduced compared to either young or middle-aged mice 

(Dunnet’s post test, P<0.01). 
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Figure 3.5. The effect of ageing on baseline burrowing activity.  
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Aged mice burrowed less than young or middle-aged mice over two hours 

(p<0.001) (A) or overnight (B) (p<0.01). Bars represent means +/- SEM. n = 24 

for aged mice, n = 27 for middle-aged mice and n = 30 for young mice. 

Glucose water consumption was assessed between 3-23.5 hours after injection 

with LPS. Analysis of glucose water consumption as percentage of baseline 

consumption showed a significant reduction after injection of LPS compared to 

saline (two way ANOVA: F
1, 73

 = 27.02; p<0.0001) (Figure 3.6). Age also had a 

significant effect on glucose water consumption, with both saline and LPS 

treatment leading a greater decrease in glucose water consumption in middle-

aged or aged than young mice (age: F
2, 73

 = 5.812; p<0.01). There was no 

interaction between age and LPS treatment on glucose water consumption (age 

x LPS: F
2, 73

 = 0.643; p=0.529). Holm-Sidak post tests showed that all age 

groups consumed significantly less glucose water following injection with LPS 

compared to saline injected mice (p<0.05). 

 

Figure 3.6. The effect of LPS or saline injection on glucose water 

consumption.  
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LPS and age had a significant effect on glucose water consumption vs saline 

(p<0.01), but there was no interaction between the two groups. Bars represent 

means +/- SEM. n = 11 for aged saline injected mice, n =13 for aged injected 

mice, n = 13 for middle-aged saline injected mice, n = 14 for middle-aged LPS 

injected mice, n = 14 for young saline/LPS injected mice. Stars indicate a 

significant difference saline and LPS group. * = p<0.05, *** = p<0.001.  

Open field activity was assessed at baseline, 2 hours after injection and 24 

hours after injection. Mice were not habituated to the open field box prior to 

baseline measurement. Two hours after injection all groups had reduced 

locomotor activity (Figure 3.7 A), but this reduction was more pronounced in 

LPS injected mice than saline injected mice (two way ANOVA on logarithmically 

transformed values: LPS: F
1,71 

= 24.46, P<0.0001). There was also a significant 

effect of age (age: F
2,71

 = 10.48, p = 0.0001), but there was no interaction 

between age and LPS (age x LPS: F
2,71 

= 0.332, p = 0.719). LPS injected mice had 

significantly lower locomotor activity than saline injected mice at each age 

group (Holm-Sidak post tests, p<0.05). 24 hours after injection (Figure 3.7 B) 

there was no longer any significant effect of LPS injection (two way ANOVA on 

logarithmically transformed values: LPS: F
1,71 

= 0.705, p = 0.404) or age (age: 

F
2,71

 = 1.693, p = 0.191). There was no interaction between the two factors (age 

x LPS: F
2,71 

= 3.016, p = 0.0553). Baseline locomotor activity was affected by 

ageing (Kruskal-Wallis test: d.f.= 2, x
2

 = 8.225, p<0.0164) and was significantly 

reduced in aged mice compared to young mice (p<0.05). 
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Figure 3.7 The effect of LPS and saline on open field locomotor activity.  

(A) Locomotor activity 2h after injection expressed as percentage of baseline. 

(B) Locomotor activity 24h after injection expressed as percentage of baseline. 

(C) - Open field locomotor activity at all time-points expressed as total distance 

covered. (D) - Baseline locomotor activity. Bars represent means +/- SEM. n = 

11 for aged saline injected mice, n = 14 for aged LPS injected mice, n = 13-14 

for middle-aged saline/LPS injected mice and n = 15 for young saline/LPS 

injected mice. * = p<0.05, *** = p<0.001. 

Rearing activity was also measured during the open field assay. Similarly to 

locomotor activity, two hours after injection all groups had reduced rearing 

activity (Figure 3.8 A), but this reduction was more pronounced in LPS injected 

mice than saline injected mice (two way ANOVA on logarithmically transformed 

values: LPS: F
1,72 

= 20.97, P<0.0001). There was also a significant effect of age 

(age: F
2,72

 = 20.94, p = 0.0001), but there was no interaction between age and 

LPS (age x LPS: F
2,72 

= 0.36, p = 0.700). LPS injected mice had significantly lower 

locomotor activity than saline injected mice in the middle-aged and aged 
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groups, but not the young group (Holm-Sidak post tests, p<0.05). 24 hours 

after injection (Figure 3.8 B) there was no longer any significant effect of LPS 

injection (two way ANOVA on logarithmically transformed values: F
1,72 

= 0.169, 

p=0.845) or age (F
2,72

 = 0.382, p=0.538). There was no interaction between the 

two factors (age x LPS: F
2,72

 = 0.843, p=0.435). Baseline rearing activity was 

affected by ageing (one way ANOVA: F
2,75 

= 15.75, p<0.0001) and was 

significantly reduced in aged mice compared to young or middle-aged mice 

(p<0.001).  

 

Figure 3.8. The effects of LPS or saline injection on open field rearing 

activity.  

(A) Rearing activity 2h after injection expressed as percentage of baseline. (B) 

Rearing activity 24h after injection expressed as percentage of baseline. (C) 

Open field rearing activity at all time-points expressed as total number of 

rears. (D) Baseline rearing activity. Bars represent means +/- SEM. n = 11 for 

aged saline injected mice, n = 14 for aged LPS injected mice, n = 13-14 for 
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middle-aged saline/LPS injected mice and n = 15 for young saline/LPS injected 

mice. 

3.3.2 Co-ordination and motor function assays 

When taking baseline measurements of these mice body weight differences 

were observed between the groups (Kruskal Wallis test: x
2

 

= 65.60, d.f. = 2, 

p<0.0001) (Figure 3.9). All three age groups were significantly different from 

each other in weight (Dunnett’s post test, p<0.01), with middle-aged males 

heaviest (mean weight = 34g), then aged females (mean weight = 28.5g) 

followed by young females (mean weight = 22.9g). These differences in weight 

were deemed a potentially confounding factor in assays where a degree of 

balance is required e.g. the static rod test. To determine if body weight affects 

performance in tests of co-ordination and balance, data was gathered from 

young mice that were fed a high fat diet and/or were the offspring of a mother 

fed a high fat diet, and therefore weighed more than age matched mice fed on 

a standard diet. These mice are labelled as “HF” in all figures in this chapter. 

Mice between 30-40g were selected (mean weight = 34.8g) for inclusion in this 

control group. 

 

Figure 3.9. Average body weight at baseline.  
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Aged, middle aged and young mice all have significantly different weights to 

each other. Bars represent means +/- SEM. n = 25 for aged mice, n = 27 for 

middle-aged mice, n = 30 for young standard diet mice, n = 23 for young high 

fat diet mice. Means with different letters are significantly different (p<0.01) 

from each other (Kruskal-Wallis test and Dunnett’s post tests). 

Mice were tested on a rotarod at baseline and 2-2.5 hours after injection of LPS 

or saline. The groups did not differ significantly in their performance at 

baseline (Figure 3.10 B) (Kruskal-Wallis test; x
2

 = 6.815, d.f. = 3, p = 0.0780). 

Mice injected with LPS performed worse in the rotarod test than mice injected 

with saline (two way ANOVA: LPS: F
1, 75

 = 6749; p = 0.0113) (Figure 3.10), but 

age had no effect (age: F
2, 75

 = 1.702; p= 0.189) and no interaction with LPS 

treatment was observed (age x LPS F
2, 75

 = 0.697; p = 0.363). As some groups 

were not normally distributed, non-parametric analysis of the effect of age 

within the LPS or saline groups was also performed. There was no effect of age 

within the LPS (Kruskal-Wallis test: x
2

 = 0.9149, d.f. = 2, p = 0.633) or saline (x
2

 

= 2.971, d.f. = 2, p = 0.226) group.  
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Figure 3.10. The effect of LPS or saline injection on rotarod performance. 

(A) LPS causes a decrease in rotarod performance compared to saline injection. 

Data is expressed as percentage of baseline performance. (B) Baseline rotarod 

performance. Data is expressed as latency to fall. Bars represent means +/- 

SEM. n = 11 for aged saline injected mice, n = 14 for aged LPS injected mice, n 

= 13-14 for middle-aged saline/LPS injected mice and n = 17-18 for young 

saline/LPS injected standard diet mice, n = 23 for young high fat diet mice. 

Baseline data is pooled from saline and LPS groups of the same age. 
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Mice were tested in the multiple static rod test at baseline and between 1-2h 

after injection. Mice from all groups successfully traversed the 35mm and 

22mm diameter rods at baseline and after injection. On the 9mm rod 

performance at baseline varied, with some mice failing to successfully traverse 

the rod (Figure 3.11). These attempts were marked as pass/fail. Data was 

analysed by Chi-squared analysis and partitioned for comparison between 

individual groups as described by Kimball (Kimball, 1954). Initial Chi-squared 

analysis of baseline static rod performance showed a significant difference 

between age groups in pass/fail ratios on the 9mm static rod (х2

 = 65.09, d.f. = 

9, p<0.0001) (Figure 3.11). There was a significant difference in fail rates 

between aged (68%, х2

 = 24.08, n = 25) and middle-aged mice (46%, х2

 = 10.19, 

n = 26) when compared to young mice (7%, n = 30). Analysis of baseline transit 

times was performed using a one way ANOVA of logarithmically transformed 

data followed by Holm-Sidak post tests. Baseline transit times also showed a 

significant effect of age (F
3, 55

 = 23.75, p<0.0001) and a significant difference 

between all three age groups (p<0.05) (Figure 3.12). Injection of LPS or saline 

did not have a significant effect on pass/fail rates at any age and there were 

not sufficient successful completions of the test in the aged mice to test for 

differences in transit times after injection.  

To control for variations in weight between different groups of mice high fat 

diet mice were also tested on the 9mm static rod. The high fat diet group’s 

performance was equivalent to the middle-aged mice in terms of pass/fail ratio 

and transit time, but worse in both measures than the young mice raised on a 

standard diet (p<0.01). However, aged mice performed worse than the high fat 

diet group in both transit time (p<0.05) and pass/fail ratio (х2

 = 7.32, p<0.01), 

despite having a lower body weight.  
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Figure 3.11. The influence of age and LPS injection on 9mm static rod test 

performance.  

Aged mice performed significantly worse than both young groups but not 

middle-aged mice. Middle-aged mice demonstrated no deficit in performance 

vs weight matched young mice. n = 24 for aged mice, n = 27 for middle-aged 

mice, n = 30 for young standard diet mice and n = 23 for the young high fat 

diet mice at baseline. n = 11 for aged saline injected mice, n = 14 for aged LPS 

injected mice, n = 13-14 for middle-aged saline/LPS injected mice and n = 15 

for young saline/LPS injected mice. Bars represent percentage of cohort failing 

to complete the 9mm rod. Bars with different letters are baseline data that 

differ significantly (p<0.01) from each other. 
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Figure 3.12. The influence of age on 9mm static rod transit time.  

All groups were significantly different to each other except middle-aged mice 

vs young high fat diet mice. n = 7 for aged mice, n = 15 for middle-aged mice, 

n = 30 for young standard diet mice and n = 7 for the young high fat diet mice. 

Bars represent means +/- SEM. Bars with different letters are significantly 

different (p<0.01) from each other. 

Mouse performance on the inverted screen was assessed the day before 

baseline readings of other tasks were taken. No post-injection sampling was 

undertaken using the inverted screen. Due to the large percentage of maximal 

scores obtained, sampling in the aged mice cohort was stopped at only 9 of 

the cohort. Full data sets were collected from the other cohorts. For weight 

matched controls all mice with a weight between 30-40g (mean sample weight 

=34.8g) were pooled together. Analysis by Kruskal-Wallis test found differences 

between the groups (Kruskal-Wallis test; x
2

 =12.74, d.f.=3, p=0.0052) (Figure 

3.13), but following analysis by Dunn’s multiple comparison test differences 

were only found between middle-aged mice and young standard diet mice and 
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multiple comparison test, p<0.05). There was no difference between both aged 

or middle-aged mice vs weight matched young mice (p>0.05). This lack of an 

effect of age on muscle strength assay performance led to the decision to use 

the climbing rod assay as an alternative measure of muscular strength. 

 

Figure 3.13. Baseline inverted screen performance.  

The only significant differences (p<0.05) between individual groups were 

between young standard diet and middle-aged mice and young weight 

matched high fat diet mice vs young standard diet mice. n = 9 for aged mice, n 

= 27 for middle-aged mice, n = 30 for young standard diet mice and n = 23 for 

the high fat diet young mice. Bars represent means +/- SEM. 

Immediately following inverted screen assessment climbing rod performance 

was assessed. Analysis by Kruskal-Wallis test found significant differences in 

median score between the groups (x
2

 = 59.69, d.f. = 2, p<0.0001) (Figure 3.14 

A). Dunn’s multiple comparison test found statistically significant differences 

between all groups (p<0.05) except aged vs middle-aged (p>0.05), showing 

that climbing rod performance is affected by both weight and by age. 
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Figure 3.14 E suggests that poorer climbing rod performance did not correlate 

with increased likelihood to fail the 9mm static rod test within the two young 

cohorts. Comparison of medians by Mann Whitney test revealed no significant 

difference between medians (Mann Whitney test; U = 162.0, p = 0.086) (Figure 

3.14 D) and this weak trend may be explained by the negative correlation 

between climbing rod score and weight (R
2

 = 0.371, n = 75, p<0.0001) in mice 

fed either a standard or a high fat diet (Figure 3.15). Plotting 9mm rod transit 

time vs climbing rod score from the pooled young cohorts also showed no 

correlation between the two variables (R
2

=0.054, n = 55, p=0.325) (Figure 3.14 

E). This lack of a relationship between climbing rod score and static rod 

performance was mirrored in the middle-aged and aged groups, in which the 

median climbing score was not different between mice that either passed or 

failed the static rod test (Figure 3.14 B & C). These data suggest that the 

impaired static rod performance of aged mice is not caused by loss of strength 

or increasing weight. 

 

 



 

 100 

 

Figure 3.14. Baseline climbing rod performance and its correlation with 

static rod test performance.  
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There was a significant effect of age on climbing rod test performance (p< 

0.001) (A), suggesting that muscle strength declines with age. Letters denote a 

significant difference between groups (p<0.05). Data is shown as mean ± SEM. 

There was no significant difference in median climbing rod test score between 

aged (B), middle-aged (C) or young (D) mice that passed or failed the static rod 

test. D includes mice fed on a standard diet and those fed on a high fat diet. 

There was also no significant correlation between climbing rod score and 

transit time within the young mice fed either a standard or high fat diet (E). n = 

26 for aged, n = 27 for middle-aged, n = 30 for young and n = 24 for the high 

fat diet young mice. 

 

  

Figure 3.15. The influence of weight on climbing rod performance.  

Young mice fed a high fat diet and/or whose mother was fed a high fat diet 

were pooled with young mice fed a normal chow diet both to assess the 

influence of weight on climbing rod performance (n = 45 HF diet, n = 30 

standard diet; total n =75). Linear regression analysis showed a significant 

relationship between the two variables (R
2

 = 0.371, n = 75, p<0.0001). 
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3.4 Discussion 

LPS injection negatively affected the performance of mice in burrowing (2h and 

overnight), glucose water consumption, open field activity, rotarod 

performance and induced weight loss. Age exacerbated the effects of LPS on 

burrowing, but no other behaviour was prolonged or exacerbated by LPS 

treatment in aged mice. LPS injection also induced enhanced weight loss in 

aged mice. Age decreased 9mm rod performance independently of weight and 

muscle strength, but rotarod performance was unaffected by age. The effect of 

LPS in the static rod test could not be accurately determined due to the limited 

sample size, but rotarod performance was impaired in LPS injected mice. LPS 

induced deficits in rotarod performance were not significantly different 

between young, middle-aged or aged mice. The differences in data collected 

from these two different tasks may reflect differences in the sensitivity of these 

assays. 

3.4.1 Sickness behaviours 

LPS injection induced a change in performance of mice in all the assays of 

sickness behaviour measured in this experiment. However, burrowing was the 

only behavioural assay where the response to LPS was more pronounced in 

aged mice than young mice. Burrowing is a hippocampus dependent (Deacon 

et al., 2002), species typical behaviour that is sensitive to systemic 

inflammatory challenge (Teeling et al., 2007). Aged and middle-aged mice 

injected with LPS exhibited an exaggerated reduction in burrowing between 3-5 

hours after injection and a delayed recovery when burrowing activity was 

assessed overnight. Exaggerated sickness behaviour in aged animals in 

response to systemic inflammatory challenge has been previously reported 

(Barrientos et al., 2006; Godbout et al., 2005b; Godbout et al., 2008; McLinden 

et al., 2012), but this is the first study to use burrowing in response to 

systemic LPS treatment in an ageing context. A delayed recovery of burrowing 

activity has been previously reported in response to poly I:C injection in aged 

mice (McLinden et al., 2012), which the authors attributed to elevated 

hippocampal cytokine expression.  

Burrowing activity was also affected by ageing at baseline, with aged mice 

burrowing less food pellets than middle-aged or young mice in 2 hour or 
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overnight burrowing. This may be attributable to general changes in the 

activity levels of aged mice. Baseline rearing and locomotor activity of aged 

mice was reduced in the open field test compared to young mice. Decreases in 

spontaneous locomotor activity have been described as a component of ageing 

in a variety of models, including invertebrates, simple vertebrates, rodents and 

humans (Adamson et al., 2004; Godbout et al., 2005b; Lebourg and Lints, 

1984; Valenzano et al., 2006), and is likely driven by multiple processes.  

Exaggerated sickness behaviour has not been reported previously in middle-

aged (12 month old) mice. The reductions in burrowing activity of middle-aged 

mice over two hours or overnight were comparable to those observed in aged 

mice, showing that the increased behavioural sensitivity to immune challenge 

observed in aged mice begins at an earlier time-point than previously 

observed. These mice were male instead of female however, which may have 

impacted on the sensitivity of the mice to ageing (Cribbs et al., 2012) or LPS 

(Pitychoutis et al., 2009). Conversely there are other studies that show no 

difference between aged microglia from a male or female brain (Sierra et al., 

2007). An experiment with matched genders would be necessary to confirm 

that exaggerated sensitivity of burrowing to LPS injection is present in middle-

aged mice. 

LPS injection had a negative effect on both open field activity and glucose 

water consumption, but this effect was not exacerbated in aged mice. The mice 

were not habituated to the open field box prior to baseline, so there was a 

large decline in locomotor and rearing activity in both saline and LPS injected 

mice when they were tested 2 hours after injection, but this decline was 

significantly more pronounced in LPS injected mice. 24 hours after injection 

there was no difference in open field locomotor or rearing activity between 

saline or LPS injected mice, suggesting mice had recovered in this aspect of 

their behaviour. Other studies have previously shown exaggerated and 

prolonged reductions in open field activity in aged mice injected with LPS 

(Godbout et al., 2005b; Godbout et al., 2008), but these studies used a higher 

dose of LPS (333µg/kg vs 100µg/kg) in 22-24 month old male BALB/C mice, 

whereas 20-21 month old female C57/Bl6 mice were used in this study. Any of 

these differences between the two studies could have contributed to the lack 

of differences in the effects of LPS on open field activity between young, 
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middle-aged or aged mice, as could have the lack of habituation to the open 

field arena before commencing the experiment. 

The glucose water consumption assay is frequently used as a measure of 

anhedonia and depressive behaviour. LPS induced a larger decrease in glucose 

water consumption than saline in all age groups, but the size of this decrease 

was not different between groups. Depressive behaviour has previously been 

shown to be of similar severity in young and aged mice following a systemic 

inflammatory challenge, but the depressive behaviour persists for a longer 

period of time in aged mice (Godbout et al., 2008; Kelley et al., 2013). This 

may explain the lack of age differences observed in this study – prolonged 

deficits in glucose water consumption may have been observed if the 

experiment had been continued until a later time-point.  

Aged mice also lost more weight in response to LPS than young mice. 

Increased weight loss due to reduced food intake has been a widely reported 

consequence of systemic inflammation in aged rodents (Barrientos et al., 

2009b; Godbout et al., 2005b) and these data support those observations.  

3.4.2 Co-ordination and balance deficits 

In this study a significant age-related deficit in static rod test performance was 

observed that was not dependent on weight gain or muscle strength loss. 

There is a progressive loss of Purkinje neurons with age (Woodruff-Pak et al., 

2010) and Purkinje neuron specific degeneration has previously been shown to 

compromise the performance of mice in tasks assessing co-ordination and 

balance (Chen et al., 1996; Kyuhou et al., 2006). A correlation of conditioned 

eye blink response with Purkinje neuron numbers has also been previously 

shown, suggesting that Purkinje cell loss is a critical component of age related 

cerebellar dysfunction (Woodruff-Pak, 2006). LPS injection did not appear to 

exacerbate deficits in performance in the static rod test task at any age, 

suggesting the cerebellar circuitry controlling static rod performance is not 

sensitive to systemic LPS at this time-point (1-2h) after injection and/or to this 

dose of LPS (100 µg/kg). Alternatively this study may have been insufficiently 

powered to detect LPS induced changes in static rod performance. Many aged 

mice failed to traverse 9mm static rod successfully and therefore only a few 

transit times were successfully recorded from this test group. The percentage 
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failure rate on the static rod did slightly increase following injection of saline 

or LPS, but this measure requires high sample numbers to see significant 

differences and there may have been a ceiling effect in this measure of static 

rod performance, as so many mice were already failing the task at baseline. All 

mice still successfully traversed the 22 and 35mm static rods following LPS or 

saline injection. Further testing at different time-points after LPS injection and 

with a slightly larger diameter rod, e.g. 12mm, would provide a more 

conclusive answer to whether LPS injection affects static rod performance. 

The lack of any effect of age on rotarod performance is contrary to the 

conclusion that cerebellar performance is impaired with age. One explanation 

may be a lack of sensitivity of the rotarod assay, particularly given that the 

mice were trained extensively before acquiring measurements and they 

frequently attained maximal scores in this assay. There are variations in the 

literature in the level of training mice receive prior to rotarod testing (Barreto 

et al., 2010), but for the experiment described in this chapter it was necessary 

for the mice to adopt a stable baseline performance to allow comparison after 

LPS injection. Recording of other measures such as foot faults or percentage of 

time spent gripping the rod as it rotates instead of walking on top of it may 

give more sensitive data about co-ordination and balance deficits in this task. A 

recent review (Kennard and Woodruff-Pak, 2011) points out that there have 

been mixed reports on the effects of age on rotarod performance.  

The lack of sensitivity of the rotarod to age related co-ordination and balance 

deficits makes the interpretation of LPS induced deficits in rotarod 

performance challenging. The decreased rotarod performance following LPS 

may represent co-ordination and balance deficits, but supportive data from 

other assays of co-ordination and balance would be helpful in interpreting 

these data. Decreased rotarod performance following LPS injection may also be 

a result of increased fatigue rather than co-ordination deficits as the rotarod is 

a physically demanding task that requires stamina from the mice. Fatigue, or 

an altered motivational state where an organism prioritises conserving energy, 

is considered a key component of the sickness behaviour syndrome (Dantzer, 

2004; Gaykema and Goehler, 2011; Miller, 1964), and may induce mice to give 

up and allow themselves to fall off the rod at an earlier time-point than saline 

injected mice would. 



 

 106 

3.4.3 Summary 

These data show that aged mice demonstrate enhanced sickness behaviour in 

response to an i.p. injection of 100µg/kg LPS, as demonstrated by their 

reduced burrowing activity and enhanced weight loss. However, not all LPS 

sensitive behaviours are exacerbated by ageing at this dose of LPS – open field 

activity, rotarod performance and glucose water consumption were equally 

affected by LPS injection in mice of all age groups. Aged mice performed much 

worse than young mice in the cerebellum dependent multiple static rod test, 

but not the rotarod test. LPS injection did not affect performance in the static 

rod task, suggesting that this dose and time-point after LPS injection do not 

compromise co-ordination and balance. 
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4. Histological and molecular analysis of 

the microglial response to LPS and 

ageing. 

4.1 Introduction 

Microglia share a common developmental origin (Ginhoux et al., 2010), but 

their morphology and density is region specific and can range from 5 up to 

12% of total cells per region, with higher densities found in the grey matter 

in mice (Lawson et al., 1990). The density and phenotype of microglia also 

differs between regions in the human brain (Mittelbronn et al., 2001). To 

gain more insight into the cellular functions of microglia in the adult mouse 

brain, De Haas et al compared the cellular expression level of a number of 

functional surface molecules in different brain regions and found distinct 

regional differences (De Haas et al., 2008). For example, the expression 

levels of CD11b and CD40 per cell in the cerebral cortex were significantly 

lower than the levels in the spinal cord. The different regional expression of 

some immune molecules on microglia may reflect different aspects of 

microglial activation, which is of interest in the context of the rostro-caudal 

gradient of reactivity to injury and inflammatory stimuli in the CNS. 

Mechanical lesions to spinal cord, the most caudal region of the CNS, 

promote more extensive leucocyte recruitment and blood-brain barrier 

breakdown than comparable lesions to cortex (Schnell et al., 1999a). The 

rostro-caudal gradient is also observed following focal cytokine injections 

with more overt induction of MHCII expression and leucocyte recruitment in 

the caudal than forebrain regions (Phillips and Lampson, 1999; Phillips et al., 

1999; Schnell et al., 1999b).  

With age the number and density of microglia changes little, if at all (Deng et 

al., 2006; Long et al., 1998; Ogura et al., 1994). In contrast, age-related 

changes in phenotype and functional properties of microglial cells have been 

widely reported. In the healthy adult brain, microglia display a down-

regulated phenotype characterized by low expression of functionally relevant 

molecules such as CD45, CD68 and MHC class II (Aloisi, 2001; Perry et al., 
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2007) and low phagocytic activity, but the expression levels of these 

molecules increase after acute CNS injury or ageing (Conde and Streit, 2006; 

DiPatre and Gelman, 1997; Ogura et al., 1994; Perry et al., 1993; Rogers et 

al., 1988; Streit, 1996). These changes have been associated with an 

increased sensitivity to systemic inflammatory challenge with increased 

cytokine production and altered behavioural responses (Barrientos et al., 

2006; Chen et al., 2008; Henry et al., 2009; Wynne et al., 2010). 

Many studies on age-related changes in microglia phenotype and function 

during ageing have focussed on single regions and have not addressed 

possible regional differences within the CNS. Microglia activation is evident in 

the white matter of the cerebral hemispheres of old rats (Ogura et al., 1994), 

old monkeys (Sheffield and Berman, 1998; Sloane et al., 1999) and elderly 

humans (Simpson et al., 2007), and it has been reported that the extent of 

microglial cell activation in white matter as measured by increased 

expression of MHCII and iNOS is related to the degree of cognitive 

impairment (Sloane et al., 1999). The aim of the experiments described in 

this chapter was to compare the phenotype and morphology of microglia in 

various regions of the young (4 months) and aged (20-21 months) mouse 

brain using a large range of functional surface markers and to assess 

changes in their phenotype following a systemic inflammatory challenge.  

4.2 Materials and Methods 

4.2.1 Animals 

Tissue used for immunohistochemical and qPCR analysis at 24 hours after 

LPS injection was obtained from the 4 (young) and 20-21 (aged) month old 

C57/BL6 mice described in chapter 3. For analysis of inflammatory cytokines 

at 3 hours after LPS injection, a separate cohort of female C57/Bl6J mice (3 

and 18 months old, Charles River, Margate, UK) was used.  

Mice were injected i.p. with saline or LPS at a dose of 100 μg/kg (lot 

91K4143, Salmonella abortus equi, Sigma, Poole, UK). After perfusion with 

heparinised saline the brain was rapidly dissected and tissue was either 

embedded directly in OCT for immunohistochemistry or flash frozen in liquid 
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nitrogen for qPCR. Cerebellar tissue collected for qPCR consisted of one half 

of the hemisphere cut sagitally. For the 24h post LPS injection experiment 

the hippocampus and surrounding cortex were flash frozen together. For the 

3h post LPS injection a hippocampal punch was obtained using a sterile 

RNAse free pipette tip to capture hippocampus enriched tissue. Serum was 

collected as described in chapter 2. Assistance was received during tissue 

collection from Ursula Püntener and Olivia Larsson (University of 

Southampton). 

4.2.2 Immunohistochemistry 

Immunohistochemistry was performed as described in chapter 2. A brief 

description of the function of each molecule investigated in this chapter is 

provided in table 4.1. 

Molecule Description 

CD11b – 

complement 

receptor 3 

An integrin that is upregulated on microglia following 

classical or alternative activation. Involved in 

phagocytosis and cell migration. (Kettenmann et al., 

2011) 

CD68 – 

macrosialin 

A lysosomal glycoprotein that is highly expressed in 

macrophages/microglia. Expression is upregulated 

following phagocytosis and classical activation 

(Kettenmann et al., 2011). 

F4/80 A transmembrane protein, the function of which is 

unknown in microglia but contributes to induction of T 

cell tolerance by peripheral myeloid cells (Lin et al., 

2005). F4/80 is frequently used as a marker of 

microglia (Kettenmann et al., 2011). 

CD11c - 

complement 

receptor 4 

An integrin that is expressed endogenously in dendritic 

cells and upon induction in macrophages/microglia. 

Involved in phagocytosis and migration (Kettenmann et 

al., 2011). 

Fc gamma 

receptor I 

Transmembrane receptor for monomeric IgG, contains 

an activating ITAM motif. Expressed by myeloid cells, 

including microglia (Aderem and Underhill, 1999; 
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Lunnon et al., 2011).  

Fc gamma 

receptor II/III 

Transmembrane receptors for IgG with high sequence 

homology between FcRII and III. FcRII contains an 

inhibitory ITIM motif, while FcRIII contains an activating 

ITAM motif. Expressed by myeloid cells and B cells 

(Aderem and Underhill, 1999; Lunnon et al., 2011).  

MHC Class II Presents antigen fragments at the cell surface, 

expressed by activated microglia and is constituitively 

expressed on dendritic cells (Kettenmann et al., 2011). 

Dectin-1 A transmembrane lectin that recognises sugar residues 

from fungi and plants that is associated with alternative 

activation of microglia/macrophages (Shah et al., 2008). 

Dec-205 An endocytic receptor involved in antigen presentation 

that is expressed on dendritic cells (Jiang et al., 1995). 

Table 4.1. A brief description of all the molecules investigated in this 

chapter. 

4.2.3 Quantification of immunohistochemistry staining 

Images were analysed and quantified using ImageJ (Schneider et al., 2012). 

The DAB and haematoxylin channels were isolated using a plugin and a 

threshold was determined for quantification. Thresholds were determined for 

each molecule to control for variation in DAB staining intensity between 

molecules. Background or excessively dark haematoxylin staining was 

removed using the “despeckle” setting and, when required, by superimposing 

a mask of the haematoxylin channel onto the image. The region of interest 

was traced “freehand” from the image and the average pixel density within 

the selected area was calculated. For each animal (n=4-5 per treatment 

group), two images per region of interest were captured at x20 magnification 

for quantification, using a brain atlas (Franklin and Paxinos, 2008) to identify 

matching regions of interest in each hemisphere. The average of the two 

images was calculated and data expressed as fold increase over young saline 

treated expression levels in the same region. FcRI expression in the striatum 

was excluded from analysis due to non-specific nuclear binding in this 

particular region. 



   

 111  

4.2.4 Quantitative PCR 

All data was quantified using the Delta Delta Ct method described in chapter 

2. GAPDH was used as the housekeeping gene in all experiments. Assistance 

was received from Su Wu and Feng Liu (Peking University, Beijing, China) in 

performing some of the RNA extractions for the 24h time-point hippocampus 

samples.  

4.2.5 Statistical analysis 

Data sets were tested for a normal distribution using the D’Agostino-Pearson 

omnibus test. All tests were performed in either Sigmaplot 11.0 or GraphPad 

Prism 6.0. Quantification of the immunohistochemical analysis was 

performed by expressing data as fold increase from the mean of the young 

saline values from the same brain region, logarithmically transforming data 

to obtain a normal distribution and using a three way ANOVA with Holm-

Sidak post tests to analyse data. Quantitative PCR data was logarithmically 

transformed and analysed by two way ANOVA and Holm-Sidak post tests. 

4.3 Results 

4.3.1 Immunohistochemical investigations into microglial phenotype 

and morphology 

Microglial activation was assessed by analysing both morphology and 

differential expression of functionally relevant molecules within eight distinct 

regions of grey or white matter distributed along a rostral-caudal axis in 

young or aged mice 24h after an intraperitoneal injection of either saline or 

LPS. The regions selected were: striatum, corpus callosum, fimbria, dentate 

gyrus, substantia nigra, cerebellar nuclei, molecular layer of the cerebellar 

cortex and the inferior cerebellar peduncle (Figure 4.1). The striatum is a 

mixed white/grey matter region – the most caudal segment of the putamen, 

an area that is mostly grey matter, was used in this study. The corpus 

callosum and fimbria are rostral white matter areas, while the dentate gyrus 

is a grey matter region in the hippocampus. The substantia nigra is a grey 

matter area caudal to the hippocampus with a particularly high microglial 

density (Lawson et al., 1990). Within the cerebellum the white matter tracts 
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of the inferior cerebellar peduncle, the deep cerebellar nuclei, which 

represent a mixture of white and grey matter, and the molecular layer, which 

is grey matter neuropil representative of the cerebellar cortex, were selected 

for analysis.  

 

Figure 4.1. An illustration of the distribution of the CNS regions selected 

for study.  

A – A sagittal section through the brain illustrating the rostral-caudal 

distribution of areas studied. Letters indicate the following regions: Pu – 

putamen, CC – corpus callosum, Fi – fimbria, H – hippocampus, SN – 

substantia nigra, CE – cerebellum. Grey bars represent the location of the 

coronal sections collected. B-D – the three coronal sections investigated in 

this study. Myelin rich areas are coloured black. The red boxes highlight the 

specific areas studied. B – Bregma -1.0. The boxes from left to right illustrate 

the striatum, corpus callosum and fimbria. C – Bregma -3.0. The left box is 

the dentate gyrus of the hippocampus, the right box is the substantia nigra. 

D – Bregma -6.0. The box indicates the area studied, which includes the 

cerebellar nuclei, inferior peduncle and molecular layer.  
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Many, but not all, microglia exhibited a change in morphology in the aged 

brain (Figure 4.2), including a thickening and de-ramification of processes 

and hypertrophy of the cell body (Figure 4.2 E and G). Morphological changes 

were observed in all regions studied, and microglia broadly retained the 

morphology that has previously been reported in grey versus white matter 

(Lawson et al., 1990), with longitudinal processes that run parallel to the 

axonal tracts in the white matter and radially branched microglia in the grey 

matter. The aged mice also exhibited cell aggregates of approximately 20-

30μm in diameter, containing multiple nuclei and fewer, shorter, highly 

thickened processes. Some aggregates contained as many as 6 or 7 nuclei. 

These aggregates were predominantly found in the white matter, particularly 

in the cerebellum (Figure 4.2 G). Systemic LPS challenge did not appear to 

change the morphology of the microglia or the number of multinucleate 

aggregates observed in aged mice (Figure 4.2 H).
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Figure 4.2. The effect of age and LPS on CD11b expression.   

A-D Hippocampus. A – young saline, B – young LPS, C – aged saline, D – aged LPS. E-G Cerebellum. E – young saline, F – young 

LPS, G – aged saline, H – aged LPS. Scale bar represents 20µm. 
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Figure 4.3. The effect of age and LPS on CD68 expression.   

A-D Hippocampus. A – young saline, B – young LPS, C – aged saline, D – aged LPS. E-G Cerebellum. E – young saline, F – young 

LPS, G – aged saline, H – aged LPS. Scale bar represents 20µm.
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In addition to morphological changes distinct phenotypic changes in the 

aged brain were noted, including increased expression of CD11b (Figure 

4.2), CD68 (Figure 4.3), CD11c, F4/80, and FcRI (Figure 4.4). Spleen tissue 

from a saline injected young mouse was stained for these five markers to 

provide a positive control for these antibodies (Figure 4.5), with each of the 

markers being found in the zones of the spleen expected given their 

expression by specific immune cells. CD11b and CD68 are strongly 

expressed in macrophages and dendritic cells (Holness et al., 1993; Pack et 

al., 2008; Pickl et al., 1996), and were both strongly expressed in the 

marginal zone and the red pulp (Figure 4.5 A & B). F4/80 and FcRI 

expression, which should both be restricted to myeloid derived cells in the 

naïve spleen (Austyn and Gordon, 1981; Heijnen and Van de Winkel, 1995; 

Tuijnman et al., 1993), was largely restricted to the red pulp (Figure 4.5 C & 

D) while CD11c positive dendritic cells (Pack et al., 2008) were present in the 

marginal zone (Figure 4.5 E).  

Changes in microglial phenotype were more pronounced in the cerebellum 

compared to the hippocampus. Increased levels of CD68 were found on 

microglia in the white matter regions of the cerebellum of aged brain, while 

in the young brain immunoreactivity for this marker was predominantly 

associated with perivascular macrophages (Figure 4.3 A and B). Double 

immunofluorescence showed that cell aggregates in the aged brain are 

activated microglia as CD11b positive aggregates were not associated with 

blood vessels and were mainly found in the parenchyma, and are therefore 

not components of the perivascular macrophage population (Figure 4.4 A 

and B). Some aggregates extended processes that made contact with 

vasculature, but most did not. These aggregates were not groups of 

proliferating cells as assessed by double staining for CD11c and Ki67, a 

marker of cell proliferation (Schluter et al., 1993) (Figure 4.4 C). Expression 

of CD11c, FcRI and F4/80 was very weak or not detectable in the young 

brain, but all three markers were robustly expressed in aged cerebellar white 

matter (Figure 4.4 D-I). In summary, age dependent changes in morphology 

and phenotype appear to arise in a region dependent manner, with a specific 

white matter phenotype present in the aged brain, in particular in the 

cerebellum. 
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Figure 4.4. Expression of microglial activation markers in the aged brain.  

A-B Double immunofluorescence staining for CD11b (green) and collagen IV 

(red) in the fimbria (A) and cerebellar inferior peduncle (B) of an aged mouse. 

CD11b positive cell aggregates are indicated by white arrows. The 

aggregates contain multiple nuclei and are not situated directly adjacent to 

blood vessels, as indicated by collagen IV positive basement membranes. 

Nuclei are blue after DAPI staining. C - Double immunofluorescence staining 

for CD11c (green) and Ki67 (red), a marker of proliferation, in the cerebellar 

inferior peduncle. CD11c positive aggregates do not co-localise with Ki67 

positive nuclei. D&G – CD11c staining in the cerebellar inferior peduncle of 

an aged (D) and young (G) mouse. E&H - FcγRI staining in the cerebellar 

inferior peduncle of an aged (E) and young (H) mouse. F&I – F4/80 staining 

in the cerebellar inferior peduncle of an aged (F) and young (I) mouse. Insets 

show magnified, contrast enhanced areas of images indicated by arrows. A-C 
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scale bar represents 75 um. D-I Scale bar represents 20µm.

 

Figure 4.5. Expression of a panel of myeloid cell markers in the young 

spleen of saline injected mice.  
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Spleens from young, saline injected mice were stained for CD11b (A), CD68 

(B), F4/80 (C), FcRI (D) or CD11c (E). Scale bar represents 100µm. 

Representative of n = 5. 

The expression levels of functional microglial markers in the different 

regions studied was quantified by measuring the percentage of an image 

positively stained above a threshold. In the ageing brain increased 

expression of CD11b, CD68 and F4/80 was detected (Figure 4.6, n = 5 per 

group). For all three markers there was a strong effect of age on expression 

level (CD11b: F
(1,111)

 = 38.35, p<0.001; CD68: F
(1,108)

 = 271.36, p<0.001; F4/80: 

F
(1,109)

 = 75.86, p<0.001). The expression of these markers was not 

significantly affected by systemic LPS 24h after injection. Region had a strong 

effect on expression of all three markers, (CD11b: F
(7,111)

 = 2.45, p = 0.022; 

CD68: F
(7,108)

 = 7.90, p<0.001; F4/80: F
(7,109)

 = 4.64, p<0.001). We detected an 

interaction between age and region for expression of all three markers 

(CD11b: F
(7,111)

 = 2.12, p = 0.047; CD68: F
(7,108)

 = 7.789, p<0.001; F4/80: F
(7,109)

 

= 4.64, p<0.001), suggesting that microglial activation is differentially 

affected by age in different brain regions. The increases in expression of 

CD11b, CD68 and F4/80 were greatest in the cerebellum and in particular in 

the cerebellar inferior peduncles. Microglial expression of all three markers 

in the fimbria and for CD11b and CD68 the corpus callosum was also 

strongly increased in aged animals (Figure 4.6 A-B). Changes in the 

expression of these molecules in the white matter were greater than those in 

the grey matter. The dentate gyrus did not exhibit any changes in expression 

with ageing for any of these three markers. 

The expression levels of CD11c (Figure 4.7 A) and FcRI (Figure 4.7 B) were 

also quantified and expression of both was significantly increased by age 

(CD11c: F
(1,128)

 = 63.08, p<0.001; FcRI: F
(1,92)

 = 61.37, p<0.001), region 

(CD11c: F
(7,128)

 = 15.76, p<0.001; FcRI: F
(6,92)

 = 4.84, p<0.001) and, for FcRI, 

LPS injection (F
(1,92)

 = 5.97, p<0.05). An interaction between age and region 

was detected for CD11c expression (F
(7,128)

 = 11.72, p<0.001), but not FcRI. 

Strikingly, CD11c expression was up-regulated exclusively in white matter 

regions during ageing. All four white matter regions examined demonstrated 

a significant increase in CD11c expression with age (Figure 4.7 A) and the 

most caudal area of white matter studied, the inferior cerebellar peduncle, 



 

 120 

exhibited the greatest increase in expression, but CD11c expression was not 

further influenced by systemic LPS. Although expression of FcRI was 

increased in all regions of the aged brain, changes in FcRI expression were 

more pronounced in white matter areas and the cerebellum than in the 

hippocampus of aged mice (Figure 4.7 B). FcRI expression after LPS injection 

was also highest in the three cerebellar regions investigated. 
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Figure 4.6. Age related changes in microglial phenotype in different 

brain regions.  
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(A) CD11b expression in selected regions of the CNS. n = 4-5 per region. (B) 

CD68 expression in selected regions of the CNS. n = 4-5 per region. (C) 

F4/80 expression in selected regions of the CNS. n = 4-5 per region. 

Horizontal bars denote a significant effect of age (4m saline to 21m saline) or 

LPS (21m saline to 21m LPS) within that region. Data is shown as mean ± 

SEM. * denotes p<0.05; ** denotes p< 0.01; *** denotes p< 0.001 in Holm-

Sidak post tests. 

 

Figure 4.7. Age related changes in CD11c and FcγRI expression in 

different brain regions.  

(A) CD11c expression in selected regions of the CNS. n = 5 per region. (B) 

FcγRI expression in selected regions of the CNS. n = 4-5 mice per region. 

Horizontal bars denote a significant effect of age (4m saline to 21m saline) or 
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LPS (21m saline to 21m LPS) within that region. Data is shown as mean ± 

SEM. * denotes p<0.05; ** denotes p< 0.01; *** denotes p< 0.001 in Holm-

Sidak post tests. 

Changes in additional molecules expressed by microglia during ageing and 

after systemic LPS injection were investigated in a qualitative manner using 

immunohistochemistry. A small number of Dectin-1 positive cells were 

detected in the white matter tracts of aged animals (3-4 cells per x20 field of 

cerebellum), but not in aged grey matter or young white matter (Figure 4.8). 

Dectin-1 positive cells were present in white matter throughout the aged 

brain, but were most frequently seen in the cerebellum. The expression 

levels of Dectin-1 did not appear to be influenced by systemic LPS. Some of 

these Dectin-1 positive cells were aggregates, with multiple nuclei visible 

within the stained area (Figure 4.8 C-D). Dectin-1 positive cells were present 

in the white pulp of the spleen, as has been previously reported (Reid et al., 

2004) (Figure 4.11 A). DEC-205 positive cells were not observed in any region 

of either the young or aged brain, despite the detection of positive staining 

in the marginal zone and white pulp of the spleen (Figure 4.11 D), where 

DEC-205 positive cells are expected to be present (Pack et al., 2008). 

Expression levels of FcRII/III and MHCII were also investigated and the 

majority of positive cells for these two markers in the brain were associated 

with blood vessels. Some faintly FcRII/III positive cells with a microglial 

morphology were however present in aged white matter tracts (Figure 4.9 C-

D). There was no detectable change in microglial MHCII expression 

dependent on age or LPS (Figure 4.10), despite the presence of strong 

staining throughout the spleen (Figure 4.11 C). FcRII/III was restricted to the 

red pulp and marginal zone of the spleen (Figure 4.11 B), as was expected 

given its myeloid cell specific expression (Tuijnman et al., 1993). 

 In summary, age related changes in expression of microglial activation 

markers varied greatly between different brain regions, with the cerebellum 

and the white matter showing the most pronounced changes, while the effect 

of systemic LPS on microglia associated molecule expression was limited to 

FcRI.  
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Figure 4.8. Dectin 1 marker expression increases with age, but not LPS.  

A-D Cerebellum. A – young saline, B – young LPS, C – aged saline, D – aged LPS. E-G Hippocampus. E – young saline, F – young 

LPS, G – aged saline, H – aged LPS. Insets show magnified, contrast enhanced areas of images indicated by lines. Representative of 

n = 5. Scale bar represents 50µm. 
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Figure 4.9. FcR II/III expression in the ageing brain following a systemic challenge LPS. 

 A-D Cerebellum. A – young saline, B – young LPS, C – aged saline, D – aged LPS. E-G Hippocampus. E – young saline, F – young 

LPS, G – aged saline, H – aged LPS. Insets show magnified, contrast enhanced areas of images indicated by lines. Representative of 

n = 5. Scale bar represents 50µm. 
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Figure 4.10. MHC class II expression does not change with age or LPS.  

A-D Cerebellum. A – young saline, B – young LPS, C – aged saline, D – aged LPS. E-G Hippocampus. E – young saline, F – young 

LPS, G – aged saline, H – aged LPS. Scale bar represents 50µm.
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Figure 4.11. Expression of Dectin 1, MHC class II, Dec205 and FcRII/III in 

the young spleen.  

(A) Dectin 1 staining is localised to the white pulp of the spleen of a saline 

injected 11 month old mouse. (B) CD16/32 expression is limited to the red 

pulp and marginal zone of the spleen of a saline injected young mouse. (C) 

MHCII expression is present on cells throughout the spleen of a saline 

injected young mouse, but is most abundant in the marginal zone and white 

pulp. (D) Dec205 expression is present in the marginal zone and white pulp 

of the spleen saline injected aged mouse. Representative of n = 5. Scale bar 

represents 50µm.
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4.3.2 Quantification of inflammatory molecule expression in the young 

and aged brain by qPCR 

Expression of pro-inflammatory molecules in the CNS which have possible roles 

in sickness behaviour were investigated using quantitative PCR. GAPDH was 

selected for use as a reference gene because it was the most stably expressed 

in all the experimental conditions investigated compared to ATP synthase 5b 

and beta actin, the two other candidate reference genes assessed. Expression 

of IL-1β, IL-6 and the microglial activation marker F4/80 were measured in 

hippocampus/cortex tissue and compared against cerebellum from young and 

aged mice 24h after i.p. saline or LPS injection (Figure 4.12). The expression 

levels of all these genes was not altered by LPS injection 24 hours prior to 

tissue collection, although there was a nearly significant effect of LPS on F4/80 

expression in both cerebellum (p = 0.055) and hippocampus/cortex tissue (p = 

0.053). The data for IL-1β was highly variable and there was no significant 

effect of age, LPS or age x LPS interaction. IL-6 expression was only assessed in 

hippocampus/cortex tissue and was not affected by ageing, LPS or age x LPS 

interaction. F4/80 expression was significantly increased by ageing in the 

cerebellum but not in hippocampus/cortex tissue. There was no significant age 

x LPS interaction on F4/80 expression. Table 4.3 contains the statistical 

analysis of the fold increase from young saline treated tissue.  

One experiment was also performed using ELISA to assess IL-6 levels in the 

serum of young and aged mice 24h after saline or LPS injection (n=2-3 from 

each condition). IL-6 was not detectable in the serum of any mice tested. 

 



 

 130 

 

Figure 4.12. The effect of LPS on expression of IL-1β, IL-6 and F4/80 mRNA 

levels in young and aged cerebellum and hippocampus/cortex tissue 24h 

after saline/LPS injection.  

(A) IL-6 expression in hippocampus/cortex tissue. (B) IL-1β expression in the 

cerebellum. (C) IL-1β expression in hippocampus/cortex tissue. (D) F4/80 

expression in the cerebellum. (E) F4/80 expression in hippocampus/cortex 
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tissue. There was no significant difference between groups in Holm-Sidak post 

tests. Data is shown as mean ± SEM. N =3-7 per group. 

 

 

Table 4.2. Statistical results of analysis of qPCR data from young or aged 

cerebellum or hippocampus/cortex tissue 24h after saline/LPS injection. 

Data was logarithmic transformed to achieve normality and then analysed 

using two way ANOVAs. 

A second experiment was conducted to investigate the effects of LPS on young 

or aged mice 3 hours after an intraperitoneal injection of 100µg/kg of LPS. 

GAPDH was used as a reference gene to quantify expression of IL-1β, COX-2, 

IL-6 and TNF in the cerebellum (Figure 4.13) or hippocampus (Figure 4.14). In 

the cerebellum LPS caused a significant increase in expression of IL-1β and IL-6 

and a non-significant increase in expression of COX-2 in aged tissue only. 

Expression of these molecules was not altered by LPS in young cerebellum 

tissue. Age had a significant effect on expression of IL-1β and COX-2, but not 

on IL-6 or TNF, and there was significant effect of age x LPS interaction on IL-

6 expression but not on IL-1β, TNF or COX-2. In the hippocampus expression 

24h LPS Cerebellum Hippocampus/ Cortex 

Gene Age LPS Age x LPS Age LPS Age x LPS 

IL-6 

n = 4-

6/grou

p 

   

F (1, 18) = 

0.5170 

F (1, 18) = 

0.001247 

F (1, 18) = 

0.04122 

   

P = 0.4814 P = 0.9722 P = 0.8414 

IL-1β 

n = 3-

4/grou

p 

F (1, 10) 

= 1.374 

F (1, 10) = 

1.868 

F (1, 10) = 

0.8954 

F (1, 12) = 

4.600 

F (1, 12) = 

2.597 

F (1, 12) = 

1.794 

P = 

0.2684 

P = 0.2017 P = 0.3663 P = 0.0531 P = 0.1330 P = 0.2053 

F4/80 

n = 5-

7/grou

p 

F (1, 21) 

= 4.782 

F (1, 21) = 

4.133 

F (1, 21) = 

0.2411 

F (1, 23) = 

0.07170 

F (1, 23) = 

4.148 

F (1, 23) = 

0.4462 

P = 

0.0402 

P = 0.0549 P = 0.6285 P = 0.7913 P = 0.0533 P = 0.5108 
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of IL-1β, TNF, IL-6 and COX-2 was significantly increased by age and LPS. 

There was no significant effect of age x LPS interaction on expression of any of 

these molecules in the hippocampus. The changes in expression of these 

molecules resulting from age or LPS were notably more pronounced in the 

hippocampus than in the cerebellum. Table 4.4 contains the statistical analysis 

of the fold increase from young saline treated tissue. 

 

Figure 4.13. The effect of LPS on expression of expression of inflammatory 

molecules in young and aged cerebellum 3h after saline/LPS injection.  

Expression of IL-1β (A), COX-2 (B), IL-6 (C), and TNF (D) were measured by 

qPCR. Data is shown as mean ± SEM. * denotes p<0.05 (Holm-Sidak post test). 

n = 5-6 per group. 
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Figure 4.14. The effect of LPS on expression of IL-1β, IL-6, TNF and COX-2 

mRNA levels in young and aged hippocampus 3h after saline/LPS injection.  

Expression of IL-1β (A), COX-2 (B), IL-6 (C), and TNF (D) were measured by 

qPCR. Data is shown as mean ± SEM. *** denotes p< 0.001. Means with 

different letters are significantly different to each other (p<0.05, Holm-Sidak 

post tests). n = 5-6 per group. 

3h LPS Cerebellum Hippocampus 

Gene Age LPS 

Age x 

LPS 

Age LPS Age x LPS 

IL-1β 

n=4-

5/group 

F (1, 17) = 

8.255 

F (1, 17) = 

1.158 

F (1, 17) = 

2.210 

F (1, 19) = 

23.54 

F (1, 19) = 

53.48 

F (1, 19) = 

0.003561 

P = 0.0105 P = 0.2969 P = 0.1554 

P = 

0.0001 

P < 

0.0001 P = 0.9530 

IL-6 

n=4-

5/group 

F (1, 17) = 

1.676 

F (1, 17) = 

1.820 

F (1, 17) = 

9.375 

F (1, 19) = 

10.78 

F (1, 19) = 

45.57 

F (1, 19) =  

1.557 

P = 0.2128 P = 0.1950 P = 0.0071 

P = 

0.0039 

P < 

0.0001 P = 0.2272 

TNFα 

n=4-

5/group 

F (1, 17) = 

0.09111 

F (1, 17) = 

0.07891 

F (1, 17) = 

0.5193 

F (1, 19) = 

10.82 

F (1, 19) = 

40.01 

F (1, 19) = 

0.3068 

P = 0.7664 P = 0.7822 P = 0.4809 

P = 

0.0039 

P < 

0.0001 P = 0.5861 

IL -1 

A g e

F
o

ld
 c

h
a

n
g

e

fr
o

m
 y

o
u

n
g

 s
a

li
n

e

Y
o

u
n

g

A
g

e
d

0

1 0

2 0

3 0

S a lin e

L P S

a

b

b

c

C O X -2

A g e

F
o

ld
 c

h
a

n
g

e

fr
o

m
 y

o
u

n
g

 s
a

li
n

e

Y
o

u
n

g

A
g

e
d

0

2

4

6

8

S a lin e

L P S

***

IL -6

A g e

F
o

ld
 c

h
a

n
g

e

fr
o

m
 y

o
u

n
g

 s
a

li
n

e

Y
o

u
n

g

A
g

e
d

0

1 0

2 0

3 0

4 0

S a lin e

L P S

a

b

a ,b

c

T N F 

A g e

F
o

ld
 c

h
a

n
g

e

fr
o

m
 y

o
u

n
g

 s
a

li
n

e

Y
o

u
n

g

A
g

e
d

0

5

1 0

1 5

2 0

S a lin e

L P S

a

b ,c

b

c

A B

C D



 

 134 

COX-2 

n=4-

5/group 

F (1, 17) = 

4.537 

F (1, 17) = 

0.8283 

F (1, 17) = 

0.3290 

F (1, 19) = 

8.915 

F (1, 19) = 

12.80 

F (1, 19) = 

0.1004 

P = 0.0481 P = 0.3755 P = 0.5738 

P = 

0.0076 

P = 

0.0020 P = 0.7549 

Table 4.3. Statistical results of analysis of qPCR data from young or aged 

cerebellum or hippocampus/cortex tissue 24h after saline/LPS injection.  

Data was analysed by logarithmic transformation to achieve normality and then 

performing two way ANOVAs. 

 In summary, these results show that there are significant regional differences 

in microglial phenotype in the aged brain. This effect of LPS on microglial 

activation marker expression varied according to age and CNS region. Elevated 

expression of IL-1β or IL-6 24h after LPS injection was not detectable, but 3h 

after LPS there was a pronounced increase in expression of IL-1β, TNF, COX-2 

and IL-6 in the hippocampus. This increase was more pronounced in the 

hippocampus of aged mice. There was a small increase in expression of IL-1β, 

IL-6 and COX-2 in aged but not young cerebellum tissue 3h after LPS injection. 

4.4 Discussion 

In this study the phenotype and morphological changes of microglia in eight 

distinct regions of the young and aged mouse brain was investigated. This 

study shows that age-related phenotype changes of microglial cells are more 

pronounced in the white matter, with the cerebellum, the most caudal 

structure studied, showing the greatest differences. 

Variations in microglial density have been well described in adult mouse brain 

with the hippocampus and substantia nigra exhibiting the highest and the 

cerebellar cortex the lowest density of microglia (Lawson et al., 1990). A 

number of studies in several areas of the CNS indicate that there is little, if any, 

change in the distribution or numbers of microglia with age (Deng et al., 2006; 

Long et al., 1998; Ogura et al., 1994; Peters et al., 2010), but less is known 

about phenotype changes in different regions of the aged mouse brain. These 

results are in accord with a recent study describing regional variation in 

expression levels of immunoregulatory molecules in the healthy adult mouse 

brain. De Haas et al showed that regional differences between microglial 
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phenotypes in the adult mouse brain are subtle: expression levels of surface 

markers such as CD11b, CD40 and the fractalkine receptor CX3CR1 appeared 

higher in the microglia of the spinal cord and cerebellum than the 

hippocampus (De Haas et al., 2008). In this study all the functional markers 

tested displayed the greatest increase in expression with age in white matter 

regions, particularly in the cerebellum, identifying a clear trend in phenotype 

changes along the rostro-caudal axis in the aged mouse brain.  

The functional markers studied here were selected on a candidate basis, either 

due to their sensitivity to changes in the activation state of microglia (CD11b, 

F4/80, CD68, CD11c) or their relevance to microglial function (MHCII, FcRI, 

FcRII/III, dectin-1), or both. Table 4.1 describes each one in more depth. 

4.4.1 Microglial phenotype changes in response to injury along the 

rostro-caudal axis 

Phenotype changes in microglia are well described in response to acute and 

chronic injury or disease, but only a few studies have looked at differential 

responsiveness of the grey matter versus the white matter along the rostro-

caudal axis. Trauma-induced lesions lead to a greater microglial response in 

the spinal cord than the cortex or corpus callosum and the spinal white matter 

exhibited a greater microgliosis than spinal grey matter (Batchelor et al., 2008; 

Schnell et al., 1999a). Regional differences in responsiveness to inflammatory 

stimuli are partly responsible for these observations, as stereotaxic injections 

of recombinant cytokines into the striatum fail to evoke a robust response, 

while similar injections into the spinal cord or brainstem are associated with 

BBB breakdown, microgliosis and secondary tissue damage (Campbell et al., 

2002; Phillips and Lampson, 1999; Phillips et al., 1999; Schnell et al., 1999b). 

This regional difference in responsiveness to inflammatory stimuli is also 

evident in EAE, which targets the spinal cord rather than more rostral regions 

of the brain, such as the forebrain (Sun et al., 2004). Collectively, these studies 

suggest that the caudal and white matter regions of the CNS are more 

responsive and therefore more vulnerable to inflammatory stimuli. The 

experiments described in this chapter suggest that the differential sensitivity 

of these microglial populations also applies to the ageing process. These data 

show that in the aged brain there is a greater up-regulation of CD11b, CD11c, 



 

 136 

CD68, F4/80 and FcRI in white matter than in grey matter and more in caudal 

areas than rostral areas. These data are in agreement with previous studies in 

the aged rat brain suggesting a rostral caudal gradient of microglial activation 

(Kullberg et al., 2001).  

4.4.2 Pronounced white matter related changes 

It has been previously reported that the microglia of the white matter express 

greater levels of microglia associated molecules such as CD68 with age than 

those of the grey matter (Kullberg et al., 2001), and that the microglia may 

appear in “clumps” of immunoreactive membranes in white matter (Perry et al., 

1993; Stichel and Luebbert, 2007). These aggregates are not directly 

associated with blood vessels and are not clusters of proliferating cells. 

Macrophages and microglia are known to form multinucleate giant cells 

through fusion under a variety of inflammatory conditions (Fendrick et al., 

2007; Gasser and Most, 1999; Suzumura et al., 1999). Whether these cells are 

aggregates of individual microglia or a single syncytium is not clear, but the 

appearance of multinucleate giant cells during ageing would represent a 

significant alteration in microglial phenotype. 

4.4.3 Pronounced changes in CD11c expression 

A significant increase in CD11c expression levels was observed in aged white 

matter regions, particularly in the white matter of the cerebellum. Increases in 

CD11c immunoreactivity in the aged rodent CNS have been reported previously 

with robust CD11c expression in the aged white matter and occasional CD11c 

expression throughout the grey matter (Kaunzner et al., 2012; Stichel and 

Luebbert, 2007). These two studies used immunohistochemistry and FACS to 

describe CD11c positive cells as dendritic cells, as they co-express DEC-205 

and MIDC8 (Stichel and Luebbert, 2007) as well as increased expression of 

MHCII and the co-stimulatory molecules CD80 and CD86 (Kaunzner et al., 

2012). However, only a small portion of CD11c positive cells in the brain were 

positive for these other molecules, and in this chapter microglial expression of 

DEC-205 or MHCII was not detectable, despite the presence of positive staining 

in the spleen, suggesting that the CD11c positive cells observed in this chapter 

are not dendritic cells. The discrepancy between this study and others with 
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regard to MHCII expression on aged microglia may be explained by the 

superior sensitivity of flow cytometry (Henry et al., 2009; Kaunzner et al., 

2012).  

CD11c is expressed on macrophages, monocytes and dendritic cells and is 

involved in cell migration and phagocytosis (Cho et al., 2007; Mevorach et al., 

1998; Schlesinger and Horwitz, 1991; Wentworth et al., 2010). Various studies 

also suggest a role for CD11c in the uptake of lipids (Cho et al., 2007; Gower 

et al., 2011) and show that low density lipoprotein (LDL) exposure can lead to 

upregulation of CD11c following engagement of low density lipoprotein 

receptor related protein 1(LRP-1) (Cho et al., 2007). This may provide an 

explanation for the robust increase in CD11c expression observed in aged 

white matter, as myelin is lipid rich and myelin basic protein 1 (MBP-1) has 

been reported to bind to LRP-1, inducing MBP-1 uptake (Gaultier et al., 2009). 

We hypothesise that LRP-1 mediated uptake of myelin by microglia leads to a 

subsequent upregulation of CD11c expression, explaining the localisation of 

CD11c in the aged white matter. This may have important effects on microglial 

phenotype and function, as myelin phagocytosis has been to shown in vitro to 

attenuate microglial cytokine responses to IFN/LPS while simultaneously 

increasing extracellular ROS levels (Liu et al., 2006). Abnormalities in the 

myelin sheath, loss of myelinated fibres and decreased stability of myelin have 

previously been reported in aged rodent and primate brains (Ando et al., 2003; 

Bowley et al., 2010; Cavallotti et al., 2001; Zhang et al., 2009), supporting the 

idea of an increased phagocytic load of myelin or myelin breakdown products 

in the aged brain. This supposition is further supported by the presence of 

myelin inside the microglia of the optic nerve and fornix of aged rhesus 

monkeys (Peters et al., 2010; Sandell and Peters, 2002), greater upregulation 

during ageing of the lysosomal protein CD68 in white than grey matter and the 

activation of calpain 1, an enzyme involved in the proteolysis of various 

cytoskeletal proteins and several myelin components, in the microglia in aged 

white matter (Hinman et al., 2004). Astrocytes and oligodendrocytes on the 

other hand did not exhibit increases in calpain 1 activity (Hinman et al., 2004). 
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4.4.4 Neurodegeneration in the ageing brain 

It is well recognised that the microglia are exquisitely sensitive to 

neurodegeneration. However, the extent to which neurodegeneration occurs in 

the ageing CNS varies considerably from region to region. The substantia nigra 

(Ma et al., 1999; Mouton et al., 2012) and cerebellum (Sturrock, 1989; 

Woodruff-Pak et al., 2010) exhibit significantly greater age-related neuronal 

loss than the hippocampus (Calhoun et al., 1998; Rapp and Gallagher, 1996) or 

striatum (Pesce and Reale, 1987), and substantial loss of myelinated axons has 

been reported in white matter regions (Bowley et al., 2010; Cavallotti et al., 

2001; Sandell and Peters, 2002, 2003). The areas with greatest neuronal loss 

are also the regions that exhibit greater changes in microglial phenotype. 

Whether neuronal loss drives microglial phenotype changes in ageing, or if 

changes to the microglia precede and contribute towards neuronal loss, is not 

known. There are however several mechanisms by which neurons keep 

microglia in a quiescent state, such as via CD200, fractalkine or CD47 and 

their cognate receptors on microglia (Hoek et al., 2000; Kong et al., 2007; 

Lyons et al., 2009a). CD200 and CD47 have also been shown to be expressed 

on oligodendrocytes (Gitik et al., 2011b; Koning et al., 2009). The few studies 

that have investigated the distribution of these molecules in the healthy adult 

brain correlate with the changes in microglial phenotype with age observed in 

this study. Koning et al observed that CD200 is more highly expressed in grey 

than white matter and that the Purkinje cells of the cerebellum do not express 

CD200 (Koning et al., 2009). These grey-white matter differences in CD200 

expression may contribute to the differences observed in this study between 

grey and white matter in the phenotype of ageing microglia. Fractalkine 

transcript expression has been reported to be significantly lower in the 

cerebellum and other caudal areas such as the brainstem than the 

hippocampus or striatum, which may help to explain the rostral caudal 

gradient of microglial changes observed in this study (Tarozzo et al., 2003).  

Decreased expression of CD200 in the hippocampus and substantia nigra 

(Frank et al., 2006; Wang et al., 2011), and of fractalkine in the hippocampus 

and forebrain have been demonstrated in aged mice (Lyons et al., 2009a; 

Wynne et al., 2010). Increased numbers of multinuclear giant cells have also 

been observed in CD200-/- mice (Hoek et al., 2000), providing a possible 
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explanation for their presence in the aged brains of this study. A wider 

assessment of the expression of these immunoregulatory molecules in 

different regions of the aged brain and how they may correlate with changes in 

microglial phenotype would be of interest.  

4.4.5 Impact of systemic inflammation on aged-related microglial 

phenotype 

An increase in expression levels of microglia activation markers after systemic 

LPS injection was anticipated, which has previously been shown to up-regulate 

FcRI (Lunnon et al., 2011) and CD11b (Buttini et al., 1996). However, the only 

molecule found to be sensitive to i.p. injection of 100µg/kg of LPS was FcRI. 

CD11b expression was not influenced by systemic LPS. Furthermore, the effect 

of systemic LPS on FcRI expression was subtle, region dependent and 

primarily observed in the white matter regions and the cerebellum of both 

young and aged mice. Higher doses of systemic LPS or a later time-point post 

injection, such as three days, may yield a more robust effect on expression of 

these molecules (Buttini et al., 1996). 

Elevated levels of cytokines within the aged hippocampus have been 

demonstrated following systemic inflammatory challenge (Barrientos et al., 

2009a; Chen et al., 2008; Godbout et al., 2005b), which are likely produced by 

primed microglia in the ageing brain (Frank et al., 2010b; Wynne et al., 2010). 

Systemic LPS injection did not lead to elevated levels of IL-1β or IL-6 24 hours 

after systemic LPS injection in the brain regions studied, in contrast to other 

studies (Godbout et al., 2005b; Wynne et al., 2010). This discrepancy may be 

due to the use of a lower dose of LPS (100µg/kg vs 330µg/kg) and a different 

sex and strain of mouse (male BALB/c vs female C57/BL6) in this study. At a 

more acute time-point increases in cytokine production were however 

detectable. An enhanced neuroinflammatory reaction in aged mice was 

detected at 3 hours after LPS injection, characterised by enhanced induction of 

IL-1β, IL-6, TNFα and COX-2 mRNA in the hippocampus. LPS only had a 

measurable effect on cytokine transcript levels in aged cerebellar tissue – 

cytokine transcription was unaffected in young cerebellar tissue. The enhanced 

production of cytokines within the aged hippocampus is in line with other 

studies (Chen et al., 2008), but the relatively small cytokine response in the 
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cerebellum was unexpected. Previous reports have described a comparable 

inflammatory reaction in the cerebellum to that seen in the hippocampus 2h 

after intraperitoneal injection of 100µg/kg LPS in the rat (Hansen et al., 2000b) 

or i.c.v. injection of 10ng of LPS in mice (Huang et al., 2008). Additional time-

points after LPS challenge would have been helpful in this study in determining 

whether the lack of cytokine induction in the cerebellum is attributable to a 

difference in the kinetics of inflammatory responses to peripheral inflammation 

between the hippocampus and cerebellum or to a difference in responsiveness 

to inflammatory stimuli. Differences in microglial density between the two 

regions could also contribute to the differences in the inflammatory response, 

as the hippocampus is more densely populated with microglia than the 

cerebellum (Lawson et al., 1990) The LPS response only being present in aged, 

not young cerebellar tissue 3h after injection may be indicative of an 

exaggerated microglial response to systemic LPS in the aged cerebellum.  

4.4.6 Summary 

This study demonstrates that there are significant differences in microglial 

phenotypes between distinct regions of the aged brain. The microglia of the 

white matter show more robust changes than those of grey matter and there is 

evidence of a rostro-caudal gradient in the magnitude of these changes. The 

age-related changes in microglia phenotype reported here may be of particular 

interest when comparing studies in rodent and human material. In humans 

white matter makes up ~40% of the adult human brain (Gur et al., 1999) 

compared to 10% in the mouse (Zhang and Sejnowski, 2000), and human white 

matter contains a greater density of microglia than grey matter (Mittelbronn et 

al., 2001), conversely to the mouse (Lawson et al., 1990). The functional 

significance of these grey/white matter differences in microglial phenotype 

during ageing remain to be elucidated. Enhanced cytokine production in 

response to systemic LPS was detectable in the aged hippocampus and, to a 

lesser extent, cerebellum, suggesting that microglial priming occurs in both 

areas of the brain. 
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5. Characterisation of the behavioural 

response to salmonella typhimurium 

infection in young and aged mice. 

5.1 Introduction 

There is a growing body of literature suggesting that there is an exaggerated 

behavioural reaction to systemic inflammation in aged animals. However, the 

majority of this work has been undertaken using sterile inflammatory stimuli 

such as LPS or poly I:C, with only a few studies using live infections to 

investigate differences in the behavioural reaction of young and aged mice to 

systemic inflammation. The range of non-neurotropic infectious agents used to 

investigated young/aged differences in sickness behaviour is limited to Bacillus 

Calmette-Guérin (BCG) (Kelley et al., 2013), an intracellular mycobacterium and 

E. coli (Barrientos et al., 2006), a gram negative bacteria that colonises the 

lower intestine. Studies in rats have shown exaggerated weight loss, fever and 

an exaggerated deficit in memory performance in E. coli infected aged rats 

compared to infected young rats (Barrientos et al., 2006; Barrientos et al., 

2009b), and exaggerated depressive behaviour in BCG infected aged mice 

compared to infected young mice and delayed recovery of body weight 

following BCG infection (Kelley et al., 2013).  

Salmonella typhimurium is an intracellular mycobacterium that causes an 

infection in mice resembling typhoid fever (Santos et al., 2001). While the 

immunological reaction to murine S. typhimurium infection has been 

extensively investigated (Mastroeni et al., 2009), the murine behavioural 

response to S. typhimurium infection is not well characterised, as it has not 

until recently been used as a model of infection in the field of 

psychoneuroimmunology. The only significant report to date was that of 

Püntener et al (2012), which described an acute, transient behavioural 

response to systemic infection with 1x 10
6

 CFU of S. typhimurium strain 

SL3261, including reduced burrowing behaviour (<24h) and an acute weight 

loss (0-24h) with recovery to 100% of original body weight within 7 days in 

young mice. The acute effects of S. typhimurium infection are likely mediated 

by circulating LPS, which is present in the serum for the first 24h of S. 
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typhimurium infection after i.p. injection (Püntener et al., 2012). Other studies 

have investigated the metabolic changes associated with S. typhimurium 

infection, demonstrating that a number of metabolic processes are affected 

during the first few days of S. typhimurium infection, including steroid and 

eicosanoid metabolism (Antunes et al., 2011). This was accompanied by a 

peripheral cytokine response dominated by IFN that peaked at 7 days after 

infection and a central cytokine response that peaked at 3 weeks after 

infection (Püntener et al., 2012). The cerebral vasculature of these mice was 

particularly affected by S. typhimurium infection, showing a dramatic increase 

in MHCII reactivity 7 days after infection. The central response to infection in 

terms of cytokine production was small (~4 fold increase in IL-1β production) 

but significant at 3 weeks after infection, suggesting a prolonged 

neuroinflammatory response to peripheral infection.  

The study described in this chapter aimed to determine whether there was an 

exaggerated behavioural and metabolic response to S. typhimurium in aged 

mice compared to young mice, as has been reported using other models of live 

infection (Barrientos et al., 2009a; Barrientos et al., 2006; Barrientos et al., 

2009b; Kelley et al., 2013). This study was also designed to improve the 

characterisation of the behavioural response to S. typhimurium by performing 

a range of behavioural tests over a more prolonged period of time than 

previously studied in the literature.  

5.2 Materials and Methods 

5.2.1 Animals 

C57/BL6 female mice aged 3-6 months or 18 months (Harlan, UK, bred in 

house) were used for pilot experiments to determine an appropriate dose of S. 

typhimurium to use. For the main experiment in this study (experiment 1) and 

a follow up study (experiment 2) 3 (young) or 18 month old (aged) C57/BL6 

female mice were supplied by Charles River, Margate, UK. Mice were housed in 

groups of 5-6 per cage and housed in the category 2 facilities within the 

University of Southampton Biomedical Research Facility. All behavioural 

experiments in this chapter were carried out within these category 2 facilities. 
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5.2.2 Salmonella typhimurium infection 

Mice were injected i.p. with 1x10
5

, 3 x 10
5

 or 1x10
6

 CFU of S. typhimurium 

strain SL3261 (cultured in house by Dr Ursula Püntener, kindly provided by Dr 

H Atkins, DSTL, Salisbury, UK) or saline. Body weights were taken daily for 4 

weeks after infection and every other day after 4 weeks, or until the mouse was 

culled. If a mouse’s body weight dropped to below 85% of their original body 

weight then they were culled as specified in the Home Office Licence used in 

this experiment. Assistance was received from Ursula Püntener (University of 

Southampton) in collecting some body weight measurements and during 

injection of mice with S. typhimurium. 

5.2.3 Food intake measurement 

Food intake was measured in experiment 2 by weighing the remaining amount 

of food pellets in the hopper of each cage between 9.00-10.00AM daily.  

5.2.4 Behavioural testing regime 

Behavioural testing was performed between the hours of 08:00-18:00. 

Behavioural tests were performed as described in chapter 2. The habituation 

and testing regime used in experiment 1 are described in figures 5.1 and 5.2. 

D represents days post injection. At each behavioural time-point two separate 

groups for tissue collection were pooled to give behavioural data from naïve 

mice (saline injected (D0) and S. typhimurium injected D1), 7 days post 

injection (D8 and D15) and 21 days after injection (D22 and 2 months). 



 

 144 

 

Figure 5.1. Experimental design for behavioural testing in experiment 1.  

The training and testing regime for each time point (naïve (D0), 7 days after 

infection or 21 days after infection) used in experiment 1. NOR stands for the 

novel object recognition test. 



   

 145  

 

Figure 5.2 The overall experimental design for experiment 1.  

Behavioural groups were made of pooled D0 (saline injected) & D1, D8 & D15 

and D22 & 2 month groups to give n = 11-12 per group. D represents days 

post injection. D0 is the day of injection. 

5.2.5 Novel Object Recognition Test 

The object pairings for the novel object recognition test (NOR) were chosen by 

recording the time mice spent attending a variety of different objects within a 

box that they had been habituated to for 5 minutes at a time in 2 sessions 

spaced 24h apart. Objects which were attended for a similar amount of time 

and for at least 5s on average during a 5 minute testing session were paired 

with each other. Two pairs of objects were deemed suitable pairs – a glass 



 

 146 

beaker and an inverted glass funnel (pair 1), and an inverted coverslip box and 

a metal bottle lid (pair 2). 

Initial experiments during validation of the novel object recognition test had a 

5 minute familiarisation session and a 10 minute test session. The protocol 

was adapted from that used in Mazarati et al, 2011. This was further adapted 

for experiment 1 to allowing the mouse to investigate the two “familiar” 

objects for exactly 30s, then removing the mouse and placing it back in its 

home cage, using a similar protocol to that of Orr et al. (2012). 

The kappa opiate agonist U50,488 (Sigma, Poole, UK) was injected at 0.3mg/kg 

i.p. 15 minutes before the test phase of novel object recognition during assay 

validation to disrupt novel object recognition (Carey et al., 2009; Schindler et 

al., 2010) and provide a positive control to validate the protocol used in this 

assay.  

5.2.6 Static rod test 

The static rod test was carried out as described in chapter 2 for experiments 

using S. typhimurium. Briefly, 9, 12 and 15mm rods were clamped directly to 

the bench and mice were trained on one occasion on all three rods 24h before 

testing began. Any occasion where the mouse slipped and turned upside down 

or fell was marked as a fail. If this occurred during recording of transit time the 

stopwatch was paused, the mouse was replaced on the rod in the same 

location as the slip and the stopwatch started again. 

5.2.7 Manual Open field test 

The manual open field test was conducted as described in chapter 2. Mice were 

habituated to the open field box 24h before testing, immediately after being 

tested in the novel object recognition test.  

A control experiment was performed to validate the results from experiment 1 

to control for the effects of daily handling of the mice. The mice were weighed 

daily, and the mice were tested after 1, 8 or 22 days of daily weight taking.  
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5.3 Results 

5.3.1 Pilot experiments 

To establish what dose of S. typhimurium was suitable for use in young and 

aged mice pilot experiments were conducted using different doses of S. 

typhimurium. The aim was to find a dose sufficient to cause sickness 

behaviour without causing weight loss exceeding 15% of original body weight, 

which is the maximum amount of weight loss permitted in the Home Office 

licence used. A dose of 1x10
6

 CFU was tested first, consistent with doses used 

in previous experiments (Püntener et al., 2012). This dose elicited a 5.5% loss 

of body weight in the first 24h after infection in young mice and recovery to 

close to 100% of original body weight within the next 7 days. In aged mice this 

dose elicited a progressive decline in body weight over the next 7 days, with a 

mean reduction in body weight of 15% by 7 days after infection (Figure 5.3 A). 

A smaller dose of 1 x 10
5

 CFU only elicited a 1-2% decline in body weight 24h 

after infection in both young and aged mice (Figure 5.3 B). Therefore an 

intermediate dose of 3 x10
5

 CFU was deemed suitable for aged mice. 
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Figure 5.3. Optimisation of S. typhimurium doses for aged mice.  

Mice were given a dose of either 1 x 10
6

 CFU (A) or 1 x10
5

 (B) CFU S. 

typhimurium strain SL3261 and body weights were recorded every 24h. Error 

bars represent standard error. n = 5-6 per group. 
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Before beginning experiment 1 several pilot experiments were carried out to 

establish and validate a protocol for the novel object recognition test. Pilot 

experiments were initially carried out with a variety of different objects to find 

object pairs that mice had approximately equal preference for and were 

sufficiently engaging to induce at least 5s of attendance from mice during a 5 

minute testing period. 2 suitable pairs of objects were identified during this 

optimisation. Pair 1 was a glass beaker and an inverted glass funnel. Pair 2 was 

an inverted plastic coverslip box and a metal bottle lid. Mice exposed to both 

objects from either pair 1 or pair 2 showed equal preference for the two 

objects (Figure 5.4 A), demonstrating the suitability of both object pairs for 

novel object recognition testing. 

 

Figure 5.4. Optimisation of the novel object recognition test.  
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Naive mice exposed to pair 1 or pair 2 for the first time did not show any 

innate bias for either object (A). n=5-8 per group. Mice were either naïve, three 

weeks post S. typhimurium infection (1x10
6

 CFU) or injected 15 minutes before 

the test phase with U50,488. The amount of time spent attending objects 

during the familiarisation phase was similar in naïve and U50, 488/ injected 

mice, but reduced in S. typhimurium infected mice (B). n = 8 per group, except 

for S. typhimurium infected mice familiarisation times (B) which had n = 19. 

Errors bars represent standard error of the mean. Preference for the novel over 

the familiar object was strongest in naïve mice, reduced in S. typhimurium 

infected mice and abolished in U50,488 injected mice (B). *=p<0.05, 

**=p<0.01, ***=p<0.001, ****=p<0.0001 in Holm-Sidak post-test. 

To validate the NOR protocol a pilot experiment was performed using naïve 

mice, S. typhimurium infected mice (3 weeks of infection) or mice injected with 

U50,488, a kappa opiate agonist (Vonvoigtlander et al., 1983). Mice were first 

familiarised with 2 glass beakers for 10 minutes. 24h later one beaker was 

replaced with an inverted glass funnel and the time spent attending each 

object measured. The preference index for the novel object (glass funnel) was 

0.71 in the naïve mice (Figure 5.4 C), showing that naive mice preferred the 

novel object over the familiar object. A separate group of mice infected with 

1x10
6

 S. typhimurium for 3 weeks were tested with pair 1, scoring a preference 

index of 0.595, indicating a reduced preference for the novel object. Finally the 

original naïve group of mice were familiarised to two coverslip boxes and 15 

minutes before the 24h time-point injected with 0.3mg/kg U50,488, a kappa 

opiate agonist shown to disrupt memory (Carey et al., 2009; Schindler et al., 

2010). 15 minutes after injection mice were tested with the novel object and 

they showed no preference for the novel object. These data show that naïve 

mice tested using this protocol had a substantial preference for novel objects 

compared to familiar objects that could be removed through application of a 

drug with known disruptive effects on memory recall.  

The time spent attending the two identical objects during the familiarisation 

phase was also recorded. Naïve mice spent a mean time of 42.0s attending the 

identical objects, whereas the S. typhimurium infected mice spent only 25.4s 

attending the objects during familiarisation (Figure 5.4 B). This difference was 

statistically significant (t test: t
(25)

 = 3.43, p = 0.0021). The mice used for 

U50,488 injections were the same as those used as the naïve group and they 
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spent a mean of 33.7s attending the 2 familiar objects. In light of the reduction 

in familiarisation time following S. typhimurium infection, the protocol was 

adjusted to control for reduced drive to investigate novel objects during 

familiarisation. Instead of the familiarisation time being limited to 5 minutes 

per mouse, the mouse was allowed as much time as necessary to spend a total 

of 30s attending the two identical objects during familiarisation, thus ensuring 

that all mice spent the same time attending the objects. 

5.3.2 Experiment 1 (main experiment) 

After establishing a suitable dose and protocol for the novel object recognition 

test the main experiment was initiated (experiment 1). Young and aged mice 

were housed in groups of 5-6 mice per cage and injected with saline or 3 x 10
5

 

CFU S. typhimurium. Each group/cage was culled at a separate time-point in 

the experiment, as described in figure 5.2. Body weights were taken daily for 

all mice, and the weights from the young and aged 21 day and 2 month post 

infection groups (n = 12) were pooled together for analysis. Young and aged 

mice both lost a significant amount of body weight within the first 24h of 

infection (d0 vs d1 Holm-Sidak post test – p<0.05), although weight loss 

appeared slightly attenuated in aged mice (mean = 4%) compared to young 

mice (mean = 6.5%) (Figure 5.5). Young mice recovered their body weight over 

the course of the next 9 days, reaching 100% of their original body weight by 

day 10 after infection. In contrast, aged mice did not recover any significant 

amount of body weight between day 1 to day 8 after infection and began to 

progressively lose weight from day 8 onwards, with their weight differing 

significantly from that of young mice at the same time-point from day 11 

onwards (p<0.05, Holm-Sidak post test). There was a significant effect of days 

post infection (two way repeated measures ANOVA: F
22,484

 = 13.89, p<0.0001), 

age (F
1,22

 = 7.221, p<0.0135), subject matching (F
22,484

 = 55.33, p<0.0001) and 

interaction between age and days post infection (F
22,484

 = 13.89, p<0.0001). 

Body weights in this cohort were measured until day 22 when some of the mice 

were culled for tissue collection.  

A smaller group of mice were followed until 2 months after infection (n=4 

aged, 6 young) (Figure 5.6). Aged mice continued to lose weight until 26 days 

after infection, when their mean weight stabilised at approximately 93% of 

their original body weight. The aged mice then began to recover their body 



 

 152 

weight from day 30 until day 53 after infection, when their mean body weight 

reached 100% of their original body weight. The mean body weight of young 

mice varied between 98-102% of their original body weight between day 10-43, 

after which the mice began to increase their mean body weight, reaching 

110.8% of their original body weight by day 55 after infection. The changes in 

weight were found to be significant in young mice between day 0 and days 1-3 

and 48-55, and in aged mice between day 0 and days 22-29 (p<0.05, Holm-

Sidak post tests). There was a significant effect of days post infection (two way 

repeated measures ANOVA: F
44,352

 = 6.925, p<0.0001), subject matching (F
8,352

 = 

81.76, p<0.0001), and interaction between age and days post infection (F
44,352

 = 

4.217, p<0.0001), but not age (F
1,8 

= 2.705, p = 0.1386). 
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Figure 5.5. Changes in body weight of young or aged mice followed infection with 3 x 10
5

 CFU S. typhimurium.  

Body weights were recorded daily for 22 days. n = 12 per group. All data is expressed as percentage of the mouse’s starting body 

weight on the day of injection. Error bars represent standard error of the mean. * represent significant difference from age 

matched time-point with Holm-Sidak post test. *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 in Holm-Sidak post-test. 
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Figure 5.6 Changes in body weight of young or aged mice followed infection with 3 x 10
5

 CFU S. typhimurium over a 

prolonged period of time (55 days).  
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Body weights were recorded daily for 36 days and then every 2-3 days until day 

55. n = 6 for 3 month old mice, n = 4 for 18 month old mice. All data is 

expressed as percentage of the mouse’s starting body weight on the day of 

injection. Error bars represent standard error of the mean. * represent 

significant difference from weight at day 0 with Holm-Sidak post test. 

*=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 in Holm-Sidak post-test. 

Various behavioural assays were performed on the mice over the course of the 

experiment, beginning with the novel object recognition test. Young naïve 

mice had a mean preference index of 0.62, while aged naïve mice had a mean 

preference index of 0.56, which made it difficult to observe changes in novel 

object recognition test performance as the aged mice were already impaired in 

their performance. For this reason novel object recognition performance was 

analysed in 2 separate one way ANOVAs rather than a single 2 way ANOVA. 

Young mice demonstrated a progressive reduction in novel object recognition 

test performance over the course of S. typhimurium infection (Figure 5.7 A) 

with their mean novel object preference index dropping to 0.54 7 days after 

infection and 0.51 21 days after infection. This trend was not significant when 

tested by one way ANOVA (F
2,31

 = 2.663, p = 0.0857), but post testing for a 

linear trend with time showed a significant effect of infection (R
2

 = 0.139, p = 

0.0319). Aged mice already showed reduced novel object preference before 

infection and there was no significant effect of days post infection (F
2,30

 = 

0.946, p = 0.400) (Figure 5.7 B). The time taken for the mice to attend the 

objects for 30s during the familiarisation phase was also recorded (Figure 5.7 

C). Infection caused a significant increase in time taken to spend 30s attending 

objects during familiarisation (F
2,63

 = 9.885, p = 0.0002), although age (F
1,63

 = 

0.968, p = 0.329) and age x days post infection (F
2,63

 = 0.148, p = 0.862) had 

no impact.  
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Figure 5.7. The effect of S. typhimurium infection on novel object 

recognition test performance in young or aged mice. 

Young mice showed a progressive decline in novel object preference over the 

course of S. typhimurium infection (A). Aged mice showed no clear pattern of 

changes in novel object preference (B) and showed less novel object preference 

before infection compared to young mice. The time required to spend a total 

of 30s attending the identical objects in the familiarisation phase increased 

significantly in both young and aged mice during infection (C). Error bars 

represent standard error of the mean. *=p<0.05, **=p<0.01, ***=p<0.001, 

****=p<0.0001 in Holm-Sidak post-test. 

Co-ordination and balance was assessed using the static rod test. 3 rods of 
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session 24h prior to testing. The effects of ageing and S. typhimurium 

infection were most pronounced using the 9mm rod (Figure 5.8 A), with a 
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infection on static rod transit time (two way ANOVA: age: F
1,63 

= 79.71, 

p<0.0001, days post infection: F
2,63 

= 3.193, p = 0.0478, age x days post 

infection: F
2,63 

= 3.355, p = 0.0413). The failure rate of mice on the 9mm rod 

was also significantly increased in naïve aged mice compared to young mice 

(Figure 5.8 B) (x
2

 test: x
2

 = 27.99, d.f. = 5, p<0.0001; aged d0 vs aged d7: 

p<0.05) and in aged mice at 1 week of infection compared to naïve aged mice 

(p<0.05) or 3 weeks (p<0.01) after infection. The failure rate on the 9mm rod 

did not change in young mice following infection. 

There was a significant effect of ageing alone and an interaction between 

ageing and infection on transit times on the 12mm rod (Figure 5.8 C) (age: F
1,63 

= 77.21, p<0.0001, days post infection: F
2,63 

= 1.478, p = 0.236, age x days 

post infection: F
2,63 

= 3.989, p = 0.0234), although post testing did not show 

any significant difference between aged naïve mice and aged mice 7 days after 

infection. The failure rate on this rod was not significantly different between 

any of the groups tested (Figure 5.8 D) (partitioned x
2

 test: x
2

 = 7.065, d.f. = 5, 

p = 0.216). 
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Figure 5.8. The effects of S. typhimurium infection on static rod test 

performance in young and aged mice.  

Mice were tested on 9mm, (A, B), 12mm (C, D) or 15mm (E, F) diameter rods. 

Aged mice performed worse than young mice on all three diameter rods, and a 

further impairment in static rod performance was detectable 7 days after 

infection in aged but not young mice on 9mm (A, B) and 12mm rods (C, D). 

Error bars represent standard error of the mean. *=p<0.05, **=p<0.01, 
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***=p<0.001, ****=p<0.0001 in Holm-Sidak post-test or partitioned Chi 

squared test. # represents significant difference from unmarked and * marked 

columns in the Holm-Sidak post-test or partitioned chi squared test. 

The effects of ageing on static rod transit time were less pronounced using the 

15mm rod than the 9 or 12mm rod (Figure 5.8 E) but still significant, and there 

was no significant interaction between age and infection or effect of infection 

alone (age: F
1,62 

= 49.41, p<0.0001, days post infection: F
2,62 

= 1.535, p = 0.224, 

age x days post infection: F
2,62 

= 0.408, p = 0.667). The failure rate on this rod 

was not significantly different between any of the groups tested (Figure 5.8 F) 

(partitioned x
2

 test: x
2

 = 4.82, d.f. = 5, p = 0.438). 

To assess locomotor and exploratory activity the open field test was performed 

on mice. Young and aged mice both exhibited a decline in locomotor 

behaviour of a similar magnitude due to infection (Figure 5.9 B) (young d21 – 

51.2% of baseline, aged d21 – 63.8% of baseline). To ensure that this decline in 

locomotor activity was a genuine effect of S. typhimurium infection and not an 

artefact of reduced anxiety from daily handling, a control experiment was 

carried out with naïve mice which were handled and weighed daily, similarly to 

the mice in experiment 1. Locomotor activity also progressively reduced in 

mice that were handled daily for 3 weeks (naïve d21 – mean = 69.7% of 

baseline), but the declines in percentage of baseline locomotor activity were 

significantly greater in 21 days post infection young mice (Figure 5.9 B) (naïve 

d21 vs young infected d21 – p<0.05, Holm-Sidak post test). There was no 

statistically significant effect of group (young infected, aged infected or naïve 

control) (two way ANOVA: F
2,90

 = 0.717, p = 0.491) or of group x days post 

infection (F
4,90

 = 0.472, p = 0.756), but there was a significant effect of days 

post infection (F
2,90

 = 20.71, p<0.0001). The post test results show that at 21 

days after infection S. typhimurium infected mice did have a greater decline in 

locomotor activity than naïve mice. 
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Figure 5.9. The effect of S. typhimurium infection on open field test 

performance in young and aged mice.  

The number of quadrant entries and rears made at D0 varied between groups 

(A, C), so data was normalised to activity at D0 within groups (B, D). The level 

of locomotor activity (quadrant entries) changed over time in naïve and 

infected mice, but the change was more pronounced in young infected mice 

(B). Rearing activity was unaffected by daily handling of naïve mice, but was 

significantly reduced by S. typhimurium infection in young and aged mice (D). 

Error bars represent standard error of the mean. *=p<0.05, **=p<0.01, 

***=p<0.001, ****=p<0.0001 in Holm-Sidak post-test. 

Rearing activity was unaltered by daily handling in the control experiment, but 

progressively declined during S. typhimurium infection (Figure 5.9 D). There 

was a significant effect of group (two way ANOVA: F
2,90

 = 10.14, p = 0.0001), 
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days post infection (F
2,90

 = 8.24, p = 0.0005) and group x days post infection in 

percentage of baseline rearing activity (Figure 5.9 D) (F
4,90

 = 2.55, p = 0.0445). 

21 days after infection young mice rearing activity was significantly reduced 

compared to D0 (p<0.01, Holm-Sidak post-test), whereas rearing activity was 

unaffected by time-point in naïve mice after 21 days of handling and weighing. 

The rearing activity of aged mice 21 days after infection was not quite 

significantly different from D0 (p = 0.0845, Holm-Sidak post-test). There was 

no significant difference in percentage of baseline rearing activity between 

young and aged mice at D7 or D21 after infection (Holm-Sidak post-test).  

5.3.3 Experiment 2 

A follow up experiment was conducted following the completion of these 

behavioural tests, referred to here as experiment 2. The primary purpose of 

this experiment was to provide tissue for use in chapter 6, but food intake and 

body weight were also recorded to provide additional data regarding weight 

loss in young and aged mice during S. typhimurium infection. Young and aged 

mice of 3 or 18 months of age were given 3 x10
5

 CFU of S. typhimurium or 

saline. Daily body weights and food intake were recorded in this experiment 

for 21 days. S. typhimurium infection caused similar patterns of weight loss to 

those previously observed in figure 5.5 – young mice had an acute (24h) mean 

weight loss of approximately 5.3% of their original body weight, which they 

recovered rapidly over the next few days (Figure 5.10). Aged mice lost a 

slightly smaller amount of weight initially (4.3%) in the first 24h after infection, 

but failed to recover to their initial weight and started to gradually lose weight 

again from day 8 onwards, with weight loss accelerating from day 10 onwards 

and slowing at approximately day 16. Young and aged mice injected with 

saline did not lose any significant amount of weight throughout the 

experiment (Holm-Sidak post test). There was a significant effect of group ID 

(F
3,19 

= 8.733, p = 0.0008), days post infection (F
21,399

 = 2.424, p=0.0005) and an 

interaction between the two (F
63,399

 = 5.600, p<0.0001) in a 2 way repeated 

measures ANOVA. The difference in weight loss between aged S. typhimurium 

infected mice and aged saline mice became significant from day 12 onwards 

(Holm-Sidak post test: p<0.05). 

Daily food consumption per cage was also measured. There was an acute 

reduction in food intake following S. typhimurium injection in both young and 
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aged mice which appeared more pronounced in aged mice (Figure 5.11). There 

was a significant effect of group (two way ANOVA without replication: group - 

F
3,57

 = 30.20, p<0.0001) and days post infection (F
19,57

 = 1.874, p = 0.0354). 

Food intake of S. typhimurium infected young mice recovered to levels similar 

to saline injected young or aged mice and remained similar until between day 

11-15, when young saline treated mice increased their food intake by 

approximately 2-3g per cage per day while young S. typhimurium infected 

mice maintained a steady food intake of approximately 16g per cage per day. 

Aged infected mice ate less than any other group tested in the study (Holm-

Sidak post test: p<0.0001), particularly between days 10-16 when the mice 

were losing 0.5-1.0% of body weight per day. Young S. typhimurium infected 

mice also ate less than young saline mice across the study (Holm-Sidak post 

test: p<0.01), but this reduction in food intake was more pronounced in aged 

mice. 

 

 



   

 163  

Figure 5.10. Changes in body weight of young or aged mice followed infection with 3 x 10
5

 CFU S. typhimurium – 

experiment 2.  

Body weights were recorded daily for 21 days. n = 5-6 per group. All data is expressed as percentage of the mouse’s starting body 

weight on the day of injection. Error bars represent standard error of the mean. * represent significant difference between aged S. 
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typhimurium treated and from age matched time-point with Holm-Sidak post test. *=p<0.05, **=p<0.01, ***=p<0.001, 

****=p<0.0001 in Holm-Sidak post-test.  

Figure 5.11 Changes in daily food intake of young or aged mice followed infection with 3 x 10
5

 CFU S. typhimurium – 

experiment 2.  

Food consumption was recorded daily for 20 days. n = 1 cage per group, each cage housing 5-6 mice. 
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5.4 Discussion 

S. typhimurium infection caused a sustained behavioural response in both 

young and aged mice, lasting for at least three weeks after infection. Open 

field rearing and locomotor activity was reduced to a similar extent in both 

young and aged mice. Static rod performance was only impaired in aged mice 

7 days post S. typhimurium infection, and by 21 days after infection static rod 

performance returned to baseline levels. Body weight was reduced in the first 

24h after infection in both young and aged mice, but whereas young mice 

recovered their body weight, aged mice did not and a second phase of chronic 

weight loss began at approximately 8-10 days after infection in aged mice. 

This weight loss coincided with decreased food intake. Young mice also 

demonstrated a progressive reduction in novel object preference during 

infection. Aged mice were already impaired in novel object recognition test 

performance at baseline, preventing the accurate assessment of the effects of 

S. typhimurium infection on novel object preference in aged mice. 

5.4.1 Preliminary experiments 

Preliminary experiments were designed with two goals in mind – to determine 

what dose of S. typhimurium was most suitable for an experiment using both 

young and aged mice, and to establish and validate a protocol for the novel 

object recognition test. When 1x10
6

 CFU S. typhimurium was administered to 

aged mice weight loss was no longer transient, but instead continued 

progressively over the next 7 days until several mice reached the 15% weight 

loss limit set by the Home Office licence used and therefore were culled. 6 

month old mice responded to an injection of 1 x 10
6

 CFU by losing 

approximately 5% of their original body weight in the first 24h following 

infection and then gradually recovering weight over the next 7 days, in 

agreement with the kinetics of weight loss described by Püntener et al 2012 

following S. typhimurium infection. The more severe weight loss experienced 

by aged mice in response to S. typhimurium infection suggests that aged mice 

fail to control S. typhimurium infection at this dose. A dose of 1 x10
5

 CFU did 

not cause significant weight loss in either young or aged mice. Therefore an 

intermediate dose of 3 x 10
5

 CFU was deemed suitable for young and aged 

mice. 
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The novel object recognition test is principally a test of memory encoding and 

recall. The test depends on two main assumptions – that the two objects tested 

are of equal initial preference to a mouse and that the mouse will prefer to 

spend time investigating a novel object rather than a familiar object. Two pairs 

of objects were identified, first through identification of objects that were 

sufficiently salient to mice to attract their attention and then by presenting 

these object pairs to naive mice to ensure that both objects in a pair were 

equally attractive to a mouse that had seen neither object before. These object 

pairs, identified in the methods section of this chapter as pair 1 and pair 2, 

were used to validate the assay protocol that was designed based on that used 

by Materazi et al. (2011). Naive mice exhibited a strong preference for the 

novel object over a familiar object (mean preference index of 69.5%), 

demonstrating that mice recalled having encountered the familiar object 

previously and therefore preferred to investigate the novel object. This 

preference was impaired in young mice that had been infected with S. 

typhimurium for 3 weeks (mean preference index of 60%) and abolished in 

mice treated with U50,488, a kappa opiate agonist (mean preference index of 

51%). U50,488 has been shown in multiple studies to abolish novel object 

preference (Carey et al., 2009; Schindler et al., 2010), possibly by acting on 

kappa opiate receptors expressed in the temporal lobe and hippocampus 

(Carey et al., 2009; Mansour et al., 1996). The endogenous kappa opiate 

agonist dynorphin is thought to mediate some of the disruptive effects of 

chronic stress on memory recall (Carey et al., 2009), and it is likely U50,488 

acts in the same way.  

The reduction in novel object preference 20 days post infection in young mice 

suggested that S. typhimurium infection may have an effect on memory 

function, but it was accompanied by a reduction in the amount of time spent 

attending to the two identical objects during the familiarisation phase of the 

protocol. This introduces a confounding factor when interpreting this data, as 

the decreased time spent attending the objects could lead to decreased 

encoding of the familiar objects and therefore poorer recall of the familiar 

objects, leading to reduced preference for the novel object during the testing 

phase. To address this possibility the protocol was adapted to ensure that all 

mice spent the same amount of time (30 seconds) attending the identical 

objects during the familiarisation phase. 
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5.4.2 Anorexic weight loss  

3 x 10
5

 CFU of S. typhimurium induced an acute monophasic loss of body 

weight in young mice and a prolonged biphasic loss of weight in aged mice. 

The second phase of weight loss was prolonged in aged mice, beginning at day 

8-10 and continuing until day 26. A second experiment showed that these 

results were reproducible and that young infected mice recovered their body 

weight to a level very similar to that of young saline injected mice, whereas 

aged mice lost more weight than aged saline injected mice over the course of 

the 21 days of the experiment. 

The close coincidence of decreased food intake with peak periods of weight 

loss suggests an anorexic rather than a cachexic cause of weight loss due to S. 

typhimurium infection. The initial phase of weight loss (day 0-1) is most likely 

mediated by activation of immune to brain communication pathways by PRR 

ligands derived from S. typhimurium, such as LPS, which is detectable in serum 

in the first few days of infection (Püntener et al., 2012). These ligands may 

activate TLRs on vagal afferents or brain endothelium directly or mediate their 

actions through induction of cytokine production in the periphery. By 24h after 

infection serum LPS and cytokine levels are much lower than in the first few 

hours of infection and cytokines are not robustly expressed in the brain or 

serum (Püntener et al., 2012), which would explain why the first phase of 

weight loss only lasts 24h. LPS is undetectable in the serum of young mice by 7 

days after injection (Püntener et al., 2012), suggesting that the second phase 

of weight loss is not LPS mediated. Increased sensitivity to peripheral cytokine 

levels, an enhanced central inflammatory reaction to peripheral inflammation 

or enhanced sensitivity of specific neuronal circuits in aged mice could all 

potentially contribute to the induction of this second phase of weight loss. 

Control of food intake is complex and mediated by several different nuclei of 

the brain, including several areas of the hypothalamus, NTS, ventral tegmental 

area, lateral parabrachial nucleus nucleus accumbens and the amygdala 

(Gautron and Laye, 2009). An exaggerated production of central inflammatory 

mediators in response to peripheral cytokines in any of these areas could 

contribute to the induction of a second phase of weight loss. Increased BBB 

permeability, which has been reported in ageing (Farrall and Wardlaw, 2009), 

in particular areas could also underlie some of these changes, leading to 
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increased exposure of neurons to blood components or inflammatory 

mediators. These areas have not been systematically studied in the ageing 

brain for their responsiveness to peripheral inflammation, and barely studied 

at all in the context of the brain’s response to live infection. Neurons and 

microglia in the aged mouse hypothalamus have an increased 

neuroinflammatory status, expressing higher levels of TNF and NFB 

signalling, leading to a subsequent decrease in gonadotrophin releasing 

hormone (Zhang G. et al., 2013). An enhanced basal inflammatory state in the 

aged hypothalamus could potentially render this particular brain area more 

likely to exert anorexic behavioural effects in response to peripheral 

inflammation, either through neuroendocrine changes or neuronal 

modification of behaviours e.g. food seeking behaviours. Enhanced c-fos 

activity in several brain nuclei associated with enhanced anorexic behaviour 

has been reported in response to an i.p. injection of 10µg of LPS per mouse in 

young and aged mice (Gaykema et al., 2007a), including the NTS, PVN of the 

hypothalamus, area postrema, amygdala and parabrachial nucleus. Whether 

this enhanced neuronal activity is caused by enhanced local cytokine 

production, enhanced neuronal activation due to signalling from the CVOs or 

vagal afferents or a mixture of the two is not addressed by Gaykema et al. 

(2007a). During S. typhimurium infection in the aged brain a similar enhanced 

neuronal response to systemic inflammation could occur in specific brain 

regions e.g. the hypothalamus. 

5.4.3 Static rod test performance 

The static rod test is a well characterised assay of co-ordination and balance 

(Contet et al., 2001). Deficits in co-ordination and balance have not been 

widely reported as a consequence of systemic inflammation. S. typhimurium 

infection caused a significant increase in transit time and the failure rate on the 

9mm diameter rod at 7 days after infection in aged mice. Static rod 

performance returned to baseline levels 21 days after infection in aged mice, 

indicating that this impairment in co-ordination and balance was transient. In 

contrast young mice did not perform any worse in the static rod test when 

infected with S. typhimurium. Aged mice also performed worse than young 

mice at baseline, in agreement with data from chapter 3. Age and infection 

induced deficits in static rod performance were less pronounced when using 



   

 169  

the 12 or 15mm diameter rod, as the larger diameter rods are easier for the 

mice to traverse and are therefore less discriminatory than the 9mm diameter 

rod. The increases in transit time were caused by an increased number of foot 

faults by the mice, where their foot slipped from the rod and the mouse 

gripped the rod using its legs rather than its feet, rather than any change in 

normal walking speed.  

One study that has previously reported acute motor deficits following systemic 

inflammation is that of Cunningham et al 2009, which found an acute effect 

(6h) of a 500µg/kg LPS injection on inverted screen performance and 

horizontal bar performance, but only in mice that had existing prion pathology 

(14 weeks post inoculation). Mice injected with normal brain homogenate did 

not show any change in performance in these tests following LPS injection, 

suggesting the necessity of either pre-existing neuronal pathology or an 

exaggerated neuroinflammatory response for motor deficits to appear. There 

was no effect of 100µg/kg LPS on static rod test performance in aged mice as 

described in chapter 3. This may be due to the lower dose of LPS used in this 

study compared to that of Cunningham et al and a possible ceiling effect on 

co-ordination and balance due to ageing in this experiment. Ageing is known 

to induce deficits in cerebellum dependent behaviour in the absence of 

systemic inflammation, possibly due to loss of Purkinje neurons during ageing 

(Woodruff-Pak et al., 2010), and in the case of S. typhimurium infection it may 

be that pre-existing age-related pathology in the cerebellum renders this brain 

area particularly susceptible to systemic inflammation (Woodruff-Pak et al., 

2010). Purkinje neurons express IL-1 receptors and EP1, 2 and 4 receptors 

(Candelario-Jalil et al., 2005; Cunningham et al., 1992; Zhang and Rivest, 

1999), so it is possible that the effects of peripheral infection on co-ordination 

and balance may be mediated by inflammatory signalling to Purkinje neurons. 

5.4.4 Open field and novel object recognition test 

The data from the open field test showed a progressive decrease in locomotor 

and rearing activity following S. typhimurium infection, with changes most 

pronounced 21 days after infection. However, as these mice were being 

handled daily and the open field test is sensitive to changes in anxiety (Carola 

et al., 2002), a control experiment was designed to assess the effects of daily 

handling on open field test performance in naïve mice. Daily handling did 
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reduce locomotor activity, but not to the same degree observed in S. 

typhimurium infected mice at the same time-points. Rearing activity was also 

assessed and was not altered by daily handling, whereas the reduction in 

rearing activity following S. typhimurium infection was clear (~40-50%). This 

experiment indicated that the open field deficits observed during S. 

typhimurium infection were truly a result of S. typhimurium infection and not 

an artefact resulting from daily handling. 

There was no difference between young and aged mice in how S. typhimurium 

affected their open field performance. This lack of age related differences in 

the rearing activity and locomotor activity changes does not fit with the general 

pattern of an exaggerated behavioural response to systemic inflammation in 

aged animals described by multiple authors (Barrientos et al., 2006; Godbout 

et al., 2005b). One explanation may be that the behavioural changes observed 

in the experiments described in this chapter are initiated via different immune 

to brain communication routes than studies using systemic LPS injections, in 

which the direct actions of LPS on endothelial cells at the BBB and subsequent 

central production of inflammatory mediators are likely to contribute 

significantly to changes in open field behaviour (Godbout et al., 2005b). The 

open field deficits induced by BCG infection were not more pronounced in aged 

mice than in young mice, although recovery of open field activity was delayed 

(Kelley et al., 2013). It would be interesting to see whether recovery of open 

field activity is also delayed in aged mice infected with S. typhimurium. 

These changes in open field activity could reflect reduced anxiety in S. 

typhimurium infected mice (Carola et al., 2002), but most reports of the 

effects of peripheral infection on anxiety behaviour have described an 

anxiogenic rather than an anxiolytic effect of infection on behaviour (Goehler 

et al., 2008; Lyte et al., 2006). An alternative explanation would be a state of 

decreased motivation to engage in exploratory behaviour, indicating a state of 

apathy or fatigue. It has been proposed previously that catecholaminergic 

pathways between the NTS and forebrain regions such as the hypothalamus, 

hippocampus, dorsal striatum and ventral tegmental area may be a neural 

correlate for aspects of behaviour involved in behavioural arousal and fatigue 

(Gaykema and Goehler, 2011). The NTS acts as a relay station for vagus 

afferent fibres (Berthoud and Neuhuber, 2000) and it may be that vagal input 

or input from the CVOs mediates the changes in open field activity observed 
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here. Decreased behavioural arousal would lead to a decreased desire to 

explore novel environments such as the open field arena and a decreased 

desire to escape from the arena, and therefore offers a plausible explanation 

for the decreased open field activity of S. typhimurium infected mice. Another 

explanation would be decreased motivation resulting from depressive 

behaviour, but work from Ursula Püntener and Steven Booth has shown a peak 

of immobility in the forced swim test in young mice 7 days after infection, not 

21 days after infection (Ursula Püntener and Steven Booth, personal 

communication), coinciding with the peak of peripheral cytokine levels. If these 

changes in open field activity were representative of depressive behaviour then 

one would expect the largest reduction in open field activity to occur 1 week 

after infection, when depressive behaviour is most pronounced, not 3 weeks 

after infection, as was observed in this study. 

The changes in novel object recognition behaviour observed in young mice can 

be interpreted in one of two ways – either a deficiency in memory 

formation/recall during infection, and therefore loss of memory of the familiar 

object, or an apathetic attitude towards novel stimuli and therefore a lack of 

impetus to preferentially investigate the novel object. Impaired memory 

consolidation has been described following infection previously in E. coli 

infected rats using fear conditioning (Barrientos et al., 2006). Decreased 

interest in novel objects in general would be supported by the decreased time 

spent attending the two identical objects during the familiarisation session in 

both the pilot study and in experiment 1, as well as a decreased preference for 

the novel object over the familiar object during the testing phase. The time 

taken to reach 30s of time spent with the identical objects during 

familiarisation increased by ~40% in experiment 1 and the mean time spent 

investigating the identical objects during the familiarisation phase in the pilot 

study was ~40% lower than that of naïve mice. Decreased interest in novel 

objects could be interpreted as indicative of an apathetic state, resulting from 

increased fatigue and decreased arousal. Distinguishing which of these 

interpretations is correct is not possible without further experiments to 

investigate the extent of decreased memory or arousal using different 

behavioural assays, such as the alternating Y maze or fear conditioning test to 

assess memory and the social interaction test to test arousal or the quinine 

avoidance test to test apathy (Martinowich et al., 2012). It is also possible that 
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decreased memory consolidation and arousal interact to produce a decreased 

novel object preference in this test.  

Aged mice performed poorly in the novel object recognition test at baseline, 

only scoring a preference index of ~56%. This is in line with the previous 

observations of other authors that novel object recognition test performance is 

impaired in aged rodents (de Lima et al., 2005). This poor baseline 

performance meant that it was not possible to meaningfully assess further 

changes in novel object recognition resulting from S. typhimurium infection.  

The variability in novel object recognition performance between the 

preliminary experiments and experiment 1 is not easily explained. The mice 

used in pilot experiments were from a different breeding colony, having been 

bred in house from Harlan stocks, whereas the mice used for experiment 1 

were ordered directly from Charles River. Whether these differences in origin 

may impact on baseline novel object recognition performance is not known. 

However, there is a clear reduction in novel object preference following S. 

typhimurium infection in mice used from both sources of approximately 9%, 

showing the reproducibility of decreased novel object preference following S. 

typhimurium infection despite the variability in baseline performance. 

5.4.5 Summary 

S. typhimurium infection causes a range of prolonged metabolic and 

behavioural alterations in both young and aged mice. Data from the open field 

test may be indicative of a state of increased apathy or fatigue or reduced 

anxiety three weeks after infection in both young and aged mice. The novel 

object recognition test data may also indicate a state of apathy, or may be 

indicative of memory deficits during S. typhimurium infection. The response to 

S. typhimurium infection differed between young and aged mice in the static 

rod test, which is a measure of co-ordination and balance, where aged mice 

performed significantly worse 1 week after infection while young mice were 

unaffected by infection. Aged mice experienced a second, chronic phase of 

weight loss that began at day 8-10 after infection, probably due to decreased 

food intake over this time period. In summary, aged mice showed a selective 

vulnerability to weight loss and co-ordination/balance deficits which young 

mice did not and both young and aged mice showed reduced open field 
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activity and in the case of young mice novel object preference that may be 

indicative of a decreased state of motivation. 
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6. A longitudinal study of the effects of 

Salmonella infection and ageing on 

microglial phenotype and function. 

6.1 Introduction 

Systemic administration of TLR ligands such as LPS can activate microglia 

within the CNS to produce inflammatory cytokines and to modulate their 

expression of functionally relevant molecules such as MHCII (Corona et al., 

2010; Henry et al., 2009; Laflamme et al., 2001). The effects of LPS-induced 

systemic inflammation on microglia are enhanced in the aged brain (Henry et 

al., 2009). However, the effects of live systemic infections on microglia are not 

as well characterised. The systemic and central immune response to bacterial 

infections can be considerably more prolonged than to sterile mimetics of 

infection such as LPS (Godbout et al., 2005b; O'Connor et al., 2009b; Püntener 

et al., 2012) and central inflammatory responses may be induced via different 

immune-to-brain communication pathways to those induced by systemic 

administration of TLR agonists such as LPS. 

Intraperitoneal inoculation of the attenuated S. typhimurium strain SL3261 

results in a prolonged systemic inflammatory response characterised by 

increased levels of cytokines such as IFN peaking at 7 days after infection 

(Mittrucker and Kaufmann, 2000; Püntener et al., 2012). The CNS response to 

S. typhimurium infection is characterised by increased levels of IL-1β and IL-12 

in the CNS 3 weeks after infection, increased expression of MHCII, ICAM and 

VCAM on endothelial cells and CD11b on microglial cells and exaggerated 

inflammatory responses to a secondary central LPS challenge 4 weeks after 

infection (Püntener et al., 2012). BCG infections in aged mice cause 

exaggerated sickness behaviour and prolonged depressive behaviour (Kelley et 

al., 2013) and E. coli infection in aged rats causes memory deficits 

accompanied by increased production of IL-1β and decreased BDNF expression 

in the hippocampus (Barrientos et al., 2009a).  

The effects of infections on aged microglia outside the hippocampus have not 

been thoroughly investigated. A rostral caudal gradient of microglial sensitivity 
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to inflammation and ageing has been suggested (Kullberg et al., 2001; Schnell 

et al., 1999b) and Chapter 4 of this thesis describes grey-white matter 

differences in age-related changes in microglia. Therefore rostral-caudal and 

grey-white matter differences may exist in the responsiveness of the CNS to 

systemic infections such as S. typhimurium. This study investigates the effects 

of S. typhimurium infection on microglial phenotypes in different areas of the 

young and aged CNS and the effect of ageing on the central inflammatory 

response to S. typhimurium. 

6.2 Methods 

6.2.1 Animals 

Female, C57/Bl6J mice aged either 3 (young) or 18 (aged) months old were 

obtained from Charles River, Margate, UK. Mice were injected with 3 x10
5

 CFU 

of S. typhimurium strain SL3261. These mice were the same as those used for 

behavioural experiments in Chapter 5. The data presented in this chapter is 

derived from two independent experiments, experiment 1 and experiment 2. 

Both experiments were designed to study the effect of systemic S. 

typhimurium infection on the CNS over time. Experiment 1 had six different 

groups – saline treated mice culled 1 day after injection and mice infected with 

S. typhimurium for 1, 8, 15, 22 or 57 days. The 57 day time-point is referred 

to as 2 months throughout this chapter. Experiment 2 had three different 

groups – saline treated mice culled 21 days after injection and mice infected 

with S. typhimurium for 7 or 21 days. Within each group were 5-6 young and 

5-6 aged mice, with the exception of the aged 57 day group of experiment 1 

which only contained 3 mice due to some mice losing excessive amounts of 

weight and therefore being culled early under the terms of the home office 

licence used.  

6.2.2 Tissue collection 

After perfusion with heparinised saline the brain was rapidly dissected and 

tissue was either embedded directly in OCT for immunohistochemistry or flash 

frozen in liquid nitrogen for qPCR. In experiment 1 the cerebellum was 

removed and embedded in OCT and the rest of the brain was cut saggitally. 

One half of the brain was embedded in OCT for fresh frozen 
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immunohistochemistry. A hippocampal punch was obtained from the other half 

of the brain using a sterile RNAse free pipette tip to capture hippocampus 

enriched tissue. Serum was collected as described in chapter 2. In experiment 

2 a hippocampal punch and cerebellar tissue were snap frozen for qPCR to 

allow comparison of the two regions. Assistance was received from Ursula 

Püntener and Steven Booth (University of Southampton) in collecting tissue 

from these experiments. 

6.2.3 Cytokine measurements 

Serum cytokine measurements were obtained using a MSD multiplex kit 

((K15012B) MesoScale Discovery, Gaithersburg, MD, USA) as described in 

chapter 2. Ursula Püntener (University of Southampton) assisted in performing 

the assay and data interpretation. 

6.2.4 Immunohistochemistry  

Fresh frozen immunohistochemistry was performed as described in chapter 2. 

To maximise consistency within experiments, sections from several different 

mice were mounted on the same slide, allowing the simultaneous staining of 

all sections for one marker within one experiment. Sections were taken from 

within 0.3mm of bregma -2.2mm (hippocampus, corpus callosum, alveus) or -

6.0mm (cerebellar white matter of the inferior cerebellar peduncle, cerebellar 

nuclei, molecular layer). Sections from spinal cord were collected from ventral 

lumbar spinal cord at all time-points except for 2 months after infection. 

6.2.5 Quantification of immunohistochemistry  

Images were analysed and quantified using ImageJ. The DAB and haematoxylin 

channels were isolated using a plugin and a threshold was determined for 

quantification. Thresholds were determined for each experiment to control for 

variation in DAB staining intensity between experiments. Background or 

excessively dark haematoxylin staining was removed using the “despeckle” 

setting and, when required, by superimposing a mask of the haematoxylin 

channel onto the image. The region of interest was traced “freehand” from the 

image and the average pixel density within the selected area was calculated. 

For each animal two images per region of interest were captured at x20 
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magnification for quantification, using a brain atlas to identify matching 

regions of interest in each hemisphere. The average of the two images was 

calculated and data expressed as either fold increase over saline treated 

expression levels in the same region from age matched saline injected mice 

(Cd11b or CD68 and F4/80) or percentage of image above threshold (CD11c 

and FcRI). FcRI expression in the spinal cord grey matter was excluded from 

analysis due to non-specific nuclear binding in this particular region. The 

identity of sections was blinded during image capture and quantification. 

6.2.6 qPCR 

All data was quantified using the delta delta Ct method described in chapter 2. 

PGK1 was used as the housekeeping gene in all experiments. Assistance was 

received from Steven Booth and Ursula Püntener (University of Southampton) in 

performing some of the RNA extractions and reverse transcription reactions. 

6.3 Results 

6.3.1 The effect of S. typhimurium infection on circulating cytokine 

levels in young and aged mice 

In experiment 1 young (3 months old) and aged mice (18 months old) were 

infected with 3 x10
5

 CFU of S. typhimurium and culled 1, 8, 15, 22 or 57 days 

(2 months) later or injected with saline and culled 1 day later. Serum samples 

were collected at these time-points and the serum levels of the cytokines IL-1β, 

TNFα, IL-6, IL-12, IFN and IL-10 determined using a multiplex immunoassay 

(Figure 6.1). Circulating cytokine levels peaked at 8 days after infection and the 

biggest increase in cytokine levels were in IFN (Figure 6.1 A). IFN 

concentrations were elevated in serum up to 22 days after infection, but 

progressively declined between day 8 and day 22. The peak concentration of 

TNFα, IL-1β, IL-6 and IL-10 was also 8 days after infection, although the 

increase from saline injected levels was smaller than that of IFN. Infection had 

a significant effect on the concentrations of all cytokines measured (p<0.01) 

except for IL-12. Age did not affect the expression of any of the cytokines 

measured at baseline or after S. typhimurium infection apart from IL-10. Age 

had a significant effect on IL-10 expression (p<0.001) and IL-10 was generally 
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more elevated between days 1-22 after infection in aged than in young mice. 

There was no significant effect of age x infection on circulating cytokine levels. 

The results of the statistical analysis of these data are compiled in table 6.1. 

 

Figure 6.1. The effect of S. typhimurium infection on serum cytokine levels 

in young and aged mice. Levels of IFN (A), IL-10 (B), IL-12 (C), TNFα (D), IL-6 

(E), IL-1β (F) were measured using a multiplex immunoassay. Data is shown as 
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mean ± SEM. Stars denote a significant difference compared to age matched 

D0 expression. * denotes p<0.05; ** denotes p< 0.01; *** denotes p< 0.001; 

**** denotes p<0.0001. 

  Serum 

Cytokine Age Infection Age x Infection 

IL-1β n = 5-6 

F (1, 45) = 2.126 F (4, 45) = 5.019 F (4, 45) = 0.9125 

P = 0.1517 P = 0.0020 P = 0.4649 

IL-6 n = 5-6 

F (1, 52) = 0.1357 F (5, 52) = 3.837 F (5, 52) = 0.7325 

P = 0.7141 P = 0.0049 P = 0.6024 

TNFα n = 5-6 

F (1, 45) = 0.04506 F (4, 45) = 7.920 F (4, 45) = 0.3999 

P = 0.8328 P < 0.0001 P = 0.8076 

IFN n = 5-6 

F (1, 52) = 0.008024 F (5, 52) = 32.38 F (5, 52) = 1.058 

P = 0.9290 P < 0.0001 P = 0.3941 

IL-12 n = 5-6 

F (1, 50) = 0.7085 F (5, 50) = 2.258 F (5, 50) = 2.507 

P = 0.4040 P = 0.0628 P = 0.0421 

IL-10 n = 5-6 

F (1, 52) = 13.31 F (5, 52) = 26.85 F (5, 52) = 0.5661 

P = 0.0006 P < 0.0001 P = 0.7255 

Table 6.1. Statistical analysis of the effects of S. typhimurium infection 

and ageing on circulating levels of IL-1β, IL-6, TNFα, IFN, IL-12 and IL-10.  

Data was logarithmically transformed to obtain a normal distribution and then 

analysed using two way ANOVAs. 

6.3.2 An immunohistological assessment of microglial phenotype in 

different regions of the young and aged CNS after S. typhimurium 

infection 

Fresh frozen sections were stained for the same molecules selected for 

investigation in chapter 4, namely CD11b, CD68, F4/80, FcRI and CD11c. The 

regions investigated were cerebellar white matter, the cerebellar nuclei (mixed 

grey/white matter), the molecular layer of the cerebellum (grey matter), the 

dentate gyrus and CA1 regions of the hippocampus (grey matter), the alveus of 

the hippocampus (white matter), the corpus callosum (white matter), and the 

lateral white matter tracts and grey matter of the ventral lumbar spinal cord. 

Expression levels of these molecules was quantified for each region (Figure 

6.2) and expressed as fold increase from young saline treated mice for CD11b, 

CD68 and F4/80 and as percentage of image above threshold for FcRI and 

CD11c due to the negligible expression of these proteins in some regions. 
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 The increase in expression of CD11b in aged mice was most pronounced in 

the cerebellum and in the corpus callosum and alveus (Figure 6.2 A), although 

the effect of region was not significant (Kruskal-Wallis test: d.f. = 7, x
2

 = 10.90, 

p = 0.143). Increases in CD68 expression during ageing were most 

pronounced in the cerebellum and region had a significant effect on CD68 

expression (Kruskal-Wallis test: d.f. = 7, x
2

 = 16.07, p = 0.0245) (Figure 6.2 B). 

F4/80 expression was only increased during ageing in white matter or mixed 

grey/white matter areas, although the effect of region was not quite 

statistically significant (Kruskal-Wallis test: d.f. = 7, x
2

 = 13.64, p = 0.0580) 

(Figure 6.2 C). FcRI expression was also only increased during ageing in white 

matter or mixed grey/white matter areas and region and age had a significant 

effect (2 way ANOVA: age: F
1,68 

= 42.14, p<0.0001, region: F
6,68

 = 8.54, 

p<0.0001, age x region: F
6,68

 = 0.932, p = 0.478) (Figure 6.2 D). CD11c 

expression was only increased during ageing in white matter areas and age, 

region and age x region had a statistically significant effect on CD11c 

expression (2 way ANOVA: age: F
1,68 

= 17.30, p<0.0001, region: F
7,68

 = 3.16, p = 

0.0054, age x region: F
7,68

 = 2.57, p = 0.0193) (Figure 6.2 E). 
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Figure 6.2. The effect of ageing on expression of microglia markers in 

various regions of the aged CNS.  
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Expression of CD11b (A), CD68 (B), F4/80 (C), FcRI (D) and CD11c (E) 

increases with ageing. Data is shown as mean ± SEM.  

The effect of S. typhimurium infection on expression of the selected microglial 

activation markers was also quantified in each of the regions tested. CD11b 

expression was increased by S. typhimurium infection in all CNS regions 

examined (Figure 6.3), with no detectable regional differences in sensitivity of 

microglial CD11b expression to S. typhimurium infection. The variability of 

these data meant that infection or age x infection did not have a statistically 

significant effect in any region examined (table 6.2). Increases in CD11b 

expression were slightly more pronounced in young than in aged cerebellum 

and hippocampus regions, although the molecular layer of the cerebellum was 

the only region where the effect of age was significant. In the spinal cord 

increases in CD11b expression were comparable between ages. Representative 

images from hippocampus (Figure 6.4), spinal cord (Figure 6.5) and cerebellar 

white matter (Figure 6.6) illustrate the general increase in CD11b expression 

observed in these brain areas.  
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Figure 6.3. The effect of S. typhimurium infection on CD11b expression in 

various regions of the young and aged CNS.  

CD11b expression was quantified in cerebellar white matter (A), the molecular 

layer of the cerebellum (B), the cerebellar nuclei (C), the dentate gyrus and CA1 
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region of the hippocampus (D), the alveus of the hippocampus (E), the corpus 

callosum (F), the grey matter of the ventral spinal cord (G) and the white matter 

of the ventral spinal cord (H). Stars denote a significant increase in expression 

of CD11b compared to age matched saline injected mice in that region. Stars 

denote a significant difference compared to age matched D0 expression. * 

denotes p<0.05; ** denotes p< 0.01; *** denotes p< 0.001. 

 

Region Age Time-point Age x Time-point 

Cerebellar white matter 

F (1, 54) = 0.04735 F (5, 54) = 1.367 F (5, 54) = 0.1973 

P = 0.8286 P = 0.2511 P = 0.9622 

Cerebellar molecular 

layer 

F (1, 53) = 7.916 F (5, 53) = 1.026 F (5, 53) = 0.9346 

P = 0.0069 P = 0.4116 P = 0.4662 

Cerebellar nuclei 

F (1, 51) = 0.3880 F (5, 51) = 0.7826 F (5, 51) = 0.4505 

P = 0.5361 P = 0.5670 P = 0.8110 

Hippocampus 

F (1, 54) = 0.01353 F (5, 54) = 1.352 F (5, 54) = 0.3431 

P = 0.9078 P = 0.2568 P = 0.8844 

Alveus 

F (1, 54) = 3.118 F (5, 54) = 1.323 F (5, 54) = 0.4789 

P = 0.0831 P = 0.2682 P = 0.7904 

Corpus callosum 

F (1, 49) = 1.891 F (5, 49) = 0.5460 F (5, 49) = 0.2379 

P = 0.1753 P = 0.7405 P = 0.9438 

Spinal cord grey matter 

F (1, 46) = 0.1323 F (4, 46) = 1.288 F (4, 46) = 0.4567 

P = 0.7178 P = 0.2886 P = 0.7670 

Spinal cord white 

matter 

F (1, 46) = 0.1086 F (4, 46) = 0.8060 F (4, 46) = 0.5988 

P = 0.7433 P = 0.5277 P = 0.6653 

Table 6.2. Statistical analysis of the effects of S. typhimurium infection 

and ageing on expression of CD11b.  

Data was logarithmically transformed to obtain a normal distribution and then 

analysed by two way ANOVA. 



 

 186 
 



   

 187  

Figure 6.4. Representative images of CD11b expression in the 

hippocampus of young or aged mice following S. typhimurium infection.  

Images were captured at x40 magnification. The blue staining is a 

haematoxylin nuclear counterstain, brown staining is for CD11b. The scale bar 

represents 50µm. 
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Figure 6.5. Representative images of CD11b expression in spinal cord 

white matter tracts of young or aged mice following S. typhimurium 

infection.  

Images were captured at x40 magnification. Blue staining is a haematoxylin 

nuclear counterstain, brown staining is for CD11b. Scale bar represents 50µm. 
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Figure 6.6. Representative images of CD11b expression in the cerebellar 

white matter tracts of young or aged mice following S. typhimurium 

infection. 

Images were captured at x40 magnification. The blue staining is a 

haematoxylin nuclear counterstain, brown staining is for CD11b. The scale bar 

represents 50µm. 

Changes in CD68 expression during infection were most pronounced in the 

grey and white matter of the aged spinal cord, where a progressive increase in 

CD68 expression was observed peaking at 22 days after infection (Figure 6.7). 

A weaker increase in CD68 expression during S. typhimurium infection occurs 

in the young spinal cord. There was no discernible increase in CD68 

expression during infection in any regions of the young cerebellum, 

hippocampus, alveus or corpus callosum, whereas CD68 expression did 

slightly increase in the aged cerebellum, hippocampus, alveus and corpus 

callosum. The statistical analysis of these data is presented in table 6.3. 

Representative images illustrating the changes in CD68 expression that occur 

during infection in hippocampus (Figure 6.8), spinal cord (Figure 6.9) and 

cerebellar white matter (Figure 6.10) illustrate the changes in CD68 expression 

that occur during S. typhimurium infection and show increases in CD68 

expression in both parenchymal microglial cells and cells associated with 

blood vessels. 
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Figure 6.7. The effect of S. typhimurium infection on CD68 expression in 

various regions of the young and aged CNS.  

CD68 expression was quantified in cerebellar white matter (A), the molecular 

layer of the cerebellum (B), the cerebellar nuclei (C), the dentate gyrus and CA1 
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region of the hippocampus (D), the alveus of the hippocampus (E), the corpus 

callosum (F), the grey matter of the ventral spinal cord (G) and the white matter 

of the ventral spinal cord (H). Stars denote a significant increase in expression 

of CD68 compared to age matched saline injected mice in that region. Stars 

denote a significant difference compared to age matched D0 expression. * 

denotes p<0.05; ** denotes p< 0.01; *** denotes p< 0.001. 

Region Age Time-point Age x Time-point 

Cerebellar white matter 

F (1, 53) = 8.910 F (5, 53) = 0.4362 F (5, 53) = 1.089 

P = 0.0043 P = 0.8213 P = 0.3775 

Cerebellar molecular 

layer 

F (1, 53) = 2.696 F (5, 53) = 0.2319 F (5, 53) = 0.9762 

P = 0.1065 P = 0.9469 P = 0.4409 

Cerebellar nuclei 

F (1, 53) = 0.9755 F (5, 53) = 0.1701 F (5, 53) = 0.4730 

P = 0.3278 P = 0.9726 P = 0.7947 

Hippocampus 

F (1, 53) = 3.737 F (5, 53) = 2.678 F (5, 53) = 0.6688 

P = 0.0586 P = 0.0313 P = 0.6488 

Alveus 

F (1, 53) = 21.28 F (5, 53) = 1.026 F (5, 53) = 1.190 

P < 0.0001 P = 0.4120 P = 0.3267 

Corpus callosum 

F (1, 45) = 14.59 F (5, 45) = 0.3687 F (5, 45) = 1.634 

P = 0.0004 P = 0.8674 P = 0.1706 

Spinal cord grey matter 

F (1, 46) = 2.686 F (4, 46) = 2.561 F (4, 46) = 1.108 

P = 0.1081 P = 0.0509 P = 0.3642 

Spinal cord white 

matter 

F (1, 46) = 17.64 F (4, 46) = 2.529 F (4, 46) = 2.020 

P = 0.0001 P = 0.0532 P = 0.1073 

Table 6.3. Statistical analysis of the effects of S. typhimurium infection 

and ageing on expression of CD68.  

Data was logarithmically transformed to obtain a normal distribution and then 

analysed by two way ANOVA.  

Figure 6.8. Representative images of CD68 expression in the hippocampus 

of young or aged mice following S. typhimurium infection. Images were 

captured at x40 magnification. The blue staining is a haematoxylin nuclear 

counterstain, brown staining is for CD68. The scale bar represents 50µm. 
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Figure 6.9. Representative images of CD68 expression in spinal cord white 

matter tracts of young or aged mice following S. typhimurium infection.  

Images were captured at x40 magnification. Blue staining is a haematoxylin 

nuclear counterstain, brown staining is for CD68. Scale bar represents 50µm. 
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Figure 6.10. Representative images of CD68 expression in the cerebellar 

white matter tracts of young or aged mice following S. typhimurium 

infection.  

Images were captured at x40 magnification. The blue staining is a 

haematoxylin nuclear counterstain, brown staining is for CD68. The scale bar 

represents 50µm. 

F4/80 expression was increased by S. typhimurium infection (Figure 6.11). 

This increase in expression was most pronounced in the spinal cord. Young 

and aged mice show a progressive increase in F4/80 expression of similar 

magnitude in spinal cord grey matter, whereas in white matter the fold 

increase in F4/80 expression is larger in young mice. There was a statistically 

significant effect of infection on F4/80 expression in the white matter and 

molecular layer of the cerebellum as well as the spinal cord grey and white 

matter. In the cerebellum, hippocampus, alveus and corpus callosum the 

kinetics and the extent of change in F4/80 expression varied greatly, making it 

difficult to identify specific trends in expression of F4/80. There was however 

an overall trend towards increased F4/80 expression during infection in these 

regions, particularly at later time-points such as 15 or 22 days after infection. 

Most cells that were F4/80 positive were associated with blood vessels, but in 

the white matter of S. typhimurium infected mice F4/80 positive cells with a 

microglial morphology were more prevalent (Figure 6.12). 
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Figure 6.11. The effect of S. typhimurium infection on F4/80 expression in 

various regions of the young and aged CNS.  

F4/80 expression was quantified in cerebellar white matter (A), the molecular 

layer of the cerebellum (B), the cerebellar nuclei (C), the dentate gyrus and CA1 
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region of the hippocampus (D), the alveus of the hippocampus (E), the corpus 

callosum (F), the grey matter of the ventral spinal cord (G) and the white matter 

of the ventral spinal cord (H). Stars denote a significant increase in expression 

of F4/80 compared to age matched saline injected mice in that region. Stars 

denote a significant difference compared to age matched D0 expression. * 

denotes p<0.05; ** denotes p< 0.01; *** denotes p< 0.001. 

Region Age Time-point Age x Time-point 

Cerebellar white matter 

F (1, 53) = 1.037 F (5, 53) = 3.274 F (5, 53) = 0.8678 

P = 0.3131 P = 0.0119 P = 0.5090 

Cerebellar molecular 

layer 

F (1, 53) = 1.281 F (5, 53) = 3.270 F (5, 53) = 0.2426 

P = 0.2628 P = 0.0120 P = 0.9417 

Cerebellar nuclei 

F (1, 51) = 0.9036 F (5, 51) = 1.183 F (5, 51) = 0.7201 

P = 0.3463 P = 0.3305 P = 0.6114 

Hippocampus 

F (1, 54) = 0.1044 F (5, 54) = 1.347 F (5, 54) = 0.8791 

P = 0.7479 P = 0.2588 P = 0.5014 

Alveus 

F (1, 52) = 4.249 F (5, 52) = 0.6458 F (5, 52) = 0.2904 

P = 0.0443 P = 0.6659 P = 0.9162 

Corpus callosum 

F (1, 50) = 0.2410 F (5, 50) = 1.379 F (5, 50) = 1.303 

P = 0.6256 P = 0.2479 P = 0.2777 

Spinal cord grey matter 

F (1, 45) = 0.06802 F (4, 45) = 5.478 F (4, 45) = 0.9044 

P = 0.7954 P = 0.0011 P = 0.4695 

Spinal cord white 

matter 

F (1, 45) = 12.06 F (4, 45) = 8.037 F (4, 45) = 0.7079 

P = 0.0011 P < 0.0001 P = 0.5908 

Table 6.4. Statistical analysis of the effects of S. typhimurium infection 

time-point and ageing on expression of F4/80.  

Data was logarithmically transformed to obtain a normal distribution and then 

analysed by two way ANOVA. 
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Figure 6.12. Representative images of F4/80 expression in the CNS of 

young or aged mice following S. typhimurium infection.  
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Images were captured at x40 magnification. The blue staining is a 

haematoxylin nuclear counterstain, brown staining is for F4/80. The scale bar 

represents 50µm. 

FcRI expression was negligible after saline injection in young mice, so data is 

represented as percentage area covered instead of fold increase from age 

matched saline injected mice. Increases in FcRI expression were detectable 

following infection throughout the CNS, including areas such as the 

hippocampus where there was no detectable expression prior to infection – 

although the amount of detectable of FcRI expression was still very limited in 

such areas (Figure 6.14). Increases in expression were most pronounced in 

young and aged spinal cord white matter (Figure 6.13 G) and young cerebellar 

nuclei and white matter. There was a significant effect of infection on 

expression of FcRI in the cerebellar nuclei, hippocampus, corpus callosum and 

spinal cord white matter and a nearly significant effect in cerebellar white 

matter. Most cells that were positive for FcRI had a microglial morphology 

(Figure 6.14). 
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Figure 6.13. The effect of S. typhimurium infection on FcRI expression in 

various regions of the young and aged CNS.  
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FcRI expression was quantified in cerebellar white matter (A), the molecular 

layer of the cerebellum (B), the cerebellar nuclei (C), the dentate gyrus and CA1 

region of the hippocampus (D), the alveus of the hippocampus (E), the corpus 

callosum (F), the grey matter of the ventral spinal cord (G) and the white matter 

of the ventral spinal cord (H). Stars denote a significant increase in expression 

of FcRI compared to age matched saline injected mice in that region. * 

denotes p<0.05; ** denotes p< 0.01; *** denotes p< 0.001. 

Region Age Time-point Age x Time-point 

Cerebellar white matter 

F (1, 53) = 28.47 F (5, 53) = 2.048 F (5, 53) = 1.099 

P < 0.0001 P = 0.0867 P = 0.3721 

Cerebellar molecular 

layer 

F (1, 53) = 0.4759 F (5, 53) = 1.689 F (5, 53) = 0.8125 

P = 0.4933 P = 0.1534 P = 0.5461 

Cerebellar nuclei 

F (1, 49) = 13.65 F (5, 49) = 3.101 F (5, 49) = 0.8884 

P = 0.0006 P = 0.0165 P = 0.4961 

Hippocampus 

F (1, 54) = 4.139 F (5, 54) = 3.281 F (5, 54) = 0.5663 

P = 0.0468 P = 0.0117 P = 0.7253 

Alveus 

F (1, 54) = 9.104 F (5, 54) = 1.843 F (5, 54) = 0.1290 

P = 0.0039 P = 0.1199 P = 0.9852 

Corpus callosum 

F (1, 51) = 11.14 F (5, 51) = 2.359 F (5, 51) = 2.809 

P = 0.0016 P = 0.0531 P = 0.0257 

Spinal cord white 

matter 

F (1, 46) = 4.074 F (4, 46) = 6.185 F (4, 46) = 1.314 

P = 0.0494 P = 0.0005 P = 0.2788 

 

Table 6.5. Statistical analysis of the effects of S. typhimurium infection 

and ageing on expression of FcRI.  

Data was logarithmically transformed to obtain a normal distribution and then 

analysed by two way ANOVA. 
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Figure 6.14. Representative images of FcRI expression in the CNS of 

young or aged mice following S. typhimurium infection.  
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Images were captured at x40 magnification. The blue staining is a 

haematoxylin nuclear counterstain, brown staining is for FcRI. The scale bar 

represents 50µm. 

CD11c expression was not detectable except in aged white matter/ mixed grey 

and white matter regions, so data was represented as percentage of area 

covered instead of fold increase from age matched saline controls. A trend 

towards increased CD11c expression during infection was present in all aged 

white matter tracts, but were most pronounced in cerebellar white matter and 

spinal cord white matter (Figure 6.15 A & H). Increased CD11c expression was 

typically associated with cells of a microglial morphology (Figure 6.16). There 

was also an increase in expression of CD11c in aged spinal cord grey matter 

and young cerebellar white matter 22 days after infection, but not at other 

time-points. The increases in CD11c expression caused by infection were only 

significant in spinal cord grey matter, although there was a nearly significant 

effect of infection on CD11c expression in cerebellar white matter. 
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Figure 6.15. The effect of S. typhimurium infection on CD11c expression in 

various regions of the young and aged CNS.  
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CD11c expression was quantified in cerebellar white matter (A), the molecular 

layer of the cerebellum (B), the cerebellar nuclei (C), the dentate gyrus and CA1 

region of the hippocampus (D), the alveus of the hippocampus (E), the corpus 

callosum (F), the grey matter of the ventral spinal cord (G) and the white matter 

of the ventral spinal cord (H). Stars denote a significant increase in expression 

of CD11c compared to age matched saline injected mice in that region. * 

denotes p<0.05; ** denotes p< 0.01; *** denotes p< 0.001. 

 

Region Age Time-point Age x Time-point 

Cerebellar white matter 

F (1, 53) = 84.79 F (5, 53) = 2.204 F (5, 53) = 2.010 

P < 0.0001 P = 0.0675 P = 0.0922 

Cerebellar molecular 

layer 

F (1, 52) = 

0.009767 F (5, 52) = 0.1966 F (5, 52) = 1.040 

P = 0.9217 P = 0.9624 P = 0.4042 

Cerebellar nuclei 

F (1, 51) = 53.88 F (5, 51) = 0.7180 F (5, 51) = 1.290 

P < 0.0001 P = 0.6129 P = 0.2827 

Hippocampus 

F (1, 54) = 

0.01865 F (5, 54) = 1.130 F (5, 54) = 0.9735 

P = 0.8919 P = 0.3558 P = 0.4424 

Alveus 

F (1, 52) = 9.821 F (5, 52) = 0.7771 F (5, 52) = 0.6077 

P = 0.0028 P = 0.5707 P = 0.6943 

Corpus callosum 

F (1, 50) = 4.867 F (5, 50) = 0.6841 F (5, 50) = 0.7716 

P = 0.0320 P = 0.6377 P = 0.5747 

Spinal cord grey matter 

F (1, 45) = 5.063 F (4, 45) = 5.278 F (4, 45) = 1.195 

P = 0.0294 P = 0.0014 P = 0.3260 

Spinal cord white 

matter 

F (1, 45) = 26.04 F (4, 45) = 1.410 F (4, 45) = 1.059 

P < 0.0001 P = 0.2461 P = 0.3879 

 

Table 6.6. Statistical analysis of the effects of S. typhimurium infection 

and ageing on expression of CD11c.  

Data was logarithmically transformed to obtain a normal distribution and then 

analysed by two way ANOVA. 
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Figure 6.16. Representative images of CD11c expression in the CNS of 

young or aged mice following S. typhimurium infection. Images were 
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captured at x40 magnification. The blue staining is a haematoxylin nuclear 

counterstain, brown staining is for CD11c. The scale bar represents 50µm. 

6.3.3 The effect of S. typhimurium infection on production of pro-

inflammatory molecules in the young and aged CNS 

Hippocampal punches collected from experiment 1 were used to measure 

expression of several cytokines by qPCR. The reference gene used in Chapter 

4, GAPDH, produced melting curves with multiple peaks instead of one single 

peak when tested using samples collected from mice in experiment 1, 

indicating the potential presence of multiple amplicons. Therefore a new 

reference gene was identified and characterised. PGK1 has been suggested to 

be a more stable reference gene for ageing studies compared to several other 

genes such as GAPDH and beta actin (Boda et al., 2009) and was therefore 

selected for use in this chapter as a reference gene. PGK1 expression was not 

altered by ageing or S. typhimurium infection in either experiment 1 or 

experiment 2 (Figure 6.17).  
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Figure 6.17. Characterisation of PGK1 as a reference gene for qPCR.  

There was no significant difference between groups in Holm-Sidak post tests. 

Data is shown as mean ± SEM. 

Expression of transcripts for several inflammatory molecules was determined 

in hippocampal punches from experiment 1 using qPCR (Figure 6.18). S. 

typhimurium infection had an overall statistically significant effect on IL-1β 

expression, although there was no effect of age or age x infection interaction. 

In young mice, an approximately 2 fold increase in IL-1β transcript was 

observed from day 1, and remained elevated up to 22 days after infection. In 

aged mice IL-1β was increased at day 22 after infection only. IFNβ also showed 

a trend towards increased expression during infection, although this was not 

significant, but a significant effect of age on IFNβ expression was observed. 

Brain derived neurotrophic factor (BDNF) expression was significantly 

decreased by ageing and infection and there was a significant interaction 

between age and infection. Aged mice expressed significantly less BDNF 

transcript before infection and during infection showed a much greater 

reduction in BDNF expression than young mice, with the exception of the 22 

day time-point where expression was similar to that of saline treated mice. S. 

typhimurium infection and ageing did not significantly alter expression of 

COX-1, COX-2 or TNFα. TNFα measurements were also confounded by the lack 

of detectable transcript in some samples. The statistical analysis of these 

genes are summarised in table 6.7. 
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Figure 6.18. The effect of S. typhimurium infection on expression of pro-

inflammatory molecules in the young and aged hippocampus.  

Expression of IL-1β (A), TNFα (B), COX-1 (C), COX-2 (D), BDNF (E) and IFNβ (F) 

was determined by qPCR. Data is shown as mean ± SEM. * denotes p<0.05, ** 

p<0.01, *** p<0.001 (Holm-Sidak post test). 
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Gene Age Infection Age x Infection 

IL-1β 

F (1, 54) = 1.083 F (5, 54) = 4.226 F (5, 54) = 0.3446 

P = 0.3027 P = 0.0026 P = 0.8835 

TNFα 

F (1, 37) = 0.3568 F (5, 37) = 0.1539 F (5, 37) = 1.139 

P = 0.5539 P = 0.9775 P = 0.3572 

COX-1 

F (1, 53) = 2.428 F (5, 53) = 0.7715 F (5, 53) = 1.704 

P = 0.1251 P = 0.5745 P = 0.1498 

COX-2 

F (1, 53) = 0.05589 F (5, 53) = 1.116 F (5, 53) = 1.488 

P = 0.8140 P = 0.3630 P = 0.2095 

BDNF 

F (1, 53) = 34.14 F (5, 53) = 5.492 F (5, 53) = 3.530 

P < 0.0001 P = 0.0004 P = 0.0079 

IFNβ 

F (1, 54) = 17.13 F (5, 54) = 1.523 F (5, 54) = 1.669 

P = 0.0001 P = 0.1982 P = 0.1579 

Table 6.7. Statistical results of analysis of qPCR data from young or aged 

cerebellum or hippocampus after S. typhimurium infection (experiment 1).  

Data was logarithmic transformed to achieve normality and then analysed 

using two way ANOVAs. 

A second experiment (experiment 2) was conducted to investigate potential 

regional differences in the CNS inflammatory response to S. typhimurium 

infection by comparing cytokine responses in the hippocampus to those in the 

cerebellum. The inflammatory response in the hippocampus was marked by an 

increase in IL-1β, IL-6 and TNFα expression 7 days after infection, but not 21 

days after infection (Figure 6.19). The overall effect of S. typhimurium infection 

was significant for these three cytokines. There was also a significant effect of 

age on expression of these cytokines, although there was no age x infection 

interaction. COX-2 expression was increased in young but not aged infected 

mice, although there was only a non-significant trend towards an interaction 

between infection and age. The effect of S. typhimurium infection on 

inflammatory mediator expression was also investigated in the cerebellum 

(Figure 6.20). S. typhimurium infection did not significantly increase 

expression of IL-1β, IL-6, TNFα or COX-2 in the cerebellum. There was also no 

significant effect of age or age x infection interaction on expression of any of 

these transcripts. Table 6.8 contains the statistical analysis of the fold increase 

from young saline treated tissue. 
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Figure 6.19. The effect of S. typhimurium infection on expression of pro-

inflammatory molecules in the young and aged hippocampus.  

Expression of IL-1β (A), COX-2 (B), IL-6 (C) and TNFα (D) was determined by 

qPCR. There was no significant difference between groups in Holm-Sidak post 

tests. Data is shown as mean ± SEM. 
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Figure 6.20. The effect of S. typhimurium infection on expression of pro-

inflammatory molecules in the young and aged cerebellum.  

Expression of IL-1β (A), COX-2 (B), IL-6 (C) and TNFα (D) was determined by 

qPCR. There was no significant difference between groups in Holm-Sidak post 

tests. Data is shown as mean ± SEM. 

Region Cerebellum Hippocampus 

Gene Age Infection 

Age x 

Infection 

Age Infection 

Age x 

Infection 

IL-1β n = 5-6 

F (1, 27) = 

3.943 

F (2, 27) = 

3.182 

F (2, 27) = 

0.1198 

F (1, 28) = 

9.687 

F (2, 28) = 

4.573 

F (2, 28) = 

0.3716 

P = 0.0573 P = 0.0589 P = 0.8875 P = 0.0042 P = 0.0191 P = 0.6930 

IL-6 n = 5-6 

F (1, 28) = 

0.02315 

F (2, 28) = 

2.321 

F (2, 28) = 

1.451 

F (1, 28) = 

5.927 

F (2, 28) = 

4.230 

F (2, 28) = 

0.08335 

P = 0.8802 P = 0.1168 P = 0.2513 P = 0.0215 P = 0.0248 P = 0.9203 

TNFα n = 5-6 

F (1, 28) = 

0.7241 

F (2, 28) = 

1.229 

F (2, 28) = 

0.1429 

F (1, 28) = 

11.80 

F (2, 28) = 

6.799 

F (2, 28) = 

0.05623 

P = 0.4020 P = 0.3078 P = 0.8675 P = 0.0019 P = 0.0039 P = 0.9454 

COX-2 n = 5-

6 

F (1, 28) = 

0.8678 

F (2, 28) = 

2.084 

F (2, 28) = 

0.9978 

F (1, 28) = 

1.558 

F (2, 28) = 

3.079 

F (2, 28) = 

2.826 



   

 215  

P = 0.3595 P = 0.1434 P = 0.3814 P = 0.2223 P = 0.0618 P = 0.0762 

Table 6.8. Statistical results of analysis of qPCR data from young or aged 

cerebellum or hippocampus after S. typhimurium infection (experiment 2). 

Data was logarithmic transformed to achieve normality and then analysed 

using two way ANOVAs. 

6.4 Discussion 

6.4.1 The peripheral cytokine response to S. typhimurium 

The systemic cytokine response to S. typhimurium infection was similar 

between young and aged mice, peaking at day 8 after infection. Previous 

studies have shown similar kinetics of the circulating cytokine response to that 

reported here, with a cytokine response peaking at 1 week after infection in 

which IFN is the most responsive cytokine measured (Püntener et al., 2012), 

despite the use of a lower dose of S. typhimurium in the experiments 

described in this chapter. Cytokines which play an important role in immune to 

brain communication such as IL-1β, IL-6 or TNFα were also upregulated at 8 

days after infection, but this elevation was much less pronounced by 15 days 

after infection. The lack of difference between the peripheral cytokine 

responses of young and aged mice suggest that any differences observed 

between microglia or the central cytokine responses infection of young or aged 

mice is due to differences in the responsiveness of the CNS compartment 

rather than age related changes in the peripheral immune response. 

6.4.2 Regional differences in the effects of ageing on microglial 

phenotype. 

Ageing caused an increase in expression of the five microglial activation 

markers investigated, CD11b, CD68, F4/80, FcRI and CD11c. These changes 

tended to be more pronounced in white matter areas and more caudal areas of 

the CNS, which is in agreement with data from chapter 4. One difference 

between the data in this chapter compared to that in chapter 4 is the use of 

spinal cord instead of striatum. The spinal cord was selected because few age 

related changes in microglia in the striatum were detected in chapter 4 and the 
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spinal cord is more caudal to the cerebellum, providing an opportunity to 

investigate further the evidence of a rostral to caudal gradient. Age related 

changes in CD11b, CD68, CD11c and FcRI expression were less pronounced 

in spinal cord areas than in the cerebellum - only changes in F4/80 expression 

were similar in magnitude between the two regions. This suggests that there is 

not a straight forward, linear rostral to caudal gradient in microglial reactivity 

to ageing. The white matter and nuclei of the cerebellum were generally the 

areas with the greatest increase in expression of microglial activation markers, 

while the microglia of the dentate gyrus and CA1 of the hippocampus showed 

the smallest changes. The reason why the white matter and mixed grey/white 

matter areas of the cerebellum are more susceptible to age related changes in 

microglial phenotype is not immediately clear, but could relate to the loss of 

Purkinje neurons (Woodruff-Pak et al., 2010), their axonal projections through 

cerebellar white matter and the concomitant demyelination that would 

accompany neuronal and axonal loss. 

6.4.3 The effects of S. typhimurium infection on microglial phenotype 

in the young and aged CNS. 

When S. typhimurium had an effect on expression of CD11b, CD68, F4/80, 

FcRI and CD11c it was generally to cause a progressive and sustained increase 

in expression of these markers. The effects of S. typhimurium on microglial 

phenotype were highly variable within groups, possibly reflecting the success 

of different mice within groups in resisting S. typhimurium infection and the 

strength of their immune response.  

Increases in expression of CD11b were detectable in all the CNS regions 

studied, with a greater fold increase observed in young mice than aged mice, 

contrary to expectations. This may be due to the increased basal expression of 

CD11b in the aged CNS and an inherent limitation of quantification by 

percentage above threshold, where if there is a very strong signal one will 

observe a “ceiling effect” where the stained epitope is maximally detected 

using that threshold setting. CD11b is constitutively expressed in resting 

microglia at levels high enough to detect by immunohistochemistry, so fold 

increases in CD11b expression detected by threshold analysis are usually 

indicative of increases in intensity of staining of microglia rather than detection 

of previously unstained microglial cells. CD11b expression has been shown 
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previously to be sensitive to peripheral LPS challenge (Buttini et al., 1996) and 

whatever causes this increase in CD11b expression appears to do so 

universally.  

CD68 expression was more increased in aged than in young mice following S. 

typhimurium infection, with the most pronounced changes detected in the 

spinal cord grey and white matter. CD68 expression in the spinal cord of aged 

saline injected mice was typically localised around blood vessels, whereas 

following S. typhimurium infection CD68 was clearly also detectable in 

parenchymal microglia. Increases in expression were also present during 

infection in more rostral areas of the aged CNS such as the hippocampus, but 

they were smaller and highly variable, making it difficult to state conclusively 

whether S. typhimurium infection increases CD68 expression in these brain 

areas. Increases in F4/80 and FcRI expression induced by S. typhimurium 

infection were also more pronounced in the young and aged spinal cord than 

other CNS areas. FcRI expression was also increased following infection in 

cerebellar white matter and nuclei and to a lesser degree in the hippocampus, 

while F4/80 expression was increased in other brain areas but not as clearly or 

consistently as in the grey and white matter of the spinal cord. CD11c 

expression was also increased in the aged spinal cord and in aged cerebellar 

white matter or nuclei, but less so in more rostral regions such as the alveus or 

corpus callosum where there was little expression of CD11c initially.  

These data provide evidence for a rostral to caudal gradient of microglial 

reactivity to S. typhimurium infection in which the spinal cord is the region 

which demonstrates the most pronounced changes in microglial phenotype, 

particularly regarding CD68 expression. Other studies have shown that the 

spinal cord is more responsive to mechanical or inflammatory insult than 

forebrain regions such as the striatum, particularly the spinal white matter 

(Batchelor et al., 2008; Raghavendra et al., 2004; Schnell et al., 1999a; Schnell 

et al., 1999b). Blood brain barrier breakdown was also reportedly more 

pronounced in the spinal cord or brain stem following stereotaxic injection of 

IL-1β or TNFα (Schnell et al., 1999b).  

It is not clear from these data whether the integrity of the BBB is compromised 

during S. typhimurium infection, but there is a substantial increase in 

expression of molecules such as ICAM, VCAM and MHCII on endothelial cells in 
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the hippocampus of S. typhimurium infected mice (Püntener et al., 2012). 

Increased BBB permeability has also been reported following systemic 

inflammation induced by an i.p. injection of 100µg/kg LPS. This increase in BBB 

permeability was more pronounced in the spinal cord than in the brain (Lu et 

al., 2009). Increased BBB permeability could lead to infiltration of blood 

components such as fibrinogen, which can induce stress or damage in neurons 

and glia and directly induce inflammatory responses in microglia by binding to 

CD11b, leading to increases in expression of iNOS and the activation marker 

Iba-1 (Davalos et al., 2012). Other blood components that could contribute to 

microglial activation and increase expression of microglial activation markers 

include IgG acting at Fc receptors (He et al., 2002; Lunnon et al., 2011; Teeling 

et al., 2012) or thrombin (Fujimoto et al., 2007; Weinstein et al., 2005). 

Fibrinogen can also contribute to demyelination and axonal loss (Davalos et al., 

2012), which may explain the increase in CD11c expression observed during S. 

typhimurium infection. CD11c expression in macrophages is linked to lipid 

processing and microglial CD11c expression by the microglia of aged white 

matter tracts may be a result of increased myelin phagocytosis and breakdown, 

as discussed in chapter 4 (Cho et al., 2007; Gaultier et al., 2009).  

Alternatively differential sensitivity to peripheral cytokines in different brain 

areas could underlie regional differences in changes in activation marker 

expression levels. One potential cause of such rostral caudal differences in 

sensitivity to systemic inflammation could be differences in expression of 

immunoregulatory molecules such as fractalkine, which is more highly 

expressed in rostral regions such as the hippocampus than caudal regions 

such as the cerebellum (Tarozzo et al., 2003), or CD200, which is more highly 

expressed in grey than white matter (Koning et al., 2009). Decreased 

expression of immunoregulatory molecules in specific regions could cause 

microglia in those regions to be more reactive to inflammatory stimuli.  

6.4.4 The CNS inflammatory response to S. typhimurium infection. 

The only previous report on the effect of S. typhimurium infection on 

production of inflammatory mediators in the CNS showed an increase in 

hippocampal IL-1β and IL-12 levels 21 days after infection (Püntener et al., 

2012). In experiment 1 COX-1, COX-2 and TNFα levels were not altered by S. 

typhimurium infection, whereas IL-1β expression was slightly increased in 



   

 219  

young mice and at day 22 in aged mice. IFNβ expression was also slightly 

elevated by infection, although this increase was not significant. In experiment 

2 a different inflammatory response in the hippocampus was detected, with IL-

1β, TNFα and IL-6 expression peaking at 1 week after infection and then 

returning to baseline. The increase in expression of IL-1β, TNFα and IL-6 was 

still only approximately two fold over hippocampus from age matched saline 

treated mice, and therefore comparable in size to the increase in IL-1β 

expression observed in experiment 1. Together these data show a mild 

inflammatory response in the hippocampus that peaks between 1-3 weeks 

after initial infection. This study used a low dose of S. typhimurium (3 x 10
5

 

CFU compared to 1 x 10
6

 CFU) due to excessive weight loss in aged mice 

caused by the use of the higher dose, and this may explain the small changes 

in cytokines observed in this study. 

BDNF expression was decreased during S. typhimurium infection in experiment 

1, and this decrease in BDNF expression was especially pronounced in aged 

mice. BDNF is a neurotrophic factor with roles in neuroplasticity, LTP and 

memory (Bramham and Messaoudi, 2005; Lu et al., 2005; Tyler et al., 2002). 

Decreases in BDNF expression in response to increased hippocampal IL-1β 

levels has been suggested to underlie memory deficits observed during E. coli 

infection in aged rats (Cortese et al., 2011) and a similar mechanism may occur 

during S. typhimurium infection. BDNF expression is increased by tasks that 

involve memory and learning such as the novel object recognition test (Goulart 

et al., 2010) and the mice used in this study were exposed to extensive 

behavioural testing as detailed in chapter 5 which could have affected BDNF 

expression. Ageing and infection have been shown to attenuate increases in 

BDNF expression caused by fear conditioning (a test of memory) in rats 

(Chapman et al., 2012). Whether the decreased expression of BDNF observed 

in these data reflects impaired induction of BDNF expression during learning or 

reduced basal expression of BDNF is not clear and requires further study. 

In experiment 2 expression of IL-1β, TNFα, IL-6 and COX-2 was also measured 

in the cerebellum. However, no change in expression of these genes was 

detected in the young or aged cerebellum during S. typhimurium infection, in 

contrast to the hippocampus. This suggests that the regional differences 

observed in age related changes to microglial expression of proteins such as 

CD68 do not necessarily reflect enhanced cytokine production in response to 
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infection. It should be noted that the homogenised cerebellum sample will also 

contain a large amount of cerebellar cortex and therefore molecular layer, 

which was not as susceptible to age related changes in microglial phenotype as 

the cerebellar white matter tracts or cerebellar nuclei. In chapter 4 a smaller 

inflammatory response to LPS was present in the cerebellum than in the 

hippocampus, suggesting that it is not just S. typhimurium infection which 

elicits a smaller inflammatory response in the cerebellum than in the 

hippocampus. In contrast several studies have reported similar responsiveness 

of the cerebellum to i.p. or i.c.v. LPS challenge (Hansen et al., 2000b; Huang et 

al., 2008), although the mechanisms underlying the central inflammatory 

response elicited by S. typhimurium may differ from those elicited by systemic 

LPS injection. 

6.4.5 Summary 

These data show that young and aged mice have a similar systemic cytokine 

response to S. typhimurium infection and that there is a rostral caudal gradient 

of responsiveness of microglial expression of F4/80 and FcRI in the young and 

aged CNS and CD68 and CD11c in aged white matter. This rostral to caudal 

gradient in activation marker expression during S. typhimurium infection 

contrasts with analysis of pro-inflammatory mediator expression, where the 

hippocampus is more responsive to S. typhimurium infection than the 

cerebellum. The effect on hippocampal cytokine production was small but 

statistically significant, peaking at 1 week after infection. This cytokine 

response was not enhanced in aged mice, suggesting that the concept of age 

associated microglial priming might not be applicable to the inflammatory 

response generated by low grade systemic S. typhimurium infection. 
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7. The effect of systemic inflammation on 

the organisation of the paranodal junction 

in the spinal cord. 

7.1 Introduction 

Systemic infections exert a diverse range of effects on an organism’s behaviour 

and ability to function. This can include effects on co-ordination and balance as 

shown in chapter 5, and comparatively mild infections such as upper 

respiratory tract infections can affect reaction time in both simple and more 

complex reaction time tasks (Bucks et al., 2008; Smith, 2013). The molecular 

basis underlying the broad range of effects exerted by infections on the CNS 

are not yet fully elucidated.  

Evidence has emerged in the last decade of the vulnerability of paranodal 

junctions, the junction between the oligodendrocyte and the axon, to 

inflammatory conditions – particularly EAE and MS. In these diseases paranodal 

junctions elongate and the paranodal/juxtaparanodal compartmentalisation is 

compromised (Howell et al., 2006; Howell et al., 2010). It has been proposed 

that these changes in the paranodal junctions may be an early sign of 

demyelination and could disrupt or slow axonal conduction (Howell et al., 

2006; Sherman et al., 2005). More recent work has demonstrated that systemic 

inflammation induced by subcutaneous injection of complete Freund’s 

adjuvant (an emulsion of mycobacterium and mineral oil) and pertussis toxin is 

sufficient to cause a transient elongation of paranodal junctions and increased 

overlapping of paranodal/juxtaparanodal domains (Howell et al., 2010). Ageing 

has also been associated with changes in paranodal organisation, leading to 

elongated paranodal regions and overlap between paranodal and 

juxtaparanodal compartments (Hinman et al., 2006; Shepherd et al., 2010). 

The physiological relevance of dysfunction at the paranodal junction is clearly 

demonstrated by the effects of genetic deletion of any of the paranodal 

junction components – knocking out neurofacsin 155, caspr or contactin leads 

to reduced conduction velocity, ataxia, axonal transport deficits, tremor and in 

the case of neurofascin 155 (Nfasc155) early death (Bhat et al., 2001; Boyle et 

al., 2001; Sherman et al., 2005). 
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There is no published data on the effect of systemic non-neurotropic infections 

on paranodal integrity. S. typhimurium infection evokes a prolonged systemic 

inflammatory response and a low grade but chronic central inflammatory 

response (chapter 6). The experiments in this chapter aimed to investigate 

whether S. typhimurium infection induces changes in paranodal morphology, 

particularly in aged mice, in which exaggerated central inflammatory reactions 

to systemic inflammatory challenges have previously been described (Godbout 

et al., 2005b). Disruption to paranodal junction integrity and subsequent 

changes in the efficiency of axonal conduction could contribute to some of the 

behavioural changes observed during S. typhimurium infection, particularly 

those that rely on reaction speed such as co-ordination and balance. 

7.2 Materials and Methods 

7.2.1 Complete Freund’s adjuvant (CFA) experiment 

4 month old female C57/BL6J mice were used in the CFA experiment. Mice 

from the CFA group (n = 4) were injected intraperitoneally with 200ng of 

pertussis toxin (PTX) in a volume of 200µL sterile saline on day 0, 1, 7 and 8 of 

the experiment. On day 0 of the experiment mice were injected with a 1:1 

emulsion of complete Freund’s adjuvant (BD Biosciences, Oxford, UK, 

catalogue number: 263810) and sterile saline. 200µL of this emulsion was 

subcutaneously injected into each flank of the mouse. On day 7 of the 

experiment mice were injected with a 1:1 emulsion of incomplete Freund’s 

adjuvant (IFA) (BD Biosciences, Oxford, UK) and sterile saline. 200µL of this 

emulsion was subcutaneously injected into each flank of the mouse. Mice were 

culled 10 days after the first pertussis toxin injection. Saline injected mice (n = 

5) were injected intraperitoneally with 200µL of saline on day 0, 1, 7 and 8. An 

additional control group of 3 mice were injected with pertussis toxin on day 0, 

1, 7 and 8, but were not injected with CFA. This protocol was derived from 

Howell et al’s protocol for CFA challenge (Howell et al., 2010), with the 

principle difference between the protocols being the use of incomplete instead 

of complete Freund’s adjuvant on day 7 due to the terms of the Home Office 

licence used in this study. Figure 7.1 provides a schematic showing the 

schedule for the experiment. Body weights were recorded on a daily basis 

between 12.30-14.30. 
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Mice were deeply anaesthetised, perfused with heparinised saline and 

perfusion fixed with ice cold 4% PFA. The lumbar spinal cord was dissected 

out, post fixed in ice cold 4% PFA for 4-6 hours and left in 30% sucrose 

overnight. The tissue was then embedded in OCT and stored at -20°C. 

 

Figure 7.1. A schematic showing the schedule for the CFA experiment. 

7.2.2 EAE experiment 

EAE was induced in DBA mice using recombinant MOG, complete Freund’s 

adjuvant and pertussis toxin. Tissue was kindly provided by Dr Karl Goodyear 

(University of Glasgow). Tissue was harvested at the peak of clinical symptoms, 

perfused with heparinised saline and embedded in OCT (i.e. tissue was fresh 

frozen). Tissue was screened for lesions by F4/80 staining, and two spinal 

cords were found to have prevalent F4/80 positive lesions and good enough 

quality tissue to use for immunohistochemical analysis.  

7.2.3 S. typhimurium experiment 

Tissue from mice infected with S. typhimurium for 8 or 22 days or injected 

with saline was collected from the mice described in experiment 1 of chapter 

5. After perfusion with heparinised saline a portion of lumbar spinal cord was 

dissected out and post fixed in ice cold 4% PFA overnight (~16 hours). After 

fixation spinal cords were transferred to 30% sucrose for 24 hours and 

embedded in OCT. Perfusion fixation with 4% PFA was not carried out because 

of the use of other tissue from this experiment for analysis by qPCR or fresh 

frozen immunohistochemistry. 

7.2.4 Immunofluorescence 

Fresh frozen slides were dried and then immersed in ice cold 4% PFA for 20 

minutes. Once tissue had been fixed in 4% PFA sections were post fixed in 
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Bouin’s fixative (Appendix 1) for 30 seconds (if embedded fresh frozen) or 60 

seconds (if embedded PFA fixed). The sections were then washed 3 x 1 

minutes in PBS and enclosed using a wax pen. 

Initial experiments using Nfasc155 antibodies in PFA fixed or fresh frozen 

tissue resulted in staining with very high background levels, so after advice 

from Dr Barbara Zonta (University of Edinburgh) a specific blocking protocol 

was adopted for stains using Nfasc155 antibodies. The blocking medium 

consisted of 5% gelatin, 0.2% triton, 1% BSA and 1% normal animal serum. All 

reagents were diluted in this block up until the counterstaining step of the 

protocol and all incubations were performed at approximately 30°C to prevent 

the gelatin in the blocking diluent from solidifying on the section, which occurs 

at temperatures under approximately 25°C. 

The antibodies used in this chapter are listed in table 7.1. Primary antibodies 

were incubated overnight at 30°C in a tightly sealed humidified chamber. 

Secondary antibodies were incubated for 40 minutes, streptavidin (when used) 

for 30 minutes and DAPI/Hoeschst for 10 minutes. All washes were performed 

using 0.1% PBS-triton. Immunofluorescence was otherwise carried out as 

described in chapter 2. 

Sections from EAE mice were stained using a mouse-on-mouse (M.O.M.) kit 

(Vector Laboratories, Peterborough, UK) to reduce background staining from 

endogenous mouse IgG. All steps were carried out as described above, with the 

addition of M.O.M. kit protein concentrate (1:13) to the blocking medium used 

throughout the experiment, M.O.M. Ig Blocking Reagent (1:28) to the blocking 

medium used during the blocking step and the secondary antibody used was 

the M.O.M. biotinylated anti-mouse IgG reagent (1:250). 

The single SMI-32 stain used for quantification was performed using the 

M.O.M. kit without gelatin or triton as described above to obtain maximum 

staining intensity with minimal background or IgG staining.  

7.2.5 Microscopy 

Epifluorescence images were captured using a Leica DM5000B microscope. 

Confocal stacks were captured using a Leica SP5 confocal microscope. Some of 

the representative images from confocal microscope images are maximal 
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projections – they are a 2D representation of the points of maximum intensity 

within that pixel’s Z plane. The individual figure legends indicate how each 

image was captured. All pictures taken were of the lateral white matter tracts 

of the ventral spinal cord. 

7.2.6 Quantitative analysis 

All analysis was carried out using Volocity software (version 6.1.1 - 

PerkinElmer, Waltham, USA). Automated protocols were used to identify 

individual paranodes based on staining intensity for Nfasc155 and 

morphological characteristics. The skeletal length of each paranode was 

estimated using the same automated protocols. The skeletal length value 

provides a measurement of paranodal length in three dimensions (X, Y and Z) 

and is capable of accounting for shape differences between different 

paranodes. The accuracy of each skeletal length measurement was confirmed 

by visually inspecting each individual paranodal skeleton and comparing it to 

the morphology of the paranode. An example is provided in figure 7.2. The 

skeletal lengths of the first 20 clearly identifiable paranodes per confocal stack 

were recorded for three confocal stacks per section. All quantifications of 

material from S. typhimurium or CFA experiments were performed blinded to 

sample identity. 

 

Figure 7.2. An example demonstrating how skeletal lengths are obtained 

using Volocity software.  
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(A) A skeletal length drawn through X, Y and Z planes to map the longest 

length through the Nfas155 (green) positive paranode. The purple line 

represents the skeletal length and the boxes mark changes in the direction of 

the line. (B) A 3D representation of a confocal stack after identification of 

Nfasc155 (green) positive paranodes and estimation of their skeletal length. 

The red staining is for SMI-32 reactive axons and the blue staining is for DAPI 

stained nuclei. 

For EAE sections the 3 categories of normal appearing white matter (NAWM), 

lesion edge and lesion centre were determined by the extent of F4/80 staining. 

Intense F4/80 staining of many closely associated cells was taken to indicate 

the presence of a lesion. In such areas of intense F4/80 staining there was 

dramatically reduced Nfasc155 staining, indicating the occurrence of 

demyelination (Howell et al., 2006). NAWM areas were defined as white matter 

tracts which did not contain a lesion edge or centre within the captured field. 

7.3 Results  

7.3.1 EAE experiment 

To establish the effects of CNS inflammation on paranodal integrity and to 

validate the quantification protocols developed in Volocity software, fresh 

frozen spinal cords from saline treated mice (n = 3) or mice that had developed 

clinical symptoms of EAE following MOG immunisation (n = 2) were stained for 

F4/80, Nfasc155, Kv1.2 or SMI-32. In EAE spinal cords F4/80 reactivity was 

significantly increased (Figure 7.3 B) compared to saline treated mice (Figure 

7.3 A). Paranodal staining was reduced in the vicinity of EAE lesions compared 

to saline treated mice (Figure 7.3 A & B). Individual paranodes were longer in 

length and staining was less evenly distributed throughout paranodes (Figure 

7.3 D) compared to paranodes from saline treated mice (Figure 7.3 C). 

Quantification of paranodal length in EAE tissue showed a trend towards 

increasing paranodal length in EAE NAWM (mean length: 4.11µm) compared to 

saline injected mice (3.72µm), and further increases in paranodal length at the 

edge (4.77µm) or centre (4.98µm) of lesions (Figure 7.3 E).  
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Figure 7.3. The effect of EAE on paranodal integrity.  

Images A and C show tissue from a young saline treated mouse spinal cord 

stained for F4/80 (red) and Nfasc155 (green). The lack of F4/80 staining is 

evidence of a resting microglial phenotype without substantial infiltration of 

cells. Images B and D show tissue from a mouse with EAE. There is widespread 

F4/80 staining on individual microglia/macrophages and in focal areas of the 

spinal cord. Paranodes stained with Nfasc155 near areas of intense F4/80 

staining are longer in length and are not as evenly stained (D) as paranodes 

from saline treated mice (C). Images A and B are maximum projections from 

confocal stacks captured at x100 magnification on a Leica SP5 microscope. C 

and D are are magnifications of the parts of A & B respectively marked by white 

boxes and only show Nfasc155 staining. Scale bars are 20µm in length. 

Paranodal (Nfasc155+) length was quantified from confocal images of mice 

with EAE or mice injected with saline (E) (n = 2-3 per group). Columns 

represent mean ±SEM. 

Antibodies against SMI-32 label non-phosphorylated neurofilaments in axons, 

which have previously been described as a marker of damaged or stressed 

axons in EAE (Trapp et al., 1998). In the vicinity of presumed lesions 

(determined by the high density of DAPI stained nuclei and absence of 

Nfasc155 staining) (Figure 7.4 A) SMI-32 reactivity was increased compared to 

normal appearing white matter (Figure 7.4 B). Antibodies against Kv1.2 clearly 

stained juxtaparanodal regions in saline treated mice (Figure 7.4 D), but 

attempts to stain for Kv1.2 in EAE spinal cord were unsuccessful due to high 

background, probably caused by the presence of endogenous IgG (Figure 7.4 

C). 
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Figure 7.4. The effect of EAE on paranodal length and SMI-32 reactivity. 

A-B Paranodes are stained for Nfasc155 in red, damaged axons are stained for 

SMI-32 in green, nuclei are stained blue with DAPI. (A) Axons in the vicinity of a 

presumed lesion (identified by the increased density of nuclei and absence of 

Nfasc155 staining) stain positively for SMI-32 more frequently than in normal 

appearing white matter (B), where most paranodes are not associated with SMI-

32 positive axons. Images are maximum projections from confocal stacks 

captured at x100 magnification on a Leica SP5 microscope. C-D Paranodes are 

stained for Nfasc155 in red, juxtaparanodal regions are stained for Kv1.2 in 

green. Kv1.2 staining was not discernible from background staining in tissue 
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from EAE treated mice (C), whereas in tissue from saline treated mice Kv1.2 

staining localises to the juxtaparanode (white arrow) flanking paranodal 

regions (yellow arrow) (D). Images are maximum projections from confocal 

stacks captured at x100 magnification on a Leica SP5 microscope and 

magnified x2. Scale bars are 20µm in length. n = 2-3 per group. 

7.3.2 CFA experiment 

The next experiment undertaken investigated the effect of a subcutaneous CFA 

challenge accompanied by pertussis toxin injections on paranodal integrity. 

This protocol was designed to be as similar as possible to the protocol used by 

Howell et al’s 2010 study (Howell et al., 2010) in which they showed significant 

lengthening of paranodes 10 days after CFA injection. Mice were either given 

subcutaneous injections of CFA followed by IFA accompanied by pertussis 

toxin injections, pertussis toxin alone or saline alone. Pertussis toxin injection 

alone and pertussis toxin with CFA/IFA caused an increase in weight across the 

course of the experiment (two way repeated measures ANOVA: time x 

treatment: F
18,90 

= 8.778, p = 0.001) (Figure 7.5 E). Mice of the same age 

injected with saline did not change in weight over the same time period.  

Mice were perfusion fixed 10 days after the initial CFA injection with 4% PFA 

and spinal cords were stained for Kv1.2 (green) and Nfasc155 (red). Paranodal 

(Nfasc155 positive) and juxtaparanodal (Kv1.2 positive) domains of the axon 

did not appear to be significantly altered by CFA injection compared to saline 

injected animals and co-localisation did not increase following CFA injection 

(Figure 7.5 A-D). Quantification of paranodal length showed that there was no 

significant increase in paranodal length 10 days after the CFA injection (mean 

length: 4.42µm) compared to saline injected mice (mean length: 4.36µm) 

(student’s t test: t
(6)

=0.379, p = 0.717) (Figure 7.5 F). 
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Figure 7.5. The effects of CFA and PTX injection on paranodal length and 

paranodal/juxtaparanodal compartmentalisation.  
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Paranodes are stained for Nfasc155 in red, juxtaparanodes are stained for 

Kv1.2 in green and nuclei are stained blue with DAPI. Both saline treated (A, B) 

and CFA treated (C, D) mice had strongly stained neurofacsin 155 positive 

paranodes (red) of approximately 4-5µm size. Some of these paranodes were 

flanked by Kv1.2 (green) positive juxtaparanodes. There was no co-localisation 

of Kv1.2 and Nfasc155, indicating that there is efficient compartmentalisation 

of the paranodal and juxtaparanodal compartments. Injection of PTX alone or 

PTX + CFA induced weight gain in the days following injection, whereas saline 

did not (E). CFA challenge did not cause any significant increase in mean 

paranodal length compared to saline challenge (n = 4-5 per group) (F). B & D 

are x2 magnifications of the parts of A & C respectively indicated by white 

boxes. Paranodal length was analysed by two tailed student’s t test. Images are 

maximum projections from confocal stacks captured at x100 magnification on 

a Leica SP5 microscope. Scale bars are 20µm in length in A and C and 10µm in 

length in B and D. 

7.3.3 S. typhimurium experiment 

To examine whether S. typhimurium infection had any effect on the paranodal 

junctions of young or aged mice, spinal cords from mice injected with saline or 

infected with S. typhimurium for 8 or 22 days were post fixed in 4% PFA and 

stained for SMI-32 and Nfasc155. Initial examination of confocal images did 

not reveal pronounced differences in paranodal morphology as a result of 

ageing or S. typhimurium infection (Figure 7.6 A-F). Quantification of 

paranodal length showed that in SMI-32 negative axons (Figure 7.7 A) there 

was not a significant effect of S. typhimurium on paranodal length (two way 

ANOVA: F
2,27

 = 3.313, p = 0.0517), but that ageing did have a small effect on 

paranodal length (F
1,27

 = 9.448, p = 0.0048). There was no interaction between 

ageing and S. typhimurium infection (F
2,27

 = 0.561, p = 0.5772) .  

Quantification of paranodal length in SMI-32 positive axons (Figure 7.7 B) 

revealed a significant effect of S. typhimurium infection which, contrary to 

expectation, decreased the mean length of paranodes (two way ANOVA: F
2,24

 = 

7.875, p = 0.0023). Age had no effect on paranodal length in SMI-32 positive 

axons (F
1,24 

= 0.00032, p = 0.9859) and there was no interaction between age 

and infection (F
2,24

 = 0.03434, p = 0.9663). 
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Figure 7.6. The effect of S. typhimurium infection on paranodal integrity in 

SMI-32 negative and positive axons of young and aged mice.  
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Paranodes are stained for Nfasc155 in green, damaged axons are stained for 

SMI-32 in red, nuclei are stained blue with DAPI. Examples of SMI-32 positive 

paranodes are indicated by white arrows with closed heads and SMI-32 

negative paranodes are indicated by yellow arrows with open heads. Images 

are taken from spinal cord of young (A, C, E) or aged (B, D, F) mice injected 

with saline (A,B) or infected with S. typhimurium for 8 (C, D) or 22 days (E, F). 

Scale bar represents 10µm. Images are taken from a single Z plane of confocal 

stacks captured at x100 magnification on a Leica SP5 microscope. n = 4-5 per 

group. 

Total SMI-32 immunoreactivity was assessed by measuring average pixel 

intensity in a single SMI-32 stain from 3 x40 magnification images from an 

epifluorescence microscope per subject (n = 4-5 per group). There was a 

significant effect of time-point on SMI-32 immunoreactivity (2 way ANOVA: F
2,22 

= 8.541, p = 0.0018), but not of age (F
1,22

 = 0.156, p = 0.697) or any interaction 

between age and time-point (F
2,22

 = 2.641, p = 0.0937). SMI-32 staining 

intensity was increased at 1 week after infection in both young and aged mice, 

although this change appeared more pronounced and prolonged in aged mice. 

Spinal cord from saline injected aged mice had slightly less SMI-32 reactivity 

compared to spinal cord from saline injected young mice, although this 

difference was not significant. 
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Figure 7.7. Quantification of paranodal (Nfasc155) length on SMI-32 

negative or positive axons.  

Paranodes on SMI-32 negative axons did not change in length during S. 

typhimurium infection (A), although paranodes from aged mice were slightly 

elongated compared to paranodes from young mice (p<0.05). Paranodal length 

in SMI-32 positive axons decreased during S. typhimurium infection to an equal 

degree in both young and aged mice (B) (p<0.01), reaching a similar mean 

length to SMI-32 negative paranodes (<4µm). Columns represent means ±SEM. 

n = 4-5 per group. 
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Figure 7.8. Quantification of SMI-32 immunoreactivity in S. typhimurium 

infected young and aged mice.  

SMI-32 immunoreactivity was increased one week after infection. This increase 

was more pronounced in aged mice. Columns represent means ±SEM. ** 

denotes p<0.01 in Holm-Sidak post test. n =4-5 per group. 

Spinal cords from young and aged mice infected with S. typhimurium were 

stained for juxtaparanodal Kv1.2 and paranodal Nfasc155 (n = 4-5 per group). 

After qualititative assessment of staining in these sections it was concluded 

that there was no noticeable increase in Kv1.2/Nfasc155 co-localisation 

associated with ageing or S. typhimurium infection (Figure 7.9). A qualititative 

assessment of staining for Nfasc155 and caspr, the cognate partner of 

Nfasc155 in the paranodal junction (Salzer, 2003), also showed no effect of 

age or S. typhimurium infection on the degree of co-localisation between these 

two proteins, as the majority of paranodes clearly stained for both proteins 

(Figure 7.10) (n = 4-5 per group). 
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Figure 7.9. The effect of S. typhimurium infection on paranodal/ 

juxtaparanodal compartmentalisation in young and aged mice.  

Paranodes are stained for Nfasc155 in red, Kv1.2 for juxtaparanodes in green, 

nuclei are stained blue with DAPI. The Nfasc155 positive (red) paranodes did 

not usually co-localise with Kv1.2 (green) during S. typhimurium infection in 

young or aged mice, indicating maintenance of paranodal/juxtaparanodal 

compartmentalisation. Young and aged mice were either injected with saline 

(A, B) or infected with S. typhimurium for 8 days (C, D) or 22 days (E, F). 
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Images were captured using at x100 magnification using an epifluorescence 

microscope. Insets are x4 magnifications the area indicated by the white box in 

each image. n = 4-5 per group. 

 

Figure 7.10. The effect of S. typhimurium infection on caspr and Nfasc155 

co-localisation in young and aged mice. 

Paranodes are stained for Nfasc155 in red and CASPR in green, nuclei are 

stained blue with DAPI. Young and aged mice were either injected with saline 

(A, B) or infected with S. typhimurium for 8 days (C, D) or 22 days (E, F). There 
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was no difference in the degree of caspr/nfasc155 co-localisation following 

infection in young or aged mice. Images were captured using at x100 

magnification using an epifluorescence microscope. Insets are x2 

magnifications of the areas indicated by the white box in each image. n =4-5 

per group. 

7.4 Discussion 

7.4.1 The effects of EAE on paranodal organisation 

As anticipated, EAE caused disruption of paranodal junctions. Nfasc155 

positive paranodes were longer in length in EAE spinal cord than spinal cord 

from saline treated mice and tended to have less evenly distributed staining 

along the length of a paranode. These effects on paranodal integrity were more 

pronounced with increasing proximity to EAE lesions, in agreement with the 

findings of other authors (Howell et al., 2006). The increase of SMI-32 staining 

around lesion sites shown here validates the use of this epitope as a marker 

for “stressed” or “damaged” axons in these experiments. These data 

demonstrated that the quantification techniques devised for measuring 

Nfasc155 length were valid and suitable in the lateral white matter tracts of the 

spinal cord. Double staining for Kv1.2 and Nfasc155 was attempted, but 

proved technically challenging due to the Kv1.2 antibody used being of mouse 

origin and EAE tissue having a very high endogenous IgG content. This 

problem proved surmountable for SMI-32 through the use of a mouse on 

mouse kit (Vector Laboratories, Peterborough, UK), but background levels were 

too high when staining for Kv1.2.  

7.4.2 Selection of spinal cord as site of study 

All the experiments conducted in this chapter were carried out using the lateral 

white matter tracts of the spinal cord. Data from Howell et al 2010 

demonstrated an effect of CFA and EAE on paranodal length in these tracts of 

the spinal cord, but these authors did not investigate the effects of CFA on 

paranodal integrity on other areas of the CNS. Therefore the lateral white 

matter tracts of the spinal cord were deemed a suitable location to look for 

systemic inflammation induced paranodal disruption. From a technical 

perspective the spinal cord is also well suited for studying paranodal integrity, 
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with large well defined white matter tracts and most fibres orientated in a 

similar plane, as opposed to the cerebellar peduncles for example, where there 

are bundles of axons orientated in many different planes. Studies from other 

authors have also suggested a rostral-caudal gradient in the CNS in the scale of 

immune responses to local inflammatory stimuli, with more caudal areas such 

as the spinal cord exhibiting greater BBB breakdown and microglial responses 

to mechanical injury or stereotaxic injection of cytokines (Phillips et al., 1999; 

Schnell et al., 1999a; Schnell et al., 1999b) and greater increases in BBB 

leakiness in response to an i.p. injection of 100µg/kg of LPS (Lu et al., 2009). 

Microglia in the spinal cord also generally exhibited greater changes in 

phenotype during S. typhimurium infection than other areas of the CNS 

(Chapter 6). This increased reactivity of the spinal cord to inflammatory stimuli 

and the previous demonstration of paranodal changes in the spinal cord 

following CFA injection led to the decision to select the spinal cord for use in 

the experiments described in this chapter. 

7.4.3 The effect of CFA on paranodal organisation 

CFA is an emulsion of mineral oil and heat-killed mycobacterium that provokes 

a long lasting immune response in the CNS, including increased expression of 

markers of microglial and astrocyte activation and of the cytokines IL-1β, TNFα 

and IL-6 up to 14 days after injection (Raghavendra et al., 2004). It is often 

used as an adjuvant for the induction of EAE (Howell et al., 2010), as is 

pertussis toxin, which is believed to facilitate EAE induction by increasing BBB 

permeability (Kugler et al., 2007; Yong et al., 1993) and through its actions 

promoting T cell responses to CNS antigens (Hofstetter et al., 2002). Injections 

of CFA and PTX has previously been reported to cause increases in paranodal 

length and increased incidence of Nfasc155/Kv1.2 co-localisation (Howell et 

al., 2010), but in the experiments described in this chapter no such changes 

were observed. This lack of an effect may be explained by differences in the 

protocol used for CFA challenge between this study and Howell et al’s. Howell 

et al’s study challenged the mice with CFA on day 7 as well as day 0 of the 

experiment, whereas in this study CFA was only administered on day 0 and 

incomplete Freund’s adjuvant was administered on day 7, due to restrictions in 

the Home Office licence used regarding multiple challenges with complete 

Freund’s adjuvant. The CFA used in the experiments described in this chapter 
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had a slightly different composition, containing 200µg of Mycobacterium 

butyricum, whereas the CFA used in Howell et al’s study contained 320µg of 

Mycobacterium turbeculosis and 80µg of Mycobacterium butyricum. These 

differences in the protocol and reagents used may have contributed to the lack 

of any effect of CFA seen in this experiment. 

7.4.4 The effect of S. typhimurium and ageing on paranodal 

organisation 

The most striking result of the S. typhimurium study was that mean paranodal 

length progressively decreased in SMI-32 positive axons during infection, 

whereas mean paranodal length in SMI-32 negative axons was unaffected by 

infection. The intensity of Nfasc155 staining on SMI-32 positive axons was not 

noticeably affected by infection – only the average length seemed to decrease. 

The paranodes of SMI-32 positive axons of young saline treated mice (4.68µm) 

were significantly longer than those of SMI-32 negative axons from young 

saline treated mice (3.65µm). However, after 3 weeks of infection paranodal 

length was nearly equal between SMI-32 negative and positive axons (SMI-32 

negative d22 young – 3.5µm, SMI-32 positive d22 young – 3.8 µm). This 

progressive reduction in paranodal length is difficult to explain, particularly as 

paranodal elongation rather than contraction has been reported in SMI-32 

positive axons in EAE and following CFA administration (Howell et al., 2010).  

Shortening of paranodal domains has not been widely reported in the literature 

previously. One study that reported shortening paranodes used a model of 

mild cereberal hypoperfusion (Reimer et al., 2011) and observed progressively 

decreasing intensity of Nfasc155 staining and paranodal length. Staining for 

caspr, which is localised to the axon and not the myelin loop as Nfasc155 is, 

was not altered by hypoperfusion and was still organised into paranodal 

domains despite the absence of Nfasc155. To investigate whether there were 

differences in Nfasc155 and caspr localisation in the spinal cords of S. 

typhimurium infected mice, double staining for caspr and Nfasc155 staining 

was performed (Figure 7.8). Caspr/ Nfasc155 co-localisation was visible in 

almost all paranodes under all conditions and did not appear to be altered by 

S. typhimurium infection or ageing. This finding suggests that local 

hypoperfusion is not responsible for the changes in paranodal length observed 

in SMI-32 positive axons. Kv1.2/ Nfasc155 compartmentalisation also did not 
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appear to change due to S. typhimurium infection (Figure 7.6), suggesting that 

this shortening of paranodes in SMI-32 positive axons does not compromise 

paranodal/juxtaparanodal compartmentalisation.  

One potential cause of decreased paranodal length in SMI-32 positive axons 

may be that the paranodes are actually unchanged, but previously SMI-32 

negative axons become SMI-32 positive following systemic S. typhimurium 

infection. SMI-32 immunoreactivity increases 1 week after infection, correlating 

with the peak of peripheral cytokine levels (chapter 6), but SMI-32 

immunoreactivity decreases again 3 weeks after infection towards control 

levels. There also appears to be a difference between young and aged mice in 

S. typhimurium induced changes in SMI-32 reactivity, with aged mice 

exhibiting a greater increase in SMI-32 reactivity. This is not reflected in the 

progressive decreases in paranodal length observed in SMI-32 positive axons 

during infection, which are similar between young and aged mice. These data 

suggest that these changes in paranodal length cannot be explained by 

increased numbers of SMI-32 positive axons during S. typhimurium infection.  

The peak of increased SMI-32 immunoreactivity occurred 1 week after 

infection, co-inciding with the peak of peripheral cytokines and hippocampal 

cytokine expression (chapter 6). The cause of increased SMI-32 reactivity was 

not directly investigated in this thesis, but could include increased infiltration 

of blood components such as fibrinogen or thrombin caused by elevated 

circulating cytokines (Huynh and Dorovinizis, 1993; Mayhan, 2002) and their 

subsequent effects acting either directly on axons (Donovan et al., 1997; Shavit 

et al., 2008) or on local microglial cells (Davalos et al., 2012; Fujimoto et al., 

2007; Lunnon et al., 2011). Alternatively production of cytokine and reactive 

oxygen/nitrogen species by microglia or BBB associated cells could be induced 

by circulating cytokines (Skelly et al., 2013; Teeling et al., 2010) and these 

inflammatory molecules could cause axonal stress/damage and cause 

increased SMI-32 immunoreactivity (di Penta et al., 2013; Nikic et al., 2011; 

Redford et al., 1997). Changes in SMI-32 reactivity in the spinal of cord EAE 

mice has been associated with mitochondrial dysfunction (Mahad et al., 2009), 

which has been linked to decreased conduction of axons (Redford et al., 1997). 

Therefore the increased SMI-32 immunoreactivity of axons 8 days after 

infection may reflect changes in axonal conduction or mitochondrial function.  
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Paranodal length was slightly longer in the paranodes of aged mice compared 

to those of young mice. Morphologically there was little difference between 

paranodes from young or aged mice, and a slight change to paranodes with 

ageing is consistent with previous studies (Shepherd et al., 2010). However 

there was no noticeable increase in Kv1.2/Nfasc155 co-localisation, which has 

previously been reported in aged monkeys and rats (Hinman et al., 2006).  

S. typhimurium infection clearly has an effect on mean paranodal length in 

SMI-32 positive axons, but not on SMI-32 negative axons. These data are 

difficult to explain without further experiments. Performing electron 

microscopy to examine transverse band organisation in SMI-32 positive axons 

following S. typhimurium infection would provide some perspective into the 

nature of the changes occurring at the paranodal junction, for example 

whether the number or density of transverse bands was altered during 

infection or whether shortening of paranodes is associated with withdrawal of 

paranodal loops. The functional relevance of changes in paranodal length and 

SMI-32 reactivity could be investigated by measuring conduction velocity in 

spinal cord white matter tracts, either in spinal cord explants or using in vivo 

recordings.  

7.4.5 Summary 

In agreement with previous studies these data showed that EAE leads to 

paranodal disorganisation in lateral spinal cord white matter tracts. However, 

CFA administration had no effect on paranodal organisation. Contrary to 

expectations, S. typhimurium infection caused a reduction in paranodal length 

in SMI-32 positive axons, although paranodal/juxtaparanodal 

compartmentalisation was preserved and caspr/Nfasc155 co-localisation was 

unaffected by infection. SMI-32 reactivity increased during S. typhimurium 

infection, peaking at 1 week after infection, and this increase was more 

pronounced in aged mice. Paranodal length in SMI-32 negative axons was 

unaffected by S. typhimurium infection, but ageing caused a slight increase in 

paranodal length in these axons. The reason for the decrease in paranodal 

length in SMI-32 positive axons is not clear and requires further investigation 

to establish the functional relevance of these changes.  
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8. General discussion 

Microglia have been shown to alter their phenotype during ageing, adopting a 

primed response to pro-inflammatory stimuli and increasing their expression 

of activation markers such as CD68 and CD11b (Deng et al., 2006; Godbout et 

al., 2005b; Henry et al., 2009). However, most literature investigating age-

related changes to microglia, including microglial priming, has focused on the 

microglia of the hippocampus. Furthermore there are very few studies 

investigating the effects of live, non-neurotropic infections instead of sterile 

mimetics of infection on the aged CNS, despite substantial differences in the 

kinetics and the mediators of inflammatory responses to LPS compared to 

many live infections. This thesis aimed to provide insight into regional 

differences in phenotype between microglia in the aged CNS, how their 

responses to systemic inflammation induced by live infection or LPS differed 

and to characterise the behavioural response of young and aged mice to LPS or 

live infection. The model of live infection used in this thesis, an attenuated 

strain of S. typhimurium, was selected for its prolonged systemic and CNS 

inflammatory response and the systemic, non-neurotropic infection S. 

typhimurium inoculation produces (Püntener et al., 2012). LPS was used to 

assess the inflammatory response of microglia in different areas of the CNS to 

a well characterised inflammatory stimulus.  

8.1 Changes in microglia 

Studies undertaken in this thesis demonstrate that regional differences in 

microglial phenotypes are exacerbated by the ageing process. Regional 

differences in microglia were especially pronounced between grey and white 

matter in the ageing brain, most strikingly in expression of CD11c but also in 

expression of other molecules such as CD68 and FcRI. Microglia in the grey or 

white matter of different areas of the brain also responded differently to 

ageing, with the most striking increases in expression of several markers 

occurring in the cerebellar white matter or nuclei. This does not necessarily 

reflect a straightforward rostral to caudal gradient, as changes in microglial 

phenotypes in the spinal cord were not as pronounced as in the cerebellum. 

These data contrast the findings of Kullberg et al, 2001, who reported greater 

changes in microglial phenotype in the spinal cord of the aged rat than in the 
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inferior cerebellar peduncle. The reason for greater changes in microglia in the 

cerebellum is not known but could be due to the high levels of neuronal loss 

reported in the cerebellum compared to other brain areas during ageing 

(Woodruff-Pak et al., 2010). 

The studies using LPS in this thesis support the concept of microglial priming 

in the ageing brain, with an exaggerated inflammatory response detected in 

both the hippocampus and the cerebellum three hours after a systemic LPS 

challenge. This is in agreement with several previous studies showing 

exaggerated microglial responses to systemic LPS challenge in the ageing brain 

(Godbout et al., 2005b; Henry et al., 2009; Wynne et al., 2010). The cerebellar 

response to LPS in the young and aged brain was however considerably smaller 

than that of the hippocampus. Other authors have reported a similar increase 

in cytokine transcription between the cerebellum and hippocampus in 

response to systemic LPS injection (Hansen et al., 2000b) or an i.c.v. LPS 

injection (Huang et al., 2008), in contrast to the data reported in this thesis. 

Differences in microglial density between the two regions could contribute to 

the differences in the inflammatory response, as the hippocampus is more 

densely populated with microglia than the cerebellum (Lawson et al., 1990). 

Data from different time-points after LPS injection would help to establish 

whether these differences are a result of differences in the kinetics of cytokine 

responses between the two regions. This inflammatory reaction was not 

accompanied by a detectable increase in expression of the microglial activation 

markers investigated using immunohistochemistry (CD11b, CD68, F4/80, 

CD11c), with the exception of FcRI in the cerebellum.  

These data contrast with the effects of S. typhimurium infection on microglia 

in several aspects. There was a general increase in expression of microglial 

activation markers such as CD11b and F4/80 during S. typhimurium infection. 

The inflammatory reaction measured in the hippocampus was much smaller 

than the acute response to LPS, inducing a maximum two fold increase in in IL-

1β, TNFα and IL-6 expression compared to a 7-8 fold increase after LPS 

injection in young mice, and in the cerebellum no increase in cytokine 

expression was detected during S. typhimurium infection. There were no 

differences in the central cytokine response to S. typhimurium infection 

between young and aged mice, and expression of CD11b, FcRI and F4/80 

were increased to a similar degree in most regions or to a greater extent in 
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young than in aged mice. Overall these data do not support the idea that aged 

microglia have an enhanced inflammatory response to S. typhimurium 

infection. Increases in CD68 and CD11c expression were observed in aged 

white matter tracts and in particular the aged spinal cord, which may indicate 

increased phagocytic activity of cells in these regions (Kettenmann et al., 

2011). The cause of any such increased phagocytic activity is open to 

speculation. 

A possible explanation of the lack of differences between the young and aged 

cytokine response to S. typhimurium infection compared to systemic LPS 

injection is differences in the stimuli activating microglia. Systemic LPS 

injection is believed to primarily activate microglia through production of 

inflammatory mediators such as IL-1β and PGE
2 

by endothelial cells and 

perivascular macrophages which then act on microglia (Laflamme and Rivest, 

1999, 2001). The inflammatory reaction produced by S. typhimurium infection 

differs from that produced by systemic LPS injection. The kinetics of the 

circulating cytokine response differ substantially, with S. typhimurium 

infection causing a prolonged cytokine response that lasts for several weeks 

(Chapter 6), whereas the cytokine response induced by i.p. injection of 1-

100µg/kg LPS lasts approximately 6 hours (Teeling et al., 2010; Teeling et al., 

2007). The effects of prolonged cytokine elevation on cytokine production in 

cerebral endothelial cells have not been investigated in vivo, but the data in 

this thesis suggest that chronically elevated cytokine expression results in at 

most a small (two fold) increase in cytokine expression in the brain. In contrast 

i.p. injection of 100µg/kg of LPS produces an acute elevation of central 

cytokine transcription that resolves within 24 hours (Chapter 4). The 

composition of the circulating inflammatory response differs between S. 

typhimurium infection and LPS injection as well, with S. typhimurium infection 

leading to greater increases in circulating IFN and smaller increases in IL-1β 

than LPS injection (Püntener et al., 2012). IL-6 and TNFα are also robustly 

increased by systemic LPS challenge (Skelly et al., 2013), whereas the data 

presented in this thesis showed only a small elevation of IL-6, while TNFα was 

more robustly elevated during S. typhimurium infection. 

Elevated levels of peripheral cytokines such as IFN or TNFα can lead to 

disruption of the BBB and increased extrusion of blood components (Huynh 

and Dorovinizis, 1993; Mayhan, 2002). Extruding blood components such as 
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IgG, fibrinogen or thrombin could produce a low grade inflammatory response 

in microglia and could contribute to the general microglial activation observed 

in the CNS during S. typhimurium infection and the low grade inflammatory 

response observed during infection (Davalos et al., 2012; Fujimoto et al., 2007; 

He et al., 2002; Lunnon et al., 2011). A rostral caudal gradient in the sensitivity 

of the BBB to inflammation induced disruption have been reported previously 

(Lu et al., 2009) and that could explain the rostral to caudal gradient of 

microglial marker expression observed in response to S. typhimurium 

infection. Extruding blood components could also contribute to axonal stress 

either directly or through their effects on microglia (Davalos et al., 2012; 

Fujimoto et al., 2007; Shavit et al., 2008), potentially explaining the elevated 

SMI-32 reactivity observed in white matter tracts of the CNS during S. 

typhimurium infection. Despite the increased SMI-32 immunoreactivity 

observed in the spinal cord during S. typhimurium infection no increase in 

paranodal length was detected. Increased paranodal length and 

juxtaparanodal/paranodal overlap has been suggested to precede 

demyelination (Howell et al., 2006), and the absence of paranodal lengthening 

observed in this thesis indicates that demyelination is not induced in the spinal 

cord of S. typhimurium infected mice. This thesis did not investigate whether 

microglial proliferation increased or monocyte infiltration occurred during S. 

typhimurium infection, but these could both also make a contribution to the 

changes in microglial expression of surface markers observed in the CNS.  

8.2 Sickness behaviour after LPS injection or S. 

typhimurium infection 

An important aspect of this thesis was to define the differences between the 

behavioural changes induced in young and aged mice by LPS injection or S. 

typhimurium infection. Following LPS injection there was an exaggerated and 

prolonged reduction in burrowing activity in aged mice and a greater loss of 

body weight, whereas open field activity, rotarod performance and glucose 

water consumption was reduced to a similar extent in both young and aged 

mice. No change in static rod test performance was detected in mice of either 

age following LPS injection. Recovery of open field and burrowing activity was 

ongoing at the 24 hour time-point when mice were sacrificed.  
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The behavioural reaction to S. typhimurium infection differed markedly. The 

principle difference was the longevity of the behavioural changes observed in 

S. typhimurium infected mice – behavioural differences were apparent at one 

and three weeks after infection. This correlates with the prolonged cytokine 

reaction to infection in the circulation and to a lesser extent within the CNS. 

Open field activity was reduced to a similar extent in young and aged mice, 

and this reduction in activity was most pronounced three weeks after infection. 

Novel object recognition test performance was also reduced in young mice at 

three weeks after infection and the second phase of weight loss observed in 

aged mice lasted between 1-4 weeks after infection. In contrast, static rod 

performance was only affected one week after infection in aged mice and was 

completely unaffected by infection in young mice. Previous studies in young 

mice using a higher dose of S. typhimurium (1 x 10
6

 compared 3 x 10
5

 CFU) 

showed no effect of S. typhimurium infection on burrowing between 2-21 days 

after infection (Püntener et al., 2012). Together these data form a diverse 

collection of behavioural changes that occur during S. typhimurium infection, 

and differences in their kinetics and their age dependent sensitivity to infection 

illustrates the complexity of sickness behaviour in response to a live infectious 

agent.  

Increased central production of inflammatory mediators such as IL-1β and PGE
2 

plays a key role in mediating sickness behaviour induced by systemic LPS 

challenge
 

(Bluthe et al., 2000a; Kent et al., 1992; Pecchi et al., 2006; Teeling et 

al., 2007). The exaggerated deficits observed in burrowing activity, a 

hippocampus dependent behaviour (Deacon et al., 2002), fits with the 

exaggerated hippocampal cytokine induction observed 3 hours after LPS 

injection. However, the data in this thesis do not support such an important 

role for the central inflammatory response in S. typhimurium infection. The 

increase in expression of cytokines was small in the hippocampus (maximum 

of a two fold increase from saline) or non-existent in the cerebellum and the 

peak of hippocampal cytokine expression appeared to be at one week rather 

than three weeks after infection, contrasting to data published using a higher 

dose of S. typhimurium strain SL3261 (Püntener et al., 2012). It is feasible that 

the second phase of weight loss observed in aged mice is attributable to 

increased hypothalamic expression of inflammatory mediators, but this was 

not measured in this thesis.  
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There are several alternative explanations for the sickness behaviours observed 

during S. typhimurium infection that do not depend on elevated central 

cytokine or prostaglandin expression. Sickness behaviour-like symptoms have 

been reported during chronic liver disease, especially fatigue (D'Mello and 

Swain, 2011). The liver is one of the organs colonised by S. typhimurium 

during systemic infection and a site of localised inflammation (Simon et al., 

2007). A study using another Salmonella enterica serovar, Salmonella Dublin, 

showed that the cytokine response to salmonella infection in the liver is 

prolonged, lasting at least 30 days and consisting of the same cytokines 

induced in circulation, including IFN and TNFα (Eckmann et al., 1996). One 

aspect of an apathetic or fatigued state in a mouse would be a decreased 

desire to initiate exploratory behaviour (Chaudhuri and Behan, 2000; Gaykema 

and Goehler, 2011; Stone et al., 2006), which is reflected in the decreased 

rearing and locomotor activity observed in the open field test, the decreased 

preference for the novel object in the NOR test and the reduced interest in 

investigating objects during the familiarisation phase of the NOR test. The 

precise causes of fatigue during liver disease are not completely understood, 

but are believed to be caused by changes in neurotransmission within the CNS 

involving serotonergic and noradrenegeric circuits (Swain, 2006). The liver 

inflammation that occurs during Salmonella infections could potentially cause 

similar effects on fatigue. Several recent publications have suggested that liver 

disease causes increased fatigue through endothelial adhesion and infiltration 

of inflammatory monocytes into discrete brain areas involved with initiating 

and executing motor behaviour including the hippocampus, basal ganglia and 

motor cortex and that blocking infiltration into the CNS with anti-P-selectin 

antibodies can attenuate reductions in social interaction and locomotor activity 

(D' Mello et al., 2013; D'Mello et al., 2009). 

An alternative mechanism that may transduce liver inflammation induced 

behavioural changes is vagal afferent signalling, which has been suggested to 

contribute to several aspects of sickness behaviour, including anorexia 

(Bretdibat et al., 1995), reduced locomotor activity and fatigue (Gaykema and 

Goehler, 2011). Vagal afferent projections extensively innervate the liver and 

other visceral organs and can sense inflammatory molecules such as 

prostaglandins, TNFα and IL-1β (Ek et al., 1998; Goehler et al., 1997; Rogers 

and Hermann, 2012), so they may also play a role in S. typhimurium induced 
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sickness behaviour. This idea is supported by the acute activation of c-fos in 

vagal afferents and the network of brain areas they project to within the CNS 

following S. typhimurium infection in the gut (Riley et al., 2013; Wang et al., 

2002). Longer term studies into vagal activation by S. typhimurium infection 

have not been carried out, possibly due to the difficulty in using c-fos, an 

immediate early response protein, to examine chronic changes in neuronal 

activity (Chaudhuri, 1997). Persistent vagal signalling could also induce plastic 

changes in neurotransmission in the NTS or other CNS areas, as has been 

reported for other chronic inflammatory stimuli of vagal afferents such as 

tobacco smoke or house dust mite in the lung (Chen et al., 2001; Sekizawa et 

al., 2008; Sekizawa et al., 2010). Such plastic changes could contribute to the 

chronic behavioural changes that occur during S. typhimurium infection and 

which persist beyond the peak of circulating cytokine levels.  

Neuronal control of appetite is complex and involves multiple brain areas, but 

the hypothalamus plays a central role in controlling food intake (Gautron and 

Laye, 2009). Gastrointestinal S. typhimurium infection has previously been 

shown by c-fos to acutely activate vagal afferents and neurons in the 

paraventricular nucleus of the hypothalamus (Riley et al., 2013; Wang et al., 

2002), an area which vagal afferent fibres project to via the NTS (Gaykema et 

al., 2007b). Increases in c-fos staining were more pronounced in several areas 

associated with vagal afferent signalling, including the PVN of the 

hypothalamus, in aged mice compared to young mice following systemic LPS 

injection (Gaykema et al., 2007a), suggesting that enhanced vagus nerve 

mediated signalling could contribute to the increased anorexic response to 

systemic inflammation observed in aged mice. Neurons and microglia in the 

mediobasal hypothalamus (MBH), an area of the hypothalamus with roles in 

nutrient sensing (Blouet et al., 2013), adopt a more pro-inflammatory 

phenotype in ageing characterised by increased NFB signalling and microglial 

production of TNFα (Zhang G. et al., 2013), and this could also indicate 

increased sensitivity to inflammation of hypothalamic nuclei in ageing. The 

MBH also has a leakier BBB than neighbouring areas of the hypothalamus and 

CNS in general, as demonstrated using several different size tracers (Morita 

and Miyata, 2012), which may render it more susceptible to systemic 

inflammation than other areas of the CNS. The hypothalamus also plays 

important roles in regulating behaviour, include motivation for exploratory 
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activity (Gaykema and Goehler, 2009; Grossberg et al., 2011), and in 

modulating immune responses, for example through induction of cortisol 

release via the HPA axis (Engelmann et al., 2004), making it a structure of 

particular interest for investigations into the effects of S. typhimurium 

infection on sickness behaviour. 

The co-ordination and balance deficits observed following S. typhimurium 

infection of aged mice are particularly interesting as they do not fit within the 

usual constellation of sickness behaviours described in the literature in 

response to systemic LPS (Dantzer, 2004). The deficits in static rod test 

performance observed in aged mice were only observed 7 days after infection, 

which differed from the progressive decrease in open field activity, body 

weight of aged mice and novel object preference from 7 days to 21 days after 

infection. This co-ordination and balance deficit co-incided with the increased 

SMI-32 reactivity observed in the spinal cord of mice which indicates increased 

axonal stress in the white matter tracts of both young and aged mice. Whether 

this axonal stress could affect axonal conduction in these fibres is not clear, 

but impaired axonal conduction of action potentials in the spinal cord could 

contribute to co-ordination and balance deficits. A potential source of such 

axonal stress could be extravasation of blood components such as fibrinogen 

(Davalos et al., 2012), IgG (Lunnon et al., 2011; Teeling et al., 2012) or 

thrombin (Donovan et al., 1997; Shavit et al., 2008) and their effects on axons, 

either directly or via activation of microglial cells. 

The susceptibility of aged but not young mice to infection induced co-

ordination and balance deficits may be caused by the pre-existing deficits in 

co-ordination and balance present in aged mice, as demonstrated by impaired 

static rod test performance. Loss of neurons in the cerebellum (Woodruff-Pak 

et al., 2010) and hair cells in the vestibular system (Rauch et al., 2001) both 

contribute to decreased co-ordination and balance during ageing and a pre-

existing loss of function in these circuits may pre-dispose them to further 

dysfunction during S. typhimurium infection. Alternatively the inflammatory 

response to S. typhimurium infection in the aged spinal cord could be more 

pronounced than in the cerebellum or hippocampus and therefore underlie 

these inflammatory changes, in concurrence with the rostral caudal gradient of 

S. typhimurium infection induced changes in microglial expression in response 

of various surface molecules such as F4/80. 
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The changes in novel object recognition test performance could be caused 

either by reduced motivation caused by a state of fatigue or apathy in S. 

typhimurium infected mice or impaired memory function, or an interaction of 

apathy/fatigue and impaired memory. Impaired memory during S. 

typhimurium infection could be explained by the reduced BDNF expression 

observed in the hippocampus. Reduced hippocampal BDNF expression 

resulting from elevated IL-1β levels has been suggested to underlie the 

impairments in fear conditioning behaviour observed in E. Coli infected rats 

(Barrientos et al., 2009a; Cortese et al., 2011; Frank et al., 2010a). The 

increase in hippocampal IL-1β observed following S. typhimurium infection is 

similar in size to that observed in the aged rat hippocampus (approximately 2-

3 fold from saline treated mice) (Barrientos et al., 2009a), suggesting that in 

the case of memory related tasks the increases in hippocampal IL-1β may be 

sufficient to negatively impact performance. Fatigue and apathy could reduce 

the motivation drive of an animal to engage in exploratory activity, as 

discussed earlier. 

The spectrum of changes induced by systemic LPS injection and S. 

typhimurium infection are summarised below in Figure 6.1 and 6.2. 
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Figure 8.1. A summary figure showing the changes induced by S. 

typhimurium infection in the young and aged CNS. 

 

Figure 8.2. A summary figure showing the changes induced by systemic 

LPS injection in young and aged mice. 
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8.3 Implications  

These data challenge the assumption that ageing enhances the CNS 

inflammatory response to live infections. The induction of inflammatory 

mediators was comparable between young and aged mice, and these data 

suggest that behavioural changes and changes in microglial phenotype during 

S. typhimurium infection may be driven by other means than de novo 

production of the cytokines IL-1β, TNFα, IL-6 or IFNβ or PGE
2

 within the CNS. 

These differences might not be reflected in all other models of bacterial or viral 

infection – for example the hippocampal IL-1β response is more pronounced in 

aged than young E. Coli infected rats (Barrientos et al., 2009a), but these data 

demonstrate the importance of using live infections to verify how applicable 

the biological phenomena observed using mimetics of infection are to real 

infections. The changes in microglial phenotype observed during infection may 

also contribute to the activation of microglia during normal human ageing 

(Cribbs et al., 2012), which differs from ageing in mice as we are constantly 

exposed to pathogenic stimuli which require immune responses. Identifying 

the precise mechanisms underlying changes to microglia induced by live 

systemic infections may present new therapeutic avenues to reduce age related 

microglial dysfunction. 

The regional differences in microglial phenotypes induced by ageing and 

infection highlights an important question – how universal are the changes 

termed microglial priming within the ageing brain? The differences observed 

between aged microglia in white compared to grey matter in this thesis have 

particular relevance for the study of the ageing human CNS, which consists of 

approximately 40% white matter (Gur et al., 1999) in contrast to the 10% white 

matter in the rodent brain (Zhang and Sejnowski, 2000). Human white matter 

also contains higher concentrations of microglia than grey matter (Mittelbronn 

et al., 2001), conversely to the mouse (Lawson et al., 1990). These data also 

raise the question of whether microglia actively contribute to age related white 

matter changes or the white matter specific changes in microglial phenotype 

are a bystander effect.  

Finally the data in this thesis contribute significantly to the characterisation of 

the attenuated S. typhimurium strain SL3261 as a model of systemic bacterial 

infection and resulting immune to brain communication. These data showed 
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that exploratory activity was equally impaired in young and aged mice whereas 

aged mice experienced co-ordination and balance impairments and a second 

phase of weight loss which was not present in young mice. These observations 

open up new lines of inquiry for researchers to follow regarding the impact of 

systemic infections on the elderly and how seemingly subclinical infection 

might impact on function in previously unnoticed ways, for example impaired 

co-ordination and balance. The data in this thesis also shows that concepts 

about immune to brain communication developed using mimetics of infection 

may not be applicable to all infections, especially those of a chronic nature.  

8.4 Future experiments 

Several unanswered questions that arise from this thesis could be addressed 

with further experiments. This thesis has described regional differences in 

microglial expression of various markers, particularly between grey and white 

matter, but it only addresses whether microglia in different regions of the aged 

CNS have different cytokine responses to systemic inflammation in a limited 

fashion, by comparing whole cerebellum and hippocampus. Regional 

differences between microglia could be investigated in much greater depth by 

injecting young and aged mice intraperitoneally with LPS and assessing the 

inflammatory response of microglia at an acute time-point when microglia are 

at their peak cytokine production e.g. 4-6 hours after injection. Microglial 

production of inflammatory mediators could then be assessed in situ by laser 

capture microdissection to isolate specific regions. Techniques have been 

described to capture individual immunohistochemically stained cells for laser 

capture from histological sections (Waller et al., 2012), raising the prospect of 

measuring microglia specific transcripts and comparing the influence of 

microenvironment on microglial phenotype within the young and aged brain. 

Using this approach one could also assess the contribution of endothelial cells 

and perivascular macrophages compared to parenchymal microglial cells to the 

exaggerated cytokine response to systemic inflammation. 

To investigate what role myelin phagocytosis plays in the induction of CD11c 

expression an in vitro approach could be used. Myelin isolated from young or 

aged brains could be incubated with primary adult microglia and the 

subsequent changes in surface markers such as CD11c measured by 

fluorescence activated cell sorting (FACS). The surface molecule expression of 
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these cells could then be compared to microglia isolated from aged cerebellum 

and FACS sorted for CD11c expression. This would allow one to determine to 

what extent the phenotype of microglia in aged white matter tracts is driven 

directly by uptake of myelin by phagocytosis. 

Further behavioural experiments would be useful to expand our understanding 

of different aspects of the behavioural response to S. typhimurium, such as 

establishing whether deficits in novel object recognition test performance are 

due to decreased memory or a lack of motivation to explore novel objects. This 

could be achieved through use of memory tasks that do not rely on novelty 

seeking behaviour, such as the alternating Y maze test or fear conditioning. 

Further characterisation of the seemingly apathetic or fatigued state of S. 

typhimurium infected mice could be established through use of a quinine 

avoidance test. Quinine is a bitter tasting compound that naïve mice 

preferentially avoid, but mice in a non-depressed apathetic state induced by 

chronic restraint stress show no preference for water over quinine (Martinowich 

et al., 2012). If using males the female estrous urine sniffing test could also 

provide a measure of decreased exploratory driven behaviour (Martinowich et 

al., 2012). The social interaction test would also be a suitable test of 

exploratory activity, but there are practical difficulties in using a healthy 

conspecific juvenile for social interaction when the mouse it is interacting with 

has a live infection. A variety of other behavioural assays could also be used to 

assess anxiety related behaviour such as the elevated plus maze or holeboard 

assay which would help to differentiate whether the deficits in exploratory 

behaviour seen following S. typhimurium infection are caused by heightened 

anxiety or a lethargic/apathetic state. Additional experiments with longer time-

points, for example 8 weeks after infection, would provide interesting 

information regarding whether open field activity and novel object preference 

eventually recovers following S. typhimurium infection. 

Experiments to establish what mechanisms underlie behavioural and microglial 

changes during S. typhimurium infection could provide interesting insights 

with applications for preventing maladaptive responses to infection in humans. 

The role of hippocampal inflammatory mediator production in S. typhimurium 

sickness behaviours could be clarified by using an osmotic pump to deliver an 

anti-inflammatory drug such as minocycline into the hippocampus of infected 

mice. Minocycline have been shown to attenuate microglial inflammatory 
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responses (Henry et al., 2008). To assess whether there is increased 

permeability of the BBB during S. typhimurium infection, tracer studies could 

be undertaken by injecting fluorescently labelled dextran beads of different 

molecular weights or Evans blue intravenously shortly before perfusing a 

mouse at various time-points during the infection and determining the extent 

of extravasation of the tracer by immunohistochemistry in different regions of 

the CNS. Similar studies have been performed following systemic inflammation 

induced by LPS and shown increased extravastion of Evans blue (Lu et al., 

2009). These data could then be compared with the prevalence of blood 

components in the parenchyma which may affect microglial function such as 

fibrinogen and IgG.  

The role the vagus nerve in S. typhimurium induced sickness behaviour could 

be determined by performing a subdiaphragmatic vagotomy on mice several 

weeks before infection and then performing a range of behavioural assays, 

including those performed in this thesis and those already mentioned designed 

to further investigate lethargic/apathetic behaviour, anxiety and memory, and 

comparing the behavioural response to sham operated mice. Experiments to 

determine the contribution of infiltrating cells such as monocytes to the CNS 

response to S. typhimurium infection could be undertaken through adoptive 

transfer of fluorescently labelled monocytes to establish whether any 

successfully infiltrate the CNS during S. typhimurium infection and by using 

anti-P-selectin antibodies to prevent infiltration if any were detected (D'Mello et 

al., 2009). Confirming the presence of a robust inflammatory response in the 

liver and defining the kinetics of cytokine production using this particular 

strain of S. typhimurium could provide useful information about how well liver 

inflammation correlates with behavioural changes in the brain. 

Characterisation of the hypothalamic response to S. typhimurium infection, 

including release of hormones such as corticotrophin releasing hormone, 

would also add important information regarding the mechanisms underlying S. 

typhimurium sickness behaviour. Experiments to confirm the absence of S. 

typhimurium from the CNS parenchyma would also help to further characterise 

this model of infection. 

To establish the basis of the increased susceptibility of aged mice to co-

ordination and balance deficits one could model the loss of Purkinje neurons 

that occurs during ageing using diphtheria toxin (Riedel et al., 1990). The 
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specific depletion of Purkinje neurons would compromise cerebellar circuitry 

involved with co-ordination and balance, but the mouse would in all other 

aspects be a young healthy mouse. This would allow one to establish whether 

the increased susceptibility to co-ordination and balance deficits during 

infection is due to pre-existing cerebellar pathology in aged mice. A similar 

toxin based approach could be used to model the effects of vestibular hair cell 

loss in the cochlea, for example by using an existing genetic model in which 

mice recombinantly express the gene for diphtheria toxin receptor in the 

vestibular hair cell specific gene pou4f3 (Golub et al., 2012). Measurements of 

conduction velocity in spinal cord white matter tracts would also help to 

determine the cause of impaired static rod performance during S. typhimurium 

infection. Subjecting mice to the eye blink conditioning test would establish 

whether there are deficits in the function of cerebellar circuitry following S. 

typhimurium infection (Woodruff-Pak et al., 2010). 

8.5 Summary 

In summary, this thesis has highlighted regional differences in microglial 

phenotypes in the ageing brain and how they respond to a live systemic 

bacterial infection or LPS injection. It has also contributed significantly to the 

characterisation of S. typhimurium infection as a model for immune to brain 

communication and shown that there are significant differences in the 

behavioural responses to LPS compared to a live bacterial infection. The 

behavioural effects of S. typhimurium infection are prolonged and differentially 

affect young and aged mice. This work will hopefully provide a platform for 

further investigations into how immune to brain communication affects the 

elderly and the heterogeneity of microglia within the young and aged CNS. The 

most important observations made in this thesis are summarised below in 

table 8.1. 

 

Chapter(s) Key point 

3 Some aspects of sickness behaviour, e.g. burrowing, are 

exaggerated in aged mice injected i.p. with 100µg/kg LPS, whereas 

other aspects e.g. changes in open field activity were comparable 

between young and aged mice. 
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3 Aged mice exhibit deficits in co-ordination and balance compared 

to young mice, but these deficits were not enhanced by LPS 

injection in these experiments. 

4 & 6 Microglial expression of activation markers exhibits differential 

sensitivity to ageing depending on CNS region. The microglia of the 

white matter and the cerebellum in particular are more susceptible 

to age related changes in expression of the markers investigated. 

4 Aged mice have a greater acute central cytokine response than 

young mice to i.p. LPS injection. 

5 S. typhimurium causes prolonged changes in behaviour in both 

young and aged mice, including reduced exploratory activity and 

possible deficits in memory. 

5 Aged mice infected with S. typhimurium exhibited a second phase 

of weight loss that younger mice did not experience and deficits in 

their co-ordination and balance, which was unaffected in young 

mice. The second phase of weight loss in aged mice was associated 

with decreased food intake. 

6 Microglial expression of activation markers increased during S. 

typhimurium infection, with the microglia of the spinal cord 

exhibiting the greatest changes in expression. 

6 S. typhimurium infection produces a peripheral and central 

inflammatory response of similar magnitude in the hippocampus of 

young and aged mice and no measurable response at all in the 

cerebellum, contrasting to the effects of LPS. 

6 BDNF expression was reduced in S. typhimurium infected mice. 

This reduction in BDNF expression was enhanced in aged mice. 

7 Mean paranodal length progressively decreased in SMI-32 positive 

axons over the course of S. typhimurium infection. 

7 S. typhimurium infection caused an increase in the number of SMI-

32 positive axons 1 week after infection. 

Table 8.1. A summary table listing the key observations made during this 

thesis. 
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Appendices 

Appendix 1: Preparation of buffers and solutions. 

A1.1 Fixatives 

4% Paraformaldehyde (PFA): Prepared by adding 40g of Paraformaldehyde 

(Fisher, Loughborough, UK) to 400ml of distilled water heated to 60°C and 

stirring gently for 3 hours. Once the powder had dissolved and the solution 

had taken on a milky appearance the solution as cleared by adding 25% NaOH 

drop by drop. When the solution became clear the volume was topped up to 

500ml with distilled water and 500ml of 0.2M phosphate buffer was added to 

the solution. After stirring the 4% PFA was cooled to 4°C for immediate use or 

frozen for use at a later date. 

Bouin’s fixative: 7.5ml of saturated picric acid, 2.5ml of 40% formaldehyde and 

0.5ml of glacial acetic acid were mixed and stored at room temperature out of 

direct light. 

A1.2 Mouse food pellets composition 

Standard chow: 5.3% fat (corn oil), 21.2% protein, 49.2% carbohydrate; Special 

Diet Services, Witham, Essex, UK 

High fat: Standard chow diet supplemented 18% (w/w) with animal lard with 

additional vitamins and minerals, protein and choline [final composition in 

percentage of grams (w/w): lard 17.8; casein 26.5; choline chloride 0.3; L-

cystine 0.4; rice starch 28.3; cellulose 6.1; soya oil 4.3; sucrose 10.4; minerals 

4.3; vitaminutes 1.2; Special Diet Services) (Lanham S.A. et al., 2010) 

A1.3 Immunohistochemistry reagents 

DAB Solution: 5ml DAB (Sigma, Poole, UK), 125µl H
2

O
2

, 250ml 0.1M phosphate 

buffer. 

Acid Alcohol: 70% absolute ethanol with 1% conc. HCl 
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Scott’s Tap Water: 0.2% (w/v) potassium bicarbonate, 2% MgSO4, in distilled 

water.  

Mowiol mounting medium: 2.4 g of mowiol, 6 g of glycerol, and 6 mL of 

distilled water were mixed together for 3 h. 12 mL of 0.2 M Tris-Cl (pH 8.5) 

was then added and the solution incubated with mixing at 50°C for 10 min. 

The solution was then centrifuged at 5000RCF for 15 min to pellet insoluble 

material and DABCO added at a final concentration of 2.5% to the solution as 

an antibleaching agent. The mounting medium was then stored in 500μL 

aliquots at −20°C. 

Gelatinised slides: Slides were washed in 10% Decon in tap water for 15-20 

minutes, rinsed in distilled water and dried overnight at 37°C. Slides were then 

dipped in gelatin solution (500ml distilled water, 2.5g of gelatin and 0.25g 

chromium potassium sulphate, heated to 40°C) for 30-60s and dried overnight 

at 37C. 

A1.4 Buffers 

50 x TAE buffer: 242g of tris base was dissolved in 600ml of distilled water. 

Once the tris had dissovled, 57.1ml of glacial acetic acid and 100ml of 0.5M 

EDTA were added to the water and the volume adjusted to 1L with distilled 

water. 

0.2M phosphate buffer: 15.6g sodium dihydrogen orthophosphate in 500ml 

distilled water made and dissolved separately to 68g Sorenson’s Salt (di-

sodium hydrogen orthophosphate dihydrate) in 2L distilled water. Then the two 

solutions were mixed and brought to pH 7.4 using either 1M NaOH or HCl. 

Citrate Buffer: 2.1g citric acid powder in 1L distilled water, brought to pH 6 

using NaOH or HCl. The final solution was stored at 4C. 

10x PBS (phosphate buffered saline): 80g NaCl, 2g KCl, 26.8g Na
2

HPO
4

-7H
2

O 

and 2.4g KH
2

PO4 were dissolved in 800 ml of distilled water. The volume was 

then adjusted to 1L with distilled water and the pH of the solution adjusted to 

7.4 with HCl or NaOH. 

Loading buffer: 47.5ml formamide (95%), 250µL Tris 2M, 100µL of EDTA 

(0.5M), 1.5ml bromophenol blue (1%) and 1.5ml xylene cyanol were well mixed 

and stored at +4°C.
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